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Review

Linking ecomechanical models and functional
traits to understand phenotypic diversity

Timothy E. Higham,1,* Lara A. Ferry,2 Lars Schmitz,3 Duncan J. Irschick,4 Samuel Starko,5,6

Philip S.L. Anderson,7 Philip J. Bergmann,8 Heather A. Jamniczky,9 Leandro R. Monteiro,10 Dina Navon,11

Julie Messier,12 Emily Carrington,13 Stacy C. Farina,14 Kara L. Feilich,15 L. Patricia Hernandez,16

Michele A. Johnson,17 Sandy M. Kawano,16 Chris J. Law,13,18 Sarah J. Longo,19 Christopher H. Martin,20

Patrick T. Martone,5 Alejandro Rico-Guevara,13 Sharlene E. Santana,13 and Karl J. Niklas21

Physical principles and laws determine the set of possible organismal pheno-

types. Constraints arising from development, the environment, and evolutionary

history then yield workable, integrated phenotypes. We propose a theoretical

and practical framework that considers the role of changing environments. This

‘ecomechanical approach’ integrates functional organismal traits with the eco-

logical variables. This approach informs our ability to predict species shifts in

survival and distribution and provides critical insights into phenotypic diversity.

We outline how to use the ecomechanical paradigm using drag-induced bending

in trees as an example. Our approach can be incorporated into existing research

and help build interdisciplinary bridges. Finally, we identify key factors needed

for mass data collection, analysis, and the dissemination of models relevant to

this framework.

Using the ecomechanical approach to understand the rules of life

All forms of life must comply with physical laws, resulting in a series of ‘universal’ or ‘hard’

constraints (see Glossary) [1,2]. Although these constraints limit the possible phenotypes,

‘local’ or ‘soft’ constraints emerge as a consequence of ecological, developmental, and

evolutionary processes that determine which phenotypes are adaptive. Thus, any realized pheno-

type is the result of: (i) physical principles and processes; (ii) the context in which the organism

performs the manifold tasks required for growth, survival, and reproduction (i.e., organism–

environment interactions); and (iii) its evolutionary history [1,3].

Function is a key concept at the intersection of developmental biology, ecology, and evolution [4].

Function interacts with ontogenetic and reproductive changes, and thus profoundly affects

survival and fitness [5,6]. It also affects community and ecosystem-level processes, as well as

macroevolutionary patterns of diversity including biogeography, diversification rates, and specia-

tion [7]. Therefore, the concept of function bridges all levels of biological organization. Indeed,

there is growing momentum to connect functional traits (FTs) and mechanics of organisms

to their environments (i.e., ecomorphology and ecomechanics) in order to predict survival,

reproduction, and community structure [8–13].

We aim to reinvigorate an integrative approach that incorporates physics as the basis for

organismal FTs [14]. FTs are morphological, phenological, and physiological characteristics

affecting an individual’s fitness [15]. They are often measurements of convenience (i.e., defined

a priori based on ease of collection), but one way to formalize the function of a trait is to use

biophysical models to identify relevant traits and quantify how these traits contribute to overall

performance. These models can reveal integrated or compound FTs that provide greater insight
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than any single FT taken in isolation [16]. However, understanding the limits to organismal

survival, which necessarily includes abiotic as well as biotic factors, requires a mechanistic

model that includes such factors [17]. This differs from many approaches that are solely reliant

on intrinsic features of an individual (Figure 1), such as the Newtonian mechanics governing

animal motion. Our framework focuses on the former [i.e., models that include individual traits

and environmental variables (EVs) (Figure 1)], which we term ecomechanical models.

Key EVs in these models include fluid speed (wind or water), temperature, and habitat structure,

all of which have strong effects on organismal form and function.

TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure 1. Three ways in which to use functional traits (FTs) in biology. The top example indicates that FTs, and

interactions among them, can be used to estimate performance (and ultimately fitness) within a given ecological context

(green box). The middle example incorporates a biomechanical model that includes FTs as inputs. The output of the

biomechanical model is used to predict performance in a given ecological context. The bottom example, which we are

proposing as most useful in the study of organisms, incorporates an ecomechanical model. In this case, the inputs are

both FTs and environmental variables (EVs), and the output of the model is again used to predict performance in an

ecological context. Not only can FTs interact with one another, but EVs can also alter the properties of FTs (see text for

details). This integrative approach is ideal for understanding ecological performance.
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The general framework of our approach is outlined in Figure 2. A trait, or series of interacting

traits, will, based upon one or more biophysical laws, dictate the ecological perfor-

mance of an organism. The trait-to-performance link can occur rapidly, in ‘real’ time,

ranging from nanoseconds to minutes. However, this framework extends to changes in

environmental conditions (represented by environments 1, 2, and 3 in Figure 2) over

short (e.g., seasons) or long periods of time (e.g., millions of years). Additionally, our

framework accounts for developmental time, which can change the way in which the or-

ganism interacts with and within its habitat. This framework, therefore, builds upon the

form–function–fitness paradigm by considering ecomechanical performance over relevant

timescales. Later, we highlight the novelty of ecomechanical models, and expand on

these timescales: rapid, ecological, evolutionary, and developmental. We illustrate the util-

ity of our framework using bending mechanics as an example, since it is broadly appli-

cable across nearly all organisms. This example illustrates the critical role of stochastic

EVs and FTs in ecomechanical models.

Ecomechanical models and organismal safety factor

Organismal performance relies upon the coordinated response of multiple FTs in a given ecological

context. Importantly, an ecomechanical framework permits the prediction of survival in the face of

changing conditions using a quantitative framework [18]. A prime example, which we highlight later

in our case study, is maximum breaking stress in plants (Box 1, and Figure 3). This model can be

applied to any cantilevered organism, such as coral (Figure 3), and includes morphological

traits (diameter, length, etc.) and characteristics of the ambient fluid (air or water), such as velocity

and density.

Key to understanding survival is the determination of an organism’s safety factor, both

within the bounds of current conditions and predicted future conditions. Safety factors

represent a margin of protection against failure; for example, a safety factor of 2 indi-

cates the maximum load that can be withstood without material failure is twice the

load actually experienced by the organism. Higher safety factors are, therefore, benefi-

cial and may be more common in systems with unpredictable loading regimes; however,

they can be costly to maintain, as doing so often requires additional investment in

material. These periodic moments of excessive force have been considered potential

drivers of evolution. For example, amphisbaenians and skinks that burrow may occa-

sionally encounter sharp-edged objects that result in very high local stress, requiring a

reinforced skull to avoid failure [19].

Ecomechanical models provide an opportunity to explore safety factors under current and pre-

dicted environmental conditions. A classic example is the prediction of dislodgement of mussels

by wave-induced forces using a combination of time-varying hydrodynamic forces and mussel

attachment strength [17]. Knowing the attachment ability of mussels and the magnitude of

wave forces then provides a critical tenacity that must be achieved to remain attached to the

substrate. Models of future changes in wave action can then be incorporated to determine the

biomechanical robustness of the system.

Bending and breaking: organisms in fluids as model systems

There are two ways in which a fluid (water, air, or both; Figure 3) can exert force on an organism:

pressure and friction. In turn, this force can reach sufficient magnitude to cause an organism

attached to a substrate (e.g., sponges and trees) to bend or, as highlighted previously,

be dislodged from the substrate. A bending moment is the product of a distance or length

(e.g., tree trunk or branch), and an external force. On land, two predominant external mechanical

Glossary

Bending mechanics: the behavior of a

slender structural element subjected to

an external load applied perpendicularly

to it longitudinal axis.

Biomechanics: the study of the

mechanical design of organisms.

Biophysical models: simulations of

biological systems using mathematical

formalizations of the physical properties

of that system.

Constraint: anything, internal or

external to an organism, that limits the

production of new phenotypes.

Drag: the force exerted by a moving

fluid on an organism.

Ecological performance: the ability to

execute an ecologically-relevant

behavior.

Ecomechanics: the study of the

mechanisms underlying the interactions

of organisms with their biotic and abiotic

environment.

Ecomechanical models: models that

include individual traits and

environmental variables (EVs).

Ecomorphology: the study of the

relationship between the morphology of

an organism and its environment.

Force: mass multiplied by acceleration.

Functional traits (FTs):morphological,

phenological, and physiological traits

affecting an individual’s fitness.

Isometry: the maintenance of shape

with changes in size.

Ontogenetic change: changes

attending the growth and development

of an organism that can alter an

organism’s interactions with its

environment and how the environment

interacts with the organism.

Reynolds number (Re): a

dimensionless number that describes

the quotient of inertial and viscous

forces.

Safety factor: in biology, refers to the

dimensionless quotient of a structure’s

ability to resist mechanical stresses, and

the maximum stress that it is likely to

experience over its lifetime in its

environment.
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forces are gravity and drag. The acceleration of gravity is a constant force that organisms

respond to and accommodate as they grow in size. By contrast, the magnitude of drag changes

with flow speed (Box 1). In addition to the fact that organismal diversity has likely been shaped

significantly by fluid forces, fluid (air and water) speeds are commonly projected to change as a

consequence of climate change [20], leading to altered hydrodynamic and aerodynamic forces.

Be it a bone or a branch, bending is ubiquitous among plants and animals [21,22]. Bending can

be advantageous, as in elastic energy storage mechanisms and in drag reduction, or it can be

detrimental, resulting in breakage. The observed bending (or breakage) is defined by functional

attributes, many of which are provided in online databases. For plants, resisting bending, or at

least failure, is important to maintain normal loads (e.g., the weight of a leaf lamina extending

from a petiole [23]). Excess force, as might occur in variable environments, presents a situation

that could result in breakage (safety factor <1), such as drag-induced bending moments due to

an extreme wind event [24]. That said, being able to deflect energy is also critical for some plants,

leading to a reduction in drag by orienting the bulk of the structure parallel to the direction of the

fluid (Figure 3). These examples are dynamic, which means that a model explaining the role of the

FT and the range of forces being experienced are necessary.

Community ecology and biomechanics

In 2010, Vellend proposed that all community level processes can be classified into four key

categories: dispersal, selection, drift, and speciation [25]. With the exception of drift, each of

the remaining processes is strongly tied to biophysics and organismal function. Thus, our

ecomechanical framework can be applied to almost all community-level processes. Dispersal

may be broadly defined as the movement of individuals through space either by passive or active

transport (e.g., the wind dispersal of seeds and fruits, or the flight of insects and birds). The laws

of diffusion, for example, define dispersal–distance curves [26], in which propagule concentration

is highest near the source [26,27]. Many organisms have evolved dispersal mechanisms that take

advantage of fluid dynamics and moving air or water currents. Examples include the timing of

TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure 2. Framework for linking functional traits (FTs) to the environment and evolution. The relationships between FTs and fitness depend strongly on the

environment (shown as Environment 1, 2, and 3 at each developmental stage) and developmental stage of the organism. In the case of development, it might be

that the organism interacts differently with a similar environment as it grows, or the environment itself might change as an animal grows (e.g., habitat shifts). Traits

not only combine, in some cases, to define a specific level of performance, but traits can also act indirectly through another trait (shown as broken yellow and

white lines on left panel).
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spawning events in intertidal mussels (Mytilus) [26] and corals (Cnidaria) [27], as well as the

elaborate winged fruits of maples (Acer palmatum) [28], and the ovulate scales of pinecones

(Pinus) creating airflow patterns directing pollen toward receptive surfaces [29].

Migration is another important (passive or active) component of dispersal. In the ocean, long-

distance dispersal is commonly linked to buoyancy [30,31]. In habitat-forming brown algae

(e.g., kelps), buoyancy is a convergent trait shared by multiple lineages [32,33]. Buoyant algae

can form large rafts known to travel across reefs [34] or even across oceans [35]. In some corals,

and some terrestrial plants, asexual reproduction occurs through fragmentation and subsequent

vegetative growth of the fragments that are transported elsewhere [36], highlighting the role of

mechanics.

Environmental conditions affect the composition of communities by filtering, or limiting the survival

and presence of, organisms adapted to their local environments [37,38]. This selective process

has two components, abiotic gradients (e.g., temperature, precipitation, and light) [39–42]

and biotic factors (e.g., interspecific competition and prey–predator interactions) [43,44].

Ecomechanical models connect abiotic and biotic factors and provide the ability to predict

community composition in the present, past, and future.

Box 1. The evolution of drag-induced bending mechanics and safety factors in trees

The use of ecomechanical models is illustrated by assessing the ability of a tree to resist the bending moments resulting from the drag forces induced by oncoming wind

(Figure I). For simplicity, the geometry of a tree’s canopy is modeled as a vertical prolate spheroid with a projected sail area, S, equal toπab/4, where a and b are canopy

height and canopy width, respectively (Figure 3A). The maximum bending stress, σmax, at the base of a trunk is given by the formula

σmax ¼ 4M=πr3; ½I�

whereM is the bending moment and r is the radius of the trunk at its base. The bending moment is equal to the product of the drag force, Fd, exerted by the oncoming

wind and the effective height of the canopy, He, for example,

M ¼ Fd He; ½II�

and the drag force is given by the formula

Fd ¼ 0:5ρSU2Cd ; ½III�

where ρ is the density of air, U is wind speed, and Cd is the drag coefficient. Thus, substituting Equations [II] and [III] into [I] yields the formula

σmax ¼ ρabU2Cd He=2r
3: ½IV�

The safety factor, SF, against wind-throw equals the quotient of the critical breaking stress, σcrit (i.e., the maximum stress that the wood at the base of the tree can

sustain before breaking) and the maximum bending stress at the base of the trunk. Thus,

SF ¼ σcrit=σmax ¼ 2r3σcrit= ρabU2Cd He

� �

: ½V�

Three of the parameters in Equation [V] can be asserted a priori (i.e., the density of air at 15°C is 1.225 kg/m3, the drag coefficient of a prolate spheroid subjected

to turbulent airflow is 0.20 (unitless), and the average critical breaking stress of greenwood across a broad spectrum of eudicot trees is 9.7 GN/m2). Specifying the

remaining variables in Equation [V] clearly depends on the dimensions of the tree and the ambient wind speed. Our estimates of safety factor may be considered

exceptionally high because they assume that the trunk has a uniform radius, that the wood has no flaws, and that the wind speeds are steady. They also neglect

uprooting due to root–crown oscillations, and ignore the additional loading resulting from rain and flying debris. Nevertheless, it provides an upper boundary condition

and reveals which biotic and abiotic factors influence windthrow and safety factors.

In addition to this ecomechanical model (drag-induced bending in trees), there are numerous models that could be leveraged to explore developmental, ecological

and/or evolutionary questions. For many of the existing models, trait inputs are available in online databases, as are historical and current environmental variables

(EVs). These models can be used to define which functional traits (FTs) should be measured moving forward, along with the relevant ecological variables.

Examples include gecko adhesion (Box 2), running on water in lizards, bite force in mammals and other groups, and aerodynamics of flight in birds and bats

(Figure S1 in the supplemental information online).
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Ecomechanics through the lens of time

Rapid organismal-level events

The expression of a FT, which is important for ecomechanical models, is often rate-dependent.

Thus, considering how FTs respond to varying loading rates will be of prime importance when

predicting how organisms function in their environment. For example, force and energy are linked

to prey capture and feeding through their transfer from the predator to its prey via an attack

[45,46]. However, the time frame over which force (or energy) is transferred to a target differs

widely, from chewing in mammals [46] and crushing in coconut crab claws (Birgus latro) [47] to

high-speed strikes in snakes (Crotalus sp.) [48], aquatic bladderworts (Utricularia sp.) [49], and

mantis shrimp (Odontodactylus scyllarus) [45]. Identifying the rate of force–energy transfer

between predators and prey is essential to evaluating traits such as bite force or strike energy

because materials, especially biological materials, respond differently when loaded at different

rates [50–53].

TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure I. The evolution of safety factor among 37 extant tree species from Peru [101], illustrated through an evolutionary traitgram on the left and a

mapping of ancestral states on the right.We pruned a time-calibrated molecular phylogeny for angiosperms [102] to match our data, and visualized the estimated

safety factors through functions in the phytools [103] and ggtree [104] packages for R. The evolutionary traitgram is a projection of a phylogeny calibrated to time (x-axis)

in a space defined by safety factor (y-axis). Based on data on living species alone, the traitgram suggests an increase in maximum safety factor over the last 100 million

years. A safety factor of 0 (top blue broken line) is the point at which a tree is considered susceptible to damage, and only very few species have safety factors less than

50 (lower broken line). Most species appear to be overbuilt. The mapping of ancestral states underscores this pattern and suggests that the traits underlying large safety

factors (>400) evolved several times independently.
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Box 2. Real world gecko adhesion as a future ecomechanical model

Dry adhesion, an attachment mechanism found in a variety of invertebrates and squamate reptiles, has a rich history in

engineering and biological sciences [93]. Despite the widespread appreciation of the adhesive apparatus in geckos

(Figure II), few attempts have been made to incorporate ecological aspects, such as humidity and substrate roughness,

with a few exceptions [94,95]. However, these factors are likely determinants of both the origin, evolution, and function

of the system [96]. Several models have been used to describe adhesion, especially in geckos. The Johnson, Kendall,

Roberts (JKR) model describes the force F required to pull an elastic sphere, with a radius R, from a flat surface [97].

Predicted adhesion is then calculated by:

F ¼ 3

2

� �

πRγ ; ½VI�

where γ is the adhesion energy between the sphere and the surface. Expanding on this, Arzt et al. utilized the JKRmodel to

examine the role of setal density in adhesion from insects to geckos [98]. They note that adhesion force is relative to a linear

dimension of the contact. Thus, dividing the contact area into a number of n subcontacts (in this case, setae), each with a

radius of R=
ffiffiffi

n
p

(reflecting self-similar scaling), adhesion increases to:

F 0 ¼
ffiffiffi

n
p

· F ½VII�

As noted by [99], the force of adhesion (FC) can be largely explained in both natural and synthetic systems through the fol-

lowing equation in which GC is defined as a measure of surface energy as defined by the material to which adhesion

occurs (see [99] for more details), A is the area of the adhering pad, and C is system compliance. In an analysis across

14 orders of magnitude, [99] showed that stiffer materials produce more powerful adhesion.

FC ¼
ffiffiffiffiffiffiffi

GC

p

·

ffiffiffiffi

A

C

r

½VIII�

Natural surface topography will alter the A in the previous equation, with rough surfaces reducing A, thereby reducing Fc. For

example, on rough sandstone surfaces, only 1.1–3.6% of the surface in the uppermost 30 μm is available for the

establishment of the adhesive bond [100]. By contrast, almost 100% of this same region is available on artificially smooth

surfaces. As a validation of this reduction in force, geckos from the genus Phelsuma exhibit a reduction in adhesion with

increasing roughness (Figure II). Future work could incorporate these basic models in tests of adhesion across spatiotemporal

gradients. This ecomechanical approach will be critical when trying to understand the evolution of adhesion.
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Figure II. Gecko adhesion on different surfaces. Presented here is clinging performance for three species of day

geckos (genus Phelsuma) on surfaces varying in roughness. Shown are data for Standing’s day gecko (P. standingi),

the yellow-headed day gecko (P. klemmeri), and the Madagascar day gecko (P. madagascariensis). Sq represents area

roughness. Clinging force measurements are from [94].
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Generally, when strain rates increase, biological materials become stiffer [50,54] as a conse-

quence of their viscoelasticity. Thus, a material that undergoes deformation under a static load

will deformmuch less under the same force applied at higher speeds. The consequences of strain

rate on force–energy transfer have been explored in high-speed puncture tests where the volume

of deformed material is inversely proportional to the strain rate [55], and higher speeds allow

for greater puncture depth before the macroscopic deformation of test materials [56]. From a

biological perspective, it is less clear how the bite force of an animal measured under static

conditions might change with different jaw closing speeds. It is certainly the case that animals

will close their jaws at different speeds given varying external conditions affecting the feeding

interaction. Jaw-opening in fish is another example of rate-dependent function, as it is fundamen-

tally different when performed at different speeds. However, only sudden, high-speed gape

opening and cavity expansion leads to suction production, which is essential for prey capture

in many vertebrates [57] and even in some plants [58]. These examples illustrate the need to

properly parameterize ecomechanical models with realistic EVs and FT values.

The environment in which an organism lives often changes through time (Figure 2), which causes

it to continually experience varying rates of applied forces. Examples of this include varying wind

conditions at the edge of a forest and varying water flows in an intertidal zone. How FTs respond

TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure 3. The interaction between fluid flow (air or water) and organisms. Trees will bend as wind speeds increase

(upper panel), coral will resist bending (lower left), and bull kelp will bend and align with the direction of flow in water (lower

right). Our model is superimposed on the tree in the upper left, where Fd is the drag force, S is the area of the canopy, a is

the height of the crown, and b is the width of the crown.
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to varying loading rates will therefore impact responses to global change [59]. The environment

(e.g., wind speed) not only affects how a FT will contribute to performance, but also potentially

alters the properties of the FT itself (Figure 1). For example, higher wind speeds will increase

drag forces on a bending tree, but may also increase the stiffness of the tree through rate-

dependent material properties discussed previously.

The response of an organism to changes in the environment can lead to performance thresholds

being crossed, such that an organism shifts to a different micro-environment where performance

is enhanced. For example, the rate of fluid movement affects the interplay between inertial and

viscous forces [designated by the Reynolds number (Re)]. Faster speeds can allow small

organisms to transition to higher Re regimes, allowing them to overcome viscous forces in a

new microenvironment [60,61].

Development/ontogeny (individual-level timescale)

As noted, organism–environment interactions are constantly in flux. This not only arises from a

variable environment, but also a variable organism (i.e., organisms experience their environment

differently as they develop, and most organismal traits depend on size). Organism–environment

interactions should be considered relative to directionality: both the effect of the environment

on the organism and the capacity of the organism to perform in the environment may be altered

in response to ontogenetic change. Ecomechanical models provide the framework for investi-

gating how developmental changes will influence performance in a changing environment.

Size influences almost every aspect of an organism’s biology, including biomechanical relationships

(e.g., [62]). As such, changes in size over time will affect organism–environment interactions. In an

aquatic environment, Re, as discussed previously, is not only influenced by speed, but also size.

Therefore, escaping the viscous regime can be accomplished by increasing swimming velocity

and/or by increasing size. In fact, it appears that many fish invest in quick growth to avoid problems

associated with viscosity, rather than adapt to the viscous flow regime [63]. This example highlights

just one way in which development can play a critical role in determining the relationships between

biomechanics, behavior, and responses to changing ecological conditions.

Maintaining geometric similarity (similar shape) is referred to as isometry, whereas the change in

one or more aspects of shape relative to body size indicates allometry. Isometric growth can

have negative consequences, which will ultimately place constraints on the biomechanics of an

organism. A common example is stress on support elements in a terrestrial environment [64].

The forces applied to skeletal elements are directly proportional to body mass. However, cross-

sectional area of the element increases as the 2/3 power of body mass. This scaling relationship

increases the risk of mechanical failure in larger organisms, although mammals circumvent this

issue by larger species exhibiting a more upright posture (increased effective mechanical advan-

tage) [64]. Ecologically-relevant situations, such as food consumption, pregnancy, or carrying

young, will exacerbate this problem, potentially reducing the safety factor [65].

Many organismal structures exhibit changes in mechanical properties throughout development

[66,67]. A common driver of these changes is altered demand from the organism’s environment.

Thigmomorphogenesis in plants is a prime example, whereby plants sense and respond to

mechanical stimuli, in some cases leading to strengthening of the tissue [68]. Thus, without con-

sidering the developmental stage of an organism and its ecology, it would be difficult to interpret

biomechanical and morphological phenomena. It is common for organisms to exhibit an increase

in structural stiffness through development, which leads to less deformable structures, but also

more efficient locomotor systems [69]. Similarly, strength (i.e., maximum stress) commonly
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increases throughout ontogeny in plants and animals [70,71] due to microstructural changes

such as lignification or calcification/ossification. Like the rate-dependent shifts in FT properties,

development must be considered when parameterizing ecomechanical models.

Structural changes can occur as organisms grow and deal with changes in organism–environment

interactions, but the environment can also influence the mechanical properties of organisms

directly. Ocean acidification, for example, can compromise the structural properties of calcified

organisms (e.g., coral) by reducing calcification or increasing dissolution [72]. Interestingly, early

developmental stages are often more negatively affected. In addition to calcification, ocean acidifi-

cation can also influence attachment mechanisms in marine invertebrates. For example, the pro-

teinaceous byssal threads of mytilid mussels are negatively affected, reducing the extensibility,

force to break, and tenacity of attachment to hard substrates [73].

Evolution: constraints, convergence, and ecomechanics

The basic laws governing the behavior of mass and energy are invariant, which establishes what

can be called ‘hard’ or ‘universal’ constraints, boundary conditions that no form of life can

trespass. These establish what is physically possible and what is impossible [2]. An excellent

example of a universal constraint is that of arm swinging (i.e., brachiation) in gibbons, which

generally follows the constraints imposed by a pendulum model [1]. However, pendular mechanics

cannot define all aspects of brachiation; transition between handholds involves a loss of mechanical

energy that requires input from the animal [74]. All forms of life also face ‘soft’ or ‘local’ constraints,

the trade-offs that emerge as organisms performmultiple functions to grow, survive, and reproduce.

In turn, how these trade-offs are accomplished (phenotypic ‘solutions’) help inform how biodiversity

has evolved [75,76]. When cast in the context of theoretical morphology, hard constraints can be

thought of as prohibited regions in a morphospace, whereas soft constraints can be thought of

as the roads that lead to adaptive morphologies provided that organisms can evolve ways to

navigate them. Unlike hard constraints, soft constraints can change over the lifespan of an organism,

or over ecological or evolutionary time just as they can differ in space (local to global) (Figure 4). Most

tasks cannot be maximized simultaneously, and must trade off with other performance tasks.

However, there are different solutions for achieving the same set of functions, a principle known

as many-to-one mapping [77–79].

The direction of evolution is often governed by ecological conditions, thus highlighting the

importance of ecomechanical models. Fishes are a prime example, in which body form has

frequently diverged along ecological gradients including flow, predation, and habitat structure

[80]. Those fish species that evolved in high flow, low predation, and open habitats, often

have more streamlined bodies and higher aspect ratio caudal fins for prolonged swimming.

Swimming performance (e.g., endurance) is then dependent on both ecology (e.g., flow) and

FTs (e.g., body and fin shape). The idea of trade-offs arises here, where these morphological

traits are suboptimal in low flow, high predation, and/or highly structured habitats. This has

led to widespread convergent evolution in body form across fishes [81], aquatic mammals

[82], and aquatic reptiles [105], emphasizing that ecomechanics strongly influences the evolu-

tion of phenotypic diversity. Convergence, trade-offs, and many-to-one mapping are prevalent

across the tree of life in various environmental scenarios, but ecomechanical models provide

the tool to understand them.

Data pipeline and open trait networks

To implement ecomechanical models on a wide scale, we note that databases must be expanded

and coordinated, and their accessibility increased. However, the nature of data collection, at

present, is inherently slow. Experiments, field observations, and data processing are rate limiting.
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As a result, sharing data needs to become a priority such that the working life of any single

datapoint is prolonged beyond a single study [84]. To do this, we must standardize data acquisi-

tion, reporting, and archiving, to ultimately ensure that data collection and statistical analyses

remain comparable and reproducible across researchers. Given the range of ecomechanical

models and organismal systems, it is not possible to detail every aspect here. However, we outline

guidelines that should be considered.

TrendsTrends inin EcologyEcology & EvolutionEvolution

Figure 4. The realized phenotype of organisms is expected to reflect the changes of performance and fitness

landscapes through evolutionary time. In contrast to the ecological and developmental time scales in Figure 2, we now

consider time points that may be separated by many millions of years. The evolutionary traitgram on the left illustrates

phenotypic changes throughout the history of a hypothetical clade, with the phenotype represented by the area defined

by x- and y-axis, and time represented by the z-axis. The time slices t1 and t2 represent two different times in history of

the clade. The broken blue ellipses represent the limits of realizable phenotypes set by ‘hard’ constraints which are

invariant over time. For each time slice, one can model performance as a function of the phenotype, resulting in

performance landscapes that are illustrated in the right panel. The position and number of performance peaks that arise

from phenotypes can change through time. Note that the performance peaks for a specific function and phenotype may

not equal the fitness peak for the whole organism. As landscapes change, so do the relationships outlined in Figure 2. In

other words, the environment might have been dramatically different at t1 than t2, and an ecomechanical model could be

used to predict the performance–phenotype relationships across time. Red dots on the left panel indicate the end of a

branch, such that lower red dots represent extinct species.
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A standardized data pipeline would allow us to quickly and easily record data from focal taxa,

especially those in natural settings, automatically process those data to return all salient variables,

and archive the data in a publicly accessible format. That level of flexibility (e.g., in terms of field

recording) and automation for functional data does not currently exist within a single framework.

However, aspects of such a pipeline are beginning to take shape, with data acquisition, process-

ing, and archiving tools being added every day. In terms of data acquisition and the ability to

capture video in nature, rigs like BeastCam [85,86] permit full 3D point cloud data acquisition.

Relatively affordable drone setups for 2D data, as well as video setups for 3D in the field

[87] are available. Further, there is enormous potential to engage in community-led science by

encouraging those with pit traps and camera traps to share videos with the scientific community.

In fact, new advances permit inexpensive high-speed video in combination with an automatic

trigger [88]. For data processing, there are already excellent open-source tools that facilitate

the extraction of mechanical data. For example, StereoMorph [89] is an open-source alternative

for manual tracking, and DeepLabCut [90] automates high-throughput video tracking. What is

needed is more coordination among all of these software and hardware elements into easy-to-

use, integrated workflows.

This pipeline will only be effective if we use open-source tools with standardized, open file for-

mats and implement best-practices for the inclusion of salient metadata. This has been done

extensively for FT data, but has not been extended to higher-level biomechanical traits. For

video data, we recommend establishing a standard for reporting camera position, scale,

frame rate, and resolution of videos, whether those videos are original works or mined from

other sources. Additionally, environmental factors such as physical location, temperature,

fluid speed, humidity, size, and date should follow minimum-acceptable metadata standards.

This information should be included in video archives and in data reporting, facilitating the inte-

gration of FTs and EVs for ecomechanical models. We encourage readers to reference [91],

which provides a rubric for data management practices, as well as Darwin Core (DwC) meta-

data standards. Ultimately, we see that improving access to affordable, high-quality, portable

methods of data acquisition, combined with methodological standardization of data collection

and analysis, will have a profound impact on our ability to answer the ‘big questions’ associated

with the rules of life.

Concluding remarks

The ecomechanical approach advocated here is critical for understanding patterns of species

distributions and interactions, developmental patterns, and evolutionary processes. Although

ecomechanical modeling is not new (e.g., [92]), this approach has yet to be adopted on a

broad interdisciplinary scale to investigate organism–environment interactions. Here, we high-

light how and why such models should be adopted across diverse systems. To facilitate the

applicability of ecomechanical models in the broadest context, we must expand FT databases

to include biomechanically-meaningful traits, standardize the collection of these biomechanical

traits, and increase the access to models using these traits via freely-available online platforms.

By doing so, we can start addressing key questions about the phenotypic diversity and the

interplay between ecology and biomechanics (see Outstanding questions). We are at a turning

point where we can leverage technological advances and big data to further explain the rules

of life.
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Outstanding questions

How does development influence the

ecomechanics of organisms?

How do rapid changes in environmental

conditions influence functional traits?

How does the rate of loading indirectly

affect performance through changes in

functional traits?

How have safety factors evolved

across the tree of life, or within

individual lineages?

How do soft and hard constraints

affect phenotypic diversity?

Can ecomechanical models be used to

predict the future in the face of global

change?

Trends in Ecology & Evolution
OPEN ACCESS

12 Trends in Ecology & Evolution, Month 2021, Vol. xx, No. xx



Declaration of interests

No interests are declared.

Supplemental Information

Supplemental information associated with this article can be found online at https://doi.org/10.1016/j.tree.2021.05.009.

References
1. Taylor, G.K. and Thomas, A.L.R. (2014) Evolutionary

Biomechanics: Selection, Phylogeny, and Constraint, Oxford

University Press

2. Alexander, R.M. (1985) The ideal and the feasible: physical

constraints on evolution. Biol. J. Linn. Soc. 26, 345–358

3. Seilacher, A. (1970) Arbeitskonzept zur konstruktions-

morphologie. Lethaia 3, 393–396

4. Wainwright, P.C. and Reilly, S.M. (1994) Ecological Morphology:

Integrative Organismal Biology, The University of Chicago Press

5. Irschick, D.J. and Garland, T., Jr (2001) Integrating function and

ecology in studies of adaptation: investigations of locomotor

capacity as a model system.Annu. Rev. Ecol. Syst. 32, 367–396

6. Lauder, G.V. (1996) The argument from design. In Adaptation

(Rose, M.R. and Lauder, G.V., eds), pp. 55–91, Academic Press

7. Higham, T.E. et al. (2016) Speciation through the lens of

biomechanics: locomotion, prey capture, and reproductive

isolation. Proc. R. Soc. Lond. B 283, 20161294

8. Bauer, U. et al. (2020) Mechanical ecology - taking biome-

chanics to the field. Integr. Comp. Biol. 60, 820–828

9. Kearney, M.R. et al. (2012) Biomechanics meets the ecological

niche: the importance of temporal data resolution. J. Exp. Biol.

215, 922–933

10. Madin, J.S. et al. (2008) Climate-mediated mechanical

changes to post-disturbance coral assemblages. Biol. Lett.

4, 490–493

11. Read, J. and Stokes, A. (2006) Plant biomechanics in an

ecological context. Am. J. Bot. 93, 1546–1565

12. Bellwood, D.R. et al. (2019) The meaning of the term 'function'

in ecology: a coral reef perspective. Funct. Ecol. 33, 948–961

13. Irschick, D.J. (2002) Evolutionary approaches for studying

functional morphology: examples from studies of performance

capacity. Integr. Comp. Biol. 42, 278–290

14. Wainwright, S.A. et al. (1976)Mechanical Design in Organisms,

John Wiley & Sons, Inc.

15. Violle, C. et al. (2007) Let the concept of trait be functional!

Oikos 116, 882–892

16. Fournier, M. et al. (2013) Integrative biomechanics for tree

ecology: beyond wood density and strength. J. Exp. Bot.

64, 4793–4815

17. Carrington, E. et al. (2009) Seasonal disturbance to mussel

beds: field test of a mechanistic model predicting wave

dislodgment. Limnol. Oceanogr. 54, 978–986

18. Denny, M.W. and Gaylord, B. (2010) Marine ecomechanics.

Annu. Rev. Mar. Sci. 2, 89–114

19. Gans, C. (1979) Momentarily excessive construction as the

basis for protoadaptation. Evolution 33, 227–233

20. Belmadani, A. et al. (2021) Projected future changes in tropical

cyclone-related wave climate in the North Atlantic. Clim. Dyn.

56, 3587–3708

21. Alexander, R.M. (1984) Elastic energy stores in running

vertebrates. Am. Zool. 24, 85–94

22. Niklas, K.J. (1992) Plant Biomechanics: An Engineering

Approach to Plant Form and Function, University of Chicago

Press

23. Niklas, K.J. (1999) A mechanical perspective on foliage leaf

form and function. New Phytol. 143, 19–31

24. Gardiner, B. et al. (2000) Comparison of twomodels for predicting

the critical wind speeds required to damage coniferous trees. Ecol.

Model. 129, 1–23

25. Vellend, M. (2010) Conceptual synthesis in community ecology.

Q. Rev. Biol. 85, 183–206

26. Skellam, J.G. (1951) Random dispersal in theoretical populations.

Biometrika 38, 196–218

27. Okubo, A. and Levin, S.A. (2013) Diffusion and Ecological

Problems: Modern Perspectives (2nd edn), Springer-Verlag

28. Lee, S.J. et al. (2014) Mechanism of autorotation flight of maple

samaras (Acer palmatum). Exp. Fluids 55, 1718

29. Niklas, K.J. (1987) Aerodynamics of wind pollination. Sci. Am.

257, 90–95

30. Hobday, A.J. (2000) Abundance and dispersal of drifting kelp

Macrocystis pyrifera rafts in the Southern California Bight.

Mar. Ecol. Prog. Ser. 195, 101–116

31. Saunders, G.W. (2014) Long distance kelp rafting impacts

seaweed biogeography in the Northeast Pacific: the kelp

conveyor hypothesis. J. Phycol. 50, 968–974

32. Fraser, C.I. et al. (2020) The biogeographic importance of

buoyancy in macroalgae: a case study of the southern bull-

kelp genus Durvillaea (Phaeophyceae), including descriptions

of two new species1. J. Phycol. 56, 23–36

33. Starko, S. et al. (2019) A comprehensive kelp phylogeny sheds

light on the evolution of an ecosystem. Mol. Phylogenet. Evol.

136, 138–150

34. Stewart, H.L. (2006) Ontogenetic changes in buoyancy, breaking

strength, extensibiligy, and reproductive investment in a drifting

macroalga Turbinaria ornata (Phaeophyta). J. Phycol. 42, 43–50

35. Smith, S.D.A. (2002) Kelp rafts in the Southern Ocean. Glob.

Ecol. Biogeogr. 11, 67–69

36. Tunnicliffe, V. (1981) Breakage and propagation of the stony coral

Acropora cervicornis. Proc. Natl. Acad. Sci. 78, 2427–2431

37. Kraft, N.J.B. et al. (2015) Community assembly, coexistence

and the environmental filtering metaphor. Funct. Ecol. 29,

592–599

38. Laliberté, E. et al. (2014) Environmental filtering explains varia-

tion in plant diversity along resource gradients. Science 345,

1602–1605

39. Butterfield, B.J. and Munson, S.M. (2016) Temperature is

better than precipitation as a predictor of plant community

assembly across a dryland region. J. Veg. Sci. 27, 938–947

40. Cavender-Bares, J. et al. (2004) Phylogenetic overdispersion in

Floridian oak communities. Am. Nat. 163, 823–843

41. Emerson, B.C. and Gillespie, R.G. (2008) Phylogenetic analysis

of community assembly and structure over space and time.

Trends Ecol. Evol. 23, 619–630

42. Kotowski, W. and van Diggelen, R. (2004) Light as an environ-

mental filter in fen vegetation. J. Veg. Sci. 15, 583–594

43. Barabás, G. et al. (2018) Chesson's coexistence theory. Ecol.

Monogr. 88, 277–303

44. Chesson, P. (2000) General theory of competitive coexistence

in spatially-varying environments. Theor. Popul. Biol. 58,

211–237

45. Patek, S.N. and Caldwell, R.L. (2005) Extreme impact and

cavitation forces of a biological hammer: strike forces of the

peacock mantis shrimp Odontodactylus scyllarus. J. Exp.

Biol. 208, 3655–3664

46. Wroe, S. et al. (2005) Bite club: comparative bite force in big

biting mammals and the prediction of predatory behaviour in

fossil taxa. Proc. R. Soc. Lond. B 272, 619–625

47. Oka, S.-I. et al. (2016) A mightly claw: pinching force of the

coconut crab, the largest terrestrial crustacean. PLoS ONE

11, e0166108

48. Higham, T.E. et al. (2017) Rattlesnakes are extremely fast and var-

iable when striking at kangaroo rats in nature: three-dimensional

high-speed kinematics at night. Sci. Rep. 7, 40412

49. Müller, U.K. et al. (2020) Bladderworts, the smallest known

suction feeders, generate inertia-dominated flows to capture

prey. New Phytol. 228, 586–595

50. Anderson, T.L. (2005) Fracture Mechanics: Fundamentals and

Applications, Taylor & Francis

51. Berstein, A.H. and Frankel, V.H. (1968) The viscoelastic properties

of some biological materials. Ann. N. Y. Acad. Sci. 146, 158–165

Trends in Ecology & Evolution
OPEN ACCESS

Trends in Ecology & Evolution, Month 2021, Vol. xx, No. xx 13

https://doi.org/10.1016/j.tree.2021.05.009
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0005
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0005
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0005
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0010
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0010
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0015
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0015
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0020
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0020
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0025
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0025
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0025
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0030
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0030
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0035
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0035
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0035
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0040
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0040
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0045
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0045
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0045
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0050
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0050
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0050
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0055
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0055
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0060
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0060
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0065
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0065
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0065
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0070
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0070
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0075
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0075
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0080
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0080
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0080
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0085
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0085
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0085
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0090
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0090
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0095
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0095
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0100
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0100
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0100
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0105
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0105
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0110
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0110
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0110
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0115
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0115
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0120
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0120
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0120
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0125
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0125
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0130
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0130
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0135
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0135
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0140
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0140
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0145
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0145
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0150
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0150
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0150
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0155
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0155
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0155
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0160
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0160
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0160
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0160
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0160
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0165
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0165
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0165
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0170
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0170
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0170
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0175
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0175
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0180
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0180
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0185
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0185
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0185
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0190
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0190
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0190
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0195
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0195
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0195
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0200
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0200
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0205
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0205
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0205
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0210
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0210
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0215
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0215
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0220
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0220
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0220
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0225
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0225
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0225
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0225
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0230
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0230
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0230
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0235
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0235
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0235
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0240
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0240
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0240
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0245
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0245
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0245
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0250
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0250
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0255
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0255


52. Kunzek, H. et al. (1999) Aspects of material science in food

processing: changes in plant cell walls of fruits and vegetables.

Z. Forsch. A208, 233–250

53. Zhu, F. et al. (2017) The mechanical behavior of biological

tissues at high strain rates. In Military Injury Biomechanics:

The Cause and Prevention of Impact Injuries (Franklyn, M.

and Lee, P.V.S., eds), pp. 418, CRC Press

54. Karunaratne, A. et al. (2018) Nano-scalemechanisms explain the

stiffening and strengthening of ligament tissue with increasing

strain rate. Sci. Rep. 8, 3707

55. Anderson, P.S.L. et al. (2016) Point of impact: the effects of

size and speed on puncture mechanics. Interface Focus 6,

20150111

56. Anderson, P.S.L. et al. (2019) Taking a stab at quantifying the

energetics of biological puncture. Integr. Comp. Biol. 59,

1586–1596

57. Wainwright, P.C. et al. (2015) Origins, Innovations and Diversi-

fication of Suction Feeding in Vertebrates. Integr. Comp. Biol.

55, 134–145

58. Deban, S.M. et al. (2020) Suction feeding by small organisms:

performance limits in larval vertebrates and carnivorous plants.

Integr. Comp. Biol. 60, 852–863

59. Young, I.R. et al. (2011) Global trends in wind speed and wave

height. Science 332, 451–455

60. Hamlet, C. et al. (2020) Fluid dynamics of ballistic strategies in

nematocyst firing. Fluids 5, 20

61. Strychalski, W. et al. (2018) Fluid dynamics of nematocyst prey

capture, Understanding Complex Biological Systems with

Mathematics. 14. Springer, pp. 123–144

62. Labonte, D. et al. (2016) Extreme positive allometry of animal

adhesive pads and the size limits of adhesion-based climbing.

Proc. Natl. Acad. Sci. 113, 1297–1302

63. Müller, U.K. and Videler, J.J. (1996) Inertia as a ‘safe harbour’:

do fish larvae increase length growth to escape viscous drag?

Rev. Fish Biol. Fish. 6, 353–360

64. Biewener, A.A. (1989) Scaling body support in mammals: limb

posture and muscle mechanics. Science 245, 45–48

65. Jagnandan, K. and Higham, T.E. (2018) How rapid changes in

body mass affect the locomotion of terrestrial vertebrates:

ecology, evolution, and biomechanics of a natural perturbation.

Biol. J. Linn. Soc. 124, 279–293

66. Köhler, L. et al. (2000) Micromechanics and anatomical

changes during early ontogeny of two lianescent Aristolochia

species. Planta 210, 691–700

67. Etnier, S.A. et al. (2008) Ontogenetic changes in the structural

stiffness of the tailstock of bottlenose dolphins (Tursiops

truncatus). J. Exp. Biol. 211, 3205–3213

68. Chehab, E.W. et al. (2009) Thigmomorphogenesis: a complex

plant response to mechano-stimulation. J. Exp. Bot. 60, 43–56

69. Long, K.S., Jr andNipper, K.S. (1996) the importance of body stiff-

ness in undulatory propulsion. Integr. Comp. Biol. 36, 678–694

70. Lowell, R.B. et al. (1994) Ontogeny of shell morphology and

shell strength of the marine snails Littorina obtusata and

Littorina mariae: different defence strategies in a pair of

sympatric, sibling species. J. Zool. 234, 149–164

71. Hulsey, C.D. (2006) Function of a key morphological innovation:

fusion of the cichlid pharyngeal jaw. Proc. R. Soc. Lond. B 273,

669–675

72. Kroeker, K.J. et al. (2010) Meta-analysis reveals negative yet

variable effects of ocean acidification on marine organisms.

Ecol. Lett. 13, 1419–1434

73. O’Donnell, M.J. et al. (2013) Mussel byssus attachment weak-

ened by ocean acidification. Nat. Clim. Chang. 3, 587–590

74. Bertram, J.E.A. (2004) New perspective on brachiation

mechanics. Yearb. Phys. Anthropol. 47, 100–117

75. Arnold, S.J. (1983) Morphology, performance, and fitness. Am.

Zool. 23, 347–361

76. Irschick, D.J. and Higham, T.E. (2016) Animal Athletes: An

Ecological and Evolutionary Approach, Oxford University Press

77. Wainwright, P.C. (2007) Functional versus morphological diver-

sity in macroevolution. Annu. Rev. Ecol. Evol. Syst. 38, 381–401

78. Koehl, M.A.R. (1996) When does morphology matter? Ann.

Rev. Ecol. Syst. 27, 501–542

79. Niklas, K.J. (1994) Morphological evolution through complex do-

mains of fitness. Proc. Natl. Acad. Sci. U. S. A. 91, 6772–6779

80. Langerhans, R.B. and Reznick, D.N. (2010) Ecology and evolu-

tion of swimming performance in fishes: predicting evolution

with biomechanics. In Fish Locomotion: An Eco-ethological Per-

spective (Domenici, P. and Kapoor, B.G., eds), pp. 200–248,

Science Publishers

81. Donley, J.M. et al. (2004) Convergent evolution in mechanical

design of lamnid sharks and tunas. Nature 429, 61–65

82. Fish, F.E. (1994) Influence of hydrodynamic-design and propul-

sive mode on mammalian swimming energetics. Aust. J. Zool.

42, 79–101

84. Duke, C.S. and Porter, J.H. (2013) The ethics of data sharing and

reuse in biology. BioScience 63, 483-389

85. Bot, J.A. and Irschick, D.J. (2019) Using 3D photogrammetry to

create open-access models of live animals: 2D and 3D software

solutions. In 3D/VR in the Academic Library: Emerging Practices

and Trends (Grayburn, J. et al., eds), pp. 99–113, CLIR Publica-

tion No. 176

86. Irschick, D.J. et al. (2020) Devices andmethods for rapid 3Dphoto-

capture and photogrammetry of small reptiles and amphibians in the

laboratory and field. Herpetol. Rev. 51, 716–725

87. Sholtis, K.M. et al. (2015) Field flight dynamics of hummingbirds

during territory encroachment and defense. PLoS ONE 10,

e0125659

88. Rico-Guevara, A. and Mickley, J. (2017) Bring your own camera to

the trap: an inexpensive, versatile, and portable triggering system

tested on wild hummingbirds. Ecol. Evol. 7, 4592–4598

89. Olsen, A.M. and Westneat, M.W. (2015) StereoMorph: an R

package for the collection of 3D landmarks and curves using a

stereo camera set-up. Methods Ecol. Evol. 6, 351–356

90. Mathis, A. et al. (2018) DeepLabCut: markerless pose estimation of

user-defined body parts with deep learning. Nat. Neurosci. 21,

1281–1289

91. Brainerd, E.L. et al. (2017) Data management rubric for video data

in organismal biology. Integr. Comp. Biol. 57, 33–47

92. Carrington, E. et al. (2015) Mussels as a model system for integra-

tive ecomechanics. Annu. Rev. Mar. Sci. 7, 443–469

93. Russell, A.P. et al. (2019) The integrative biology of gecko

adhesion: historical review, current understanding, and grand

challenges. Integr. Comp. Biol. 59, 101–116

94. Higham, T.E. et al. (2019) The ecomechanics of gecko adhesion:

natural surface topography, evolution, and biomimetics. Integr.

Comp. Biol. 59, 131–147

95. Stark, A.Y. et al. (2012) The effect of surface water and wetting on

gecko adhesion. J. Exp. Biol. 215, 3080–3086

96. Irschick, D.J. et al. (2006) Whole-organism studies of adhesion in

pad-bearing lizards: creative evolutionary solutions to functional

problems. J. Comp. Physiol. A. 192, 1169–1177

97. Johnson, K.L. et al. (1971) Surface energy and the contact of

elastic solids. Proc. R. Soc. Lond. B 324, 301–313

98. Arzt, E. et al. (2003) From micro to nano contacts in biological at-

tachment devices. Proc. Natl. Acad. Sci. U. S. A. 100,

10603–10606

99. Bartlett, M. et al. (2012) Looking beyond fibrillar features to scale

gecko-like adhesion. Adv. Mat. 24, 1078–1083

100. Russell, A.P. and Johnson, M.K. (2007) Real-world challenges to,

and capabilities of, the gekkotan adhesive system: contrasting the

rough and the smooth. Can. J. Zool. 85, 1228–1238

101. Goodman, R.C. et al. (2014) Data from: The importance of crown

dimensions to improve tropical tree biomass estimates. Ecol.

Appl. 24, 680–698

102. Magallón, S. et al. (2015) A metacalibrated time-tree documents

the early rise of flowering plant phylogenetic diversity. New Phytol.

207, 437–453

103. Revell, L.J. (2012) phytools: An R package for phylogenetic compara-

tive biology (and other things).Method. Ecol. Evol. 3, 217–223

104. Yu, G. et al. (2017) ggtree: an r package for visualization and an-

notation of phylogenetic trees with their covariates and other asso-

ciated data Methods Ecol. Evol. 8, 28–36

105. Kelley, N.P. and Pyenson, N.D. (2015) Evolutionary innovation and

ecology in marine tetrapods from the Triassic to the

Anthropocene. Science 348, aaa3716

Trends in Ecology & Evolution
OPEN ACCESS

14 Trends in Ecology & Evolution, Month 2021, Vol. xx, No. xx

http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0260
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0260
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0260
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0265
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0265
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0265
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0265
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0270
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0270
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0270
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0275
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0275
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0275
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0280
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0280
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0280
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0285
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0285
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0285
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0290
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0290
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0290
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0295
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0295
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0300
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0300
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0305
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0305
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0305
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0310
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0310
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0310
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0315
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0315
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0315
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0320
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0320
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0325
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0325
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0325
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0325
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0330
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0330
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0330
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0335
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0335
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0335
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0340
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0340
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0345
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0345
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0350
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0350
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0350
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0350
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0355
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0355
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0355
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0360
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0360
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0360
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0365
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0365
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0370
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0370
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0375
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0375
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0380
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0380
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0385
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0385
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0390
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0390
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0395
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0395
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0400
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0400
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0400
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0400
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0400
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0405
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0405
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0410
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0410
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0410
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0420
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0420
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0425
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0425
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0425
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0425
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0425
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0430
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0430
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0430
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0435
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0435
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0435
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0440
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0440
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0440
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0445
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0445
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0445
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0450
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0450
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0450
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0455
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0455
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0460
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0460
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0465
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0465
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0465
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0470
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0470
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0470
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0475
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0475
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0480
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0480
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0480
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0485
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0485
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0490
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0490
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0490
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0495
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0495
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0500
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0500
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0500
http://refhub.elsevier.com/S0169-5347(21)00154-3/or0005
http://refhub.elsevier.com/S0169-5347(21)00154-3/or0005
http://refhub.elsevier.com/S0169-5347(21)00154-3/or0005
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0505
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0505
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0505
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0510
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0510
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0515
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0515
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf0515
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf2005
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf2005
http://refhub.elsevier.com/S0169-5347(21)00154-3/rf2005

	Linking ecomechanical models and functional traits to understand phenotypic diversity
	Using the ecomechanical approach to understand the rules of life
	Ecomechanical models and organismal safety factor
	Bending and breaking: organisms in fluids as model systems
	Community ecology and biomechanics
	Ecomechanics through the lens of time
	Rapid organismal-level events
	Development/ontogeny (individual-level timescale)

	Evolution: constraints, convergence, and ecomechanics
	Data pipeline and open trait networks
	Concluding remarks
	Acknowledgments
	Declaration of interests
	Supplemental Information
	References


