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Shifts in the relative fitness contributions of fecundity and survival
in variable and changing environments
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ABSTRACT

Organisms respond to shifts in climate means and variability via distinct
mechanisms. Accounting for these differential responses and
appropriately aggregating them is central to understanding and
predicting responses to climate variability and change. Separately
considering fithness components can clarify organismal responses:
fecundity is primarily an integrated, additive response to chronic
environmental conditions over time via mechanisms such as energy
use and acquisition, whereas survival can be strongly influenced by
short-term, extreme environmental conditions. In many systems, the
relative importance of fecundity and survival constraints changes
systematically along climate gradients, with fecundity constraints
dominating at high latitudes or altitudes (i.e. leading range edges as
climate warms), and survival constraints dominating at trailing range
edges. Incorporating these systematic differences in models may
improve predictions of responses to recent climate change over models
that assume similar processes along environmental gradients. We
explore how detecting and predicting shifts in fithess constraints can
improve our ability to forecast responses to climate gradients and change.

KEY WORDS: Climate change, Climate extremes, Energy,
Environmental gradient, Mechanistic model, Physiology

Introduction
Many approaches to predicting climate change responses rely on
correlations with temporally and spatially averaged air temperatures
(Nadeau et al., 2017, Potter et al., 2013). They often fail to predict
what appear to be individualistic population and species responses
(Maguire et al., 2015). One reason for predictive failure is that
responses often result from the balance of different fitness
components, which respond to environmental variation on
different time scales. Fecundity tends to be an integrated response
to environmental conditions over time via mechanisms such as
energy use and acquisition, whereas survival is often influenced by
exposure to short-term, extreme environmental conditions (Buckley
and Huey, 2016; Dillon and Woods, 2016). Here we consider how
fecundity and survival shift across environmental gradients and in
response to environmental change. We argue that understanding
systematic shifts in fecundity and survival, and how organism—
environmental interactions produce these shifts can improve
predictions of ecological and evolutionary responses.

We start by reviewing concepts relevant to detecting shifts in
fitness components, including quantifying the thermal sensitivity of
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fitness, aggregating fitness components over time, using
physiological markers for fitness constraints, genotype by
environment interactions, and demographic compensation, which
refers to opposing shifts in fitness components. We then leverage
empirical datasets to evaluate shifts in fitness components. We close
by presenting examples of how shifts in fitness components can be
modeled to predict responses to variable and changing environments.

Quantifying the thermal sensitivity of fitness

Thermal performance curves (TPCs) (Huey and Stevenson, 1979)
describe how the environment influences performance and are often
applied to integrate across time scales (Fig. 1). Fecundity varies
across moderate body temperatures, as temperature restricts activity
and thus energy gain, leading to some combination of slow growth
and development, reduced energy stores, delayed phenology or
extended generation times, and ultimately reduced fecundity outside
of the optimal temperature range (Scranton and Amarasekare,
2017). Organisms tend to survive across a larger thermal range than
they can reproduce within (although energetic and other chronic
limitations certainly reduce survival) (Kingsolver et al., 2011).
Mortality tends to occur when abiotic extremes approach or exceed
physiological tolerances, activating biochemical damage-associated
pathways (Dowd et al., 2015; Kingsolver and Buckley, 2017;
Schaefer, 2014) and leading to losses in organismal performance
and eventually death (Williams et al., 2016). Mortality itself can
accumulate at elevated temperatures (not necessarily the extremes),
and the cumulative effect of heightened temperature can then
translate into a strong selective force on local populations (Rezende
etal., 2020). Developing an appropriate modeling approach requires
understanding the relative importance of fitness constraints and
environmental drivers of the constraints (cumulative thermal units
versus extreme events) (Amarasekare and Johnson, 2017).
Applying TPCs for fitness components suggests that population
dynamic and phenological shifts in response to warming depend on
both increases in climate means and variability (Scranton and
Amarasekare, 2017).

TPCs, or more simply thermal tolerances (Sunday et al., 2012,
2014), have gained prominence as a predictive approach accounting
for physiology (Deutsch et al., 2008; Kingsolver et al., 2013;
Tewksbury et al., 2008; Vasseur et al., 2014). However, their utility is
generally limited by assumptions including that: acute (e.g.
locomotion) TPCs can predict fitness (Kingsolver and Woods,
2016); TPCs are constant across fitness components and life stages
(Kingsolver et al., 2011); time-dependent responses to thermal
variability (e.g. compensatory responses) can be omitted (Huey et al.,
2012; Sinclair et al., 2016; Williams et al., 2016, 2017); and body
temperatures equal air temperatures (Huey et al., 2012). Considering
shifts in the relative contributions of fecundity and survival to fitness
along environmental gradients will help test these assumptions
(Sinclairetal., 2016). Applying TPCs requires an assumption for how
performance or fitness is integrated over time (Angilletta, 2009).
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Fig. 1. A major challenge is to develop models that improve
the predictive ability of thermal performance curves by
integrating the temporal dependence of temperature and
physiological mechanisms that vary along environmental
gradients. Here, a thermal performance curve depicts the
temperature dependence of locomotion (a proxy for energy
acquisition, black line) and reproduction (measured as fertility) in
Drosophila melanogaster (adapted from Williams et al., 2016).
Survival constraints are expected to dominate when temperatures
are outside the critical thermal limits (CT i, and CTax, gray
shading), whereas fecundity constraints are expected to dominate
within critical thermal limits (unshaded portion). LLTso and ULTsq
denote upper and lower lethal temperatures for 50% survival.
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Additive and multiplicative fitness components

The contributions of fecundity and survival to fitness have long been
explored in evolutionary biology, assuming alternatively that fitness
and fitness components aggregate additively or multiplicatively.
Much of the work examines variable or changing environments and
thus is relevant to climate change responses (Levins, 1968; Lewontin
and Cohen, 1969). Integrating fitness multiplicatively across time
periods and generations emphasizes survival as a fitness determinant.
Multiplicative integration favors the evolution of thermal generalists
(Lynch and Gabriel, 1987), and often leads to the maintenance of
genetic polymorphism and/or the evolution of phenotypic plasticity
(Williams et al., 2017). Integrating fitness additively minimizes the
impact of mortality and favors the evolution of thermal specialists
(Gilchrist, 1995, 2000). This often leads to local adaptation and can
reduce genetic variation within populations (Kawecki and Ebert,
2004). The time scale of environmental variation relative to lifespan
mediates the selective pressure posed by environmental variation
(Levins, 1968). Environmental generalists are selected when
environmental variation is predominantly across (rather than
within) generations (Gilchrist, 1995).

A number of studies have focused on single fitness-determining
processes or strategies, but fitness is determined by systematic shifts
in both fecundity and survival along environmental gradients
(Buckley and Kingsolver, 2012; Huey et al., 2012; Kellermann and
van Heerwaarden, 2019; Overgaard et al., 2014; Sinclair et al.,
2016). Combining additive (reproduction) and multiplicative
(survival) components allows us to examine the relative
contributions of fitness components. Such approaches indicate
that rare, extreme environmental conditions can influence the
evolution of TPCs (Buckley and Huey, 2016), but when selection
acts to maximize fitness in response to average environmental
conditions, the evolutionary significance of exceptionally rare
extremes is minimized (Buckley and Kingsolver, 2012). Therefore,
whether thermal stress causes short-term performance loss or
mortality has major implications for the evolution of TPCs
(Kingsolver and Woods, 2016).

Physiological markers of fitness constraints

Along latitudinal or elevational gradients, fecundity constraints
intensify towards cooler poleward or upper elevational range
boundaries, resulting in selection for high rates of growth and
development (Conover et al., 2009; Hodkinson, 2005). Climate
change is extending growing seasons, which is expected to relax
fecundity constraints at poleward and upper elevational range limits
(Buckley et al., 2015). Survival constraints operate more strongly at
range edges that are set by abiotic factors (Sexton et al., 2009), and

the manner in which climate change will affect survival constraints
will depend on the range-limiting factor, and the predicted direction
of change. For example, at the southern range edge or lower
elevational limit, heat stress may drive fitness (Buckley and
Kingsolver, 2012; Kingsolver et al., 2013; Vasseur et al., 2014),
and climate change will intensify this constraint (Bozinovic et al.,
2011). Survival constraints at high latitudes or elevations can result
from environmental variability, which climate change will probably
increase (Buckley et al., 2013a; Kingsolver et al., 2013; Sheldon and
Dillon, 2016; Vasseur et al., 2014). Exploring the role imposed by
environmental constraints on individuals, populations, species and
communities along a spatial environmental gradient can inform
predictions of how environmental change leads to differential shifts
in fecundity and survival.

Physiological assays can be used to detect strong fecundity
constraints at high elevations and latitudes as well as strong survival
constraints at low elevations and latitudes. At high elevations or
latitudes, organisms grow more slowly, store less lipid, reach smaller
body sizes (assuming constant development time) and produce fewer
offspring (Hodkinson, 2005). At low elevations or latitudes, damage-
associated molecular pathways will be upregulated (e.g. cellular stress
response; Schaefer, 2014) and there may be high mortality,
particularly after extreme heat events. To counter fecundity
constraints, populations adapted to high elevations or latitudes
frequently have higher metabolic rates and growth rates, and
enhanced energy storage, underpinned by upregulation of pathways
of aerobic metabolism (Conover et al., 2009; Schultz et al., 1996;
Seebacher, 2018; Seebacher et al., 2015). Low elevation populations
tend to mitigate survival constraints through increased thermal limits,
leading to a differential cellular stress response and increased survival
(Barua and Heckathorn, 2004; Tomanek, 2008).

Incorporating strong fecundity constraints at high elevations and
latitudes and strong survival constraints at low elevations and
latitudes may improve predictions of responses to recent climate
change over models that assume similar processes along the
environmental gradient. Natural history collections provide an
underutilized resource for testing shifting constraints over time
(MacLean et al.,, 2019). For populations under strong fecundity
constraints, we predict that modern specimens will be larger or more
lipid-dense and reach maturity earlier compared to historical
specimens and there will be evidence of selection on genes or
regulatory mechanisms of pathways involved in energy metabolism.
For populations under strong survival constraints owing to increasing
heat stress, body size and lipid reserve will have declined in modern
compared to historical specimens, and heat-shock and damage-
associated molecular pathways will be under selection.
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Genotype and environment interactions

Determining how fecundity and survival constraints affect fitness
requires an understanding of the evolutionary mechanisms that
mediate these fitness responses through genotype and environment
interactions. The fitness of genotypes might be expected to peak in
the center of environmental gradients where both constraints are
relaxed. However, populations may locally adapt to either fecundity
or survival constraints at different positions on the gradient
(Kawecki and Ebert, 2004; Somero, 2010). The propensity for
local adaptation is influenced by the strength of selection, but also
by ecological factors such as life history and dispersal ability
(Kawecki and Ebert, 2004). Local adaptation to increase survival
may result in fecundity trade-offs and vice versa (Angilletta et al.,
2003; Gilchrist, 1995). Selection for genotypes and phenotypes that
optimize energy balances can be particularly strong in highly
seasonal environments, such as temperate mountains where species
must complete their life cycle during the limited window when
environmental conditions are permissive (Hodkinson, 2005;
Williams et al., 2017). For example, if fecundity constraints are
operating at high elevation, we anticipate selection on metabolic
enzymes to upregulate rates of energy production to counter short
growing seasons (Marden, 2013; Seebacher, 2018). If survival
constraints are operating at low elevation, we expect extreme
environmental conditions (such as heatwaves) to result in selection
for enhanced thermal tolerance via mechanisms such as heat shock
protein expression and resistance to oxidative stress (Dowd et al.,
2015; MacMillan, 2019; Williams et al., 2016).

Phenotypic plasticity is expected to play a substantial role in
mediating fecundity and survival constraints in response to
environmental change (Sgro et al., 2016). The timing of plasticity
cues relative to environmental variation will shape the role of
plasticity at both the acute time scales most relevant to survival
constraints and the chronic time scales most relevant to fecundity
constraints. Plasticity can buffer the selection on TPCs associated
with environmental extremes, slowing evolution, but the extent of
buffering depends on the consequences of thermal extremes
(Williams et al., 2016).

Demographic compensation

Our expectation of opposing responses of vital rates including
fecundity and survival to environmental gradients has been termed
demographic compensation (Doak and Morris, 2010; Villellas et al.,
2015). The concept has primarily been explored in plants, where
numerous forms of vital rate opposition are plausible. For example,
declines in both survival and recruitment of southern populations of
tundra plants have been offset by higher growth of individual plants,
potentially consistent with greater thermal opportunity (Doak and
Morris, 2010). Some of the examined populations show opposing
rates of survival and fecundity, but others show positive correlations
between survival and fecundity (Doak and Morris, 2010; Villellas
et al., 2015). A study of experimentally increased reproduction in
boreal plants found that increased thermal opportunity (warmer
temperatures or an extended growing season) decreased both the
costs associated with survival and fecundity (Sletvold and Agren,
2015). Even when demographic compensation does occur, it may be
insufficient to prevent fitness declines at the trailing range edge
(Sheth and Angert, 2018).

An analysis of plant demographic studies suggested that
demographic compensation commonly occurs, driven by opposing
trends in fitness components including fecundity, recruitment, survival
and growth, with the outcome being a reduction in spatial variation in
population growth (Villellas et al., 2015). Indeed, a subset of studies

demonstrate negative correlations among vital rates, more so than
expected by chance. The mean and standard deviation of fitness in
plant populations was more strongly influenced by survival than
fecundity in peripheral populations, whereas fecundity influenced both
central and peripheral populations (Villellas et al, 2013).
Considerations of demographic compensation have focused on
plants, probably owing to greater ease of performing reciprocal
transplant and other experiments elucidating fitness components
(Hargreaves et al., 2014).

Here we merge consideration of demographic compensation
with a TPC framework. In contrast to the plant focus of
demographic compensation research, TPCs have primarily been
characterized for animals (but see Angert et al., 2011; Wooliver
et al., 2020). One reason for this discrepancy is that animals often
use behavior and movement to evade or alleviate environmental
stress (Bradshaw, 1972; Huey et al., 2002). Bradshaw (1972) thus
predicted that plants will be selected for enhanced physiological
tolerance and phenotypic plasticity. Strong empirical tests of these
predictions remain largely elusive owing to comparability
challenges (Huey et al.,, 2002). However, empirical data are
contrary to Bradshaw’s (1972) prediction that plants should
experience stronger selection: the strength of non-mortality
selection is similar between plants and animals, and plants
experience much weaker mortality selection than animals (Huey
etal., 2002). The weaker mortality selection may result from many
selection studies omitting sensitive early life stages in plants.
Compilations of selection data for both plants and animals find that
selection through fecundity differences is stronger and less
temporally variable than selection through survival differences
(Siepielski et al., 2011). The finding of weaker mortality selection
in plants is consistent with analyses of plant density compensation
revealing variable patterns in the contribution of survival to
fecundity (Villellas et al., 2015).

Opposing trends in fitness components have also been considered
in the context of species distributions (Pironon et al., 2018), including
a demographic implementation of the Hutchinsonian niche
considering reproduction and fecundity hypervolumes (Maguire,
1973). The niche concept led to the expectation that the optimal
habitat, and thus the highest density, occurs in the center of a
distribution. However, this ‘abundant-center’ hypothesis often fails to
find empirical support (Pironon et al., 2015; Sexton et al., 2009). Our
discussion of fecundity and survival constraints will generally assume
that optimality occurs in the center of environmental gradients, but
efforts to link microclimate to impacts on performance can refine the
notion of optimal habitat (Woods et al., 2015).

Experimental insight into fithess constraints

We leverage previous studies and data compilations to examine trends
in survival and fecundity across environmental gradients (using
ANOVAs, see https:/github.com/lbuckley/FitnessJEB for R code).
Many of the data are from mountains, where multiple environmental
attributes vary strongly over short geographic distances (Hodkinson,
2005). With increasing elevation, mean air temperatures decline
while temperature variability and seasonality increase; clear-sky solar
radiation increases, but so does cloudiness; and oxygen levels
decrease (Cheviron and Brumfield, 2012). Extreme high
temperatures at lower elevations can lead to stress responses and
survival constraints. In contrast, cooler conditions and short active
seasons at higher elevations can cause chronic energy balances to
constrain fitness via fecundity. However, high environmental
variability at high elevations may lead to survival and fecundity
dually constraining fitness (Buckley et al., 2013a; Dillon et al., 2016).
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Our analysis of a compilation of plant experimental warming
studies (Anderson, 2016) reveals that experimental warming tends
to decrease survival at low elevations and increase fecundity at high
elevations and latitudes (Fig. 2). There is a non-significant tendency
for experimental warming to decrease survival at low elevations
(F1.73=3.2, P=0.08), but the same pattern is not seen for latitudinal
gradients (F; 73=0.0, P=0.88). Survival decreases at intermediate
elevations if a polynomial relationship is fitted (F; 7,=4.9, P=0.01),
but again no latitudinal relationship is found. Fecundity shifts
associated with experimental warming are positive at high
elevations (F4o=8.7, P<0.01) and exhibit a tendency to be
positive at high latitudes (F)49=0.0, P=0.05). The data are
consistent with survival constraining lower elevations and
fecundity constraining high elevations.

A compilation of transplant experiment data (primarily for
plants; Hargreaves et al., 2014) reveals that transplanting beyond
species’ ranges tends to decrease fitness (Fig. 3), indicating that
range limits often correspond to niche limits (see also Lee-Yaw
et al., 2016). However, fecundity declines are more pronounced at
cold range limits (/' 49=7.2, P<0.01) and for elevation compared
with latitudinal gradients (F; 40=4.3, P<0.05). Survival declines do
not differ between cold and warm range limits (F, 73=0.5, P=0.47)
but are more pronounced for latitudinal gradients than elevation
gradients (F73=9.2, P<0.01). These data are consistent with
expectations that fecundity is more limiting at cold than at warm
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range limits. Plants may face more severe survival constraints at
cold limits than animals due to freezing risk (Huey et al., 2002).

Modeling fitness constraints along elevation gradients
Mechanistic and demographic models can be used to examine the
mechanisms by which fecundity and survival components vary
across the elevation gradient (Buckley and Kingsolver, 2019).
Ideally, the models can be coupled with empirical data (as above) to
test the mechanisms underlying fitness gradients. Phenotypes
relevant to fecundity include metabolism, locomotion, feeding
and digestion, energy storage, and egg production, whereas survival
is primarily mediated by thermal tolerance. How these phenotypes
vary across environmental gradients and plastically respond to
environmental conditions may be central to elevation gradients in
fitness. We present two case studies for montane insects in
Colorado, USA, examining shifts in fitness components along
elevational gradients.

Montane butterflies

Systems where one phenotype mediates both fecundity and survival
are ideal for investigating responses to environmental variation. For
montane Colias butterflies, the degree of wing melanization
determines heating rates (Kingsolver, 1983; Watt, 1968). Wings
must be sufficiently dark to allow the butterflies to reach a narrow
range of temperatures that enable flight (and subsequently mating,
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Fig. 2. The proportional survival and fecundity changes associated with experimental climate warming treatments as a function of study elevation and
absolute latitude. Changes are calculated as (Fexperimenta—Fcontro1)/Feontrol: Where F is the fitness component in experimental and control plots. We bounded
proportional fitness changes from —1 to 1 as several values >1 were identified statistically as outliers. We natural log transformed elevation, but not fithess change,

to increase normality. Data are from Anderson (2016).
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Cold limit

Warm limit

Fig. 3. The proportional changes in

fecundity and survival when
transplanting beyond the range edge
differ between cold and warm range limits
and between elevational and latitudinal
gradients. Changes are calculated as
(Fbeyond_Fwithin)/[O-5x(Fbeyond+Fwilhin)]v
where F is the fitness component
corresponding to planting a within-range
population either beyond or within the range.
Proportional changes are bounded -2 to +2,
° where —2 indicates positive fitness within the
range but zero fitness beyond the range, and

Proportional change beyond the range edge
°

+2 indicates zero fitness within the range but
positive fitness beyond the range. In addition
° to depicting fithess components for each
population, we plot the mean and standard

° deviation for the fitness component. Data are
° from Hargreaves et al. (2014).
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egg laying and other fecundity-determining processes). However,
dark wings can also result in overheating, which decreases survival
and egg viability. Models based on the performance implications of
wing coloration suggest that fecundity peaks at low elevation
(Buckley and Kingsolver, 2012). Butterflies risk overheating at both
low elevations, where ambient temperatures are warm, and at high
elevations, where radiation spikes can dramatically elevate body
temperatures over air temperatures. Demographic analyses suggest
that the fecundity benefit of increased flight opportunity associated
with darker wings outweighs the survival detriment due to
overheating in current environments (Buckley and Kingsolver,
2012), but fitness contributions are predicted to shift in future
environments when warmer temperatures increase overheating risk
(Buckley and Kingsolver, 2019). We use model output from a
previous analysis (Buckley and Kingsolver, 2019) to illustrate
elevation clines in primary determinants of fecundity (the duration
of time that butterflies achieve body temperatures that enable flight)
and survival (egg viability; Fig. 4). Fecundity peaks at mid-
elevations, whereas survival declines are focused at low elevations.
Projected future climate change (2099 projection of the CMIPS
multi-model ensemble representative concentration pathway 6)
leads to fecundity peaking at higher elevations and to declines in
survival. Shifts towards darker wings (higher wing absorptivity) in
both time periods similarly results in fecundity peaking at higher
elevations and survival declines being more pronounced and
occurring at higher elevations. Most systems are more complex
than a single phenotype mediating both survival and fecundity, but
similar principles are likely to hold.

Montane grasshoppers
We leverage thermal sensitivity data for montane Melanoplus
boulderensis grasshoppers to illustrate fitness responses to an

elevation gradient in Colorado, USA. We use the temperature
dependence of performance (hopping distance) to approximate
fecundity (Buckley and Nufio, 2014). Locomotion is a reasonable
proxy for fecundity due to it being a strong determinant of rates of
energy acquisition (Angilletta, 2009). We use thermal tolerance to
approximate survival constraints (Buckley et al., 2013b) (see
Appendix). We acknowledge that a limitation of this common
approach to estimating survival is assuming that critical thermal limits
represent loss of performance or mortality, as it is not always clear how
to model declines in survival prior to critical thermal limits (Sinclair
et al,, 2016). To address this, we allow for survival to decline
exponentially beyond 20-80% of TPC breadth (see Appendix). We
omit adaptive and plastic differences in thermal sensitivity for
simplicity and use phenotypic data measured for a population at
3048 m.

‘We use microclimate measurements for four sites along an elevation
gradient but note that a more general approach is to apply a
microclimate model to translate climate records into the environmental
conditions experienced at the spatial and temporal scale of organisms
(Kingsolver and Buckley, 2015). The sites are along the 40th parallel
north in Boulder County, CO, USA: Eldorado Canyon (1740 m,
39.93°N, 105.29°W), A1 (2195 m, 40.01°N, 105.37°W), B1 (2591 m,
40.02°N, 105.43°W) and Cl (3048 m, 40.03°N, 105.55°W;
niwot.colorado.edu). We measured (shaded) temperatures of the air
and surface (Pace PT907 30 kQ thermistor, £0.15°C), total global
horizontal radiation (Pace SRS-100 Silicon Photodiode, 400—
1100 nm, +5% accuracy) and wind speed (anemometer, 0.9—
78 m s~! range, +5% accuracy) at 5 min intervals using a Pace XRS5
datalogger (see Buckley et al., 2013a). We input the microclimate
conditions into a biophysical model parameterized with morphological
parameters (size, shape and solar absorptivity) to predict adult body
temperatures (see Buckley and Nufio, 2014).
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Fig. 4. Colias butterfly model predictions for
fitness-determining processes vary across
an elevation gradient. Each point
corresponds to a 1/8° latitude—longitude grid
cell in western Colorado, USA. Average daily
flight activity time across the active season
(top) is a primary determinant of fecundity and
peaks at mid-elevations. Declines in egg
viability (bottom) at low elevations are a primary
determinant of survival. Darker (more
absorptive) wings and the warmer
temperatures projected for 2099 (CMIP5 multi-
model ensemble representative concentration
pathway 6) leads to fecundity peaking at higher
elevations and to declines in survival. Data are
model output from Buckley and Kingsolver
(2019).
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We assume that grasshoppers move between full shade and full microclimate variation by simulating 500 individuals, randomly
sun to achieve the available temperature closest to their preferred  selecting microclimate values for each individual using a normal
body temperature (Buckley et al., 2013b). We incorporated distribution centered at the temperature target of thermoregulation
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and with a standard deviation of 4°C. We bound the distribution by
potential body temperatures in full shade and full sun. This allows
us to estimate rates of fecundity (performance) and survival every
5 min during the daylight period, and then we scale fecundity
estimates to a maximum of 1 and aggregate fecundity additively and
survival multiplicatively across the period of available
environmental data (6 July to 15 September). We estimate fitness
as the product of fecundity and survival.

Survival and fecundity differentially shift across the elevation
gradient (Fig. 5). We estimate performance and thus fecundity
peaks at intermediate elevation. Survival is high at intermediate
positions along the gradient but declines at low elevation due to high
ambient temperatures and at high elevations due to high radiation
levels that drive high body temperature extremes (Buckley et al.,
2013a). These gradients in fecundity and survival combine to lead
to steep declines in predicted fitness at low and high elevations.

Conclusions

Our simplified analyses serve to demonstrate how survival and
fecundity can vary along environmental gradients. Separately
considering survival and fecundity components serves to clarify
responses to climate means and variability. Explicitly considering
gradients in survival and fecundity, and detecting them using
physiological metrics, can aid in predicting the fitness implications
of climate change.

Appendix

Details of the montane grasshopper model

We assume critical thermal limits of 32.83 and 57.16°C and a
preferred temperature of 7.78°C based on empirical measurements
for Melanoplus boulderensis (Buckley et al., 2013b). We assume
exponential declines in survival beyond 20 and 80% of the thermal
tolerance range (7, and Ty, respectively). Survival (S) below Ty
and above Tgo was modeled as a function of temperature 7 as
follows: S=exp[—«(T — Tgo)/4.34] and S=exp[—(To—T1)/4.34],
respectively. We used the R package rTPC to fit multiple forms
of thermal performance curves to data (Buckley and Nufio, 2014) on
the hopping distance of M. boulderensis grasshoppers from the
3048 m population as a function of temperature. We selected the
curve from Rezende and Bozinovic (2019), where performance is
modeled as:

Ce"MOu/100f T < Ty,

(CeT'"Q‘O/IO) % (1 —d(T - Ta)?), if T> T, (A1)
where Q1 defines the fold-change in performance as a consequence
of increasing temperature by 10°C, C is a constant describing shifts
in the vertical axis that are independent of temperature, and d is a
constant controlling the rate of decay from a threshold temperature
Tw. We used the following parameters: Q,=2.27, C=0.109,
T,=9.02 and d=0.00116.
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