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Abstract

We employed the widely-tested biophysiological modeling software, Niche
Mapper™ to investigate the metabolic function of Late Triassic dinosaurs Plateosaurus
and Coelophysis during global greenhouse conditions. We tested them under a variety
of assumptions about resting metabolic rate, evaluated within six microclimate models
that bound paleoenvironmental conditions at 12° N paleolatitude, as determined by
sedimentological and isotopic proxies for climate within the Chinle Formation of the
southwestern United States. Sensitivity testing of metabolic variables and simulated
“‘metabolic chamber” analyses support elevated “ratite-like” metabolic rates and
intermediate “monotreme-like” core temperature ranges in these species of early
saurischian dinosaur. Our results suggest small theropods may have needed partial to
full epidermal insulation in temperate environments, while fully grown prosauropods
would have likely been heat stressed in open, hot environments and should have been
restricted to cooler microclimates such as dense forests (under any vegitative cover) or
those seen at higher latitudes and elevations. This is in agreement with the Late
Triassic fossil record and may have contributed to the latitudinal gap in the Triassic

prosauropod record.
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Introduction

Paleontologists have long inferred the biology of extinct organisms from
morphological correlates and paleoenvironmental context. Hypotheses derived from
morphology rely on extant phylogenetic bracketing and modern analogs for support
[1,2]; lack of inferential specificity may come from trimmed phylogenetic trees or
increased distance from extant relatives [3]. Spatiotemporally derived hypotheses suffer
from confounding factors related to bias in the stratigraphic record [4-6]. These biases
can be tempered by physics-based constraints to understand a broad range of
paleobiological phenomena.

All animals, living and extinct are constrained by physics. Gravity exerts control
on the maximum size attained by terrestrial clades, from spiders to sauropods [7], and
biological thermodynamics constrains the rate heat is produced and how it is transferred
to and from the environment [8]. Robust biophysiological models, such as Niche
Mapper™ are built on the fundamental properties of heat and mass flux into and out of
individuals [9]. Morphology (e.g. posture, insulation, color, and body part dimensions),
behavior (e.g. seeking shade, sunning, fur or feather erection, varying activity level and
location), and physiology (e.g. metabolic rate, peripheral blood flow, respiratory and
cutaneous water loss) can accelerate or retard heat exchange with the surrounding
environment that sets the temporal and spatial constraints (boundary conditions) for

animal function.
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For decades ecologists have been modeling the physics of heat transfer to
understand ecological and biogeographic constraints of modern organisms [10-25].
Biophysiological models have only been sparsely applied to deep time investigations
[e.g. 26,27]. For paleoecologists, the paleobiogeographic distribution of an extinct
organism is harder to test with respect to organismal physiology. For instance, it has
been noted that there is an absence of large (>~1000 kg) prosauropod dinosaurs in the
well-studied tropical to subtropical latitudes during the Late Triassic (e.g., the Chinle
Formation of southwestern U.S.), while smaller (<~100 kg) theropod dinosaurs and their
closest relatives are quite common [28]. In contrast, both large prosauropod and small
theropod remains are well represented in temperate latitudes. It has been hypothesized
that high temperatures and environmental fluctuations including increased severity and
frequency of wildfires, aridity, and precipitation patterns precluded large prosauropods
from inhabiting these tropical environments [28], this hypothesis is hard to test explicitly
without the use of biophysical modeling.

We applied Niche Mapper to test a range of physiological possibilities for two
Late Triassic dinosaurs, the ~20 kg theropod Coelophysis bauri (Cope 1887) and the
~1000 kg prosauropod Plateosaurus engelhardti (von Meyer 1837) to quantitatively test
the thermal constraint hypothesis. We performed sensitivity analyses on the models to
test the relative contributions of climate, body mass, shape, diet, insulation, and the
efficiencies of respiratory, digestive, and muscle systems, as well as feasible daily core
temperature range and resting metabolic rate on energy requirements. The integration

of biophysiological and microclimate models offers a potentially powerful means of
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testing feasible physiologies and behaviors of extinct organisms derived for a given

paleoenvironmental.

Materials and methods

We employed the mechanistic modeling program Niche Mapper, developed at
UW-Madison [29]. Niche Mapper is compartmentalized into generic microclimate and
animal submodels that each contain momentum, heat, and mass transfer equations.
The microclimate model has 51 variables relating to seasonality, insolation, shade,
wind, air temperature, humidity, cloud, and soil properties. The biophysical model is
composed of 270 morphological, physiological, and behavioral parameters previously
described in detail and tested over a wide range of animal taxa including reptiles,
amphibians, birds, mammals and insects [e.g., 12,13,15,16,23,30-39]. The user is able
to control how many days (1 to 365) and how those days are distributed throughout the
year, and how many of the variables (such as air temperature, feather density, or body
mass) vary for each modeled day (see S1 Appendix).

Fundamentally, Niche Mapper calculates hourly energy and mass expenditures
that can predict survivorship based on reasonable bounds of thermal stress and
resource availability. Paleoenvironmental bounds for the microclimate model are
derived from environmental proxies preserved within the rock record and data from
analogous modern environments, when applicable. Measurements of skeletal
dimensions parameterize a simple geometric volume that approximates the shape of

the animal. The range of metabolic rates known from modern tetrapods bounds
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modeled rates. These boundaries allowed us to explore a reasonable parameter space
although the model could easily be extended to explore unique circumstances and test
novel hypotheses.

As an additional means of testing our Triassic microclimate models and as a
point of comparison for dinosaurs modeled with a squamate-like metabolism, we
created a model for the largest extant terrestrial ecotherm, Varanus komodoensis
(Komodo dragon), using the same methodologies implemented in our dinosaur models
along with experimental and observational data for V. komodoensis [40-42]. We
compared calculated vs. observed agreement between activity patterns, food

requirements, body size and body temperature (S2 Appendix).

The microclimate model

The microclimate model calculates hourly air temperatures, wind speeds, and
relative humidity profiles, solar and thermal long wavelength infrared radiation, ground

surface and subsurface temperatures available to an animal [11,29,43,44]. Local


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

environments at mean animal height are used for heat balance calculations (Fig. 1).
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Figure 1. Organism-environment heat balance interactions.

The reptile’s heat and mass balances that determine body temperature are determined
by where it chooses to be each hour to remain within its preferred body temperature range. Niche
Mapper allows it to find a location each hour where it can remain active, or not, if necessary, to
optimize its body temperature and/or water balance.

The microclimate model fits a sinusoidal curve to user-specified maximum and
minimum daily air temperatures, wind speeds, cloud cover, and relative humidity to
estimate hourly values. We set minimum air temperature, minimum wind speed,
maximum relative humidity and cloud cover to occur at sunrise. Maximum air
temperature, maximum wind speed, and minimum relative humidity and cloud cover are
set to occur one hour after solar noon [45]. Clear sky solar radiation is calculated based
on date, hour of day, and geographic location adjusted for cloud cover and overhead
vegetation [43,46]. Paleosolar calculations for insolation were computed from Laskar et
al. [47] using the palinsol program in R [48]. Because of uncertainties in deep time

insolation we used modern values as a first step. However, we recognize there is
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variability in insolation not only in deep time, but also on shorter timescales due to
precession, obliquity, and eccentricity. Cloud cover also reduces solar radiation intensity
at ground level and provides thermal cover by trapping longwave radiation that would
otherwise escape to the sky, increasing the sky’s radiant temperature [29,44,45,49].
Long wavelength thermal radiation from clear sky and clouds were computed
using empirical air temperature correlations from the literature [50,51]. Substrate
thermal radiation was computed hourly from the numerical solution of a one dimensional
finite difference transient heat balance equation for the ground. Hourly outputs from the
microclimate model specify above and belowground local microclimates in the sunniest

and shadiest sites specified by the user.

Microclimate Model Parameterization in Deep Time

In order to test the hypothesis that large dinosaurs such as Plateosaurus were
restricted from tropical latitudes primarily due to thermal constraints we chose to use the
well sampled Late Triassic strata of the Chinle Formation of western North America as a
model for our Late Triassic paleoenvironment. Although these strata are currently
located at 35 degrees north, the Chinle was originally deposited between 5 and 10
degrees north paleolatitude [52]. We used published local and regional paleoclimate
data derived from the Chinle Formation; these data include sedimentary proxies for
paleotemperature and precipitation [52-54], global climate models [55], and global
geochemical compilations [56,57]. We used these data to constrain our microclimate

model to best represent a tropical Late Triassic environment and considered this the
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‘hot’ microclimate model. This is not the most extreme temperatures proposed for the
Late Triassic Chinle Formation [58], making our modeled environment a conservative
estimate for testing whether high temperatures excluded large dinosaurs from the
region. Our cold microclimate is an conservative approximation of paleoclimates in
upper Triassic strata in central and northern Europe (~35-45 °N; [55,59,60]) where
Plateosaurus is a relatively common constituent in fossil assemblages. In order to aid
comparison and avoid interactions of variables, annual distribution of microclimate data
was maintained across the hot and cold microclimates and only the temperature values
were adjusted to model a cooler temperate microclimate as a first-order approximation
of higher latitudes. A moderate microclimate was also modeled to represent areas
intermediate between hot and cold microclimates. Air temperature are modeled at the
average height of the organisms being examined for each hour (Fig. 2). Paleolatitude is

modeled as 12 °N, with an elevation of 150 m [54].
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Figure 2. Heatmaps of microclimate air temperature and wind speed at average

animal height for each modeled hour.

We use a turbulent velocity and temperature profile where the most significant changes occur
within the first 15 cm from the ground. The microclimates are the same for both Coelophysis (shown) and
Plateosaurus. (A) hot and B) cold climate regimes, C) high and D) low wind speeds.

Because the resolution of paleoclimate proxies are time-averaged it is difficult to
determine an annual pattern for the microclimate model. As such, historic climate data
from modern analogues provide a means to establish realistic annual patterns otherwise
indiscernible in the rock record. We selected regions similar to paleogeographic
reconstructions of the Chinle formation with respect to elevation, temperature and
precipitation regimes, latitude, and general position on the continent; two locations in
western Africa (Tamale, Ghana and Timbuktu, Mali) act as modern analogues for this
study. Numeric values for the microclimate model were determined by multi-proxy data

in the geological record whenever possible (see Table 1).
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Table 1. Microclimate parameters inferred from geologic proxies, GCM’s, and

modern analogues.

Parameter Model Source Modeled Range

Air Temperature microclimate [52] | Cold: 16-30 °C; warm: 20—-34 °C; hot:

26-40 °C; see Fig 2

Relative Humidity microclimate [565,61] | ‘Dry’ 13-65%; ‘Wet’ 48-96%
Cloud Cover microclimate [61] | 50-90%
Wind Speeds microclimate [62,63] | 1-4 m/s; see Fig 2
Atmospheric %0, biophysical [56] | %0,=18
Atmospheric %CO, biophysical [54,57] | %CO,=0.13

The biophysical model

Gross organismal morphology (head, neck, torso, legs, tail) are modeled as
simple geometric shapes (e.g., cylinders, spheres, truncated cones, or ellipsoids; S3
Appendix). These geometries have known or measurable heat transfer properties and
temperature profile equations that simplify solving the heat balance equation when there
is distributed internal heat generation [e.g., 36,64,66]. Each body part can be modeled

with up to three concentric layers: 1) a solid central geometry of tissue uniformly

11
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generating heat; 2) if present, a surrounding layer of insulating subcutaneous fat is
modeled as a hollow heat conducting geometry; 3) a surrounding layer of insulating fur
or feathers, modeled as a hollow porous medium (see below). Net metabolic heat
produced by the central flesh layer must be transferred through the fat layer to the skin
surface, where is it either dissipated via cutaneous evaporation, convection and infrared
thermal radiation (naked), or transferred through the fur/feather layer if present, then
lost by convection and infrared thermal radiation to the environment. Heat is transferred
through the fur/feathers by parallel thermal radiation and conduction through the air
between the insulation elements and through the fur or feathers [36,66] and is lost to the
environment via thermal radiation and convection. If the animal is lying down and has
ventral insulation, it is compressed by an amount defined by the user and heat is
conducted to or from the substrate at the insulation surface. Heat from solar radiation
can also be absorbed through the skin (naked) or fur/feather layer (insulated),

contributing to the heat load that must be dissipated (Fig. 3).

12
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Figure 3. Heat transfer pathways between modeled organism and environment.

Cross-section of a body segment (e.g., elliptical cylindrical torso of distributed heat generating
flesh surrounded by an optional layer of fat (not shown), then skin surrounded by porous
insulation whose properties may be the same or different dorsally vs. ventrally). The flesh is
generating metabolic heat throughout the body (Qmet) and exchanging (Qresp, Qevap, QIRnet,
Qconv, Qsol) heat with its environment as modeled by Niche Mapper (adapted from Porter et al.
[23]). The transient model also includes a heat storage term, Qst, for the flesh. A full list of

symbols and abbreviations can be found in the text.

Provided with the local environmental conditions from the microclimate model

and biophysical properties of the organism, the animal model calculates radiative (Q,,,),

13
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convective (Q,,,), solar (Q,,), and evaporative (respiratory: Q,.,, and cutaneous: Q

resp evap)

heat fluxes between the animal and its microenvironment to solve a heat balance

equation (1) for a metabolic rate, Q.. ,, that satisfies (1) and is consistent with the status

met?

of its core and skin temperatures and environmental conditions:

Omet — Qresp — Ost — Qevap = Qrad + Qconv — Qsol (1)

If the animal has a fur or feather layer, an additional parameter (Qfur) must be

added to account for heat flow through the insulating fur or feather layer:

Omet — Qresp — QOst — Qevap = Qfur = Qrad + Qconv — Qsol (2)

where Q,, represents the heat flux through the fur or feather layer via parallel
conductive and radiative processes. For more detailed explanations of heat flux through
porous media such as fur or feathers and solving for steady state conditions see Porter
et al. [36], Porter and Kearney [67] and Mathewson and Porter [17].

For each hour of every model day the heat balance equation is solved for
individual body parts and summed to provide the total metabolic rate (W) for the entire
animal that will allow it to maintain a target core temperature in that hour’s range of
environmental conditions. Users can specify a basal metabolic rate multiplier to simulate
activity in the heat balance calculations, as well as muscle efficiency, which is the
proportion of that additional activity expenditure contributes to the animal’s heat balance
(i.e., 0% means that the mechanical work (activity) is 100% efficient with no excess heat

produced; 99% means that 99% of the metabolic effort is lost as heat and needs to be

14
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considered in the heat balance). We assumed a mammal-like 20% muscle efficiency for
activity with 80% of the chemical energy for activity going to heat. Although a ~35%
muscle efficiency may be more reasonable for archosaurs, it is less well documented
[68]; we performed a sensitivity analysis to test the effect of differing muscle efficiencies
(see below).

If the total animal metabolic rate deviates from user-specified variation in the
target metabolic rate (i.e., expected basal metabolic rate x activity multiplier) for the
hour being modeled, physiological options, followed by behavioral options, are engaged
to prevent the animal from being too hot or too cold by decreasing or increasing
metabolic expenditure on heat production respectively.

User selected physiological options are engaged in the following order when
individually enabled: 1) incrementally erect fur or feathers to increase insulation; 2)
incrementally increase or decrease flesh thermal conductivity, simulating vasodilation or
vasoconstriction of peripheral blood vessels; 3) incrementally increase or decrease core
temperature, simulating temporary, bounded positive or negative heat storage; 4)
incrementally increase the amount of surface area that is wet to increase evaporative
heat loss, simulating sweating (if allowed); and 5) incrementally decrease oxygen
extraction efficiency to increase respiratory heat loss, simulating panting.

If physiological changes are not sufficient to thermoregulate, behavioral
thermoregulation options are engaged and the animal can seek shade, swim, wade,
climb, or enter a burrow to achieve cooler environmental conditions. The user defines

which behaviors are possible for the modeled organism; for instance, it is unlikely that
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an 850 kilogram prosauropod is burrowing or climbing trees to behaviorally
thermoregulate, so these options would not be utilized. If the animal is too cold (i.e. the
requisite metabolism is greater than the resting metabolic rate x the activity multiplier),
the user can allow the animal to enter a burrow or seek vegitative shelter or get out of
the wind. These options also reduce radiant heat loss to the sky by providing overhead
structures (e.g. forest canopy or burrow ceiling) with warmer radiant temperatures than
the open sky. Users can also allow model animals to make postural changes such as
curling up to minimize surface area for heat exchange with the environment if the animal
is too cold.

The heat balance is re-solved after each incremental thermoregulatory change
until either 1) the metabolic rate that balances the heat budget equation is within the
percent error of the target metabolic rate or 2) thermoregulatory options are exhausted.
In the case of the latter, the metabolic rate that balances the heat budget equation that
is closest to the target rate is used for that hour. Hourly metabolic rates and water
losses are integrated over the day to calculate daily metabolic rate and water loss,
which can then be used to calculate food and water requirements. The day’s water and
energy requirements are then used to compute the respiratory and digestive system

inputs and outputs using molar balances as described below.
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Internal mass balance models coupled to heat transfer
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Figure 4. Internal mass balance models coupled to heat transfer.

System diagram for the respiratory and digestive system driven by the metabolic rate, Qmet.

The heat and mass balance of an organism are connected by metabolic rate, a
‘biological fire’ that requires fuel and oxygen. The daily metabolic rate that releases heat
(Qmet) sets the daily mass balance requirements for the respiratory and digestive
systems (Fig. 4). Diet composition (proteins, carbohydrates, lipids, percent water)
specify how much mass must be absorbed (m,,,) from the gut to meet metabolic

demands. Digestive efficiency divided into the mass absorbed determines the mass of
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food that must be ingested per day (m,,) to meet energy requirements. Mass excreted
(m,,,) is the difference between mass in and mass absorbed.

The respiratory system functions in an analogous manner. Diet utilization and
activity rates determine the amount of oxygen needed and carbon dioxide produced.
Oxygen required divided by the respiratory extraction coefficient specifies the mass of
air that must enter the respiratory system, given the atmospheric composition of oxygen
per unit volume. Humidity of the incoming air is increased to saturated air at lung (body)
temperature, so respiratory water loss can also be computed. Recovery of water vapor

during exhalation through cooler nostrils is also calculated.

Biophysical Model Parameterization in Deep Time

Key morphological and behavioral model inputs are summarized in Tables 2-3.
For behavioral thermoregulation, we allowed animals to hide from wind (if too cool),
seek shade during the day (if too hot), seek shade at night (e.g., simulating vegitative
cover slowing the rate of radiative heat loss seen in open sky conditions), be active in
the shade (day and night), postural changes to minimize surface area if cold and
inactive, or maximize surface area if hot. For physiological thermoregulation we allowed
for panting (too hot), increased and decreased flesh conductivity (to simulate
vasoconstriction/vasodilation when cold/hot), if dermal insulation (fur/feathers) is
present they can piloerect/ptiloerect, or changes in regulated body temperature within
the user specified maximum and minimum body temperature range. Sweating was not

enabled due to phylogenetic constraints. Sensitivity analyses were performed to test
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which behavior, or interaction of multiple behaviors, had the strongest effect. Since legs
and tail consist of mostly muscle, bone and tendon, we allowed the temperature in limb
and tail segments to reach 50% of the difference between the torso-segment junction
and ambient air or ground temperatures [c.f.,12,69].

Table 2. Morphological parameters of porous insulation modeled and skin or

insulation surface solar reflectivity.
Insulation element density estimated assuming that 1) feathers evolved by selection for a
follicle that would grow an emergent tubular appendage [74] early ‘feathers’ were similar to
stage 1 or 2 in the developmental pattern of modern feathers, i.e. cylindrical in shape. 3)
that the minimum hair density that substantially reduces heat loss (reduces metabolic heat

generation that sets body temperature) is approximately 800-1000 ‘hairs’ /cm? [37 Fig 25].

No Top-only Full Reference and
Variable
Insulation Insulation Insulation comment
Length Dorsal* 0 30 30
(mm) | Ventral* 0 0 30
[Based on 70-73]
Depth Dorsal* 0 10 10
(mm) Ventral* 0 0 10
Insulation Density
0 2000 2000
(elements/cm?) [37 Fig 25,74]
Insulation/skin Porter, marine
15 15 15
reflectivity (%) iguana, unpub. data
Pilo/ptiloerection No Yes** Yes**

* head, neck, torso, and tail
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**only when behaviors are enabled

Table 3. Parameters for metabolic rates, diet, and behavior.

Value
Variable Reference and comment
Plateo | Coelo
Metabolic rate 701 W | 34 W [7]
Maximum 40
Squamate
Core temp Target 38
Minimum 25
Metabolic rate 301W | 24 W [75,76]
Maximum 40 [77]
Ratite
Core temp Target 38 [77]
Minimum 36
Fat mass as % of body mass 5 [75,76]
Sweat ok? No
Activity Multiplier** 2 [78]
% protein* 10
% fat* 0
High
Food % carbohydrate* 88 [79]
Browser
% dry matter 25
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Digestive efficiency (%) 60
Fecal water (%) 60 [80]
Uric acid (%) 60 [80]
% protein* 10
% fat* 0
% carbohydrate* 88 [79]
Low
% dry matter 44
Browser
Digestive efficiency (%) 60
Fecal water (%) 60 [80]
Uric acid (%) 60 [80]
% protein* 60
% fat* 38
% carbohydrate* 0 [81]
Carnivore % dry matter 66.7
Digestive efficiency (%) 85
Fecal water (%) 46 [82]
Uric acid (%) 27 [82]
Ground seeking shade Y Y
Night shade Y Y
Behavior Seek shelter from wind Y Y
Legs lumped into torso, head &
Sleeping
Posture 3 neck on ground
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Legs lumped into torso, head &
Resting in shade
3 neck on ground

Legs lumped into torso, head &
Inactive posture
3 neck on ground

‘Plateo’=Plateosaurus and ‘Coelo’=Coelophysis.
* based on % dry mass
** Activity multiplier = field metabolic rate (FMR) / basal metabolic rate (BMR). FMR is

calculated as FMR = 4.82*weight*(0.734)

Determining rates of metabolism:

To determine a range of metabolic rates for extinct taxa within our modeled
microclimate, we simulated a spectrum of different metabolic rates. We evaluated 5
different resting metabolic rates (RMRs) ranging from a typical ectothermic squamate to
endothermic eutherian metabolisms. An RMR from the lower avian range (ratite) and
two lower mammal (monotreme and eutherian) RMRs were calculated from empirical
regressions utilizing phylogenetic and ecological constraints [e.g.,75,76], while the
squamate, and an additional eutherian RMR were calculated using empirical models
derived from oxygen consumption or CO, production measurements with an assumed
respiratory quotient [7,83]. These regressions implicitly include the presence or absence
of epidermal insulation of extant species as well as their size and shape, but the data
provide a range of values for estimating the span of modern mass-specific metabolic

rates(S1 Table).
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Using the calculated masses (S3 Appendix) and the empirical equations above
we generated five different mass-specific resting metabolic rates for Coelophysis and
Plateosaurus, labeled: squamate, monotreme, marsupial, ratite, and eutherian. We
analysed the thermoneutral range for each RMR in a virtual metabolic chamber
simulation within Niche Mapper. We chose to conduct the remainder of the model
simulations with low (squamate), moderate (monotreme), and high (ratite) RMRs
representing a possible range of metabolic rates based on phylogenetic position. It is
unlikely that basal dinosaurs had metabolic rates elevated above extant ratites, or below

extant squamates.

Diets

In the Niche Mapper model, the primary outputs influenced by diet are daily
values for discretionary water (kg/day) and food requirement (kg/day). The diet
(required caloric intake) is calculated based on daily energy expenditure, user-supplied
values for percent protein, fat, carbohydrates, and dry mass of the food, and the
animal’s assimilation efficiency (Table 3). The amount of water initially available to the
organism is calculated from the diet-assigned dry mass and the amount of food
consumed (e.g., total food mass - dry mass = total available free water from food).
Metabolic water production is computed from diet composition and metabolic rate [84 p.
489, 695]. Daily water loss is the total of cutaneous water evaporation (if sweating were
allowed; we did not allow sweating) and water lost through respiration and excretion (in

mammal-based models this includes water loss through feces and urine, in
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non-mammal models water loss through urine is ignored). If daily water budget is
negative, the organism must drink water to make up the volume; thus,discretionary
water reflects the debt or credit of the total water budget after all modeled physiological
needs are met. A user defined digestive efficiency controls the amount of incoming
calories (food mass) that is required by the model organism to meet its metabolic needs
(Table 3).

Coelophysis has long been considered a predatory theropod [85,86] and
Plateosaurus is usually described as a herbivorous prosauropod [6]. To assess the
impact of varying inferences of diet on food and water requirements Coelophysis and
Plateosaurus were both modeled as carnivores and as high and low browsing
herbivores. The diet in the high browsing scenario is comprised of primarily high % dry
matter (e.g., 40-50% dry mass) such as conifers (8.3 MJ/kg dry mass), ginkgos (8.6
MJ/kg dry mass), and cycads (6.1 MJ/kg dry mass) [79,87]. Low browsing diets were
primarily composed of ferns (7.7 MJ/kg dry mass) and Equisetum (11.6 MJ/kg dry
mass) which contain much higher water content (e.g., 25-30% dry mass) [79,87]. A
positive discretionary water budget would indicate the animal is getting most of its water
from its food source as well as metabolic water and may not require regular access to

drinking water extending its potential geographic range.

Energy requirements:

We developed an R script to interface Niche Mapper with a modifiable database

containing climate (Table 1) and physiological variables (Tables 2-3) for each of the
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experimental simulations, which were assessed for 6 unique climates [hot, moderate,
cold] x [arid, humid]. For each simulation Niche Mapper calculated hourly interactions
between the organisms and their environment over a 24 hour period at mid-month for a

calendar year (12 total model days).

In all of our modeled simulations, each species is given the potential ability to be
active every hour of the day (24 hours). The amount of metabolic heat production (W)
needed to maintain the target core temperature throughout the day is determined by
multiplying the resting metabolic rate (Table 4) by an activity multiplier (2.0 in our study;

[78]). The resultant is the daily target metabolic rate (MJ/day):

RMR(W) x 2.0 x 86,400(s/day) / 1.0x10°6 J/MJ (3)

Thus any decrease in activity hours represent periods of the modeled day when
the animal is heat stressed and must decrease activity to lower its metabolic heat
production. If the animal is cold stressed or within its active thermoneutral zone it will
maintain 24 hour activity. However, if it is cold stressed the animals metabolic heat
production and by extension, food consumption, must increase accordingly.

We define the active thermoneutral zone as the zone where an activity multiplier
> 1 is expanding the temperature range in which the animals internal heat production
balances the heat loss to the external environment (steady state condition). In contrast,

a resting thermoneutral zone is the temperature range when the activity multiplier is 1.
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Table 4. Annual predicted energy budget (MJ/year) for both dinosaur species.

Daily/Annual target ME (MJ)

Daily target metabolic output (MJ) Annual target metabolic output (MJ)
Mass (kg) Ecio RMR* Mono RMR* Ratite RMR** Ectotherm Monotreme Ratite Ecto YMR Mono YMR Ratite YMR

15 26 97 175 045 1.67 3.02 163.08 610.29 110258

21 34 123 222 059 213 3.83 21436 778.64 1397.75

: 30 45 16.0 285 079 2.76 492 286.62 1008.05 1797.36
Coelophysis

40 57 19.7 349 095 3.40 6.03 36243 1241.48 2201.45

50 6.9 231 40.9 119 4.00 7.06 43487 1459.16 2576.55

60 8.0 26.4 46.5 138 4.56 8.03 504.72 1665.06 2929.96

600 527 1398 2355 911 24.16 40.70 3325.34 8819.21 1485463

850 70.1 1799 3011 12.12 31.09 5203 4422 46 1134873 18989.15

1150 89.9 2240 3726 1553 38.70 64.38 5668.06 14125.16 23499.42
Plateosaurus

1600 117.8 2844 470.3 20.36 49.15 81.26 743036 17940.35 29659.90

2000 141.5 3343 550.4 24.44 57.77 95.10 8921.95 21085.98 3471293

3000 197.2 4484 7325 34.08 77.48 126.57 1244032 28280.29 46199.32

* McMahan model
** McNab model

Four physiological conditions were used to test the viability of each modeled
organism under six microclimate conditions mentioned above (see Table 1). Low
(squamate) and high (ratite) resting metabolic rates were calculated based on equations
from McNab [75,76] and McMahon [7], each of which were analyzed with a broad
squamate-like core temperature range (CTR), which ranged from 26-40°C, moderate
monotreme-like CTR (32-40°C), and a narrow ratite-like CTR (36-40°C). All CTRs were

assigned a target core temperature of 38°C.

Metabolic Chamber

Metabolic chamber simulations in Niche Mapper were used to evaluate the
specific impact of different physiological inferences affecting the temperatures in which
model animals were predicted to be cold or heat stressed. In the metabolic chamber
simulations, all temperatures (ground, sky, and air) are set equal to one another, no

solar input is allowed, a constant, negligible wind speed of 0.1 m/s is used, along with a
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constant 5% relative humidity. Animals are modeled in a standing posture with no
activity multiplier. Heat balance calculations were then performed along a range of
temperatures (0-51°C) that exceeded the minimum and maximum air temperatures
experienced where each organism, with each modeled metabolic rate, could maintain
thermoneutrality [65] in order to identify lower and upper critical temperature

boundaries.

Sensitivity Analyses:

Niche Mapper is an effective tool for modeling extant organisms where direct
measurements can be applied. Modeling organisms in deep-time is faced with a number
of challenges where direct measurements are not possible. Variables such as air
temperature, core temperature range, resting metabolic rate, and insulatory structures
have a significant effect on the modeled organisms annual metabolic energy and are
tested for and visualized in each modeled experiment. Additional parameters, such as
muscle efficiency , digestion, and respiration, as well as mass estimates, skin
reflectivity, and insolation factors related to latitude are independently tested for model
sensitivity. In order to determine how sensitive the model was to these additional
parameters, a bounded range that includes our hypothesized values were modeled for
each parameter.

For instance, there is uncertainty as to the color of skin or insulatory structures in
most extinct animals. For our purposes, it is known that a lighter color absorbs less
solar radiation, a darker color absorbs more and this variable could be easily selected

for in a given environment [88-90]. To test the effect of color on total metabolic energy
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requirements we modeled the skin of Plateosaurus and the uninsulated Coelophysis as
well as the proto-feathers for the top-only and fully insulated Coelophysis with 5 states
ranging from high to low reflectivity (light to dark color, respectively) in both our cold and
hot microclimate.

Similarly we tested main and interactive effects of parameters related to climate
(i.e.,temperature, wind, relative humidity, cloud cover). To assess the relative effect of
these parameters we used the metric of total annual energy for each species and
determined how annual metabolic expenditure would change relative to the target value
for all variables individually and combined. This approach allowed us to evaluate the
main effects of each of these variables as well as possible interactions between them.
To determine main effects and interactions of the variables on annual metabolic
expenditures for Plateosaurus and Coelophysis we used a 2* (climate) full factorial
design and Yates’ algorithm for analysis of effects [91]; minimum and maximum data

are outlined in Table 1.

Results

Sensitivity Analyses

The strength of our modeled results, in part, relies on understanding how the
model responds to ranges of values for variables that are not directly measurable in

deep-time. We conducted the following analyses to quantify the advantage or
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disadvantage our chosen values would impact on the model results: skin/insulation
reflectivity, muscle efficiency, respiratory efficiency, digestive efficiency, the effect of
latitude, and mass estimates; a summary of these results follows - further details and

figures are provided in supplemental data (S4 Appendix).

Skin and insulation color (reflectivity) was analyzed from 10 — 60% (15% was our
chosen model value). It was observed that the disparity in ME between high and low
reflectivity values increased with increasing cold stress. For example, the more
cold-stressed the model was (i.e., >4-5 x RMR), the greater advantage low reflectivity
values (darker color) had. However, there was a negligible effect of reflectivity for
models whose annual ME was near target (e.g., between 2x and 3x RMR). Similarly,
muscle efficiency ranged from 20 — 50% efficient (20% was our chosen model value)
and the disparity between the lowest and highest values for a given model increased as
cold-stress increased (see S4 Appendix); there was a negligible effect for models
whose RMR was between 2 and 3x resting. An analysis of respiratory efficiency ranged
from 10 — 30% (we chose a min-max value of 15-20%) and there was virtually no
change in annual ME regardless of which parameter was used.

Digestive efficiency was analyzed with a range of 70 — 85% efficiency (we chose
85%) for the carnivorous diet, and 30-70% (we chose 60%) for the herbivorous diets
(see S4 Appendix for discussion). All diet parameters are independent of metabolic
calculations and thus did not affect annual ME. Varying the efficiency of digestion
provides us with a range of annual wet food requirements. These values can be used to

compare with reasonable rates of browsing (or prey acquisition/consumption) relative to
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modern analogs. For instance, even at the lower extreme, a 30% digestive efficiency for
Plateosaurus would require ~8000 kg wet-food per year; this is ~22 kg of wet-food per
day, which is on par with similarly sized extant browsing mammals such as the black
rhinoceros [92,93].

Because we are using our cold microclimate as a proxy for higher latitudes we
also tested our models at 45°N [e.g., 55,59,60]. The primary effect of increasing latitude
was a result of increased daylight hours midyear and decreased daylight hours during
the winter months. This is most apparent in the increased hours/day that core
temperature was maintained, midyear, and decreased during the winter months relative
to those observed at 12°N. The model is more sensitive to microclimate temperatures

than variance in insolation due to increased latitude between12 and 45°N.

The parameters outlined above had relatively small effects on metabolic needs of
the modeled organisms that were able to maintain an annual ME between 2 and 3x
RMR. However, we realize these effects can be cumulative and are more significant at
the boundaries of a modeled organisms’ temperature tolerance where small changes
can be the difference between survival or death. There is also the potential effect of
interaction between parameters. To test the main and interactive effects of four primary
climate parameters (temperature, humidity, wind speed, and cloud cover) a 2* factorial
design and Yates’ algorithm [91] was analyzed (S4 Figure 6). Temperature had 2-10
times the effect of wind, and both humidity and cloud cover were insignificant. Variables
that have the greatest impact, such as temperature, CTR, RMR, and insulation are

presented below with a range of inputs for each experiment.

30


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Mass estimates

Mass estimates can vary widely for a given taxon depending on methodology
[94-99]. Niche Mapper uses a user-supplied mass and distributes that mass, with
assigned densities, among each body segment (head, neck, torso, front legs, hind legs,
and tail). We tested our modeled organisms with 6 mass estimates from a low to an
extreme high mass in both the hot and cold microclimate. In addition to increasing the
estimated mass we also accounted for the necessary increase in RMR with mass (see
Table 4).

Linear measurements of a Coelophysis specimen (AMNH 7224) yield a skeletal
length of 2.61 m. Mass estimates for a x meter long specimen are...xxx. With an
estimated average density of 0.97 kg/l our Coelophysis model has a mass of 21 kg. This
is consistent with previously assigned masses [94, pg. 260] of 15-20 kg for a ‘gracile’
and ‘robust’ skeleton, respectively. It is unlikely that the mass exceeds 30 kg for the
skeletal dimensions used for this analysis of mass estimates. We tested the effect of
increased mass via increasing the diameter of the model’s body segments (i.e., making
it thicker) with mass assignments of 15, 21, 30, 40, 50, and 60 kg (see S4 Figure 7).
Results for monthly metabolic energy with a high (ratite-like) RMR and CTR (relative to
target) for the uninsulated, top-only insulated, and fully insulated Coelophysis model
demonstrate the effect of mass and insulation in hot and cold microclimates (Fig. 5).

Results for varied RMR and CTR for the 21 kg Coelophysis follow.
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Figure 5. Effect of mass estimate (Coelophysis) on annual energy.
The matrix reflects the effect of size and insulation for Coelophysis in a hot and cold
microclimate. Dark blue = >10% above target ME; light blue = 5-10% above target ME; green =
+/- 5% of target ME; light orange = 5-10% below target ME; and dark orange = >10% below
target ME.

The uninsulated model resulted in extreme cold-stress for the lower three sizes in
the hot microclimate, and all 6 mass estimates in the cold microclimate. When
increased to top-only insulation the severity of cold-stress decreased, but the model
was still excessively cold-stressed in the cold microclimate. The hot microclimate
resulted in more months where the model was able to maintain its target metabolic
energy, including summer months of the lower three size estimates and all months for
the largest three mass estimates. The fully insulated model shows heat-stress during
the summer months in the hot microclimate, gradually increasing in severity and

temporal extent with increased mass. Under the cold microclimate, the model met target

32


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

metabolic energy for all but the 15 kg Coelophysis, which exhibited minor cold-stress
within the winter months (between 5 and 10% above target).

Our linear dimensions for Plateosaurus were taken from GPIT/RE/7288, a six
meter long skeleton with a femoral length of 635 mm. With an estimated density of 0.97
kg/l the model has a mass of 850 kg. This is in line with mass estimates for moderate
sized Plateosaurus specimens (i.e., 5.67 m skeleton [595 mm femoral length] with a
mass between 660-782 kg using a 0.89-1.05 kg/l density respectively; [98]). Other
Plateosaurus mass estimates include a 6.5 m long skeleton (1073 kg using polynomial
method [99]) and a 920 kg mass determined by stylopodial circumference using a 685
mm femoral length [100].

To test the effect of different mass estimates, we chose to take the same skeletal
dimensions and increase or decrease the diameter of body segments (assigned
densities remained constant). We ran experiments assuming a total mass of 600, 850,
1150, 1600, 2000, and 3000 kg (Fig. 6; see also S4 Figure 8). The first three states
(600-1150 kg) more likely capture a realistic mass estimate range for the skeleton and
are representative of mass estimates in the literature for this specimen [97-100]. The
last three states (1600-3000 kg) were used to observe how an extreme overestimate of
mass would affect the model results. Results for monthly metabolic energy with a high
(ratite-like) RMR and CTR (relative to target) for the Plateosaurus model demonstrate
the effect mass has for hot and cold microclimates (Fig. 6). Results for varied RMR and

CTR for the 850 kg Plateosaurus follow.
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Figure 6. Effect of mass estimate (Plateosaurus) on annual energy.
The matrix reflects the effect of size and insulation for Plateosaurus in a hot and cold
microclimate. Dark blue = >10% above target ME; light blue = 5-10% above target ME; green =
+/- 5% of target ME; light orange = 5-10% below target ME; and dark orange = >10% below
target ME.

The 600 kg model was mildly heat stressed in the hot microclimate during peak
summer temperatures, however it was excessively cold (ME ~15-20% above target) in
the cold microclimate. Under the hot microclimate, the 850 kg model we identified as
most likely for our 6 m skeleton met its target ME during the cooler winter and spring/fall
seasons, but experienced significant heat stress (ME ~10% below target) during peak
summer temperatures. As mass increased, this trend was amplified in the hot
microclimate producing excessive heat stressed models. The 850 kg model
experienced modest cold stress in the winter months, while the four largest mass

estimates met expected target values within the cold microclimate.
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Diet

It has been suggested [87] that Equisetum would have been a favored food
source (from a nutritional point of view) due to its higher degradability (e.g., 11.6 MJ/kg
dry matter) relative to various conifers or Ginko (8.3, 8.6 MJ/kg dry mass, respectively).
However, given the high water content of Equisetum (~70% [79]) relative to conifers
(~44% [79]) the degradable energy per kilogram of wet mass (what the animal actually
consumes) is nearly identical: 3.5 MJ/kg wet mass (Equisetum) vs 3.6 MJ/kg wet mass
(various conifers) [79,87]. The various ferns reported by Hummel and others [87] have
nearly 75% water content and yield 7.7 MJ/kg dry mass (or 2.1 MJ/kg wet mass). Thus,
an animal eating dominantly ferns will need to consume 60% more vegetative mass
than an organism whose diet is primarily composed of conifers or horsetails.

The diet component of the model, although extremely useful for certain
questions, is calculated based on the resulting metabolic energy outputs. Factors such
as digestive efficiency, food nutrient composition, waste products (urea/feces), and gut
retention time affect the food and water requirements, but do not directly affect
metabolic energy calculations. In the two modeled herbivorous diet scenarios the
high-browsing animals display substantial differences in the volume of food required per
day relative to low browsing animals. This is due to differences in the %dry mass, where
the higher the %dry mass, the greater non-water component is available for digestion
(see above, and Fig 8). Plateosaurus, as a high browser with ratite RMR and CTR in the

cold microclimate meets the calculated target food intake (blue filled pentagon, Fig 8).
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The lower than target values for high browsing in the hot microclimate demonstrate a

decrease in activity below 2 times RMR, likely due to heat stress.

8000 Low bIrowser 1 600 i
=
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Figure 7. Dietary variability with diet type and insulation (Coelophysis).

The amount of food needed to maintain the specified (target) core body temperature throughout
the year varies with diet type. Diet types: low browser herbivore (dark green); high browser
herbivore (light green); and carnivore (red). Climate conditions also affect the quantity of food
required to maintain core temperatures in hot (closed circles) and cold (closed squares) climates;
annual target food intake in kilograms for each species is denoted by a closed blue pentagon
when Plateosaurus = high browser and Coelophysis = carnivore. Data represent each species
with a ratite RMR and CTR.

The incremental addition of insulation to Coelophysis produced a corresponding
decrease in overall food requirement. The uninsulated Coelophysis (ratite RMR/CTR)
with a carnivorous diet in the hot climate requires ~300 kg/y, which is near the
calculated target food intake requirement of 310 kg/y (blue filled pentagons of Fig. 7).
However, with full insulation the annual intake is only 200 kg/y, suggesting heat stress
has an impact on activity through a reduction in metabolic heat production during some
parts of the year, thus requiring less food intake. Under cold climate conditions the

uninsulated Coelophysis with a carnivorous diet requires more than twice the target
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food intake to maintain core temperatures, while a fully insulated individual is slightly
heat stressed requiring less than the target food intake.

It is notable that the absolute difference between the cold and hot climate annual
food requirements decreases non-linearly as insulation increases similar to that
reported by Porter [101]. There is a 6% difference in the annual food budget between
hot and cold climates for the fully insulated Coelophysis and an 8.8% difference for
Plateosaurus for all diets (carnivorous/herbivorous). In contrast, the difference in annual
food budget under cold and hot climates for the top-only insulated and uninsulated
Coelophysis increases to 36% and 46% respectively for the cold climates relative to
warm climates. These differences in food requirements for small dinosaurs with little to
no insulation are directly related to the decrease of thermal heat flux from the body due
to increased insulation for fully insulated Coelophysis or having a large adult body size

like Plateosaurus.

Metabolic Chamber Simulations

Within the metabolic chamber simulation that spanned 0-50°C, Plateosaurus
displayed a greater range of temperatures where it could remain in its
active-thermoneutral zone relative to the small bodied uninsulated and top-only
insulated Coelophysis. The fully insulated Coelophysis exhibited a similar breadth of
thermoneutrality range as the Plateosaurus (Fig. 8). For each stepwise increase in
resting metabolic rate (RMR; from squamate to eutherian) two general trends were

observed: 1) thermoneutral zone breadth increased and 2) the maximum and minimum
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thermoneutral temperature values each shifted to lower values. This trend is more
apparent in the larger bodied Plateosaurus. For example, Plateosaurus with a ratite-like
core temperature range (CTR) of 38£2°C can maintain thermoneutrality with a
squamate grade RMR in air temperatures between 32-45°C and between 15-36°C with
a ratite grade RMR. There is an 8°C increase in the absolute thermoneutral range from

squamate to ratite RMR, while the maximum air temperature shifts negatively by 9°C.
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Figure 8. Active thermoneutral zones of Plateosaurus and variably

insulated Coelophysis.
Shaded areas represent the active thermoneutral zone determined from 18 metabolic
chamber experiments for Plateosaurus and Coelophysis (fully insulated, top-only, and
uninsulated) with RMR ranging from squamates to eutherians based on published
regression equations [7,75,76]. Light gray = broad CTR (26-40°C); dark gray = moderate
CTR (32-40°C); black = high CTR (36-40°C). Target T, = 38°C. The active
thermoneutral zones for the top-only and fully insulated Coelophysis were calculated with
the ptiloerection behavioral function enabled.

Varying the amount of external insulation in the form of filamentous
‘proto’-feathers made a substantial difference in thermoneutral temperature ranges. An

uninsulated Coelophysis could maintain thermoneutrality over an 6-10°C temperature
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range (Fig. 8). With a ratite RMR and CTR (38+2°C) the thermoneutral range of an
uninsulated Coelophysis was 30-36°C. As dermal insulation was added the overall
pattern observed was similar to that seen with increased BMR; i.e., there was a
stepwise decrease in maximum and minimum thermoneutral temperature, but an overall
increase in total range. The thermoneutral range relative to the uninsulated model was
extended moderately 0-3°C (depending on metabolic rate) in the top-only insulated
Coelophysis. A fully insulated Coelophysis had a substantial decrease in the lower end
of its thermoneutral range while minimally decreasing its upper bound (12-30°C); the
fully insulated Coelophysis more than doubled its active thermoneutral air temperature
range. The net effect of insulation allows a fully insulated Coelophysis to maintain
thermoneutrality across a much broader temperature range in colder environments
compared to the non-insulated Coelophysis, although this is at the cost of lowering the
maximum tolerable air temperature.

To test the effect of variable CTRs as well as RMRs we simulated a broad
(26-40°C), moderate (32-40°C), and narrow (36-40°C) core temperature range for each
of the 6 RMRs (Fig. 8). The same trends were observed with the broad and moderate
CTR as seen in the narrow CTR simulations, however the absolute range was greatest
in the broad CTR and intermediate in the moderate CTR, and lowest in the narrow CTR
discussed above. We also tested the model with four different target core body
temperatures, 38, 35, 32 and 29°C with a narrow (+2°C) and broad(+2/-13°C) CTR for
both species to compare their active thermoneutral zones under these conditions. As

the target core temperature was stepped down, the overall thermoneutral range
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remained effectively the same, but the absolute minimum and maximum air temperature
values shifted negatively ~ 2-3°C for each 3°C step down in target core temperature.
The results for the four target core temperatures under ratite-like and squamate-like

CTR are shown in S4 Figures 9 & 10, respectively.

Effects of resting metabolic rate and core temperature range

Each model simulation paired different physiological combinations of resting
metabolic rate (RMR; squamate, monotreme, and ratite grade metabolic rates) with a
broad, moderate, or narrow core temperature range (CTR), each with a 38°C target
core temperature (26-40°C, 32-40°C, and 36-40°C, respectively), under cold, moderate,
and hot climates for the two dinosaur species. The results of these experiments yielded
hourly outputs that were plotted as annual heatmaps for core body temperature,
metabolic energy (contoured in multiples of RMR), and hours in open versus shaded

conditions (see Fig. 9 for explanation of heatmaps).

40


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

A Temp  °C B Metabolic Energy (ME) C % Shade

core

42 >5x RMR (extreme cold)

5x RMR

40 <19xRMR | = - majority [ —
(heat-stress) 9 day-shade | |

38

4x RMR
36 ulF
3x RMR SE&2p || towmoderate
34 ey day-shade
+10% x 1
id-day T R ] ==
mid-
32 2xRMR AM/PM shade
needs to be -59%
above 36°C for 30 -10%
> 6-8 h/day for = RMR 5 RMR no day-shade [
ideal enzematic 28 (cold-stressed)
efficiency

26

Figure 9. Heatmaps of T ., metabolic energy (ME), and % shade.
Heatmaps provide a quick quantitative tool for visualizing results on an hourly basis across the
year. A) Top; example of narrow CTR heatmap where 36<T <40 ~6-8 hrs per day. Bottom;
36<T,,,.<38 ~0-3 hrs per day (e.g., cold stressed). B) Top; Metabolic energy (ME) heatmap
displaying heat stress during mid-day hours, mid-year. Middle; ME heatmap displaying a
reasonable range around 2x RMR. Bottom; results of a cold-stressed model with ME exceeding
5x RMR. C) Heatmaps demonstrating a high (top), moderate (middle), and low (bottom) daylight
hours shade requirement.

Coelophysis (uninsulated)

The uninsulated Coelophysis model results show a high degree of cold stress for
all but 3 of the 27 possible RMR/CTR/microclimate combinations (Fig. 10).The two best
fits are the moderate and upper RMR with broad CTR in the hot microclimate. However,
under all RMR/CTR combinations Coelophysis is cold stressed in the cold microclimate.
Even if paleotemperatures of high latitude localities were only slightly cooler (moderate)
than equatorial (hot) conditions modeled herein, the uninsulated Coelophysis still shows

signs of cold stress (i.e., T .. does not reach 35°C for more than 4 hours a day, for over

core

half of the year; 3 months of the year never reach 35°C at all).
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ME, and %shade heatmaps for Coelophysis (uninsulated).

Heatmaps representing the hourly results across the modeled year the three dominant variables:
microclimate (hot, moderate, and cold), RMR (low, moderate, and high), CTR (broad, moderate,
and narrow) for an uninsulated Coelophysis. See figure 10 for key. Two most likely scenarios for
survivability are outlined in bright green, the three edge conditions are outlined in orange; all other
conditions are considered to be non-viable.

Figure 10. T

core’?

Because many ectothermic animals have the potential to decrease their internal
temperatures below the 26°C lower bound we used in the broad, squamate-grade CTR,
we also modeled the uninsulated Coelophysis with a 10°C lower temperature bound to
ensure we capture the lowest extremes of core temperature. Coelophysis was modeled
in the hot and cold microclimate for the month of May (northern hemisphere early
summer). These data were plotted along with the November (southern hemisphere

early summer) temperature profile for the largest known extant ectothermic terrestrial
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vertebrate, Varanus komodoensis, as a frame of reference (Fig. 11). In the hot

microclimate T__ . for Coelophysis responded similarly to V. komodoensis. In the cold

core

microclimate T__ . does not exceed 30°C for more than 5 months of the year

core

demonstrating severe cold stress (non-viable).
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Figure 11. Comparison of daily temperature curves for Varanus and Coelophysis

(uninsulated).
Daily temperature curves for hot and cold microclimates for the 15th of May (uninsulated
Coelophysis) and November (Varanus komodoensis) [40]. There is strong agreement between
the low RMR and broad CTR Coelophysis and V. komodoensis in the hot microclimate.
Coelophysis modeled in the cold microclimate was significantly cold stressed. Green shaded area
represents duration of day with T, > 30°C.

With a 10-40°C CTR the lowest ambient air temperature in the cold microclimate
was above the lower (10°C) CTR threshold, thus, it was possible for the organism to
thermoregulate and maintain its target ME by dropping its core temperature rather than
increase its metabolic rate (see S4 Figure 11). This did not affect the daily core
temperature result between 26 and 40°C which are identical as the prior broad CTR

experiment above; the animal is still significantly cold-stressed.
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Coelophysis (top-only insulation)

With the addition of insulation to the top-half of Coelophysis the severity of
cold-stress decreased and the number of viable RMR/CTR/microclimate combinations
increased to 6 of 27 (Fig. 12). Under the hot microclimate with a broad CTR, all RMR
conditions met ME targets and were able to maintain a core temperature above 35°C.
As the microclimate shifted to the moderate condition, the lower RMR was excluded; all
RMR were excluded under the cold microclimate. As the CTR reached the moderate
range, only the moderate and upper RMR were considered feasible under the hot

microclimate. The narrow CTR excluded all RMR in all microclimates.
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ME, and %shade heatmaps for Coelophysis (top-only insulated).
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Heatmaps representing the hourly results across the modeled year the three dominant variables:
microclimate (hot, moderate, and cold), RMR (low, moderate, and high), CTR (broad, moderate,
and narrow) for an top-only insulated Coelophysis. See figure 10 for key. Five most likely
scenarios for survivability are outlined in bright green, the four edge conditions are outlined in
orange; all other conditions are considered to be non-viable.

Coelophysis (full insulation)

With a fully insulated Coelophysis the severity of cold-stress further decreased
and the number of viable RMR/CTR/microclimate combinations increased to 10 of 27;
heat stress was evident in all 3 CTRs with an upper RMR under the hot microclimate
(Fig. 13). The fully insulated Coelophysis was cold stressed in the cold and moderate
microclimates with a broad CTR. However, it was able to maintain its ME target and
sustain a core temperature greater than 34-36°C for at least half of dial hours with a
broad CTR and: lower RMR in the hot microclimate; moderate RMR in moderate and
hot microclimates; upper RMR in cold and moderate microclimates. Raising the CTR to
the moderate condition excluded all lower RMRs as well as the moderate RMR
condition in the moderate microclimate. A narrow CTR resulted in the loss of the
remaining moderate RMR in the hot microclimate; only the upper RMR in moderate and

cold microclimates were able to meet their ME target.
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Figure 13. T .., ME, and %shade heatmaps for Coelophysis (fully insulated).
Heatmaps representing the hourly results across the modeled year the three dominant variables:
microclimate (hot, moderate, and cold), RMR (low, moderate, and high), CTR (broad, moderate,
and narrow) for a fully insulated Coelophysis. See figure 10 for key. Tenmost likely scenarios for
survivability are outlined in bright green, the six edge conditions are outlined in orange; all other
conditions are considered to be non-viable.

Plateosaurus

Plateosaurus exhibits a similar response to that seen in the fully insulated
Coelophysis; the number of viable RMR/CTR/microclimate combinations was 10 of 27;
heat stress was evident in all 3 CTRs with a ratite RMR under the hot microclimate (Fig.
14). With a lower RMR and broad CTR, Plateosaurus was cold stressed in the early

morning hours under cold conditions and didn’t exceed 30°C body temperature for more
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than half of the calendar year. The moderate microclimate fared only slightly better, but
the ME still exceeded target by ~10%. This same physiology modeled in the hot
microclimate demonstrated a core temperature of 28-30°C during morning hours and
reached target core temperatures by midday.

When the CTR reached the moderate level, all lower RMR were excluded due to
significant cold stress, as was the moderate RMR in the cold microclimate. The
moderate RMR met its ME target in the hot microclimate,but its ME slightly exceeded its
target goal in the moderate microclimate and exceeded its ME target under the cold
microclimate. The final step to a narrow CTR increased the cold stress previously
observed in the moderate and cold microclimate with a moderate RMR, the model
slightly exceeded its ME target under the cold microclimate with an upper RMR. The

model met its ME target under the moderate microclimate with an upper RMR.
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Figure 14. T ..., ME, and %shade heatmaps for Plateosaurus.
Heatmaps representing the hourly results across the modeled year the three dominant variables:
microclimate (hot, moderate, and cold), RMR (low, moderate, and high), CTR (broad, moderate,
and narrow) for a Plateosaurus. See figure 10 for key. Ten most likely scenarios for survivability
are outlined in bright green, the six edge conditions are outlined in orange; all other conditions are
considered to be non-viable.

Microclimate wind effects

Because the wind was the second strongest main effect in our yates analysis
(see S4) we further explored this effect using Coelophysis and Plateosaurus with an
upper RMR and narrow CTR. For Coelophysis, the magnitude of wind effects varies
substantially depending on the degree of insulation, ptiloerection, and climate (Fig. 15).

Daily variation in wind speeds from 0.1 to 2.0 m/s affects total annual energy
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requirements from approximately 2000 (hot microclimate) to 3400 MJ/y (cold
microclimate) without insulation down to approximately 1400 (hot microclimate) to 1800
MJ/y (cold microclimate) when fully insulated without ptiloerection (30 mm insulation
depth); the fully insulated (with ptiloerection enabled) was ~1500 MJ/y. Ptiloerection was
not activated until the model required >2x RMR to maintain target core temperatures.
We tested 5 insulatory conditions for each climate: 1) no insulation, 2) 15 mm
depth top half only (only the top half of the animal had insulation), 3) 30 mm depth top
half only with , 4) 15 mm depth fully insulated, and 5) 30 mm depth fully insulated. Fully
insulated animals only engaged ptiloerection in the coldest microclimate. When the
feather depth of the fully insulated animal decreased from 30 to 15 mm its energetic
response was similar to that of the 30 mm top-only insulation; thus decreased insulation

depth is equivalent to greater depth with only top surfaces insulated.
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Figure 15. Energetic cost of wind exposure for Coelophysis.
As temperature increases (blue, black, and red lines, respectively) ptiloerection was less
beneficial with increased insulation volume. (e.g., fully insulated Coelophysis does not
significantly benefit by implementing ptiloerection at hot temperatures but the presence of
feathers broadens its active thermoneutral zone). The three light gray horizontal lines represent,
from bottom to top, resting, twice resting (e.g., ME target), and three times resting metabolic rate
to indicate the likely range of activity levels for the size, shape, and degree of insulation for

Coelophysis.

Wind did not have as large of an impact on the modeled Plateosaurus, although
wind was the second strongest effect observed in the Yates analyses. Plateosaurus
was able to maintain its target core temperature under the moderate and hot
microclimates for average and high speed winds. In low speed winds moderate and cold
microclimates were at the lower target boundary (-5% of 2x RMR), while the hot
microclimate caused notable heat stress (-10% of 2x RMR; Fig. 16). This stresses the
importance of behavior for the model to seek shelter from or take advantage of higher

wind conditions for thermoregulation.
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Figure 16. Energetic costs of wind exposure for Plateosaurus.

Under low wind speeds Plateosaurus is moderately to notably heat stressed (cold/moderate and
hot, respectively). Target ME is maintained in all microclimates for average winds, and in the hot
microclimate with high winds. Plateosaurus becomes cold stressed with high winds in the cold
microclimate. Red line = hot microclimate, blue line = cold microclimate, black line = moderate
microclimate.

Discussion

Modeling an organism's interaction with its environment effectively predicts the
environmental range of modern animals with high fidelity [19,20,31,32,69]. This has
been leveraged to generate hypotheses of how organisms respond to habitat
expansion, contraction, and altered geographic ranges associated with changing
climate on local and global scales [12,18,40,102]. Our efforts have focused on
extending this tool to test biophysical hypotheses in deep time.

Niche Mapper has demonstrated the ability to predict metabolic expenditure as a
function of environmental conditions for a broad sample of vertebrates in microclimates
that range from arctic to tropical [13,17,20,32,34]. This study extends Niche Mapper's
applicability to define the range of physiological conditions under which extinct animals
functioned within a designated microclimate. While we may not have a detailed

empirical physiological profile for extinct animals, this approach allows us to explore
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different combinations of morphological and physiological options to determine how
metabolic rates and geometries would have affected energetics, behavior, and animal
distributions for a given microclimate.

We leveraged a variety of stable isotopic and geochemical systems to infer mean
annual temperature, mean annual precipitation, atmospheric O, and CO,, and relative
humidity in the Late Triassic of Western North America [55,103-105],. These and other
sedimentary paleoenvironmental proxies [e.g., 52] were employed to validate global
climate models. Our analyses can also be decoupled from specific microclimate models
by using Niche Mapper’s virtual metabolic chamber function to determine an active
thermoneutral temperature range for modeled taxa. Determining the overlap in
thermoneutral zones of organisms and mapping them against their paleobiographic

distributions [e.g., 15,23] provides and independent test of plausible paleophysiology.

Plateosaurus

Our results demonstrate that Plateosaurus could have maintained its target
metabolic energy (ME) in hot environments with either a squamate-like core
temperature range (CTR) and resting metabolic range (RMR), or with a monotreme-like
RMR at moderate to narrow CTR. A shift from hot to moderate or colder environments
required at minimum a ratite-like RMR with a moderate CTR. Modeling Plateosaurus
with a ratite-like narrow CTR and upper RMR resulted in heat stress in hot
environments, full viability in moderate environmental temperatures, and slight cold

stress in colder environments (Fig. 17).
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Modeling Plateosaurus with a squamate RMR was non-viable for all moderate
and cold microclimates regardless of CTR. The greater viability of Plateosaurus with
elevated RMRs in Late Triassic environments is consistent with isotopic estimates
derived from dinosaur teeth and eggs which suggests an elevated core temperature
between 36-38°C for the sauropod lineage [106-110]. Additionally, a squamate-like
broad core temperature would be pushing the lower limits for enzymatic efficiency in
large herbivores. This would translate to an inhibition of rapid growth, which is counter

to rates of growth reported from Plateosaurus bone histology [111,112].
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Figure 17. Summary of viable, conditional tolerance, and non-viable results.

The matrix provides a summary of viable combinations of resting metabolic rate (RMR)
and core temperature range (CTR) within cold, moderate, and hot microclimates. Green = viable;
black = non-viable; yellow = conditional tolerance (e.g., a possible but extreme endmember of
viability).

Considering the paleogeographic range of Plateosaurus and it’s close relatives
(see discussion below) extend well into temperate latitudes, squamate-level RMRs and

CTRs appear to be non-viable. If Plateosaurs was trying to defend a highly stable

internal core temperature a ratite-like RMR and narrower CTR would be required, in

53


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

addition to physiological acclimatization such as seasonally variable metabolic rates,
variable fat stores, or changes in conductivity to the ground as found in other
endothermic animals [e.g., 113,114]. We conclude that Plateosaurus most likely had a
moderate core temperature range coupled with an elevated ratite-like resting metabolic

range.

Coelophysis

When modeled without insulation and possessing either a narrow or moderate
CTR, Coelophysis is non-viable due to excessive cold stress in all environments
regardless of RMR. Non-insulated Coelophysis modeled with a broad CTR is able to
meet its target needs in hot environments with either a monotreme or ratite-like RMR,
but remains non-viable due to cold stress under all other conditions. The daily
temperature profile for the month of May with a squamate-like RMR and CTR is
strikingly similar to that seen for a small adult komodo dragon (e.g., Fig. 11). Winter
months show minor cold stress for this condition; this can be alleviated by decreasing
the lower CTR bound by as little as 2°C, although decreasing the CTR range does not
alter peak temperatures and Coelophysis remains cold stressed in the moderate and
cold environments as a squamate. In short, a non-insulated Coelopyhsis would be
viable only in hot environments with a broad CTR, regardless of RMR.

When modeling epidermal insulation along the top half of the neck, torso, and tail
leaving the ventral surfaces bare, the modeled Coelophysis saw increased capacity to

maintain its daily target ME in moderate environments with a broad CTR and ratite-like
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RMR. All RMRs were viable in the hot microclimate with a broad CTR. The addition of
dorsal insulation made a moderate CTR viable, but only with a ratite-like RMR within hot
environments. Half-insulated Coelophysis was still non-viable in all cold environments
regardless of CTR.

The final biophysical scenario, the fully insulated Coelophysis, was viable in a
broader range of temperatures. A fully insulated Coelophysis was only viable with a
squamate-like RMR in the hot environment with a broad CTR. Modeling a
monotreme-like RMR resulted in non-viability due to cold stress in colder environments
regardless of CTR; Coelophysis with a monotreme-like RMR was viable in hot
(moderate to broad CTR) and moderate (broad CTR only) microclimates. Cold and
moderate environments were accessible to the fully insulated Coephysis with moderate
to narrow CTRs with a ratite-like RMR, although the model faced heat stress during
peak summer temperatures in the hot microclimate.

Theropod isotopic paleothermometry indicates elevated RMRs and core
temperature ranges above the levels of extant squamates [107,109,115]. Eagle and
others [107] performed a clumped-isotope analysis on oviraptorosaur eggs and
concluded the egg-layer had an average core temperature of around 32°C.
Oviraptorosaurs had a mass broadly similar to Coelophysis, though they were
significantly more derived theropods (e.g., more deeply nested within Coelurosauria);
the analyzed specimens were found in deposits with a high paleolatitude (> 45°N)

during time of deposition [116]. An average core temperature much lower than 32°C
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would likely inhibit metabolic efficiencies necessary for elevated growth rates reported
for Coelophysis [117,118].

Lowering the target core temperature from 38°C to 32°C resulted in an average
(viable) core temperature of 32°C for Coelophysis modeled with squamate-like RMR
and CTR within hot environment models only; under both moderate and cold
microclimates a squamate-like Coelophysis becomes non-viable due to extreme cold

stressed (with T, rarely exceeding 30°C for more than a few hours a day, S4 Figure

12 & Table 1). The half-insulated Coelophysis with a ratite-like RMR and CTR was
viable in moderate to hot environments. With a ratite-like RMR fully insulated
Coelophysis viability increased to include cold and moderate environments; it was still
heat stressed in the hot microclimate. Results from both elevated (38°C) and lowered
(32°C) target core temperatures are consistent with viability in cold to hot environments
with a ratite-like RMR as a fully to half insulated Coelophysis (S4 Table 1). These
results support an elevated RMR for Coelophysis with a moderate to narrow CTR, and

suggest that Coelophysis did not need to vigorously defend an elevated stable (i.e.,

narrow) core temperature.

Integrating model results with the fossil record

Body fossils of coelophysoids are known from equatorial through temperate
paleolatitudes, while larger bodied plateosaurid body fossils are known from subtropical
and temperate climates, but are notably lacking in equatorial paleolatitudes (Fig. 18).

Given that the paleogeographic range of the two modeled species extends to temperate
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latitudes we used our cold microclimate model as a conservative surrogate for
temperatures at subtropical to temperate latitudes [see 55,59,60]. The results of
Plateosaurus modeled at 45°N paleolatitude demonstrates that air temperature has a
much greater effect than does increased variability in insolation, supporting the use of

our cold microclimate (modeled at lower latitude) as an analog for temperate latitudes.

Figure 18. Paleogeographic distribution of body fossils for members of

Coelophysoidea and Plateosauridae.
Note the absence of Plateosauridae at tropical latitudes. Data from paleobiodb.org.

Examining fossil distribution patterns, there is a gap extending through tropical
latitudes where skeletons of large bodied Plateosaurus and other large Late Triassic
prosauropods (e.g., Antetonitrus (Yates and Kitching 2003), Unaysaurus (Leal and
others 2004), and Efraasia (von Huene 1908)) are not represented in the fossil record.
Conversely, large bodied dinosaurs are well known from cooler subtropical to temperate
latitudes, consistent with our results for Plateosaurus in moderate to cooler

environments.
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Although no body fossils have been found, the Late Triassic vertebrate track
record of North America contains traces that have been attributed to medium-sized
prosauropods (i.e., Evazoum (Nicosia and Loi 2003) formerly Pseudotetrasauropus
(Ellenberger 1965), see [119]). The trackmakers would have been similar in size to the
Early Jurassic skeletons of Seitaad (Sertich and Loewen 2010) and Sarahsaurus (Rowe
and others 2011). There remains some doubt that the taxonomic identities of the
trackmakers are dinosaurian at all [119]. However, tracksites from northeastern New
Mexico have been more confidently attributed to a larger sauropodan dinosaur [119].
Notably, the locations of all described prosauropod/sauropodan trackways are near the

edges of local highlands on the Late Triassic landscape (Fig. 19).

Ancestral
Rockies

”X Bones
W Tracks

Figure 19. Track locations attributed to prosauropods and bones of Coelophysis

in the late Triassic of the western USA.
Purple square = field localities from which proxy microclimate data used in this study
were previously published [52]. Bones = localities with known coelophysoid body fossils.

Our results for Plateosaurus modeled in hot environments indicate heat stress

was the dominant constraint restricting Plateosaurus to cooler environments. Thus, we
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suggest environmental temperatures as the primary mechanism limiting prosauropods
from greater utilization of tropical latitudes during the Late Triassic. Within lower
latitudes prosauropods may have been present in cooler environments such as forested
areas or higher elevations, but these depositional environments are less conducive to
fossil preservation compared to the hotter environments encountered in lowland
floodplains of the Chinle Formation [120,121]. Utilizing dense vegitative cover or higher
elevations would explain both the absence of body fossils in Chinle floodplain deposits
and the rare occurrence of trackways attributed to prosauropod-like track makers
surrounding elevated cores of the ancestral rockies (Fig. 19).

Large size alone is not a limiting factor for the Late Triassic Chinle
paleoecosystem. Several large bodied vertebrates inhabited this region, including the
~1000 kg dicynodont Placerias (Lucas 1904) and the ~2000 kg phytosaur Rutiodon
(Emmons 1856). Both of these taxa are capable of terrestrial locomotion but are thought
to exhibit hippo-like and crocodile-like aquatic behavior and niche occupation
respectively [122-124]. Spending time in water enhances heat dissipation and allows for

their large size in hot equatorial climates [e.g., 40].

Insulation in Triassic theropods

In contrast to the skeletal and ichnological fossil record of prosauropods at
tropical latitudes, early theropod occurrences are more numerous. The 21 kg
Coelophysis is well known from the body fossil record of the Chinle Formation (Fig. 19),

and other coelophysoids are known globally at higher latitudes (Fig. 18).
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The basal saurischian Chindesaurus (Long and Murray 1995) which at the least
filled a theropod-like ecological role, basal theropods Daemonosaurus (Sues and others
2011) and Tawa (Nesbit and others 2011), and neotheropod Camposaurus (Hunt and
others 1998) is known from body fossils within the Chinle Formation; there are abundant
trackways attributable to theropod dinosaurs throughout the region. According to
several independent methods of mass estimation [e.g. 94,100] adult theropod taxa from
this formation would have been in the 20 kilogram weight range. Body fossils of
coelophysoids such as Zupaysaurus (Arcucci and Coria 2003), Liliensternus (Welles
1984), Procompsognathus (Fraas 1913), and Coelophysis rhodesiensis (Raath 1969)
are known from subtropical to temperate paleolatitudes. C. rhodesiensis was discovered
in temperate southern paleolatitudes and is similar in size to Chinle coelophysoids.
Zupaysaurus and Liliensternus would have been around 100 kilograms heavier than
Coelophysis.

Coelophysis and other primitive theropods had a bipedal upright stance and a
narrow, laterally compressed body that reduces solar cross-section when the sun is
overhead and increases surface to volume ratio, enhancing radiative cooling relative to
more round-bodied taxa [11]. When the sun was low in the sky laterally compressed
animals have greater behavioral flexibility in adjusting their solar radiation cross-section,
either by facing towards the sun to minimize their cross-section or by orienting
themselves perpendicular to the sun, making their solar absorption equivalent to more
rotund organisms. In both cases the change allows for a reduction in solar absorption

during peak thermal stress, allowing for higher metabolic rates during the day [101]. Our
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model results show this bauplan is appropriate in warm environments, but without
insulation individuals would have been at a distinct disadvantage in cooler climates. A
major difference between our Plateosaurus and Coelophysis models is the inclusion of
three aforementioned states of dermal insulation in the form of primitive filamentous
structures for Coelophysis. Filamentous and/or quill-like structures are known in a wide
range of coelurosaurian theropods, basal ornithischians such as Tianyulong (Zheng and
others 2009) and Kulindadromeus (Godefroit and others 2014), as well as the more
derived ornithischian Psittacosaurus (Osborn 1923). Recent evidence suggests the
origin of primitive feathers extends beyond Dinosauria to the base of Ornithodira (i.e the
most recent common ancestor of pterosaurs, dinosaurs and all their descendants;
[125]). This supports the idea that insulatory epidermal structures were a plausible
thermoregulatory solution for Coelophysis [126-128] despite the absence of skin
impressions in basal theropods. It should be noted that there are no prosauropod body
(or trace) fossils that demonstrate insulatory epidermal structures. It is likely that that
these structures were lost as sauropodomorphs increased in size - increased mass
alone can expand tolerance of cooler temperatures and stabilize internal temperature
variation, but not without its own energetic costs. Similarly, epidermal insulatory
structures are known from some (phylogenetically disparate) ornithischians, however
several smaller members of this clade from temperate latitudes are known or suspected
burrowers [129,130]. Fossorial behavior allows for the exploitation of more stable

microhabitats in environments with higher variance in daily or annual air temperature.
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Skeletal remains of C. bauri (our model) are well known from Chinle deposits
best represented by our hot microclimates, and similarly sized C. rhodesiensis is well
known from the Elliot Formation (Zimbabwe) which was deposited in a temperate
southern hemisphere paleolatitude. Thus, the paleogeographic range of small-bodied
coelophysoids extends from northern low tropical latitudes through temperate latitudes
of both hemispheres. This is a broad latitudinal and environmental range for
coelophysoids in the 20 kilogram size range. Given the lack of evidence of significantly
different metabolic adaptations in these closely-related basal theropods, any biophysical
scenario must satisfy both the hot and cold microclimates. While no single biophysical
condition (e.g., combination of CTR/RMR) satisfies the disparity in climate regimes that
Coelophysis inhabited, varying the amount and location of insulation covering its body
solves this apparent paradox.

The addition of complete insulation coverage of filamentous structures to our
modeled Coelophysis produced similar results to those of the much larger non-insulated
Plateosaurus. Our results demonstrate that both Plateosaurus and the fully insulated
Coelophysis would have been heat stressed in the hot Chinle microclimate, limiting their
distribution to temperate and boreal latitudes or high elevations (or dense forested
areas) at more equatorial latitudes as mentioned above.

In extant taxa the density of insulatory structures vary with ontogeny and with
seasonal variability [126,131,132]. Temperature acclimatization to both hot and cold
climates is a well-documented phenomenon in birds and mammals. It has been shown

that cold-acclimated birds can have greater feather density, higher resting metabolic
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rates, and reduced evaporative cooling compared to heat-acclimated birds of the same
species [see 114].

Recent studies of growth and postnatal development in early dinosaurs (e.g., C.
bauri and C. rhodesiensis) and dinosauromorphs (e.g., the silesaurid Asilisaurus
(Nesbitt and others 2010)) suggest high variation in developmental sequence and body
size at skeletal maturity was likely the ancestral condition [127,133]. This differs from
the moderate to low intraspecific variation in growth seen in extant archosaurs [133].
Griffin and Nesbitt [133] suggest anomalously high variability in Coelophysis body size
at skeletal maturity may be epigenetically controlled. Higher variability in metabolic rate
and core temperature range (and thus physiological efficiencies such as digestion) is
consistent with increased variability in size at skeletal maturity. This variability, as well
as evidence of increased respiratory efficiency [134-136] and locomotion energetics
[137-139] suggests increased RMR within dinosaurs (or their immediate ancestors) was
linked to a need to increase aerobic scope, as opposed to enzymatic efficiency, parental
care, or increased eurythermy [e.g., 140-142].

Mechanistic modeling of physiological and environmental conditions to test for
viable physiological combinations in multiple environments is a relatively new tool for
deep time applications. The simulations described above outline the primary
components necessary for exploring paleophysiology in deep time with Niche Mapper.
The relative effect of temperature, resting metabolic rate, core temperature range, size,
and epidermal insulation are much greater than those of skin/fur/feather color, or

muscle, respiration, and digestive efficiencies. We do not suggest these other
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parameters are trivial, rather they are more suited to ‘fine tuning’ the model, such as the
extant examples previously mentioned or where circumstances are favorable for a given
extinct taxa [i.e., 102]. Niche Mapper is a powerful tool that can be leveraged to address
a diverse array of evolutionary questions in deep time such as testing hypotheses
pertaining to our understanding of paleoecological carrying capacity,

paleobiogeographic distribution, and survivorship across major extinction boundaries.

Conclusions

Mechanistic models in Niche Mapper use phylogenetically-constrained
physiological parameters to determine habitable microclimates for a given taxon. Based
on our results, prosauropods like Plateosaurus would have had a resting metabolic rate
close to that of modern ratites, although we cannot rule out the variance in this clade’s
core temperature range being intermediate to that predicted for extant ratites and
squamates of their size. This is not unexpected given their phylogenetic position relative
to known ectothermic and endothermic crown members and is suggestive of an
acquisition of elevated metabolic rates prior to the narrowing of core temperature
ranges in defense of a stable core temperature. Similarly, we suggest that Coelophysis
was more likely to maintain a ratite-like resting metabolic rate than a monotreme or
squamate-like RMR. A core temperature range intermediate to extant ratites and
squamates is also suggested, similar to Plateosaurus. The presence of variable depth,

density, and distribution of epidermal insulation would not only allow for a broader range

64


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

of environmental tolerances, it appears to be a physiological necessity for Coelophysis
and likely for most small ornithodirans as they began to increase their resting metabolic
rates above ancestral levels.

Our results illustrate the interconnected nature of morphology, physiology,
environmental variables and how they constrain organismal energetics, behavior, and
geographic distribution. Niche Mapper is a flexible tool that can be applied to extinct

organisms in deep time whose body shapes have no direct modern analog.

Acknowledgements

The authors would like to thank Aaron Kufner and Adam Fitch for discussion and
productive feedback on earlier versions of the manuscript and Andrew Zaffos for help
troubleshooting R code. Thanks also goes to the numerous colleagues who have acted
as sounding boards and provided critical evaluations of this work as it progressed over
the last few years; their efforts are greatly appreciated. A special thanks to the two
anonymous reviewers whose suggestions vastly improved an earlier version of this

manuscript.

65


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

References

66

10

11

12

13

Bryant HN, Russell AP. The role of phylogenetic analysis in the
inference of unpreserved attributes of extinct taxa. Phil Trans Royal
Soc B. 1992; 337(1282): 405-418.

Witmer LM. The extant phylogenetic bracket and the importance of
reconstructing soft tissues in fossils. In: Thomason J, editor. Functional
Morphology in Vertebrate Paleontology; 1995.19-33.

Hunt, G. Measuring rates of phenotypic evolution and the inseparability
of tempo and mode. Paleobiology. 2012; 38(3): 351-373.

Peters SE. Genus extinction, origination, and the durations of
sedimentary hiatuses. Paleobiology. 2006; 32(3): 387-407.

Barrett PM, McGowan AJ, Page V. Dinosaur diversity and the rock
record. Proc. R. Soc. B Biol. Sci. 2009; 276: 2667-2674.

Dunhill AM, Hannisdal B, Benton, MJ. Disentangling rock record bias
and common-cause from redundancy in the British fossil record. Nat
Comm. 5:4818.

McMahon TA. Using body size to understand the structural design of
animals: quadrupedal locomotion. J Applied Physiol. 1975; 39(4):
619-627.

Haynie DT. Biological Thermodynamics. Cambridge: Cambridge UP, 2001.

Porter WP. Heat Balances in Ecological Contexts. In: Johnson EA,
Martin YE, editors. A Biogeoscience Approach to Ecosystems.2016;
49-87.

Barlett PN, Gates DM. The energy budget of a lizard on a tree trunk.
Ecology. 1967; 48: 315-322.

Dudley PN, Bonazza R, Porter WP. Consider a Non-Spherical
Elephant: Computational Fluid Dynamics Simulations of Heat Transfer
Coefficients and Drag Verified Using Wind Tunnel Experiments. J Exp
Biol. 2013; 319(6): 319-327.

Dudley PN, Bonazza R, Porter WP. Climate change impacts on nesting
and internesting leatherback sea turtles using 3D animated
computational fluid dynamics and finite volume heat transfer. Ecol
Model. 2016; 320: 231-240.

Fitzpatrick MJ, Mathewson PD, Porter WP. Validation of a mechanistic
model for non-Invasive study of ecological energetics in an endangered
wading bird with counter-current heat exchange in its legs. PLoS One.


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

2015; 10(8): €0136677.

Levy O, Dayan T, Kronfeld-Schor N, Porter WP. Biophysical modeling
of the temporal niche: from first principles to the evolution of activity
14 patterns. Am Nat. 2012; 179(6): 794-804.

Long RA, Bowyer RT, Porter WP, Mathewson PD, Monteith KL,

Findholt SL, et al. Linking habitat selection to fithess-related traits in

herbivores: the role of the energy landscape. Oecologia. 2016; 181(3):
15 709-720.

Mathewson PD, Moyer-Horner L, Beever EA, Briscoe NJ, Kearney M,

Yahn JM, et al. Mechanistic variables can enhance predictive models

of endotherm distributions: the American pika under current, past, and
16 future climates. Glob Change Biol. 2016; 23(3): 1048-1064.

Mathewson PD, Porter WP. Simulating polar bear energetics during a
17 seasonal fast using a mechanistic model. PLoS One. 2013; 8: e72863.

Mitchell NJ, Hipsey MR, Arnall S, McGrath G, Bin Tareque H, Kuchling
G, et al. Linking eco-energetics and eco-hydrology to select sites for
the assisted colonization of Australia’s rarest reptile. Biology. 2013;

18 2(1): 1-25.

Kearney M, Phillips BL, Tracy CR, Christian KA, Betts G, Porter WP.

Modelling species distributions without using species distributions: the

cane toad in Australia under current and future climates. Ecography.
19 2008; 31: 423-434.

Kearney M, Porter WP, Williams C, Ritchie S, Hoffmann AA. Integrating

biophysical models and evolutionary theory to predict climatic impacts

on species’ ranges: the dengue mosquito Aedes aegypti in Australia.
20 Funct Ecol. 2009; 23(3): 528-538.

Kearney MR, Wintle BA, Porter WP. Correlative and mechanistic
models of species distribution provide congruent forecasts under
21 climate change. Conserv Lett. 2010; 3(3): 203-213.

Norris KS. Color adaptation in desert reptiles and its thermal
relationships. In: Milstead WM, editor. Lizard Ecology a Symposium,
22 University of Missouri Press; 1967. 162-229.

Porter WP, Mitchell JW, Beckman WA, DeWitt CB. Behavioral

implications of mechanistic ecology: Thermal and behavioral modeling

of desert ectotherms and their microenvironment. Oecologia. 1973; 13:
23 1-54.

Porter WP, Budaraju S, Stewart WE, Ramankutty N. Calculating

climate effects on birds and mammals: impacts on biodiversity,

conservation, population parameters, and global structure. Am Zool.
24 2000; 40: 597-630.

Porter WP, Sabo JL, Tracy CR, Reichman O, Ramankutty N.
25 Physiology on a landscape scale: plant-animal interactions. Integr

67


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

68

26

27

28

29

30

31

32

33

34

35

36

aCC-BY 4.0 International license.

Comp Biol. 2002; 42(3): 431-453.

Spotila JR, Lommen PW, Bakken GS, Gates DM. A mathematical
model for body temperatures of large reptiles: implications for dinosaur
ecology. Am Nat. 1973; 107(955): 391-404.

Dunham AE, Overall, KL, Porter WP, Forster CA. Implications of
ecological energetics and biophysical and developmental constraints
for life-history variation in dinosaurs. Geol S Am S. 1989; 238: 1-20.

Whiteside JH, Lindstrom S, Irmis RB, Glasspool IJ, Schaller MF,
Dunlavey M, Nesbitt SJ, Smith ND, Turner AH, Extreme ecosystem
instability suppressed tropical dinosaur dominance for 30 million years.
PNAS. 2015; 112(26): 7909-7913.

Porter WP, Mitchell JW. Method and system for calculating the
spatial-temporal effects of climate and other environmental conditions
on animals. In: Office UP, editor. 11-0E Wisconsin Alumni Research
Foundation; B [Internet], 2006: http://www.
patentstorm.us/patents/7155377-fulltext.html.

Briscoe NJ, Handasyde KA, Griffiths SR, Porter WP, Krockenberger A,
Kearney MR. Tree-hugging koalas demonstrate a novel
thermoregulatory mechanism for arboreal mammals. Biol Lett. 2014;
10(6): 20140235.

Bartelt PE, Klaver RW, Porter, WP. Modeling amphibian energetics,
habitat suitability, and movements of western toads, Anaxyrus (= Bufo)
boreas, across present and future landscapes. Ecol Model. 2010;
221(22): 2675-2686.

Deville A-S, Labaude S, Robin J-P, Béchet A, Gauthier-Clerc M, Porter
WP, et al. Impacts of extreme climatic events on the energetics of
long-lived vertebrates: the case of the greater flamingo facing cold
spells in the Camargue. J Exp Biol. 2014; 217: 3700-3707.

Huang S-P, Chiou C-R, Lin T-E, Tu M-C, Lin C-C, Porter WP. Future
advantages in energetics, activity time, and habitats predicted in a
high-altitude pit viper with climate warming. Funct Ecol. 2013; 27:
446-458.

Long RA, Bowyer RT, Porter WP, Mathewson PD, Monteith KL, Kie JG.
Behavior and nutritional condition buffer a large-bodied endotherm
against direct and indirect effects of climate. Ecol Monogr. 2014; 84(3):
513-532.

Kingsolver JG. Thermal and hydric aspects of environmental
heterogeneity in the pitcher plant mosquito. Ecol Monogr. 1979; 49(4):
357-376.

Porter W, Vakharia N, Klousie W, Duffy D. Po'ouli landscape
bioinformatics models predict energetics, behavior, diets, and
distribution on Maui. Integr Comp Biol. 2006; 46(6): 1143-1158.


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

69

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

aCC-BY 4.0 International license.

Porter WP, Munger JC, Stewart WE, Budaraju S, Jaeger J. Endotherm
energetics: from a scalable individual-based model to ecological
applications. Aust J Zool. 1994; 42: 125-162.

Tracy CR. A model of the dynamic exchanges of water and energy
between a terrestrial amphibian and its environment. Ecol Monogr.
1976; 46(3): 293-326.

Zhang Y, Mathewson PD, Zhang Q, Porter WP, Ran J. An
ecophysiological perspective on likely giant panda habitat responses to
climate change. Glob Change Biol. 2018; 1-13.

Auffenberg W. The behavioral ecology of the Komodo monitor. 1st ed.
Gainesville:University Presses of Florida;1981.

Harlow HJ, Purwandana D, Jessop TS, Phillips JA. Body temperature
and thermoregulation of Komodo dragons in the field. J Therm Biol.
2010; 35(7): 338-347.

McNab BK, Auffenberg W. The effect of large body size on the
temperature regulation of the Komodo dragon, Varanus komodoensis.
Comp Biochem Phys A. 1976; 55(4A): 345-350.

Kearney MR, Shamakhy A, Tingley R, Karoly DJ, Hoffmann AA, Briggs
PR, et al. Microclimate modelling at macro scales: a test of a general
microclimate model integrated with gridded continental-scale soil and
weather data. Methods Ecol Evol. 2014; 5(3): 273-286.

Fuentes M, Porter W. Using a microclimate model to evaluate impacts
of climate change on sea turtles. Ecol Model. 2013; 251: 150-157.

Geiger R. The climate near the ground. 1st ed. Cambridge; Harvard
University Press: 1965.

McCullough EC, Porter WP. Solar Radiation Spectra for the Terrestrial
Ecological Environment. Ecology. 1971; 52(6): 1008-1015.

Laskar J, Robutel P, Joutel F, Gastineau M, Correia ACM, Levard B. A
long-term numerical solution for the insolation quantities of the Earth.
Astron Astrophys. 2004; 428: 261-285.

Crucifix, M. Palinsol: Insolation for Palaeoclimate Studies. V.0.93
[Internet]; Available From:
https://cran.r-project.org/web/packages/palinsol/index.html.

Gates DM. Energy exchange in the biosphere. 1st ed. New YorK;
Harper and Row: 1962.

Swinbank WC. Long-wave radiation from clear skies. Quart J Roy Met
Soc. 1963; 89: 339-348.

Idso SB, Jackson RD. Thermal radiation from the atmosphere. J.
Geophys. Res. 1969; 74: 5397-5403.

Prochnow S, Nordt L, Atchley S, Hudec M. Multi-proxy paleosol
evidence for middle and late Triassic climate trends in eastern Utah.


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Palaeogeogr Palaeocl. 2006; 232(1): 53-72.

Sellwood B, Price G, and Shackleton N, Francis J. Sedimentary Facies
as Indicators of Mesozoic Palaeoclimate. Phil Trans Royal Soc B.
53 1993; 341(1297: 225-233.

Cleveland DM, Nordt LC, Atchley SC. Paleosols, trace fossils, and
precipitation estimates of the uppermost Triassic strata in northern New
54 Mexico. Palaeogeogr Palaeocl. 2008; 257(4): 421-444.

Sellwood B, Valdes P. Mesozoic climates: General circulation models
55 and the rock record. Sediment Geol. 2006; 190: 269-287.

Berner RA, Beerling DJ, Dudley R, Robinson JM, Widlman RA.
Phanerozoic atmospheric oxygen. Annu Rev Earth Planet Sci. 2003;
56 31: 105-134.

Berner RA, Kothavala Z. Geocarb lll: A Revised Model of Atmospheric
57 CO2 over Phanerozoic Time. Am J Sci. 2001; 301(2): 182-204.

Cleveland DM, Nordt LC, Dworkin Sl, Atchley SC. Pedogenic
carbonate isotopes as evidence for extreme climatic events preceding
the Triassic-Jurassic boundary: Implications for the biotic crisis? GSA

58 Bul. 2008; 120(11-12): 1408-1415.

Kutzbach JE. Idealized Pangean climates: Sensitivity toorbital change.
59 Geol. Soc. Am. Spec. Pap. 1994; 289: 41-55.

Crowley TJ. Pangean climates.Geol. Soc. Am. Spec. Pap. 1994; 289:
60 25-39

Parrish J. Climate of the supercontinent Pangea. J Geol. 1993; 101(2):
61 215-233.

Weatherspark. Average weather in Accra, Ghana [Internet]. Available

from:

https://weatherspark.com/y/42343/Average-Weather-in-Tamale-Ghana-
62 Year-Round.

Weatherspark. Average weather in Accra, Ghana [Internet]. Available

from:

https://weatherspark.com/y/36520/Average-Weather-in-Timbuktu-Mali-
63 Year-Round.

Kreith F, Black WZ. Basic Heat Transfer. 1st ed. New York:Harper &
64 Row;1980.

Bird RB, Stewart WE, Lightfoot WN. Transport Phenomena. 2nd ed.
65 New York:John Wiley & Sons, Inc;2002.

Kowalski GJ, Mitchell JW. Heat transfer from spheres in the naturally
66 turbulent, outdoor environment. J Heat Transf. 1976; 98(4): 649-653.

Porter WP, KearneyMR. Size, shape and the thermal niche of
67 endotherms. P Natl Acad Sci USA. 2009; 106(Suppl.2): 19666-19672.

70


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

71

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

aCC-BY 4.0 International license.

Smith NP, Barclay CJ, Loiselle DS. The efficiency of muscle
contraction. Prog Biophys Mol Bio. 2005; 88(1): 1-58.

Natori Y, Porter WP. Habitat Evaluation for the Japanese Serow
(Capricornis crispus) by Energetics Landscape Modeling. Ecol
Applications. 2007; 17(5): 1441-1459.

Xu X, Zhao Q, Norell M, Sullivan C, Hone D, Erickson G, et al. A new
feathered maniraptoran dinosaur fossil that fills a morphological gap in
avian origin. Chinese Sci Bul. 2009; 54(3): 430-435.

Xu X, Zheng X, You H. Exceptional dinosaur fossils show ontogenetic
development of early feathers. Nature. 2010; 464: 1338-1341.

Xu X, Zhou Z. Prum RO. Branched integumental structures in
Sinornithosaurus and the origin of feathers. Nature. 2001; 410:
200-204.

Norell MA, Xu X. Feathered dinosaurs. Annu Rev Earth Planet Sci.
2005; 33: 277-299.

Prum and Brush 2002. The evolutionary origin and diversification of
feathers. Quart Rev Biol. 2002; 77(3): 261-295.

McNab BK. An analysis of the factors that influence the level and
scaling of mammalian BMR. Comp Biochem Phys A. 2008; 151(1):
5-28.

McNab BK. Ecological factors affect the level and scaling of avian
BMR. Comp Biochem Phys A. 2009; 152(1): 22-45.

Schmidt-Nielsen K. Animal physiology: Adaptation and environment.
2nd ed. Cambridge: Cambridge University Press; 1979.

Nagy KA. Field metabolic rate and body size. J Exp Biol. 2005; 208(9):
1621-1625.

Weaver JC. The improbable endotherm: the energetics of the sauropod
dinosaur Brachiosaurus. Paleobiology. 1983; 9(2): 173-182.

Nagy KA. Water and electrolyte budgets of a free-living desert
lizard,Sauromalus obesus. J Comp Physiol. 1972; 79(1): 39-62.

Saadoun, A, Cabrera, MC. A review of the nutritional content and
technological parameters of indigenous sources of meat in South
America. Meat Sci. 2008; 80(3): 570-581.

Minnich JE, Shoemaker VH. Water and Electrolyte Turnover in a Field
Population of the Lizard, Uma scoparia. Copeia. 1972; 1972(4):
650-659.

Roberts MF, Lightfoot EN, Porter WP. A new model for the body
size—metabolism relationship. Physiol Biochem Zool. 2010; 83(3):
395-405.

Eckert R, Randall D. Animal Physiology Mechanisms and Adaptations.
2nd ed. New York:W. H. Freeman and Company;1983.


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Farlow J, Hotz, T. The fossil record of predation in dinosaurs.
85 Paleontological Society Papers. 2002; 8: 251-266.

Carpenter K. Forelimb biomechanics of nonavian theropod dinosaurs in
86 predation. Senk Leth. 2002; 82(1): 59-75.

Hummel J, Gee CT, Sudekum K-H, Sander PM, Nogge G, Clauss M. In

vitro digestibility of fern and gymnosperm foliage: implications for

sauropod feeding ecology and diet selection. Proc R Soc B. 2008; 275:
87 1015-1021.

Walsberg GE. Coat color and solar heat gain in animals. Bioscience.
88 1983; 33(2): 88-91

Norris KS. Color adaptation in desert reptiles and its thermal
relationships. in Lizard ecology: a symposium. 1967; University of
89 Missouri Press Columbus, Missouri.

Smith, K.R., et al., Color Change for Thermoregulation versus
Camouflage in Free-Ranging Lizards. The American Naturalist. 0(0): p.

90 000-000.
Box GEP, Hunter WG, Hunter JS. Statistics for Experimenters. 1st ed.
91 New York:John Wiley & Sons, Inc;1978.

Shipley LA. Grazers and Browsers: How Digestive Morphology Affects
Diet Selection. Idaho Forest, Wildlife & Range Exp. Sta. Bull. 1999; 70:
92 20-27.

Schrader AM, Owen-Smith N, Ogutu JO. Blackwell Publishing Ltd How
a mega-grazer copes with the dry season: food and nutrient intake
93 rates by white rhinoceros in the wild. Func Ecol. 2006; 20: 376-384.

Paul GS. Dinosaur models: The good, the bad, and using them to

estimate the mass of dinosaurs. In: Wolberg DL, Stumpand E,

Rosenberg, GD, editors. Dinofest International. Proceedings of a
94 symposium held at Arizona State University.1997;129-142.

Colbert EH. The weights of dinosaurs. American Museum Novitates.
95 1962; 2076: 1-16.

Alexander RM. Dynamics of dinosaurs and other extinct giants.
96 Columbia University Press. 1989.

Gunga HC, Suthau T, Bellmann A, Friedrich A, Schwanebeck T,

Stoinski T, Trippe T, Kirsch K, Hellwich O. Body mass estimations for

Plateosaurus engelhardti using laser scanning and 3D reconstruction
97 methods. Naturwissenschaften. 2007; 94(8): 623-630.

Mallison H. The Digital Plateosaurus |: Body mass, mass distribution
and posture assessed using CAD and CAE on a digitally mounted
98 complete skeleton. Palaeon Electron. 2010; 13(2): 8A 26p.

Seebacher F. A new method to calculate allometric length-mass
99 relationships of dinosaurs. J Vertebr Paleontol. 2001; 21(1): 51-60.

72


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

73

100

101

102

103

104

105

106

107

108

109

110

111

aCC-BY 4.0 International license.

Benson RBJ, Campione NE, Carrano MT, Mannion PD, Sullivan C,
Upchurch P, et al. Rates of Dinosaur Body Mass Evolution Indicate 170
Million Years of Sustained Ecological Innovation on the Avian Stem
Lineage. Plos One. 2014; 12(6): e1001896.

Porter WP. Nature’s experiments on body shape and size have
metabolic optima. Nature Lett. In review.

Wang Y, Porter W, Mathewson P, Miller P, Graham R, Williams J.
Mechanistic modeling of environmental drivers of woolly mammoth
carrying capacity and extinction on St. Paul Island, AK. Ecology. (in
review). 2018.

Cerling TE, Quade J. Stable carbon and oxygen isotopes in soil
carbonates. Geoph Monog. 1993; 78: 217-231.

Chan M. Triassic loessite of north-central Utah; stratigraphy,
petrophysical character, and paleoclimate implications. J Sediment R.
1999; 69(2): 477-485.

Gazquez F, Morellon M, Bauska T, Herwartz D, Surma J, Moreno A, et
al. Triple oxygen and hydrogen isotopes of gypsum hydration water for
quantitative paleo-humidity reconstruction. Earth Panet Sc Lett. 2018;
481: 177-188.

Eagle RA, Titken T, Martin TS, Tripati AK, Fricke HC, Connely M, et al.
Dinosaur body temperatures determined from isotopic (13C-180)
ordering in fossil biominerals. Science. 2011; 333(6041): 443-445.

Eagle RA, Enriques M, Grellet-Tinner G, Pérez-Huerta A, Hu D, Titken
T, et al. Isotopic ordering in eggshells reflects body temperatures and
suggests differing thermophysiology in two Cretaceous dinosaurs. Nat
Comm. 2015; 6: 8296.

Barrick RE, Showers WJ, Fischer AG. Comparison of thermoregulation
of four ornithischian dinosaurs and a varanid lizard from the
Cretaceous Two Medicine Formation: evidence from oxygen isotopes.
Palaios. 1996; 11(4): 295-305.

Fricke HC, Rogers RR. Multiple taxon—multiple locality approach to
providing oxygen isotope evidence for warm-blooded theropod
dinosaurs. Geology. 2000; 28(9): 799-802.

Grady JM, Enquist BJ, Dettweiler-Robinson E, Wright NA, Smith FA.
Evidence for mesothermy in dinosaurs. Science. 2014; 344(6189):
1268-1272.

Sander PM, Klein N, Buffetaut E, Cuny G, Suteethorn V, Loeuff JL.
Adaptive radiation in sauropod dinosaurs: bone histology indicates
rapid evolution of giant body size through acceleration. Org Divers
Evol. 2004; 4(3): 165-173.


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

74

112

113

114

115

116

117

118

119

120

121

122

123

aCC-BY 4.0 International license.

Klein N, Sander PM. Bone histology and growth of the prosauropod
dinosaur Plateosaurus engelhardti von Meyer, 1837 from the Norian
bonebeds of Trossingen (Germany) and Frick (Switzerland). Spec Pap
Paleontol. 2007; 77: 169-206.

Chaffee RR, Roberts JC. Temperature acclimation in birds and
mammals. Annu Rev Physiol. 1971; 33: 155-202.

Marsh RL, Dawson, WR. Avian adjustments to cold. In: Wang LCH,
editor, Animal adaptations to cold. New York; Springer-Verlag:
205-253.

Amiot R, Lécuyer C, Buffetaut E, Escarguel G, Fluteau F, Martineau F.
Oxygen isotopes from biogenic apatites suggest widespread
endothermy in Cretaceous dinosaurs. Earth and Planet Sci. 2006; 246:
41-54,

Golovneva LB. The Maastrichtian (Late Cretaceous) climate in the
Northern Hemisphere. Geological Society, London, Special
Publications. 2000; 181: 43-54.

Erickson GM, Rogers KC, Yerby SA. Dinosaurian growth patterns and
rapid avian growth rates. Nature. 2001; 412: 429-433.

Werner J, Griebeler EM. Allometries of Maximum Growth Rate versus
Body Mass at Maximum Growth Indicate That Non-Avian Dinosaurs
Had Growth Rates Typical of Fast Growing Ectothermic Sauropsids.
PLoS One. 2014; 9: e88834.

Lockley MG, Lucas SG, Hunt AP. Eosauropus, a new name for a Late
Triassic track: Further observations on the Late Triassic ichnogenus
Tetrasauropus and related forms, with notes on the limits of
interpretation. In: Harris et al., editors. The Triassic-Jurassic Terrestrial
Transition. New Mexico Museum of Natural History and Science
Bulletin 37; 2006. 192-198.

Brett CE, Baird, GC. Comparative taphonomy: a key to
paleoenvironmental interpretation based on fossil preservation.
Palaios. 1986; 1(3): 207-227.

Schopf, JM. Modes of fossil preservation. Rev Palaeobot Palyno. 1975;
20: 27-53.

Renesto S, Lombardo C. Structure of the tail of a phytosaur (Reptilia,
Archosauria) from the Norian (Late Triassic) of Lombardy (Northern
Italy). Riv Ital Paleontol S. 1999; 105(1): 135-144.

Marsicano CA, Mancuso AC, Palma RM, Krapovickas V. Tetrapod
tracks in a marginal lacustrine setting (Middle Triassic, Argentina):
Taphonomy and significance. Palaeogeogr Palaeocl. 2010; 291(3-4):
388-399.


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Thomson TJ, Lovelace DM. Swim track morphotypes and new track

localities from the Moenkopi and Red Peak Formations (Lower-Middle

Triassic) with preliminary interpretations of aquatic behaviors. In:

Lockley MG, Lucas SG, editors. Fossil footprints of North America.

New Mexico Museum of Natural History and Science Bulletin 62; 2014.
124 103-128.

Yang Z, Jiang B, McNamara ME, Kearns SL, Pitman M, Kaye TG, Orr
PJ, Xu X, Benton MJ. Pterosaur integumentary structures with complex
125 feather-like branching. Nat Ecol Evol. 2019; 3(1): 24-30

Lennerstedt |. Seasonal variation in foot papillae of wood pigeon,
pheasant and house sparrow. Comp Biochem Phys A. 1975; 51(3):
126 511-520.

Griffin CT, Nesbitt, SJ. Anomalously high variation in postnatal
development is ancestral for dinosaurs but lost in birds. P Natl Acad Sci
127 USA. 2016a; 113: 14757-14762.

Baron MG, Norman DB, Barrett PM. A new hypothesis of dinosaur
128 relationships and early dinosaur evolution. Nature. 2017; 543: 501-506.

Varricchio DJ, Martin AJ, Katsura Y. First trace and body fossil
evidence ofa burrowing, denning dinosaur. Proc Royal Soc Lond. 2007;
129 B274: 1361-1368.

Martin AJ. Dinosaur burrows in the Otway Group (Albian) of Victoria,
Australia, and theirrelation to Cretaceous polar environments.
130 Cretaceous Research. 2009; 30: 1223-1237

Barnett LB. Seasonal changes in temperature acclimatization of the
house sparrow Passer domesticus. Comp Biochem Phys A. 1970; 33:
131 559-578.

Mgller, AP. The allometry of number of feathers in birds changes
132 seasonally. Avian Res. 2015; 6: 2.

Griffin CT, Nesbitt, SJ. The histology and femoral ontogeny of the

Middle Triassic (?late Anisian) dinosauriform Asilisaurus kongwe and

implications for the growth of early dinosaurs. J Vertebr Paleontol.
133 2016b; 36(3): e1111224.

O'connor PM, Claessens LP. Basic avian pulmonary design and
flow-through ventilation in non-avian theropod dinosaurs. Nature. 2005
134 Jul;436(7048):253.

Sereno PC, Martinez RN, Wilson JA, Varricchio DJ, Alcober OA,
Larsson HC. Evidence for avian intrathoracic air sacs in a new
predatory dinosaur from Argentina. PLoS one. 2008 Sep

135 30;3(9):e3303.
Wedel MJ. Evidence for bird-like air sacs in saurischian dinosaurs. J
136 Exp Zool A Ecol Genet Physiol. 2009 Oct 1;311(8):611-28.

75


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Carrier DR. The evolution of locomotor stamina in tetrapods:
circumventing a mechanical constraint. Paleobiology. 1987
137 Jul;13(3):326-41.

Hutchinson JR, Gatesy SM. Dinosaur locomotion: beyond the bones.
138 Nature. 2006 Mar 15;440(7082):292.

Pontzer H, Allen V, Hutchinson JR. Biomechanics of running indicates
endothermy in bipedal dinosaurs. PLoS One. 2009 Nov
139 11;4(11):e7783.

Hopson JA. Endothermy, small size, and the origin mammalian
140 reproduction. The American Naturalist. 1973; 107(955): 446-452.

Kemp TS. The origin of mammalian endothermy: a paradigm for the
evolution of complex biological structure. Zool J Linn Soc. 2006;
141 147(4): 473-488.

Nespolo RF, Solano-Iguaran JJ, Bozinovic F. Phylogenetic analysis
supports the aerobic-capacity model for the evolution of endothermy.
142 Am Nat. 2017; 189(1): 13-27.

Supporting Information

S1 Appendix. Niche Mapper Variables

S2 Appendix. Model test using Varanus komodoensis on Komodo Island

S3 Appendix. Parameterizing biophysical model dimensions for fossil
vertebrates.

S4 Appendix. Sensitivity analyses and additional figures

S1 Table. Target resting metabolic rates for classes of animals.

76


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

S1 Appendix.

Niche Mapper Variables


https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

Niche Mapper Variables

The number of variables (691; representing all data for 1 day each month for 1
year) in the combined microclimate and physiological models seems large. However,
the microclimate model can be broken into 13 discrete categories. For instance, the
microclimate model may boast 198 variables, but the vast majority represent the range
of a given category, such as minimum and maximum values for each modeled day (24
states). In this way 5 categories (relative humidity, air temperature, cloud cover, wind,
and percent shade) account for 60% of microclimate variables. In other words, there are
24 variables for relative humidity (a high and low for each of the 12 modeled days of the
year), etc.

The biophysical model can be broken into 12 categories for body shape (99
variables), 10 categories for heat generation and transient properties (179 variables), 4
categories for dietary/digestive/water properties (131 variables), and 4 categories for

behavior (89 variables).

Microclimate model variables

Model Parameters Quantity Comments:

Number of days to model 12 A start, stop, and day number
are chosen (from 1-365)

Substrate conditions 8 Roughness, conductivity,



https://doi.org/10.1101/790980
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/790980; this version posted October 2, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

density, heat, depth

Surface object profiles (bushes, rocks, etc.) 4 Experimental wind profiles
Set to zero if none measured.

Geographic Information 10 Hemisphere, latitude,
longitude, slope, azimuth,
elevation,

Maximum/Minimum % shade 24 Potentia shadel range for

model to choose from

Timing of maximum minimum 8 (e.g., air/'wind max~solar
noon; relative
humidity/cloud~sunrise

Maximum/Minimum relative humidity 24 Aridity/humidity (min/max per
modeled day)

Maximum/Minimum cloud cover 24 Insolation (min/max per
modeled day)

Maximum/Minimum wind speed 24 (min/max per modeled day)
Maximum/Minimum air temperature 24 (min/max per modeled day)
Snow or free water presence/absence 12
Substrate reflectivity (albedo) 12
% of surface acting like free water 12

Allometry (modeled organism dimension properties)

Model Parameters Quantity Comments:
Animal group/locomotion 2 Clade, and biped vs. quad
Head geometry 9
Neck geometry 9

Length:width:height; fur depth
(dorsal and ventral); density
and head geometry

Torso geometry 9

Front legs 9
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Back legs 9

Tail/additional appendage geometry 9 (this is same as above but
can be used to model a trunk
as well)

Total length/scaling adjustments 3

Subcutaneous fat distribution/mass change 7 Distribution and region(s) of
subcutaneous fat storage

Postures 7 Start/End postures for shade,
sleep, and inactive (modeled
body parts in contact with
ground or as single lump)

Flesh conductivity (head-tail) (min) 13 Also accounts for torso
overhang (shading legs)

Core temperature relation with appendages 8 average core temperature

that is somewhere between
ground and torso core

heat

temperature
Physiological and behavioral properties
Model Parameters Quantity Comments:
General coding and output parameters 10
Heat storage; specific heat 6 Transient vs stead state;
specific heat for flesh
Mass, subcutaneous fat, density, 11 Whole body parameters,
appendages number of appendages;
substrate interaction,
fur/feather compression when
lying down
Metabolic rate; activity multiplier; 4 *how the model uses heat
thermoregulation triggering generated from activity
Forage rate; muscle efficiency; production 4 Contribution of activity to heat

balance model
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Insulation properties: head, neck, torso, tail 33 Diameter, length, depth,
dorsal/ventral density, reflectivity,
Hair/feather length/depth dorsal/ventral 48 *allows for seasonal changes
Temperature and water loss from skin and 15 Core temp: min, max, target;
metabolism skin wet/sweat, pilo/ptiloerect;

skin/fur thermal conductivity;
depth within fur/feather for
radiant exchange

Core temperature (target) (hibernation) 24 Tc per modeled day
Time dependant change in mass/body fat 24 For each modeled day
Lungs and gut 5 02 extraction min/max; gut

passage time; fecal and urea,

Digestive efficiency 12 For each modeled day

Times basal for activity energy & food for it 24 This can be used to simulate

(1-7) phenology of food available
and reproduction timing.

Food: %protein,carbs, fat, dry matter 48

Diurnal, nocturnal, crepuscular, hibernate 60 For each modeled day

(fraction of day hibernating)

Active/inactive on land or water 24 For each modeled day

Thermoregulation behavior 13 Use nest; burrow shade;
climb, wind protection; night
shade; dive; wade;
thermoregulation order

Flight, burrow, nest properties, shelter 34 Specific to nest, flight,and
burrowing behaviors including
shape and thermal properties
of structures and (burrow gas
properties)
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Model test using Varanus komodoensis on Komodo Island

Although Niche Mapper has been tested for reptiles ranging in size from small iguanids
[1-3] to land iguanas in the Galapagos [4] and small and large birds [5-7] and mammals [8-10]
we include here an additional test using the Komodo dragon, Varanus komodoensis, on
Komodo Island. We obtained data for monthly climates for this location using Adagio in
niche-mapper.com to point-and-click on Komodo Island to extract climate data from New and
others [11]. Komodo morphology/proportions were obtained from web photos of wild komodos
from Komodo Island and implemented in the alomvars.dat input file for Niche Mapper. Key
physiological properties, e.g. maximum and preferred core temperatures, were obtained from
Harlow and others [12]. We set the model to allow 24 hour activity, diurnal only, and diurnal +

crepuscular to see if there were any noticeable differences in energy requirements.

We assumed a high-level squamate metabolism and a skin reflectivity of 15% based on
black reptile skin (Galapagos marine iguana) reflectivities measured by WPP. Since the
allometry subroutines in Niche Mapper will automatically scale the allometry isometrically, given
the mass and a reference dimension, e.g. snout-vent length or shoulder height, we were able to
run annual simulations for a 6.7 kg and 65 kg animal assuming a density of 1030 kg/m*3 for
both animals, and compute the body core temperatures, activity patterns and food requirements
for the month of November when observations recorded in the literature were made that could
be used for comparison to the simulations [13,14]. Figure 1 in S2 Appendix illustrates the
computed body temperatures that would occur with a squamate metabolism for the large, 65 kg,
and small, 6.7 kg Komodo dragon. The measured shade air temperatures reported for this time

are also plotted.
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Computed activity hours, patterns of annual activity in sun/shade and energy and food
requirements for the 65 kg dragon exhibit a consistent pattern of energy and food requirements
while activity hours varied under three activity conditions: diurnal only, diurnal-crepuscular, and
24 hour potential activity (Fig. 2 in S2 Appendix). For comparison, a simulation of the 65kg
dragon was conducted within the Triassic hot microclimate model to illustrate the impact on
activity, shade use, and food requirements under our deep-time conditions (Fig. 3 in S2
Appendix). We also ran a simulation for an allometrically modified 6.7 kg dragon, since the
young have apparent longer legs and narrower torso than adults to determine allometry effects

(Fig. 2 in S2 Appendix).
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o Air Temp (shade)
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Y] _ 65 kg V. komodoensis
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== 6.7 kg V. komodoensis
45 - no behaviors

6.7 kg V. komodoensis
seeking shade
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Figure 1. These data represent field cloacal temperatures measured from 28
individuals (closed circles) and heating and cooling curves from a 6.7 (solid black
line) and 35 kg (dashed line) V. komodoensis on Komodo Island including shaded air
temperatures (open circles); modified after McNab and Auffenberg [13]. The 65kg V.
komodoensis modeled in NicheMapper (blue line) demonstrates a similar hourly
temperature pattern to the empirical data. The modeled 6.7kg V. komodoensis
(green line) predicts a cooler night time temperature than available empirical data.
Empirical data for the 6.7 kg animal is not recorded between the hours of 20:00 and
06:00 and and may be due to fossorial behaviour. The modeled 6.7kg V.
komodoensis with thermoregulatory behaviors enabled (orange line) predicts a
slightly warmer nighttime core temperature (seeking night shade) and cooler mid-day

temperatures (seeking shade).
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Figure 2. The 65 kg V. komodoensis was modeled in 4 different scenarios, 1 under
hot Triassic conditions with 24 hours potential activity and 3 under Komodo Island
conditions with a 24 hour, diurnal, and diurnal + crepuscular potential activity. In the
‘Energy/Food’ column, the increase in energy requirements mid-year on Komodo
Island represents the cooler temperatures of the southern hemisphere winter. The
modeled shade ranges from 0-100% (red-blue, respectively), with night shade
representing the animal retreating from open air conditions to reduce net radiant heat
loss to the night sky and cold ground surface, and day shade representing retreat to
overhanging vegetation due to excessive core body temperatures. The modeled
values for shade seeking behavior on Komodo Island reflect the observed bimodal
activity peaks in the morning and evening [14]. V. komodoensis modeled in the
Triassic hot monsoon microclimate exhibits a similar pattern to that seen on Komodo
Island, though the activity hours over a 24 hour cycle and the energy requirements

are shifted toward more nocturnality, likely due to higher T .
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Figure 3. Allometric (left) vs isometric (right) scaling of juvenile Komodo dragon at
6.7 kg from an adult Komodo dragon of 65 kg. Young dragons have smaller bodies
and longer legs relative to adult Komodo dragons. These graphs illustrate subtle (but
minimal) changes in the amount of shade needed during the middle of the day in the

hot times of the year on Komodo Island south of the equator.
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Figure 4. Computed 6.7 kg juvenile Komodo dragon activity pattern (left) vs. an adult
65 kg Komodo dragon activity pattern (right). These graphs illustrate the behavioral
separation of activity patterns of small vs. large Komodo dragons during the day and

throughout the year on Komodo Island south of the equator.
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Parameterizing biophysical model dimensions for fossil vertebrates

Niche Mapper calculates its hourly heat balance equations utilizing a simplified
geometric approximation of research taxa (Fig. 1), allowing for large numbers of
simulations to run on relatively modest hardware. The results of this approach have
been verified by comparison to high resolution models subject to large-scale fluid
dynamics simulations in Ansys Fluent [1,2]. In extant taxa such as Varanus
komodoensis, parameterization of physical dimensions relies on direct or reported
measurements. Extinct taxa require additional steps to ensure sufficient dimensional

accuracy.

= K —

—

C) U 850 kg

Figure 1. Modeled volume for Plateosaurus.

—M

Simplified overview of steps followed to create simplified geometric models for Niche Mapper
biophysical input. Linear dimensions are taken from fossil data such as (A) this surface scan of GPIT125
[3]. That data is used for mass estimates, e.g. (B) lateral view silhouette used in GDI mass estimate, and
the data is input to create a geometrically simplified (C) Niche Mapper model.
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Dimensional inputs required by Niche Mapper include linear measurements and
estimate of specific gravity for the head, neck, limbs, torso, and tail. An independent
mass estimate is useful for comparison to the mass generated by Niche Mapper from
the input dimensions and specific gravity of each body segment, as a check on potential
errors in data input.

Dimensional parameters required by Niche Mapper are based on proportions of
living animals. For Coelophysis and Plateosaurus estimates of life dimensions started
with dimensionally accurate skeletal reconstructions (Fig. 2). Linear dimensions of
individual skeletal elements were obtained from direct measurement of specimens and
published data, as detailed in Wang, et al. [4]. The largest impact to dimensional

proportions are competing interpretations of pectoral girdle placement [5].

5 ~¢Mﬁ‘i‘t\'mffﬁg««{mm««
;:\{x/\’&\\\\// \\\\\\\\\\\\\\\\ﬁ{h&ﬁ%"‘“‘ma-.-\-......

Im

Figure 2. Skeletal reconstructions of Plateosaurus and Coelophysis.

Mass estimates for dinosaurs have a long history in paleobiology [e.g. 6], and
have been attempted via disparate methods including limb bone allometry [7,8],
volumetric measurements of scale models [9,10,11], graphic double integration [12],
computational application of minimum convex hulls [13] and various other dimensional
analyses based on CT skeletal data [3,14,15,16]. The approach used in Niche Mapper
is also a volumetric computational one, where total mass and mass distribution are
calculated within Niche Mapper by assigning model volumes and densities for each

body segment. Niche Mapper mass results were checked against Graphic Double
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Integration of rigorous skeletal reconstructions for Coelophysis and Plateosaurus [Fig.
2; 12,17] as well as previously published mass estimates [11,15]. Diet composition was
inferred from dental morphology. Skin transpiration and breathing efficiency were

estimated from extant analogs.
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Sensitivity Analyses

The strength our modeled results, in part, relies on understanding how sensitive
the model is to ranges of values for variables that are not directly measurable in
deep-time. As such, we endeavor to demonstrate that many of the variables (main
effects and interactions) have relatively small effects on overall metabolic needs of the
modeled organisms. However, we realize these effects can be cumulative and are more
significant at the boundaries of a modeled organisms’ temperature tolerance where
small changes can be the difference between survival or death. Variables that have a
more significant impact, such as temperature, CTR, RMR, and insulation are presented
with a range of inputs for each experiment, so that results can be compared and
interpreted appropriately. The following sensitivity analyses were conducted to quantify

the advantage or disadvantage our chosen values would impart on the model.

Skin and insulation reflectivity:

Reflectivity of the skin and epidermal insulatory structures for our organisms are
modeled at 15% (0.15) which approximates a dark coloration. Reflectivity of black and
white pelts of dairy cows are documented to be around 0.16 and 0.48, respectively
(pers. observation, WP). To test the effect of color selection Coelophysis and
Plateosaurus were modeled with various reflectivities (0.1, 0.15, 0.2, 0.25, and 0.6; see
Fig. 5). There was little effect across this range with a fully insulated Coelophysis which

is demonstrated to be near its target metabolic energy levels (~1400 MJ/y) under the
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cold microclimate. Reducing insulatory covering to top-only and non-insulated
individuals produced an energetic benefit of lower reflectivity (e.g., darker color) in the
cold microclimate - the more cold stressed, the larger the effect. The benefit of darker
color is still swamped by the overall cold-stress the modeled organisms experience in
the cold microclimate (e.g., >5 x RMR). Plateosarus did not show a significant change in
annual metabolic need with varying reflectivity. This suggests that thermoregulation
behaviors are effective at moderating the effects of reflectivity regardless of color when
an organism is near its target ME, and benefits of coloration only become realized well

past the boundaries of tolerable temperatures.
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Figure 1. Skin/insulation color sensitivity analysis.
The grey shaded area represents +/- 5% of the annual target ME. The further to the right of the
target zone the greater the cold stress. Filled shapes: blue = cold microclimate, red = hot
microclimate. The filled blue circles (uninsulated Coelophysis) exhibit the greatest advantage in
decreased reflectivity due to extremely cold stress. When the modeled organism (e.g. fully
insulated Coelophysis) is within its target, the effect of color is greatly minimized. Plateosaurus
exhibits little to no benefit with changing reflectivity.
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Muscle efficiency:

Most mammals, regardless of size, have a muscle efficiency of 0.25-0.30, and

the vast majority of muscle efficiency for vertebrate clades ranges between 0.2 and 0.4

[1]; an efficiency factor of 0.2 in Niche Mapper (i.e., 20%) means that 80% of

activity-generated energy is lost as heat instead of powering the activity. We chose to

model our dinosaur’s muscle efficiency at 20% for all experimental runs. To test the

impact of increased active muscle efficiency (e.g., decreasing muscle heat lost during

activity) we ran experiments with 20, 30, 40, and 50% efficiency (Fig. 6). When the

modeled organism is near its target metabolic energy the disparity from low to high

efficiency is around 2.5% in the hot microclimate and 5-7% in the cold microclimate. The

greater the cold stress the modeled organism experienced the greater the disparity

between 20 and 50% muscle efficiency.
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Figure 2. Muscle efficiency sensitivity analysis.

The grey shaded area represents +/- 5% of the annual target ME. Filled shapes: blue = cold
microclimate, red = hot microclimate. Fully insulated Coelophysis meets its target regardless of
assigned muscle efficiency. As muscle efficiency is increased Plateosaurus is less heat stressed
in the hot microclimate, but more cold stressed in the cold microclimate.
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Respiratory efficiency:

Oxygen extraction efficiency (EO,) is used to calculate respiratory heat and water
loss. When the organism is overheating one behavioral parameter in Niche Mapper
allows the model to mimic panting by decreasing EO, to ‘force’ the organism to breathe
more rapidly leading to greater heat (and water) loss. Phylogenetic bracketing would
suggest that early saurischian dinosaurs had a avian-like unidirectional airflow
supported by numerous air sacs throughout the respiratory tract [2-4]. The range of EO,
values for avian lungs is much greater than other non-volant vertebrates (20-60%; [5])
We chose to use a 20% maximum and 15% minimum EO,, which is in line with values
reported for ratites and many falconiformes (21-26% respectively; [5]). To test the effect
of EO, values we varied the max/min across four ranges 10/5, 20/15, 30/25, and 31/15;
the last value range was to see if the max/min disparity had a noticeable effect. Varying
the oxygen efficiency or max/min disparity had negligible effect on the annual energy

budget (Fig. 7).
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Figure 3. Respiratory efficiency sensitivity analysis.
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The grey shaded area represents +/- 5% of the annual target ME. Filled shapes: blue = cold
microclimate, red = hot microclimate. Varying the lung efficiency had minimal effect on annual
ME.

Digestive efficiency:

We modeled Coelophysis with a crocodile like digestive efficiency at 85% which
is only slightly higher than the average digestive efficiencies of many birds of prey
(75-82%; [6]). We varied digestive efficiency between 70 and 85% for our carnivorous
taxon to determine the effect on total wet-food intake on an annual basis. Plateosaurus,
modeled as an herbivore, was assigned a 60% digestive efficiency which is below the
70% efficiency seen in ratites [7], but above 50-55% seen in some herbivorous lizards
as well as passerines on a low-quality diet [8,9]. Others have argued for sauropod
digestive efficiencies to be as low as 33% on a low-quality diet [10]. We tested a
digestive efficiency range of 30-70% for our herbivorous diet.

As is the case with all dietary parameters in Niche Mapper varying digestive
efficiency had no impact on the calculated metabolic energy (e.g., calculations for
metabolic energy are independent of dietary calculations). The results (Fig. 8) are
based on our assigned nutrient values (percent fat, carbohydrates, protein and dry
mass; see Table 3) of the food source for the high browsing herbivorous and
carnivorous diet. Changing the digestive efficiency of Plateosarus from 70 to 50% (a
reasonable range with phylogenetic bracketing) resulted in a 70% increase total
wet-food mass; the modeled Plateosaurus would need to ingest 3500 to 5000 kg
(70-50% digestive efficiency respectively) on an annual basis. At the lower extreme, a

30% digestive efficiency would require ~8000 kg wet-food per year; this is ~22 kg of
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wet-food per day, which is on par with similarly sized extant browsing mammals such as

the black rhinoceros [11,12].
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Figure 4. Digestive efficiency sensitivity analysis.
Filled shapes: blue = cold microclimate, red = hot microclimate. Varying the digestive efficiency
had no effect on annual ME, however it greatly impacted the annual quantity of wet food
consumption.

Effects of latitude:

The cold microclimate we use for our experiments is intended to be a lower
boundary representative of more temperate latitudes during the Late Triassic; these
values are consistent with GCM models [13] for 45°N. However, to test the effect of
insolation at higher latitudes we modeled our organisms at 45°N paleolatitude, in
addition to the 12°N paleolatitude of the Chinle Formation we use to derive most of our
microclimate model data. The primary effect of increasing latitude to 45°N appears to
have been a result of increased daylight hours midyear and decreased daylight hours
during the winter months. This is most apparent in the increased hours/day that core

temperature was maintained, midyear, and decreased during the winter months relative
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to those observed at 12°N (Fig. 12). The model is more sensitive to microclimate
temperatures than variance in insolation due to increased latitude. The remainder of the
study uses insolation values from 12°N paleolatitude, and treats the cold microclimate
as a surrogate for temperate latitudes. As more paleoclimate proxy data becomes

available for higher latitudes this can be more rigorously tested.

45 N |atitude 12 °N latitude

0

24—Hour
core temp (°C)

J Month D

Figure 5. Effect of latitude (Plateosaurus) sensitivity analysis.

Heat maps of core temperature (top) and shade utilization (bottom) demonstrating the increase
in daylight hours midyear and decrease in daylight hours during the winter months at high (45°N)
latitude relative to low (12°N) latitude.

Yates Analyses of climate parameters:

To test the main and interactive effects of four primary climate parameters
(temperature, humidity, wind speed, and cloud cover) a 2* factorial design and Yates’
algorithm [14] was analysed (Fig. 13). The results show that temperature has the largest
effect on our modeled organisms’ annual energy budget. The fully insulated

Coelophysis was modeled with and without the behavioral ability to ptiloerect. With
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ptiloerect enabled, Coelophysis was less affected by wind speed - likely due to an
increased boundary layer provided by ‘fluffing’ up the insulation layer; temperature had
an order of magnitude more effect than any other climate variable for the fully insulated
Coelophysis. Wind speeds had the second greatest effect, while humidity and cloud
cover were both negligible. The uninsulated Coelophysis and Plateosaurus had similar
responses to the four climate parameters; temperature was still the dominant effect, but
only by a factor of 2. Because temperature and insulation have a large effect on the
results, we include all insulatory states, as well as temperature ranges for all of the

following analyses.
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Figure 6. Yates analysis of climate parameters.

Climate parameters temperature, humidity, wind, and cloud cover demonstrate the strong
effect temperature has on annual metabolic energy. Wind was the second most significant
effect, while humidity and cloud cover were both negligible. Note: both uninsulated models
(Coelophysis and Plateosaurus) were strongly affected by temperature and wind; the insulated
models were not as greatly impacted.
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Figure 7. Coelophysis mass estimate sensitivity analysis.
Six models were generated for a 15, 21, 30, 40, 50, and 60 kilogram Coelophysis.

Figure 8. Plateosaurus mass estimate sensitivity analysis.

Outlines of the Niche Mapper models represent the 600, 850, 1150, and 2000 kilogram
Plateosaurus.
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Figure 9. Effect of variable target core temperatures (narrow CTR).

Active thermoneutral zones of 6 metabolic rates, left to right for each

of the 16 polygons,

(Squa = squamate [15], Mono = monotreme [16], Mars = marsupial [16], Ratite = ratite [17], Euth
= eutherian [16], Euth*=eutherian [15] at four different target core body temperatures with a
narrow core temperature range (+/- 2 °C). The thermoneutral zones for the lowest target core
temperature for Plateosaurus and the lowest two for the fully insulated Coelophysis extend below
zero °C, but our analyses stopped at 0°C. References [15,16,17] are in the main text.
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Figure 10. Effect of variable target core temperatures (broad CTR).
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of the 16 polygons,

(Squa = squamate [15], Mono = monotreme [16], Mars = marsupial [16] Ratite = ratite [17], Euth
= eutherian [16], Euth*=eutherian [15] at four different target core body temperatures with a broad
core temperature range (+2/-13 degrees C). The thermoneutral zones for Plateosaurus and the

fully insulated Coelophysis extend below zero °C, but our analyses stopped a
[15,16,17] are in the main text.
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Extending the lower boundary of the broad CTR allowed Coelophysis to maintain its target ME
(+/- 5% of 2xRMR). However, T, does not exceed 30°C for more than 5 months of the year in
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40

Ecto
RMR

w
o

Mono
RMR

|

[ ':

Cold

Moderate

temp (32°C)

[
o

Ratite
RMR

i

]

40975 T
o
| HEREE
B o=
o
o (S
30 bl -
~ 5 e
49 <2 . B
o 05 £
0 2
Z o —
T E
85 3
20 5| e
I S

temp (32°C)

N
o

Metabolic

Tem
Peore Energy

% Shade

core

With a broad CTR Coelophysis was able to maintain a target T, of 32°C with a high RMR, fully
insulated in cold and moderate microclimates and with moderate to no insulation in the hot
microclimates. Average T, was: 33.2°C with high RMR and full insulation in the cold
microclimate, 32.5°C with high RMR and top-only insulation in the moderate microclimate, and
34.7°C.

w/ broad CTR; Coelophysis (all).
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Table 1. Average annual T_,,, Coelophysis (all).

Broad CTR 32 degree Target Broad CTR 3B degree Target
RMR Microclimate RMRE Microclimate
Cold Moderate Hot Cold Moderate Hot
" Squa 276 293 319 . Squa 275 295 332
£ Monao 03 332 EL: = Mono 1.0 343 375
3 Ratite 332 356 37.8 = Ratite 36.7 385 39.0
2 Squa 27.1 28.3 324 5 Squa 27.1 28. 325
=4 Mona 27.5 301 34.4 = Maono 28.0 30.4 34.5
[ Ratite 8.9 325 I5.6 T Ratite 796 332 37.0
= Squa 273 290 320 = Squa 274 291 320
3 Mono 27.9 257 334 £ Mano 28.0 29.9 335
= Ratite 285 30.8 347 = Ratite 28.8 31z 35.0
Moderate CTR 38 degree Target Marrow CTR 38 degree Target
RMR Microclimate RMR Microclimate
Cold Moderate Hot Cold Moderate Hot
> Squa 320 ERRS 343 2 Squa 16.0 36.2 7.2
= Mong 332 46 367 ] Mono 16.4 37.0 32.0
2 Ratite 36.1 381 i8.8 = Ratite 375 38.6 39.0
& Squa 32.0 323 338 15 Squa 36.0 36.1 37.0
E Mono 320 328 345 e Maono 16.0 36.3 373
b Ratite 323 337 36.0 Z Ratite 36.1 367 3737
5 Sgua 32.0 ER 341 e Squa 16.0 36.1 7.1
= Mong 32.0 330 345 = Mono 36.0 36.3 37.3
= Ratite 323 336 34.8 = Ratite 36.0 6.7 375
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S1 Table. Target resting metabolic rates for classes of animals.

Taxa Mass (kg) Tcore (C) [1] [2] [2] [3] [1] [2] [1]
Class (target RMR) (W) Squa Mono Mars Ratite Mars Euth Euth
Coelophysis 21 38 3.339 12.345 20.575 22.161 23.973 26.561 33.262
Plateosaurus 850 38 70.143 179.933 299.888 301.071 366.626 387.129 533.757
Varanus komodoensis 6.7 38 1.348 5.399 8.998 9.904 10.329 11.615 14.12

Reference [#], Class

(watts)

[1], Squa (squamate) ((0.202 10"(0.038 Tc-1.771))+M "0.82)/3.6
[2], Mono (monotreme) (0.033*((M*1000)"0.724))*0.28

[2], Mars (marsupial) (0.055 (M 1000)"0.724) 0.28

[3], Ratite (0.07157 ((M*1000)"0.705)) 0.28

[1], Mars (marsupial) (2187*M " 0. 737)"(4.185/3 600)

[2], Euth (eutherian) (0.071 (M*1000)"0.724) 0.28

[1], Euth (eutherian) (70*M " 0.75) (4.185/(24 *3.6))
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