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Abstract

Optimal migration theory has been used for 3 decades to generate predictions of stopover
behavior and understand migration ecology. Yet, to date, there have been no attempts to
understand the impacts of thermoregulation on migration theory predictions of stopover
behavior. Though most migrants are homeothermic, a diverse group of migrants from bats to
hummingbirds and warblers make use of some degree of heterothermy. We consider how
thermoregulation influences stopover fuel deposition rates, and thus alters optimal migration
theory predictions of stopover behavior using a hypothetical migratory bat as a model organism.
We update the analytical models of optimal migration theory by considering scenarios of fixed
metabolic rate (the current assumption of optimal migration theory) and 3 different mass-specific
metabolic rates including homeothermy, shallow torpor heterothermy, and deep torpor
heterothermy. Our results predict that heterotherms will make shorter stopovers, have a
decreased departure fuel load, and reduce the overall time and energy costs associated with
stopovers relative to homeotherms, highlighting that thermoregulation can drastically influence

stopover behavior and ultimately play a critical role in population level patterns of migration.

Keywords: optimal migration theory, thermoregulation, migration ecology, torpor-assisted

migration, stopover ecology.
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Seasonal abundance and paucity of resources, combined with physiological limitations to cope
with variable environmental conditions, has led to multiple independent evolutions of migration
in a variety of taxa (Winger et al. 2018). Highly mobile animals can travel great distances
between disjunct ranges taking advantage of disparate resource pools. The fitness benefits of
migration are clear, but migration is energetically demanding, time consuming, and exposes
migrants to a variety of uncertain and suboptimal habitats en route. Thus, migratory decisions
must balance these costs with the benefits of migration (Dingle and Drake 2007).

Optimal migration theory is an optimization modeling approach used to theoretically
frame the adaptive value associated with varied migratory strategies (Alerstam and Lindstrom
1990a). The goal of optimization modeling in biology is to generate predictions about the
behavioral traits that maximize fitness (Parker and Maynard Smith 1990). Migration theory
assumes that adaptations drive organisms to either maximize their benefits, reduce their costs, or
find some solution that best balances the trade-off between the two (Alexander 1996). Fitness is
difficult to quantify during migration, so migration theory seeks to generate predictions about the
stopover and flight behaviors that optimize a given alternative currency of time, energy, or
predation risk as fitness surrogates (Alerstam and Lindstrom 1990, Hedenstrom and Alerstam
1995, Hedenstrom and Alerstam 1997, Alerstam 2000, Lank et al. 2003, Schmaljohann and
Dierschke 2005, Jonker et al. 2010). The currency to be optimized under a given migration
theory model is determined by the assumed functional motivation (i. e., the current fitness utility
of a behavior) of the migrant. For example, it may be adaptive for a migrant to complete
migration as quickly as possible (i.e., time minimizer) and thus seek to maximize the speed of
migration (distance per unit time). Conversely, some migrants may achieve the highest fitness

value by completing migration for the lowest energy investment (i.e., energy minimizer). Each
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optimization currency leads to predictions of distinct migratory behaviors. Migration theory is a
powerful framework because it generates testable predictions about migration behaviors in a
manner that requires assumptions to be made explicitly, sets study systems in the larger context
of ecological theory, and serves to improve our understanding of evolutionary adaptive forces
(Alexander 1996).

A migration theory framework has been broadly used in nearly all aspects of migration
ecology leading to important advances in the field (reviewed by; Alerstam 2011). The approach
has served as a natural launching point in studying flight speeds with respect to the power curve
for flapping flight (Pennycuick 1968, 2008), comparisons of stopover departure rules (Houston
1998, Erni et al. 2002, Bayly 2006), and trade-offs between flight routes (Alerstam 2000, Erni et
al. 2003), to name a few. Many of the predictions that have been put forth by migration theory
models have since been empirically supported (Lindstrom and Alerstam 1992, Wikelski et al.
2003, Hedenstrom 2008), and in cases where theoretical predictions have been unsupported,
models have served as working hypotheses to build from and refine (Alerstam 2011).

Perhaps the most productive application of migration theory has been in understanding
migratory stopovers. The ability to generate predictions about stopover behavior is an important
advance in migration ecology because of the critical importance of stopovers to overall migration
success (Weber et al. 1999, Bayly 2006, Delingat et al. 2006, Bayly et al. 2012, Chernetsov
2012). Stopovers represent discrete sites along the migration route where migrants can
temporarily interrupt their journey to rest and/or refuel. In an example of the application of
migration theory to stopover ecology, Hedenstrom and Alerstam (1997) used a migration theory
approach to predict that birds spend approximately 7 times longer and twice as much energy at

stopover sites compared to migratory flights, highlighting the importance of stopovers to overall
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migration success. Subsequent empirical work by Wikelski et al. (2003) confirmed the two to
one energy use prediction as stopovers accounted for 71% of total energy expenditure during
migration in two North American thrush species (Swainson’s Thrush Catharus ustulatus and
Hermit Thrush Catharus guttatus). This has been considered one of the greatest successes of
migration theory, as it opened up multiple lines of inquiry for future investigation.

The primary reason for increased energetic cost at stopovers relative to flight is the
necessity for homeothermic migrants to increase metabolic rate to maintain normal body

temperature (T}, ) as ambient temperature (T,) decreases below the thermoneutral zone

(Wikelski et al. 2003). Wikelski et al. (2003) found that for every degree Celsius decrease in
daily mean T4, daily energy expenditure increased by approximately 1.5 kJ. For homeotherms,
such as thrushes and the majority of other volant migrants, stopover thermoregulatory costs have
the potential to be one of the greatest energetic expenditures during all of migration.

Despite thermoregulation being a major contributor to the overall stopover energy
budget, migration theory does not explicitly consider the influence of T'; on thermoregulation
during migration. While the majority of migrants are homeotherms, a growing body of literature
indicates that many migratory species employ some degree of heterothermy - whereby
individuals achieve hypometabolic states as T, drops below the lower critical temperature
(McKechnie and Lovegrove 2002, Carere et al. 2010, Geiser and Brigham 2012, Ruf and Geiser
2014). Hypometabolic states range from deep torpor heterothermy where T, is maintained just
slightly above T 4, to shallow torpor heterothermysometimes referred to as nocturnal

hypothermia), where T, is reduced a few degrees below euthermic T, (Boyles et al. 2013).
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Energy savings from hypometabolic states relative to what would have been expended
otherwise maintaining euthermia during the stopover resting periods vary in magnitude
depending on T, torpor duration, minimum torpid T'j, and species-specific torpid metabolic rates
(Hiebert 1990, Speakman and Thomas 2003, Shankar et al. 2020). Groups such as hummingbirds
and bats, that are considered deep torpor heterotherms, are capable of saving greater than 90% of
the energy that would otherwise be expended to remain euthermic during the inactive period
(McGuire et al. 2014, Shankar et al. 2020). The term ‘torpor-assisted migration’ describes the
energetic benefits and associated behavioral strategies resulting from the use of torpor during
migration to minimize non-flight energy costs (McGuire et al. 2014).

To date over 40 species representing 8 avian families and virtually all temperate bat
species have been documented expressing daily torpor (Ruf and Geiser 2014). Many more
species of birds are likely to use shallow torpor to some degree (e.g., (Wojciechowski and
Pinshow 2009, Carere et al. 2010, Benedetti et al. 2014). Increasing recognition that many
migrants have the capacity for heterothermy coupled with an interest in the influence of
thermoregulation on migration ecology, offers an opportunity to revisit some of the foundational
migration theory models to generate qualitative predictions about stopover behavior.

Here, we consider three related analyses that investigate the influence of varied
thermoregulatory modes on optimal migration theory predictions of stopover behavior using a
migratory bat as a hypothetical model organism. We first generate four models of metabolic rate
(fixed metabolic rate, homeothermy, deep torpor heterothermy, and shallow torpor heterothermy)
as a function of T ; and investigate how differences in thermoregulation alter fuel deposition
rates and the flight range equation (Alerstam and Lindstrém 1990). Second, we illustrate the

impact of thermoregulatory mode and migration strategy on predictions of stopover behavior by
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considering a hypothetical homeotherm and a deep torpor heterotherm migratory bat, migrating
under two distinct migration strategies to compare differences in predicted optimal fuel load, and
stopover duration. Finally, we briefly investigate how varied thermoregulatory modes can
influence the ratio of energy and time spent in migratory flight compared to stopover, across the

entirety of a migratory journey.

The Influence of Thermoregulation on Fuel Deposition Rate and the Range Equation

With respect to refueling, stopover quality can be defined by the constant daily fuel deposition
rate (k) (daily gain in fuel mass relative to lean mass) that a migrant can achieve during

stopover. Fuel deposition rate is dependent on the availability, acquisition, and assimilation of
prey items during foraging periods as well as thermoregulatory costs incurred during foraging

and non-foraging resting periods. As stopover resting period costs increase, daily fuel deposition

rate decreases. Daily fuel deposition rate (k) is expressed as a proportion of lean mass (m;) and
is the difference between the energy accumulation rate (E') and the energy expended during

daily foraging (C) and resting (A)such that,

k = E(tforage)—[C(tforage) +A(1=trest)]
= —

Eq1

where trorqge is stopover time per day associated with foraging and ¢ is the daily time at
stopover associated with resting. From Equation 1, and knowing that homeotherms have
relatively high resting period costs, and assuming migrants are adapted to express behavioral
mechanisms to reduce resting period costs (e.g., huddling, seeking thermally buffered roost sites,

etc.) we find that all possible solutions for homeotherms to increase fuel deposition rate (k)

require increased energy accumulation rates (E) relative to energy expenditure rates (Schaub and
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Jenni 2000) (Figure 1). Conversely, while heterotherms can similarly increase energy
accumulation, they can also increase fuel deposition rate by reducing resting period costs rather
than increasing daily foraging effort (Figure 1). In this way heterotherms can increase fuel
deposition rates independent of local foraging conditions and instead as a function of ambient
temperature.

Previously, migration theory has not accounted for the manner in which heterotherms are
able to manipulate resting period fuel depletion. However, the ability to manipulate fuel
depletion rates and thus net fuel deposition rates independent of local foraging conditions can
have profound effects on the relationship between flight distance and fuel load, the so-called
flight range equation, because fuel load (f) is the product of fuel deposition rate (k) and stopover
duration (t) (Alerstam and Lindstrdom 1990). Predictions of stopover behavior hinge on flight

range curves which are modeled from the flight range equation:

1
Y—C(l—ﬁ) Eq2

where flight range (Y) in kilometers, is a negatively accelerating function of fuel load (unitless
ratio of mass of fat to mass of lean tissue), and C is a species-specific proportionality constant (in

kilometers) based on size, morphology, and flight efficiency (Alerstam and Lindstrom 1990,
Weber and Houston 1997). With increasing fuel load the cost of lift increases and the effective
lift to drag ratio decreases (Pennycuick 1968). Therefore flight range follows a diminishing
returns relationship with fuel load because of a reduction in fuel economy (Hedenstrém and
Lindstrom 1998).

Incorporating differences in thermoregulation into calculations of fuel deposition rate
generates updated flight range curves leading to qualitative predictions of stopover duration and

fuel load for heterotherms relative to homeotherms. To accomplish this, we first incorporated
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metabolic rate as a function of T, into the range equation (Eq 1). Rather than considering the
resting period energy use as a static parameter we considered it to be dynamic, whereby migrants
experiencing T, within the thermoneutral zone exhibit a mass-specific resting metabolic rate
(RMR) independent of T'; and below the thermoneutral zone experience a mass-specific
metabolic rate as a function of T, given thermoregulatory expression. This dynamic resting
period energy use parameter can then calculate a more realistic net fuel deposition rate and the
resulting influence on the flight range curve can be calculated.

We considered four expressions of thermoregulation, each having the same metabolic
rate within the thermoneutral zone, the same lower critical temperature, but expressing four
distinct modes of metabolism below the lower critical temperature. The four metabolic
expressions are fixed metabolic rate (as currently assumed in optimal migration theory models),
homeothermy, shallow torpor heterothermy, and deep torpor heterothermy (details below). We
parameterized our models with a hypothetical insectivorous bat with a body mass (M) of 9 g,
but the analysis here can be generalized to other volant taxa. Temperate insectivorous bats are
good models because they use torpor regularly at stopovers (Speakman and Thomas 2003,
McGuire et al. 2014) and their circadian rhythm constrains them to nocturnal flight activities
making the daylight hours a known resting period. We used Equation 1 to calculate fuel
deposition rates (k) assuming a fixed fuel accumulation rate (E) (Lindstrom and Alerstam
1992) and a static foraging and resting period time of 9 h and 15 h respectively. We assumed that
the migrant arrived at stopover with 1 g of fat and 8 g of lean mass and began refueling
immediately following a search/settling period (see below). We assumed the 9 h foraging period
was a combination of short foraging bouts (an accumulated total of 2 h of flight) and periods of

night roosting for digestion resulting in a hypothetical energy accumulation rate (E') of 1 g fat
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day! (estimated from Jonasson 2018) and a foraging period cost (C) estimated to be 0.36 g fat
day';0.25 g in flight costs and 0.11 g in night roost digestive costs (2 times RMR) (Speakman
and Thomas 2003). Transforming the resting period energy cost 4, in Equation 1 from a static

parameter to a dynamic parameter results in

_ MR(Ty)-(1-1)
- a

A Eq3

where a is the energy density of fuel (39,000 J g -! fat; Weathers 1996, Jenni and Jenni-
Eiermann 1998) such that the term converts to g fat expended and MR is mass-specific metabolic
rate in J g'! h™! and is dependent on the thermoregulatory expression of a migrant (i.e., sensitive
to T). We calculated fixed metabolic rate (MRfxeq) as RMR within the thermoneutral zone as
J h'! by combining an allometric prediction of mLO,h~! (Speakman and Thomas 2003) with an
oxyjoule equivalent of 20.09 (assuming a respiratory quotient of 0.80) (Lighton 2018) such that
MRyiveq (J- h™") = In(1.0895 + 0.744log ,M,(g)) - 20.09(JmLOz ") Eq 4

For MR fixeq We assumed metabolic rate was independent of T, (Figure 2A), as in current forms
of optimal migration theory. From Speakman and Thomas (2003), we defined a lower critical
temperature (T';;) allometrically as T;. = 30.0°C. For purposes of our analysis we did not
consider scenarios where T, exceeded the upper critical temperature of the thermoneutral zone.
From Speakman and Thomas (2003), we assumed that below T, homeotherms had a metabolic
rate of

MRpomeotherm (J - h~ ') = MRfixeq (Tie—To(°0)) - In(—0.1037 + 0.534log,My(g) ) -

20.09(JmLO3 ") Eq 5, Figure 2B
Such that,

MRfixedifTa > Tlc

10
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MRhomeothermifTa < Tlc

Most shallow torpor heterotherms reduce their T, 2 — 4°C below euthermia as
temperatures decrease below the T';.(McKechnie and Lovegrove 2002, Ruf and Geiser 2014),
though as much as 10°C reductions in T, have been recorded in the context of stopovers in long-
distance migrating Icterine Warblers (Hippolais polyglotta) (Carere et al. 2010). Further, in a
non-migratory setting, Mountain Chickadees (Poecile gambeli) and Juniper Titmice (Baeolophus
ridgwayi) have been shown to reduce nocturnal T}, as much as 11°C below daytime T,
resulting in energy savings of 7 - 50% of what would have been expended maintaining euthermia
(Cooper and Gessaman 2005). For the sake of example, we assumed shallow torpor
heterotherms MRpqii0wrorpor have a metabolic rate 85% that of a strict homeotherm (Figure
2C) such that,

MRfixeqif Ta > Ty
MR shaniowtorporif Ta < Tic
Finally, fromSpeakman and Thomas (2003) we assume that in deep torpor heterothermy,

migrants have a torpid metabolic rate (TMR)

MR geeprorpor(J - B~ 1) = In(=3.87 + 0.163 - (T,) + 0.988 - log(M,)) - 20.09 Eq 6, Figure
2D
such that,
MRfixeqif Ta > Ty
MR geeprorportf Ta < Tic
We then combine Equation 2 with Equation 3 to calculate updated fuel deposition rates. Fuel
load f equates to kt where k is net fuel deposition rate as before. Substituting fwith kt in the

flight range equation (Eq 2) results in range curves that are metabolically informed (Figure 2E).

11
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It is important to note, that we rely on allometric equations of metabolic rates, and thus flight
range curves will lack quantitative detail and are therefore qualitative.

Within the thermoneutral zone, all four thermoregulatory scenarios have equivalent fuel
deposition rates (Figure 2). But for example at T, = 15°C (grey vertical line in Figure 2 A-D) ,
net fuel deposition rates are varied resulting in similarly varied range curves (Figure 2 E). At

T, = 15°C a migrant with a fixed metabolic rate would achieve a fuel deposition rate of 0.065
and a homeotherm would have a much lower fuel deposition rate of 0.008.. Deep torpor
heterotherms achieve a fuel deposition rate that is nearly 10 times greater than that of a
homeotherm. As mean T, decreases the differences become magnified. For example, if we
assume a mean T, of 5°C, deep torpor heterotherms would be predicted to achieve a fuel
deposition rate of 0.07 and hometherms would have a negative fuel deposition rate meaning that
under our assumed intake rate of 1 gram of fuel per day, homeotherms would be in negative
energy balance.. Though deep torpor heterothermy allows migrants to achieve greater fuel
deposition rates as metabolic rate continues to decrease with T, (Figure 2, D), at some point
animals will be forced to increase their metabolic rate to maintain 75 above freezing or risk
cellular damage or death (Jonasson and Willis 2012, Wolf et al. 2020). Regardless, it is clear that
differences in stopover energy costs resulting from varied thermoregulatory expressions can
substantially influence fuel deposition rates and thus flight range curves which, as we

demonstrate below, can translate into dramatic differences in predicted stopover behavior.

Migration Currencies

We considered two migration currencies: minimizing time and minimizing the total

energy of migration (see Hedenstrom and Alerstam (1997) for detailed overview). Briefly, time

12
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minimizers adopt strategies to complete migration as quickly as possible and achieve the greatest

speed of migration by maximizing the flight distance to time ratio expressed as

Y(H-Y(Fyp)
Riime = ==

Eq7

where Y is flight range, f is fuel load, t is the stopover duration in days, and £ and ty are fuel
and time costs, respectively, associated with search and settling at a new stopover site. Setting
the derivative of Equation 7 equal to zero yields the optimal stopover duration t* (i.e., the fuel
load that maximizes the instantaneous speed of migration). With the optimal stopover duration t*
and f = kt we can determine optimal fuel load f~.

To minimize the total energy cost of migration, we assume migrants maximize the ratio

of flight distance to stopover energy investment

Y(e)-Y
Renergy SOmiC) Eq8

eteq
where € is the stopover energy investment, €, is the energy associated with search and settling,
and € is the existence metabolism associated with search and settling costs. The stopover

energy investment accounts for the fuel accumulated at stopover (i.e., the cost of migratory flight

from one stopover to the next) as well as energy expended at stopover and is expressed as

e=(f my-a)+ (t-MRsie1q) Eq9

where  is fuel load, m is lean mass, and a is the energy density of fuel as above. The first term
in Equation 9 accounts for the energy of the accumulated fuel load that is then expended to travel
distance Y. The second term of Equation 9 represents the existence metabolism at stopover
where t is stopover duration in days as above and MR,  is the field metabolic rate. The

optimal fuel load associated with the minimum total energy cost of migration can be determined

13
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by calculating the minimum energetic investment to cover a migration distance Y, and then

converting the optimal stopover energetic investment e* to f* (Alerstam and Lindstrom 1990).

Generating predictions of stopover behavior under varied currencies and
thermoregulatory expressions

Considering both thermoregulatory expression and optimization currency, we generated new
qualitative predictions of optimal stopover duration and departure fuel load for the hypothetical
homeotherm (Figure 2B) and the deep torpor heterotherm (Figure 2D) across a range of
theoretical fuel deposition rates. We considered hypothetical migrants representing the extremes
of the heterothermic continuum by comparing migration theory predictions of time-minimizing
and energy-minimizing migration.

Thermoregulatory expression not only influences the net fuel deposition rate but in the
same way, resting period costs influence search and settling fuel costs f . These costs are a result
of the inability to localize suitable foraging grounds immediately upon arrival at a stopover site.
After a migrant arrives at a stopover site, search and settling costs may accumulate over multiple
days (Alerstam and Lindstrom 1990). Even under ideal circumstances there will likely be some
minimum search and settling costs accrued upon arrival at a stopover. Search and settling costs
are a combination of flight costs (initial search for suitable stopover habitat with access to a
combination of quality foraging sites, water, and roosting sites) and resting costs (waiting for
refueling conditions to become more favorable).

We considered a hypothetical scenario in which a bat arrives at stopover 1 h prior to
sunrise, and searches for 10 min for a suitable roosting site, after which the bat rests for 14.5 h

before emerging and finding suitable foraging grounds after a 10 min search flight. Under these

14
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criteria search and settling time ty= 0.62 d for both hypothetical migrants.We used an allometric

scaling equation (Speakman and Thomas 2003) to predict flight metabolic rate (MRyy;gp¢) from

body mass. For each hypothetical migrant we considered their optimal solutions across a range
of temperatures ranging from 7. = 4°C (7. below which bats exhibit variable torpor use,
Jonasson and Willis 2012) to 7. = 26°C (temperature approaching 7). We further considered a
range offuel deposition rates from k = 0.015 (1.5% gain in body mass per day) to k = 0.13 (13%
gain in body mass per day). We chose this range because fuel deposition rates that fell below
0.015 resulted in predictions of stopover duration that were unrealistically high and values
greater than 0.13 likely represent the highest end of what is achievable at stopover (Lindstrom
2003). Because of differences in search and settling resting period metabolic costs under our
hypothetical scenario, homeotherms have a search and settling fuel cost ranging between 0.92 g
(when T,=4°C) and 0.27 g (when 7 = 26°C) of fat expressed as fuel load, and deep torpor
heterotherms has a search and settling fuel cost ranging between 0.04 g (when 7, = 4°C) and 0.13
g (when 7, =26°C) .

We first compared a time-minimizing homeotherm and deep torpor heterotherm. We
found that when considering the full treatment for all ambient temperatures and fuel deposition
rate combinations for time minimizing migrants the optimal departure fuel load (f*) is predicted
to be greater for homeotherms than for deep torpor heterotherms (Figure 3A, B). For example,
when stopover 7= 15°C optimal departure fuel load ranges between 0./* = 0.43 (k =0.015) to
0./* =156 (k = 0.13) for homeotherms and between f* = 0.16 to f* = 0.36 for a deep torpor
heterotherm (Figure 4 AFurther, the optimal stopover duration for time minimizing migrants is
predicted to be longer for homeotherms relative to deep torpor heterotherms ranging between

28.8 days (k = 0.015) and 4.3 days (k = 0.13) for hometherms, and between 10.5 days and 2.8

15



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

days for deep torpor heterotherms (Figure 4 B). Thus, time-minimizing homeotherms are
predicted to have greater search and settling fuel costs, increased departure fuel loads, and longer
stopover durations relative to time-minimizing deep torpor heterotherms.

We also investigated how thermoregulatory expression influences predicted stopover use
under an energy minimizing strategy. However, we must first consider how thermoregulatory
expression influences existence metabolism, MR;.;4. For the purposes of parameterizing the
model, we calculated daily existence metabolism for homeotherms to be the sum of 22 h of
resting metabolic rate and 2 h of flight metabolic rate. For deep torpor heterotherms we
calculated daily existence metabolism as the sum of 15 h of torpid metabolic rate, 7 h of
homeothermic resting metabolic rate, and 2 h of flight metabolic rate. Considering existence
metabolism and the same hypothetical parameters as above across all ambient temperature and
fuel deposition rate combinations demonstrates that energy-minimizing homeotherms are
predicted to have an increased optimal stopover departure fuel load relative to energy
minimizing heterotherms (Figure 3 C, D). Under the above criteria, and considering a stopover
ambient temperature of 7. = 15°C, energy minimizing homeotherms are predicted to have an
optimal departure fuel load ranging from f* = 0.43 (k = 0.015) to f*=0.49 (k =0.13) and a
stopover duration ranging from 28.6 days (k = 0.015) to 3.8 days (k = 0.13) — (Figure 4).
Conversely, an energy-minimizing deep torpor heterotherm is predicted to have an optimal
departure fuel load ranging from f/* = 0.15 to f* = 0.22 and a stopover duration ranging from 9.8
— 1.7 days (Figure 4).

Independent of optimization criteria, heterotherms are predicted to have shorter stopover
durations and decreased fuel loads compared to homeotherms. Heterotherms achieve this by

being able to mitigate resting period fuel costs relative to homeotherms as T, decreases,
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resulting in low search and settling cost, decreased existence metabolism cost at stopover, and

increased net fuel deposition rate compared with a homeotherm.

The influence of thermoregulatory expression on the flight cost to stopover cost ratio
Finally, we considered how thermoregulatory expression can influence the amount of
time and energy of the total migration that is spent on flight and stopover. Using the equations of
total energy cost of migration and total time of migration from Hedenstrom and Alerstam (1997)
we compared the proportion of the total energy and time costs of migration that a homeotherm
and a deep torpor heterotherm would theoretically incur across temperatures ranging from 7, =
4°C (toT. = 26°C. Using the same estimated fuel deposition rates calculated above and applying
the stopover time and energy ratios across the range of T, we find that homeotherms are
predicted to incur increasing time and energy costs as T, drops below the thermoneutral zone,
whereby stopover accounts for greater than 90% of the total energy and time costs associated
with migration when T, approaches 4°C (Figure 4) Stopover costs become so great for
homeotherms that under our scenario of a hypothetical energy accumulation rate of 1 g fat day!
migrants would be in negative energy balance at stopover if average temperatures reached T, = 6
°C .Conversely, deep torpor heterotherms are able to reduce the cost of stopovers relative to
migratory flight. Energy costs incurred at stopover by deep torpor heterotherms increase slightly
as T4 drops from 22 °C to 4 °C as even heterotherms will have to spend some time euthermic
during the resting period, (e.g. digesting) and overall energy costs increase again between 22 °C
and 26 °C as the energy savings of torpor decrease when T, approaches the thermoneutral zone
(Figure 4 B). Current predictions of the flight to stopover ratio of costs assume a fixed metabolic

rate resulting in underestimating stopover time and energy costs of homeothermic migrants
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across a wide range of T ;. Conversely, generating predictions using fixed stopover costs will
overestimate both time and energy costs across the entire range of T, for heterotherms.
Discussion

Thermoregulation is a component of the endotherm energy budget that can vary
drastically with environmental changes. Including varied thermoregulatory strategies into the
migration theory paradigm is essential to understand migratory strategies and overall migratory
success and leads to novel predictions that may be empirically tested or theoretically refined in
the future (Table 1).

Changes in thermoregulatory expression may lead to changes in landscape level stopover
use and therefore population level patterns of migration. Heterothermy allows migrants to
achieve positive energy balance at poor quality stopover sites that would lead to negative energy
balance in a homeotherm. When faced with high rest period costs or low-quality foraging,
homeotherms have no mechanism to compensate and fuel deposition rate is decreased.
Therefore, homeothermic migrants may be constrained to high quality migratory stopover
hotspots where they can maintain high fuel deposition rate. However, heterotherms can counter
these challenges by reducing rest period costs and therefore maintain positive energy balance
over a broader range of site qualities. Without the need to rely on high quality stopover sites, the
use of heterothermy may result in a more diffuse population level pattern of migration. Relative
to heterotherms, homeotherms may need to rely to a greater degree on migratory corridors that
provide a high probability of refueling hotspots. In contrast, heterotherms may be able follow a
broad front migration strategy.

Previous considerations of optimal migration theory incur a tradeoff between time and

energy. Migrants must choose between a time or energy minimizing strategy. However, as we
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have shown here, the use of torpor simultaneously reduces both the total time and energy costs of
migration. Time and energy are generally considered to be the two most important currencies for
a migrant to consider, but by reducing these two costs, other currencies may become relatively
more important for heterothermic migrants. Currencies such as predation risk (Alerstam and
Lindstrom 1990) and reproductive considerations (particularly for certain bat species that mate
during migration; Cryan 2008, Cryan et al. 2012) may play more prominent roles in
heterothermic migrants than in homeotherms that are dominated by time and energy costs.
Similarly, it will be particularly informative in future studies to consider situations in which
heterothermic species forgo the use of torpor and remain euthermic. We have demonstrated the
clear time and energy benefits of using torpor, but there are also costs of using torpor. In addition
to potential physiological costs, torpid individuals make be less able to respond to predation
attacks or may face lost opportunity costs. Situations where animals forgo torpor despite the time
and energy benefits will provide insight into the relative importance of alternative currencies in
the overall success of migration and fitness of migrants.

As we have demonstrated here, torpor expression is an effective strategy for increasing
stopover fuel deposition rates. Jonasson (2017) found evidence of silver-haired bats achieving
energy accumulation rates of k = 0.098 and Carpenter et al. (1993) reasoned that heterothermic
hummingbirds have the potential to boast some of the highest recorded fuel deposition rates
among volant migrants, achieving net fuel deposition rates of k = 0.10. Hummingbirds also
exhibit biphasic fueling— switching their diet from being protein rich to rebuild muscle tissues
upon stopover arrival to a sugar diet to rebuild fat mass (Carpenter et al. 1993), exemplifying that
multiple alternative refueling strategies could contribute to increased energy accumulation at

stopover in lieu of, or in combination with, torpor expression. Hyperphagia, increased digestive
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efficiency, and diet switching are all strategies used by volant migrants to reach optimal fuel
loads at stopover (Bairlein 2002, Lindstrém 2003). Incorporating different energy accumulation
strategies into models of stopover use will help disentangle how the relative contributions of
alternative refueling strategies alter stopover use and overall migratory success.

Our findings mark an improvement in our understanding of migration biology. Using
static metabolic rates to calculate net fuel deposition rate could lead to overestimates of 90%
under stopover conditions that are likely regularly encountered during migration. Such
differences in estimates drastically alter stopover behavior predictions of departure fuel load and
stopover duration. Furthermore, differences in the search and settling fuel costs and existence
metabolism can have major impacts on stopover behavior and is yet another reason for
accounting for the thermoregulatory expression of a migrant. Considering varied
thermoregulatory capacities in migration theory is an important addition that increases the
predictive power of stopover optimization models.
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Table 1. Revised models of optimal migration theory that account for varied thermoregulatory
strategies indicate that the energetics of migration are dramatically altered for heterothermic
species. As recommendations for future research, we pose several general predictions for
heterothermic migrants arising from the models we have developed.

Predictions

General predictions for heterothermic 1. Fuel deposition rate is a function of both habitat

migrants

quality and thermoregulatory expression

2. Heterothermic migrants will be able to take
advantage of relatively poor-quality habitat compared to
homeothermic migrants. This may reduce reliance on
high-quality stopover sites and result in more broad
front migration patterns

3. Heterothermic migrants will have shorter stopover
durations compared to homeothermic migrants

4. Heterothermic migrants will have decreased fuel
loads relative to homeothermic migrants

5. Heterothermy reduces both time and energy costs,
and therefore the relative importance of alternative
currencies (e.g., predation risk) may be increased in
heterothermic migrants

Prediction for heterothermic time
minimizer

6. Heterothermic migrants will have greater fuel
deposition rates compared to homeothermic migrants
when ambient temperatures drop below the lower
critical temperature

Prediction for heterothermic energy
minimizers

7. Heterothermic energy minimizers may achieve
greater speed of migration than homeothermic time
minimizers

26



	Considerations of Varied Thermoregulatory Expressions in Migration Theory
	Jeff Clerca, b*, and  Liam P. McGuirea,c
	Seasonal abundance and paucity of resources, combined with physiological limitations to cope with variable environmental conditions, has led to multiple independent evolutions of migration in a variety of taxa (Winger et al. 2018). Highly mobile anima...
	The Influence of Thermoregulation on Fuel Deposition Rate and the Range Equation
	With respect to refueling, stopover quality can be defined by the constant daily fuel deposition rate (𝑘) (daily gain in fuel mass relative to lean mass) that a migrant can achieve during stopover. Fuel deposition rate is dependent on the availabilit...
	Migration Currencies
	Generating predictions of stopover behavior under varied currencies and thermoregulatory expressions

