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1  | INTRODUCING A GENER AL 
FR AME WORK FOR CONSUMPTIVE TA STE 
E VOLUTION

All organisms are faced with the challenge of procuring the essen-
tial elements and biochemicals of life for growth, maintenance, and 
reproduction, often in proportions that deviate substantially from 
their environmental availability. For animals, nutrients (i.e., elements 

and/or biochemicals) are acquired through their diet by consuming 
foods that may vary considerably in their chemical composition and 
that frequently provide an inadequate supply of one or more essen-
tial nutrients (Raubenheimer et al., 2009). Thus, many animals suf-
fer periodic nutritional imbalances whereby the nutrient content of 
available foods does not match their nutritional requirements. Such 
imbalances (i.e., over-  or undersupply of essential nutrients) can af-
fect consumer metabolism and performance, ultimately resulting 
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Abstract
A major conceptual gap in taste biology is the lack of a general framework for un-
derstanding the evolution of different taste modalities among animal species. We 
turn to two complementary nutritional frameworks, biological stoichiometry theory 
and nutritional geometry, to develop hypotheses for the evolution of different taste 
modalities in animals. We describe how the attractive tastes of Na- , Ca- , P- , N- , and 
C- containing compounds are consistent with principles of both frameworks based on 
their shared focus on nutritional imbalances and consumer homeostasis. Specifically, 
we suggest that the evolution of multiple nutritive taste modalities can be predicted 
by identifying individual elements that are typically more concentrated in the tissues 
of animals than plants. Additionally, we discuss how consumer homeostasis can in-
form our understanding of why some taste compounds (i.e., Na, Ca, and P salts) can 
be either attractive or aversive depending on concentration. We also discuss how 
these complementary frameworks can help to explain the evolutionary history of 
different taste modalities and improve our understanding of the mechanisms that 
lead to loss of taste capabilities in some animal lineages. The ideas presented here 
will stimulate research that bridges the fields of evolutionary biology, sensory biol-
ogy, and ecology.
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in reduced growth and fitness (Simpson & Raubenheimer, 2012; 
Sterner & Elser, 2002). Because nutritional imbalances between 
consumers and their foods are both pervasive and consequential, 
animals have evolved a range of adaptations, from behavioral to 
physiological and chemosensory, that allow them to modulate nutri-
ent intake, as well as post- ingestion nutrient processing (i.e., assim-
ilation and allocation), to minimize potential imbalances (Simpson & 
Raubenheimer, 2012).

Selective foraging is a key behavioral adaptation that allows an-
imals to regulate nutrient intake in order to achieve balanced nu-
trient supply (Simpson & Raubenheimer, 2012). Choosing exactly 
which foods to eat, however, requires that animals differentiate 
among potential food sources of differing chemical composition 
to select those that are most nutritionally advantageous. One of 
the primary mechanisms that animals use to assess the nutritional 
quality of foods is gustation, or taste, which provides animals the 
ability to evaluate the chemical composition of potential foods prior 
to ingestion via complex chemosensory systems (Breslin, 2013; 
Lindemann, 2001; Yarmolinsky et al., 2009). Indeed, there is broad 
recognition that gustatory systems function primarily as a screening 
mechanism that drives consumption of nutrient-  and energy- dense 
foods, as well as the rejection of potentially harmful ones based upon 
the presence, and concentrations, of a variety of different chemi-
cals. These various chemical stimuli interact with specialized recep-
tor cells to produce signals that are transduced and interpreted as 
unique taste modalities, including the salty, sweet, bitter, sour, and 
umami tastes familiar to humans (Breslin, 2013; Lindemann, 2001; 
Roper & Chaudhari, 2017).

The variety of different taste modalities provide organisms with 
a way to evaluate the quality of food based on multiple aspects of 
its chemical composition and can be broadly grouped by whether 
they taste “good,” and therefore promote consumption, or “bad,” and 
therefore produce an aversive response. Consumptive responses, 
such as those elicited by sweet and umami tastes, generally pro-
mote the ingestion of foods that supply compounds essential for 
growth and metabolism. Conversely, aversive responses, such as 
those typically generated by bitter and sour tastes, encourage an-
imals to reject, rather than consume specific foods. Aversive tastes 
are generally thought to inform consumers that a food may contain 
toxic or harmful chemicals, such as allelochemicals, though not all 
chemicals that produce innate aversive responses are necessarily 
harmful (Breslin, 2013; Yarmolinsky et al., 2009). Additionally, some 
elements, such as Na, Ca, and P, which are essential but can be toxic 
when oversupplied, may elicit either consumptive or aversive re-
sponses depending on concentration, thereby allowing consumers 
to regulate intake within a relatively narrow window.

All animals possess gustatory sensing capabilities (Kirino 
et al., 2013; Simpson & Raubenheimer, 2012), reinforcing the no-
tion that regulation of nutrient intake is highly consequential for 
consumer fitness. Interestingly, gustatory sensing appears to have 
evolved largely independently among prominent animal lineages 
(i.e., mammals and insects) (Yarmolinsky et al., 2009), yet exhibits 
remarkable convergence around taste capabilities for a small suite 

of compounds (e.g., amino acids, carbohydrates, Na salts). This sug-
gests that animals have faced similar nutritional constraints through-
out their evolutionary history and indicates potential for developing 
a nutritional framework for understanding the evolution of taste 
that has broad applicability. Nevertheless, we currently lack a pre-
dictive understanding of when and why particular taste modalities 
might be evolutionarily favored (Simpson & Raubenheimer, 2012), 
thereby leading to differences in the breadth of gustatory capabili-
ties among species.

In this paper, we turn to two complementary frameworks, 
biological stoichiometry theory (Elser et al., 1996, 2000; 
Sterner & Elser, 2002) and nutritional geometry (Raubenheimer 
& Simpson, 1993; Raubenheimer et al., 2009; Simpson & 
Raubenheimer, 2012), that have been developed by ecologists to 
characterize nutritional imbalances (and their consequences) in tro-
phic interactions to draw insights into the evolutionary contexts 
under which different taste modalities have evolved in animals. In 
the following sections, we summarize the basic tenets of biological 
stoichiometry theory and nutritional geometry, including the uni-
fying concept of consumer homeostasis, and draw upon a review 
of the taste biology literature to show how these complementary 
frameworks advance our understanding of the evolution of multi-
ple taste modalities in animals. We use the principles of biological 
stoichiometry to demonstrate that the evolution of multiple nutri-
tive taste modalities can be predicted by identifying individual ele-
ments that are typically more concentrated in the tissues of animals 
than plants. Moreover, we describe how consumer homeostasis can 
inform our understanding of why some taste compounds (i.e., Na, 
Ca, and P salts) can be either attractive or aversive depending on 
concentration. Additionally, we discuss how these frameworks can 
help to explain the distribution of different taste modalities among 
diverse animal lineages, including why the taste of Ca (at least at 
some concentrations) is attractive to some vertebrate species but 
appears to be strictly aversive to insects. We also discuss how bio-
logical stoichiometry and nutritional geometry can improve our un-
derstanding of the mechanisms that lead to loss of taste capabilities, 
as well as the pseudogenization, or loss of function via deleterious 
mutations, of associated taste receptor genes, in some animal lin-
eages (Antinucci & Risso, 2017; Jiang et al., 2012; Zhao et al., 2010). 
We also discuss some caveats to our application of these comple-
mentary frameworks and, finally, propose several ideas that we hope 
will stimulate future research, including into the evolutionary history 
and phylogenetic distribution of different taste modalities, and in-
corporation of taste into functional trait- based ecological analyses.

We do not intend for this paper to provide a comprehensive re-
view of taste biology research, as several such papers already exist 
and remain useful (i.e., Breslin, 2013; Roper & Chaudhari, 2017; 
Yarmolinsky et al., 2009); nor do we intend this to be a comprehen-
sive discussion and synthesis of biological stoichiometry theory and 
nutritional geometry (see Sperfeld et al., 2017). Rather, our intent is 
to highlight linkages between taste and animal nutrition using two 
prominent nutritional frameworks employed in ecological research. 
We do, however, draw support for this effort from a comprehensive 
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review of the taste literature, which in some cases (i.e., for P-  and 
Ca- related taste) is limited to a relatively small number of species 
and model systems, including humans, mice, and livestock. It is im-
portant that we acknowledge that animals employ other sensory 
systems, as well as learned nutritional associations, to assess the 
nutritional content of their foods and that these systems also con-
tribute to feeding behaviors (Sclafani & Ackroff, 2012; Simpson & 
Raubenheimer, 2012). Our intent is to focus specifically on the role 
of nutritional imbalances in driving the evolution of different taste 
modalities, rather than a broader discussion of mechanisms that reg-
ulate feeding preferences and consumption. Finally, we acknowledge 
that both biological stoichiometry and nutritional geometry may not 
accurately predict the full suite of consumptive taste capabilities for 
a species given unique evolutionary histories. Despite these specific 
limitations, they remain useful for generating hypotheses to further 
understand broad patterns in taste evolution.

2  | NUTRITIONAL FR AME WORKS IN 
ECOLOGY

Ecologists have long recognized that the quantity and nutritional 
quality of foods affect the growth and performance of animals 
(Raubenheimer et al., 2009). Given that nutritional requirements 
vary among animal species, shifts in the nutrient composition of 
available foods can scale beyond individual and population effects 
to alter community and ecosystem dynamics, including fluxes of en-
ergy and nutrients to and from the environment and among trophic 
levels (Anderson et al., 2020; Sperfeld et al., 2017). Increasing recog-
nition of the role of animal nutrition in driving ecological dynamics, 
from foraging behavior to consumer- driven nutrient recycling, has 
led to the development of several conceptual frameworks that seek 
to characterize the nature and consequences of nutritional imbal-
ances in trophic interactions (Raubenheimer et al., 2009). Biological 
stoichiometry theory and nutritional geometry are perhaps the most 
prominent of these frameworks and have been developed in par-
allel over the last several decades (Anderson et al., 2020; Sperfeld 
et al., 2017). Though these frameworks focus on different nutritional 
currencies (i.e., elements vs. macro-  and micronutrients), there is 
substantial conceptual overlap, including an emphasis on homeosta-
sis, that suggest promise in their ability to inform our understanding 
of how nutritional imbalances have shaped the evolutionary his-
tory of gustation in animals (Sperfeld et al., 2017). There are large 
literatures devoted to the development and application of these 
frameworks, including several recent papers that compare the two 
approaches, highlighting their connections and encouraging their 
synthesis (Anderson et al., 2020; Sperfeld et al., 2017; Wilder & 
Jeyasingh, 2016). Sperfeld et al. (2017) provide an especially useful 
summary and comparison of the two frameworks with an empha-
sis on their conceptual overlap. As such, we provide here only brief 
summaries of their basic principles to establish their usefulness in 
describing the ecological contexts under which different taste mo-
dalities have evolved.

Biological, or commonly, ecological stoichiometry is the study of 
the balance of energy and multiple elements in ecological interac-
tions (Elser et al., 1996, 2000; Sterner & Elser, 2002). For the pur-
poses of this paper, we prefer the term “biological stoichiometry,” 
because its broader scope explicitly integrates cellular and genetic 
mechanisms (Elser et al., 2000). Similar to the stoichiometry of 
chemical reactions, biological stoichiometry applies thermodynamic 
principles to the mass balance of multiple elements in biological 
interactions (Elser et al., 1996). It is rooted in the observation that 
individual organisms are composed of elements in relatively fixed 
ratios (stoichiometric homeostasis) and that available resources 
frequently supply elements in ratios that deviate from those of the 
organism. This is particularly true of animals, which tend to be far 
less plastic in their elemental composition and exhibit far narrower 
interspecific variation in elemental composition than do plants (and 
many autotrophic microorganisms; Figure 1), thereby resulting in no-
table stoichiometric imbalances between plants and animals (Frost 
et al., 2005; Persson et al., 2010). Core principles of biological stoi-
chiometry include the observations that (1) organisms have limited 
capacity to alter their elemental composition even when the supply 
of elements is variable and (2) large imbalances in elemental com-
position between consumers and their foods (e.g., herbivores and 
plants; Figure 1) are common (Sterner & Elser, 2002). A central thesis 
of biological stoichiometry theory is that reconciling these imbal-
ances (i.e., via selective foraging behavior or post- ingestive regula-
tion) while maintaining elemental homeostasis has consequences for 
the growth and fitness of animals, as well as the cycling of elements 
between animals and the environment. Hence, a key strength of bi-
ological stoichiometry is the ability to scale and make predictions 
across different levels of organization (e.g., from consumer taste re-
ceptors to ecosystem nutrient supply).

Biological stoichiometry has historically focused primarily on im-
balances between the supply and demand of C, N, and P in trophic 
interactions. This bias reflects how commonly these elements limit 
biological productivity across trophic levels in many different ecosys-
tems (Elser et al., 2007; LeBauer & Treseder, 2008) and a tendency to 
view limiting nutrients through the prism of a single nutrient rooted 
in Liebig's law of the minimum. However, biological stoichiometry is 
not constrained to these three elements and incorporation of a wider 
suite of biologically essential elements into stoichiometric analysis 
is an emerging frontier (Filipiak et al., 2017; Jeyasingh et al., 2017). 
Additionally, there is increasing recognition that key molecular and 
cellular level processes may be colimited by multiple chemical ele-
ments (Sperfeld et al., 2012) and that studies of nutrient limitation 
should consider this possibility and expand the elements consid-
ered in stoichiometric analyses (Kaspari & Powers, 2016). A notable 
weakness of biological stoichiometry theory with respect to its abil-
ity to characterize nutritional imbalances is its focus on individual 
elements (Anderson et al., 2004; Sperfeld et al., 2017). Given that 
animal nutrition is largely biochemical in nature, focusing solely on 
the ratios of elements in foods may obscure potential imbalances in 
the supply of certain essential macro-  and micronutrients that affect 
consumer performance and reduce fitness (Anderson et al., 2004).
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Similar to biological stoichiometry, nutritional geometry, or the 
“geometric framework” for animal nutrition, focuses on how the 
availability of multiple nutrients affect consumer growth and fitness 
and relies on homeostatic regulation as a conceptual cornerstone 
(Raubenheimer et al., 2009; Simpson & Raubenheimer, 2011, 2012). 
However, nutritional geometry differs by focusing on the availabil-
ity of micro-  and macronutrients (i.e., amino acids, carbohydrates, 
lipids), rather than chemical elements, making it a more nutritionally 
explicit framework (Raubenheimer et al., 2009; Sperfeld et al., 2017) 
but less easy to scale across levels of biological organization. This 
framework recognizes that foods are complex mixtures of nutrients 
and other non- nutritive compounds and that any single food item 

is likely to provide an insufficient supply of at least some essential 
nutrients relative to consumer requirements at a given point in time. 
Nutritional geometry models relationships among various nutrients 
(or non- nutrients, such as allelochemicals in some applications) using 
a multidimensional state- space approach to characterize the mecha-
nisms, such as foraging behavior or nutrient assimilation, that animals 
use to achieve nutritional homeostasis while foraging among foods 
of varying nutrient composition (Simpson & Raubenheimer, 2011). 
This geometric approach was designed to provide quantitative pre-
dictions regarding how consumers utilize multiple foods that vary 
in their respective amounts of different nutrients (i.e., proteins and 
carbohydrates) in the service of homeostatic regulation of nutrient 
intake (Raubenheimer et al., 2009; Simpson & Raubenheimer, 2011).

Much of the early formulation and application of nutritional ge-
ometry focused on how animals forage among various resources to 
achieve a specific target ratio of two or more nutrients in their diet 
(Sperfeld et al., 2017). Proponents of nutritional geometry have rec-
ognized that taste and other chemosensory systems (i.e., olfaction), 
as well as learned nutritional associations for various foods, play an 
important role in nutrient- based foraging decisions, allowing con-
sumers to achieve balanced supply of multiple nutrients (Simpson 
& Raubenheimer, 2012). In contrast, most applications of biological 
stoichiometry have focused on how organisms reconcile imbalances 
in the supply of essential elements via post- ingestive mechanisms, 
such as altering element use efficiencies (i.e., assimilation) and differ-
ential excretion of individual elements, rather than through selective 
foraging. However, the potential for biological stoichiometry theory 
to inform our understanding of how animals forage among nutrition-
ally heterogenous food resources, particularly through the evolution 
and employment of chemosensory systems, has been previously 
suggested (Frost et al., 2005), but remains largely unexplored.

In the following sections, we describe how these two comple-
mentary frameworks provide a platform, rooted in the concept 
of consumer homeostasis, to describe the evolutionary context 
from which multiple different taste modalities have evolved. A 
standard assumption of biological stoichiometry is that tissue 
concentrations of individual elements can often be related to a 
small number of specific biochemicals. Protein, for example, is the 
primary N pool in most organisms (Sperfeld et al., 2017; Sterner 
& Elser, 2002). Thus, biological stoichiometry sometimes treats 
individual elements (i.e., N) as surrogates for the biochemicals 
(i.e., amino acids) that stimulate gustatory receptors and produce 
different taste modalities. Nevertheless, biological stoichiometry 
and the more biochemically focused nutritional geometry often 
produce qualitatively similar predictions regarding the ability of 
animals to taste certain elements or compounds. In cases where 
simple elemental imbalances are sufficient to predict the evolu-
tion of certain taste capabilities, we favor the conceptually simpler 
biological stoichiometry but acknowledge this does not preclude 
interpretation from a nutritional geometry perspective. By empha-
sizing individual elements, biological stoichiometry enjoys broader 
application and more explicitly links animals to the biogeochemical 
cycling of elements (Sperfeld et al., 2017; Sterner & Elser, 2002). 

F I G U R E  1   Carbon:nitrogen and carbon:phosphorus ratios of 
biomass across multiple trophic levels. Circles represent median 
values, and error bars indicate ranges of C:N and C:P observed 
for organisms within each trophic level. Autotroph data are from 
Elser et al. (9), where Autotroph (Plants) includes measurements of 
foliar chemistry of terrestrial autotrophs (for C:N, n = 406; for C:P, 
n = 413) and Autotroph (Plankton*) represents nutrient chemistry 
of seston from freshwater lakes (for C:N, n = 267; for C:P, n = 273). 
Seston contains some detritus and heterotrophic biomass (i.e., 
bacteria, protozoa) but is typically dominated by phytoplankton 
(9). Consumer stoichiometry data are from Vanni et al. (2017) and 
represent primarily aquatic animals. Data include 190 families 
from 9 animal phyla (herbivore and detritivore, n = 168; omnivore, 
n = 77; predator, n = 163)
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There are, however, notable cases where we believe nutritional 
geometry provides greater insight into potential evolutionary driv-
ers of taste, such as for carbohydrate and lipid taste. As such, we 
rely on both frameworks in our discussion of the evolutionary con-
texts for different taste modalities, with the common thread being 
that consumers have relatively specific nutritional requirements, 
determined largely by their own chemical composition (which is 
relatively homeostatic), and that potential foods (at least individu-
ally) often do not satisfy those requirements.

3  | CONSUMER HOMEOSTA SIS 
AND NUTRITIONAL IMBAL ANCE: AN 
E VOLUTIONARY CONTE X T FOR NUTRITIVE 
TA STE

The concept of elemental homeostasis, meaning that organisms 
have limited capacity to alter their chemical composition even when 
the supply of chemical elements is variable (Sterner & Elser, 2002), is 
foundational to both biological stoichiometry theory and nutritional 
geometry.

A second shared concept is that for many animals, the chemi-
cal composition of potential foods can be very different than that 
of the consumer. These differences result in nutritional imbalances, 
where certain foods may provide either an under-  or oversupply of 
certain nutrients (i.e., elements or biochemicals), that can constrain 
individual performance and reduce reproductive potential (Simpson 
& Raubenheimer, 2012; Sterner & Elser, 2002). Because consum-
ers have limited capability to modify their chemical composition to 
more closely match that of their foods, they must reconcile imbal-
anced nutrient supply by using pre-  and/or post- ingestive mecha-
nisms (Simpson & Raubenheimer, 2012; Sterner & Elser, 2002), such 
as selective feeding or differential release of individual elements as 
waste products to achieve nutritional, or maintain tissue, homeosta-
sis. However, post- ingestion nutrient processing, particularly of nu-
trients which are oversupplied, may have metabolic costs that affect 
consumer performance, highlighting the importance of selective 
foraging to reduce nutritional imbalances at the front end (Boersma 
& Elser, 2006; Simpson et al., 2004). Gustation is commonly viewed 
as having evolved to function as a sensory tool that allows animals 
to assess the chemical composition of their food (Breslin, 2013; 
Lindemann, 2001; Yarmolinsky et al., 2009). Expanding further, we 
suggest that the evolution of many individual taste modalities should 
be explained, at least in part, by common nutritional imbalances in 
the diets of animals. Moreover, we contend that these common im-
balances are the drivers of the remarkable convergence in gustatory 
evolution among multiple animal lineages (i.e., mammals and insects 
[Yarmolinsky et al., 2009], birds [Niknafs & Roura, 2018], reptiles 
[Rowland et al., 2014]). We posit that biological stoichiometry and 
nutritional geometry provide useful frameworks for identifying and 
characterizing those imbalances and therefore have great potential 
to inform our understanding of the evolutionary contexts for many 
individual taste modalities in animals.

Biological stoichiometry in particular provides a simple, yet use-
ful, framework for characterizing common nutritional imbalances 
between consumers and their foods by comparing their respec-
tive elemental composition (though see carbon, section 4; Elser 
et al., 2000). We can make some generalizations about consumer 
nutritional imbalances by identifying elements that are commonly 
less concentrated in foods than in the tissues of consumers. The 
common convention in biological stoichiometry is to express the rel-
ative concentrations of different elements of consumers and their 
food as ratios, particularly as C:nutrient (i.e., N or P) ratios. For ex-
ample, Figure 1 displays biomass C:N and C:P ratios of autotrophs 
(i.e., plants) and animals across multiple trophic levels. The median 
C:N and C:P of autotroph biomass is considerably greater than that 
of animals (at any trophic level; Figure 1), indicating that plant tissue 
has a greater amount of C per unit N, and C per unit P, than does 
animal tissue. As such, an animal of typical chemical composition 
(i.e., around the median) that is feeding on a plant of typical chemical 
composition will experience undersupply of both N and P, relative to 
C. We would expect that such elements, here N and P, would have 
a greater likelihood of limiting consumer growth and metabolism 
and therefore predict that animals should find them (or the primary 
chemicals that contain them, as in the case of N and amino acids) 
pleasing to taste— the pleasing sensation would reward animals for 
consuming foods that are relatively high in those potentially limiting 
nutrients.

To illustrate, we compared the whole- body elemental compo-
sition of insects, marine fishes, and mammals with the elemental 
composition of foliar plant tissue (Figure 2; Table 1) in order to 
identify which elements are typically less concentrated in plants 
than in animals. We use plants and animals in this example be-
cause of the typically greater difference in the elemental compo-
sition of herbivores and plants than carnivores and their animal 
prey (Figure 1) and with the assumption that this is representative 
of conditions faced by herbivorous animals (particularly terres-
trial) throughout their evolutionary history. Based on principles 
of biological stoichiometry, we might expect there to be con-
sumptive taste associations for elements that are typically more 
concentrated in the tissues of animals than in plants, given that 
these elements are likely to limit performance and reproductive 
potential. By extension, we would not necessarily expect posi-
tive taste associations for elements that are more concentrated 
in plants than animals. Comparison of animal and plant elemen-
tal composition reveals that Na, P, N, and sometimes Ca (i.e., in 
mammals but not insects) are considerably more concentrated 
(between ~3.5– 40×) in animal than in plant biomass (Figure 2; 
Table 1). Our comprehensive review of taste research reveals that 
each of these four elements is indeed associated with at least one 
chemical, or biochemical, known to have a taste that elicits a con-
sumptive response in some animal species (i.e., N, Na [Yarmolinsky 
et al., 2009], P [Tordoff, 2017], Ca [Tordoff, 2001]). Conversely, 
we were unable to find evidence of nutritive taste modalities that 
were obviously associated with specific elements that are closely 
balanced between plants and animals (except C, see below), or 
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that are more concentrated in plants than in the tissues of the 
three animal groups in our analysis.

For many animals, some of these elements (i.e., Ca, Na, P) or asso-
ciated biochemicals may taste good at some concentrations, but also 
may produce aversive taste responses when consumed at other, es-
pecially high, concentrations. Here, again we can turn to the concept 
of consumer homeostasis to provide a potential explanation for this 
pattern. Because oversupply of some essential nutrients, such as Na 
and Ca, is toxic to consumers and because consumers have limited 
ability to alter their constitution (homeostasis) consumers may be 
required to regulate homeostasis by managing nutrient intake within 
a relatively narrow window. The combination of both consumptive 
and aversive responses to some essential nutrients, especially those 
that can have toxic or other negative effects when oversupplied, 
when supplied at different concentrations can be viewed as helping 
consumers achieve nutritional homeostasis by regulating nutrient 
intake (Simpson & Raubenheimer, 2012). Interspecific differences 
in taste thresholds for certain elements, or chemicals, may reflect 
variation in chemical composition (which is to say, cellular chemistry) 
among consumer species or variation in diet that alters imbalances 
between consumers and their typical foods.

In the following subsections, we discuss taste associations for 
Na, P, N, and Ca and summarize the evidence that supports these 

taste capabilities. We provide examples of taste associations, or 
in some cases preferential feeding behaviors, for these elements 
within both major vertebrate and invertebrate lineages. Though 
in some cases, direct links between preferential feeding behaviors 
and associated taste capabilities have not been explicitly made, we 
believe this anecdotal evidence is at least suggestive of a role for 
taste in driving these behaviors and warrants further research. We 
do, however, acknowledge that such behaviors are not necessarily 
indicative of taste associations, per se, and may be driven by other 
characteristics of foods such as texture, or by learned nutritional as-
sociations (Simpson & Raubenheimer, 2012).

Nevertheless, consumptive taste associations for each of these 
four elements have been described for at least some taxa and we 
argue that the large number of additional species that display pref-
erential feeding behavior suggests that these taste modalities may 
be more widespread among animals than what is currently known 
from research on a relatively limited number of organisms. Lastly, 
there is no general consensus on what criteria must be met to es-
tablish a chemosensory stimulus as a basic taste, though the pres-
ence of a dedicated gustatory receptor would appear necessary for 
such a characterization. However, the presence of such receptors, 
or even seemingly associated consumptive feeding behaviors, does 
not necessarily indicate neurological taste perception of a particular 
nutrient. Unfortunately, distinct neurological perception of various 
taste stimuli has not been assessed in most animals, including many 
of those from which we draw examples. Therefore, we acknowledge 
that our definition of taste often overlooks this particular criterion 
and that we define taste capabilities primarily on the basis of genetic 
and behavioral evidence.

3.1 | Na imbalances and salty taste

Na comprises ~0.3% of the body dry mass of animals but only trace 
amounts of the mass of terrestrial plants, making it on average ~40× 
more concentrated in animals than in foliar plant tissue (Figure 1). 
Na is typically attractive to both vertebrates and at least some in-
vertebrates at particular concentrations (Breslin, 2013; Chen & 
Dahanukar, 2020; Denton, 1982; Hallem et al., 2006; Richter, 1942; 
Yarmolinsky et al., 2009). Na salts (i.e., NaCl) are the primary taste 
molecules associated with gustatory sensing of Na and are respon-
sible for salty taste in humans. The greater Na imbalances between 
plants and animals than among major animal groups (Figure 2) sug-
gest that selection for Na taste should be stronger for herbivores 
than predators, and perhaps intermediate for omnivores (Table 1). 
However, Na taste remains intact and putatively functional in 
most mammalian species (Antinucci & Risso, 2017; Dethier, 1977; 
Jiang et al., 2012). Nevertheless, herbivorous mammals appear 
to have a greater affinity for Na than do carnivorous mammals 
(Dethier, 1977), and there is considerable evidence of Na- related 
feeding behaviors among herbivores (Denton, 1982). For example, 
many terrestrial herbivores seek out Na- rich mineral deposits on the 
landscape. Examples include puddling behavior by insects (Smedley 

F I G U R E  2   The ratio of biomass concentrations of biologically 
“essential” elements in animals and plants for all elements which 
are at least 0.1% of dry mass in animals. Mass ratio is calculated as 
XA/XP, where XA and XP represent the % of dry mass for element 
X in animals and plants, respectively. Thus, values >1 indicate 
elements that are more concentrated in animal than plant tissues, 
1 indicates equal concentrations, and values <1 indicate greater 
concentrations in plant tissue. Circles containing elemental symbols 
represent the average of data from mammals (orange), insects 
(black), and fish (blue) compiled by Bowen (Bowen, 1966 and 
1979). Data for plants are from Markert (1992) and represent the 
elemental composition of foliar material
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& Eisner, 1995), use of dry or wet licks by vertebrates, drinking of 
seawater by reindeer, soil eating by mountain gorillas (Blair- West 
et al., 1968; Denton, 1982), and preference for Na- rich aquatic plants 
over terrestrial plants by moose and other ungulates (Belovsky & 
Jordan, 1981). Though Na appears to be attractive to most animals 
at low- to- moderate concentrations, aversive responses to high Na 
concentrations have been reported for both mammals and insects 
(Breslin, 2013; Hallem et al., 2006; Richter, 1942). Excess levels of 
dietary Na salts are detrimental to animals and aversive taste re-
sponses to high concentrations can be seen as a mechanism to pro-
tect against oversupply. Thus, the evolution of both consumptive 
and aversive taste responses across Na supply gradients is consist-
ent with biological stoichiometry, as it provides animals sensory cues 
to guide feeding behavior that maintains relatively tight homeostatic 
regulation of body Na content, a critical component of osmoregula-
tion. Thus, we suggest that dietary Na imbalances (Figure 1) com-
bined with the negative consequences of deviation from strict Na 
homeostasis have driven selection for both consumptive and aver-
sive Na taste responses.

3.2 | P imbalances and P taste

P imbalances are pervasive at lower trophic levels, with P being 
on average 13× more concentrated in animal than plant biomass 
(Figure 2). P availability is often rate- limiting for many organisms, 
and its relationship to growth has garnered considerable inter-
est from a biological stoichiometry perspective (i.e., growth rate 
hypothesis, Elser et al., 2003). Though there has historically been 
substantial interest among ecologists in the role of P as a limiting 
element in trophic interactions, taste associations for P- containing 
compounds have received relatively little attention compared to 
other basic taste senses (i.e., sweet, salty, and bitter). Nevertheless, 
P taste has been confirmed in some animal taxa, including cat-
tle (Denton, 1982; Green, 1925; Theiler et al., 1924) and rodents 
(Tordoff, 2017), and appears to be elicited most strongly by phos-
phate, which is the primary form of P in many P- rich biomolecules 
(i.e., nucleic acids, ATP, phospholipids). Moreover, preferential feed-
ing on P- rich foods has been observed among numerous inverte-
brate (i.e., grasshoppers, Ibanez et al., 2017) and vertebrate (i.e., rats, 

Element
Atomic 
mass

Percent of total dry mass

Plants Animals Insect Fish Mammals

C 12.11 44.50 46.83 44.60 47.50 48.40

O 15.99 42.50 26.63 32.30 29.00 18.60

N 14.01 2.50 10.80 12.30 11.40 8.70

H 1.01 6.50 6.90 7.30 6.80 6.60

Ca 40.08 1.00 3.52 0.30 2.00 8.50

P 30.97 0.20 2.60 1.70 1.80 4.30

K 39.09 1.90 1.02 1.10 1.20 0.75

Na 22.99 0.02 0.61 0.30 0.80 0.73

S 32.97 0.30 0.56 0.44 0.70 0.54

Cl 35.45 0.20 0.35 0.12 0.60 0.32

Si 28.09 0.10 0.21 0.60 7.00E−03 1.20E−02

Mg 24.31 0.20 9.8E−02 0.08 0.12 0.10

F 18.99 0.0002 9.5E−02 0.14 0.05

Zn 65.41 0.01 2.1E−02 0.04 8.00E−03 1.60E−02

Fe 55.85 0.02 1.3E−02 0.02 3.00E−03 1.60E−02

Cu 63.55 1.00E−03 2.0E−03 5.00E−03 8.00E−04 2.40E−04

B 10.81 4.00E−05 1.1E−03 2.00E−03 2.00E−04

Mn 54.94 0.02 3.7E−04 1.00E−03 8.00E−05 2.00E−05

Ni 58.69 1.50E−04 3.7E−04 9.00E−04 1.00E−04 1.00E−04

Se 78.96 2.00E−06 1.7E−04 1.70E−04

Mo 95.94 5.00E−05 8.7E−05 6.00E−05 1.00E−04 1.00E−04

I 126.9 3.00E−04 7.8E−05 9.00E−05 1.00E−04 4.30E−05

Co 58.93 2.00E−05 5.0E−05 7.00E−05 5.00E−05 3.00E−05

Cr 51.99 1.00E−05 2.5E−05 3.00E−05 2.00E−05

V 50.94 5.00E−05 2.3E−05 1.50E−05 1.40E−05 4.00E−05

Note: Values for animals represent the average of elemental concentrations in insects, fish, 
and mammals. Animal data are from Bowen (1979). Plant data are from Markert (1992) and are 
representative of foliar tissue.

TA B L E  1   The tissue concentrations 
(as % of dry mass) of essential elements in 
plants, animals, insects, fish, and mammals
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Sweeny et al., 1998) taxa and may be fairly widespread. Because 
generalist herbivores are more likely to suffer greater dietary P defi-
ciencies than carnivores (Figure 1), and thus stronger selective pres-
sure for P- associated taste, we propose that P taste should be more 
common among herbivores (and omnivores) than strict carnivores. 
Additionally, the higher P requirements imposed by building and 
maintaining skeletal bone suggest that vertebrates likely experience 
stronger selection for P taste than do invertebrates. Lastly, excess 
dietary P supply has been associated with reduced individual growth 
rates in a variety of organisms (Boersma & Elser, 2006), reflecting the 
importance of stoichiometrically balanced P supply for consumers. 
As such, animals may be likely to find P- associated taste to be aver-
sive at high concentrations, similar to Na and Ca, which may explain 
why some species reduce consumption rates when reared on high-
 P diets (crustaceans [Plath & Boersma, 2001], chickens [Holcombe 
et al., 1976], and mice [Tordoff, 2017]).

3.3 | N imbalances and umami taste

N is, on average, ~4× more concentrated in animal than foliar plant 
biomass (Figure 2). The frequently limiting role of N makes it a 
strong candidate for consumptive taste associations. Indeed, such 
taste associations for various N- rich amino acids appear to be wide-
spread, having been described in numerous vertebrate and inver-
tebrate taxa. In humans, umami taste is stimulated by the N- rich 
amino acids l- glutamate and l- aspartate, whereas mice are attracted 
to many l- amino acids (Nelson et al., 2001). Insects also make con-
sumptive responses to a variety of amino acids, although the rela-
tive sensitivity to different amino acids varies among insect taxa 
(Chapman, 2003). We posit that selective pressure for N- associated 
taste should generally be stronger in herbivores than predators, 
given the greater N content of animal than plant biomass and thus 
greater likelihood of N limitation among herbivores (Figure 1). 
However, retention of umami taste in obligate carnivores may be 
an indication of the potential for carnivore N limitation. Despite 
the appearance of stoichiometrically similar prey, carnivores may 
experience N limitation due to their reliance on amino acids as a 
source of glucose for cellular respiration and the low carbohydrate 
content of their food (animal prey, Fagan & Denno, 2004; Kohl 
et al., 2015).

3.4 | Ca imbalances and Ca taste

Ca is, on average, ~3.5× more concentrated in the tissues of animals 
than in plants, although there is major taxonomic variation in the Ca 
content of animals due to the production of Ca- rich skeletal bone in 
vertebrates (Figure 2). Consumptive taste associations for several Ca 
salts have been observed among diverse groups of animals includ-
ing amphibians, birds, and mammals (Gabriel et al., 2009; Niknafs & 
Roura, 2018; Tordoff, 2001; Tordoff et al., 2008). Calcium taste is 
likely to be under stronger selection in herbivores than predators, 

due to the generally lower Ca content of plant biomass (Figure 2; 
Table 1). Moreover, selection for Ca taste should vary considerably 
between invertebrates and vertebrates due to large differences in Ca 
content associated with skeletal bone (and eggshell formation) in the 
latter. Indeed, Ca appears to be strictly aversive in insects, which are 
depleted in Ca relative to plants (Figure 1; Chen & Dahanukar, 2020; 
Lee et al., 2018]), whereas Ca is attractive at low and moderate con-
centrations to a diverse suite of vertebrates. For example, the Ca 
content of plant material has been linked to consumptive preferences 
in rats and mice in laboratory experiments (Tordoff & Sandell, 2009), 
as well as the feeding behaviors of wild gorilla populations, which 
use forest clearings to access their preferred Ca-  and Na- rich plant 
species (Magliocca & Gautier- Hion, 2002). Additionally, dietary Ca 
deficiencies in herbivorous desert tortoises have been proposed to 
explain their occasional consumption of numerous Ca- rich resources 
such as bones, bone- rich vulture feces, reptile skin castings, feath-
ers, mammalian hair (Walde et al., 2007), and Ca carbonate stones 
(Esque & Peters, 1994). Though it remains unclear if these foraging 
behaviors are informed by gustatory sensing of Ca or some other 
mechanism, the discovery of Ca taste and associated taste recep-
tors in a variety of species suggests a potential role for gustation 
(Gabriel et al., 2009; Niknafs & Roura, 2018; Tordoff, 2001; Tordoff 
et al., 2008). Similar to Na taste, Ca taste is aversive at high concen-
trations that may result in hypercalcemia (Lee et al., 2018; Tordoff 
et al., 2012). Thus, the presence of both consumptive and aversive 
responses to different levels of dietary Ca supply indicates a role 
for taste in regulating Ca homeostasis in animals and suggests ho-
meostatic maintenance as a likely driver behind the evolution of Ca- 
associated taste.

4  | C ARBON, C ARBOHYDR ATE ,  AND 
LIPID TA STE ,  A NUTRITIONAL GEOMETRY 
PERSPEC TIVE

We have demonstrated that a relatively simple analysis of elemental 
imbalances between plants and animals, rooted in foundational con-
cepts of biological stoichiometry, provides a potential explanation 
of the evolutionary context that gave rise to multiple nutritive taste 
modalities, including those for Na, N (amino acids), Ca, and P or as-
sociated compounds. However, conspicuously absent from this list 
are nutritive taste associations for certain C- rich molecules, includ-
ing the pleasing taste of sugars experienced by humans (sweet taste) 
and many other organisms. Indeed, biological stoichiometry appears 
insufficient in providing an explanation for why many animals find 
certain C- rich biomolecules, (i.e., sugars) pleasing and others (i.e., 
structural carbohydrates) not. Carbon is the dominant element by 
mass in animals and plants and is similarly concentrated in both ani-
mal and plant foliar tissues (Figure 2). However, an organism's total 
demand for C is not determined solely by its body C composition 
but must also account for additional C for energy metabolism (Frost 
et al., 2006), given that C compounds are relied upon as energy by 
nearly all life forms. Thus, focusing strictly on biomass proportions 
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of C in plants and animals suggests that the C concentration of food 
is unlikely to limit consumer growth and metabolism. As such, di-
etary C imbalances for consumers may be obscured by the similar C 
content of animals and plants (Figure 2).

Assessing potential C- related nutritional imbalances based on 
bulk C concentration of foods is also difficult given the wide variety 
of C- containing biochemicals that vary in their essentiality, digest-
ibility, and ability to be synthesized by consumers. For example, a 
large proportion of the C in foliar tissue of plants occurs in the form 
of recalcitrant structural carbohydrates (i.e., cellulose and lignin) 
that many animals cannot digest, rather than structurally simpler 
carbohydrates, such as sugars and starches, that are more labile and 
energy- dense. Additionally, many essential C- containing and C- rich 
macronutrients, including some lipids and amino acids, cannot be 
synthesized endogenously by animals and therefore must be ac-
quired through the diet. As such, it would be advantageous for ani-
mals to differentiate among foods not by their total C concentration, 
but by assessing the presence and relative abundances of different 
C- containing macronutrients.

Here, we turn to the framework of nutritional geometry to in-
form our understanding of how the evolution of C- associated tastes, 
such as that for sugars, are shaped by the need to regulate nutri-
tional homeostasis (i.e., a target nutrient intake ratio) while foraging 
among foods that vary in their relative concentrations of multiple 
essential macronutrients. Nutritional geometry studies have often 
focused on the relative concentrations of C- containing macronutri-
ents, including carbohydrates, lipids, and proteins, in multiple foods 
(Raubenheimer & Simpson, 2018; Simpson & Raubenheimer, 2011; 
Simpson et al., 2004). Given that some of these nutrients cannot be 
synthesized by animals and that they are variably concentrated in 
different foods, one would expect that animals would experience 
strong selective pressure on mechanisms, including taste, that allow 
them to detect their presence and assess their concentrations in 
potential foods (Simpson & Raubenheimer, 2012). In the next sev-
eral paragraphs, we discuss the evidence for taste associations for 
carbohydrates and lipids and how nutritional geometry can inform 
our understanding of their evolutionary history. Although we pre-
viously discussed the evolution of amino acid taste in context of 
dietary N deficiencies, we acknowledge here that nutritional geom-
etry may provide additional insight into the evolution and radiation 
of amino acid taste in animals. For example, the more nutritionally 
explicit framework of nutritional geometry may help us understand 
why different animal species taste different combinations of amino 
acid molecules by considering the unique nutrient requirements and 
diets of different species.

Carbon is the primary energy currency of life and it is glucose 
that fuels the process of cellular respiration in animals. Dietary car-
bohydrates, such as sugars and starches, are the primary source of 
glucose for many animals, though it can also be derived from other 
sources (i.e., lipids, amino acids). Given that foods can vary substan-
tially in their total carbohydrate content and that different carbohy-
drates (i.e., sugars vs. fiber) vary in their digestibility, animals should 
experience selective pressure on mechanisms that allow them to 

detect and differentiate between types of dietary carbohydrates 
in foods. Indeed, many animals taste simple sugars and find sugar 
taste attractive, while many mammal species are also able to taste, 
and enjoy more complex carbohydrates, including starches and 
starch derivatives (Sclafani, 2004). Animals, however, do not appear 
to taste complex structural carbohydrates, such as cellulose fiber. 
Thus, it appears that carbohydrate taste is fine- tuned for labile, 
energy- rich carbohydrates, thereby enabling consumers to regu-
late their intake of energetically important foods. The link between 
sugar taste in animals and metabolic C demand that we suggest is 
supported by multiple lines of evidence. For example, in frugivo-
rous nonhuman primates, sucrose taste threshold increases with 
decreasing body size (Hladik & Simmen, 1996), indicating that the 
sweet taste receptors of small- bodied species are tuned for select-
ing foods with higher sucrose than those of large- bodied species. 
This pattern is consistent with basic allometric scaling rules relat-
ing to organismal metabolic rates, where mass- specific metabolic 
rates decrease with increasing body size (Brown et al., 2004) and 
is suggestive of a link between sugar taste thresholds and C de-
mands of at least some primate species. Moreover, bumblebees and 
honey bees have gustatory receptor neurons that are triggered by 
especially high sugar concentrations (Miriyala et al., 2018) provid-
ing a gustatory mechanism to meet their high metabolic C demand. 
Likewise, hummingbirds' high metabolic demands for C (Suarez & 
Welch, 2017) are consistent with the evolution of their sweet taste 
receptor from their ancestors' umami taste receptor as their diet and 
habits changed (Baldwin et al., 2014). These patterns are consistent 
with the principles of nutritional geometry which recognizes animals 
use sensory systems, like taste, to inform foraging decisions that bal-
ance the intake of multiple nutrients that vary in their concentration 
among different foods.

Lipids, including fatty acids, phospholipids, and steroids, are 
another important and diverse class of C- rich macromolecules that 
are essential in animal nutrition and can be an important source of 
glucose for cellular respiration. Different types of lipids vary sub-
stantially in their nutritional value and some nutritionally import-
ant lipids, including various essential fatty acids (i.e., linoleic acid), 
must be obtained directly from the diet. Animals possess multi-
ple systems to evaluate the lipid content of foods, including taste, 
olfaction, and gut- nutrient sensing (Besnard et al., 2015; Mizushige 
et al., 2007; Sclafani & Ackroff, 2012). However, the extent to which 
gustation, specifically, is responsible for the palatability of fats re-
mains in question (Besnard et al., 2015; Mizushige et al., 2007; 
Roper & Chaudhari, 2017). Nevertheless, taste associations for lipid 
molecules have been demonstrated for a variety of species and 
range from attractive to aversive depending on the molecule and 
consumer species (Ahn et al., 2017; Besnard et al., 2015; Roper & 
Chaudhari, 2017). For example, the attractive taste of lipids expe-
rienced by some mammals, including mice, is apparently stimulated 
by certain long- chain fatty acid molecules, such as linoleic acid, and 
not by abundant triglyceride fatty acids, which can produce an aver-
sive response (Besnard et al., 2015; Gaillard et al., 2008; Roper & 
Chaudhari, 2017). In Drosophila, linoleic and octanoic acids stimulate 
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appetitive gustatory receptor neurons (GRNs) while hexanoic acid 
activates both attractive and repulsive GRNs (Ahn et al., 2017). The 
combination of attractive and repulsive tastes induced by various 
lipids may help consumers achieve nutritional homeostasis with re-
spect to lipid supply by promoting consumption of potentially limit-
ing essential nutrients (i.e., linoleic acid) while protecting against the 
myriad negative health consequences of overconsumption of fats 
(Willett, 1994). For example, bumblebees regulate lipid consumption 
within relatively narrow bounds based on the nutritional composi-
tion of their food sources (protein- to- lipid ratio), consistent with pre-
dictions of nutritional geometry (Raubenheimer et al., 2020; Vaudo 
et al., 2017). However, it remains unclear the extent to which such 
behavior is triggered by sensory cues other than taste [i.e., olfaction, 
texture, post- ingestive cues (Sclafani & Ackroff, 2012)], highlighting 
the need to consider how other sensory systems interact to influ-
ence foraging behaviors that play a role in regulating the intake of 
lipids (Simpson & Raubenheimer, 2012).

Nutritional geometry implies that animals that consume a vari-
ety of foods of varying nutrient composition will benefit from the 
ability to detect, whether by taste or another mechanism, the pres-
ence of multiple nutrients in their food. Animals should experience 
particularly strong pressure for nutrient- sensing systems that detect 
essential biochemicals that cannot be synthesized and must be con-
sumed. Tastes for certain fatty acids, as discussed above, are exam-
ples. Another example is the attractive taste of vitamin C (ascorbic 
acid) to guinea pigs (Smith & Balagura, 1975) and certain laboratory 
strains of rats (Yasuo et al., 2019), which are incapable of vitamin C 
synthesis. Consumptive taste associations for vitamin C, which has 
a chemical formula of C6H8O6, would not necessarily be predicted 
from an analysis of stoichiometric imbalances between guinea pigs 
or rats and their food.

5  | L ACK AND LOSS OF TA STE SENSES 
AMONG ANIMAL SPECIES

Understanding why some animal species possess, or lack, certain 
taste senses has generated considerable interest among taste re-
searchers, particularly in cases where specific taste functions have 
been lost within some animal lineages (Antinucci & Risso, 2017; Jiang 
et al., 2012a). The loss of taste receptor function has been linked, 
in part, to evolutionary shifts in feeding ecology, including dietary 
specialization, that reduce the selective pressures on taste receptor 
genes (Feng et al., 2014; Jiang et al., 2012a, 2012b; Liu et al., 2016; 
Zhao et al., 2010, 2012). For example, sweet taste has been inde-
pendently lost in multiple lineages of terrestrial carnivores, including 
the strictly carnivorous felids, cetaceans, vampire bats (Antinucci & 
Risso, 2017; Jiang et al., 2012a; Zhao et al., 2012), and insectivorous 
bats (Jiao et al., 2021). This loss of sweet taste has been linked to 
pseudogenization of the T1R2 (sweet) receptor gene following di-
etary shifts toward obligate carnivory (Antinucci & Risso, 2017) as 
the relative lack of carbohydrates in animal tissue is thought to re-
duce selective pressure for maintaining a functioning sweet taste 

receptor (Jiang et al., 2012a). Shifts in feeding mode, meaning how 
an organism feeds (i.e., swallowing vs. chewing prey and fluid feed-
ing), have also been linked to loss of taste functions in some animal 
lineages. For example, the substantial loss of taste (sweet, umami, 
bitter, and sour) in cetaceans has been linked to pseudogenization 
of multiple genes following an ancestral dietary shift from herbivory 
to carnivory (animals contain fewer carbohydrates and bitter- tasting 
compounds than plants), as well as a behavioral shift toward swal-
lowing prey whole, which precludes the release of taste compounds 
within the oral cavity through mastication (Feng et al., 2014). 
Additionally, in vampire bats, the shift to blood feeding and use of 
infrared sensing to locate blood flows have presumably reduced se-
lection for functional carbohydrate and amino acid taste receptors 
(Zhao et al., 2012) resulting in the loss of sweet and umami tastes, 
respectively. Despite these notable examples, lineage- specific 
pseudogenization events do not always align with shifts in feed-
ing ecology or behavior, suggesting gaps in our understanding of 
the physiological function of taste receptor genes and the selective 
pressures that influence their maintenance (Antinucci & Risso, 2017; 
Feng & Zhao, 2013).

We suggest that biological stoichiometry can provide additional 
insight into the ecological contexts under which natural selection is 
likely to favor, or possibly disfavor, the evolution and maintenance 
of functional taste capabilities across diverse animal lineages. By 
focusing on differences in the elemental composition of plants and 
animals, as well as major vertebrate lineages, we can use biologi-
cal stoichiometry to understand how selective pressure for certain 
taste capabilities might vary among species on the basis of their tro-
phic position (herbivore, omnivore, or carnivore) and evolutionary 
history (i.e., mammals and insects). For example, differences in or-
ganismal stoichiometry among trophic levels, such as those depicted 
in Figure 1, suggest that animals are likely to experience differential 
selective pressure for certain taste capabilities based on their tro-
phic position. The narrower variation in the elemental composition 
of animals compared with plants (Figure 1) indicates that stoichio-
metric imbalances for N and P, and potentially Na and Ca (Figure 2), 
are likely to be greater, and more common, for animals that feed 
at lower trophic positions, such as generalist herbivores and om-
nivores, than those that feed at higher trophic levels (i.e., obligate 
carnivores). Put another way, carnivores are more likely to encounter 
food that has a chemical composition matching their own, thereby 
reducing selective pressure on the genes that allow them to differ-
entiate among foods of varying composition. Conversely, generalist 
herbivores and omnivores consume foods that are much more het-
erogeneous in their elemental composition and less likely to be in 
balance with their own chemical composition, meaning they should 
experience stronger selective pressure on their gustatory systems 
than strict carnivores.

When taste receptor genes are no longer under strong selective 
pressure, they should be more likely to accumulate deleterious muta-
tions that result in their becoming broken pseudogenes. To illustrate 
this concept, we turn to data compiled by Feng and Zhao (2013) who 
used available genomes of 48 mammals to demonstrate widespread 
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pseudogenization of taste receptor genes, including those for the 
T1R1 umami receptor. Based on principles of biological stoichiome-
try, we would expect herbivores to experience much greater dietary 
N deficiencies than carnivores, because of the higher and more vari-
able C:N ratio of plants than animals (Figure 1), and therefore stron-
ger selective pressure to maintain functioning umami (amino acid) 
taste receptor genes. Though Feng and Zhao (2013) concluded that 
there was no common dietary factor that explained the pseudoge-
nization of the T1R1 umami taste receptor across those 48 mam-
mal species, a higher proportion of predatory species (carnivores, 
insectivores, piscivores) lacked a functioning umami receptor gene 
(60% defective or absent, n = 10) than omnivores (13.5% defective 
or absent, n = 22), or herbivores (31% defective or absent, n = 16) in 
their dataset. Thus, there is some limited evidence that N- associated 
umami taste is more common for consumers that experience large 
dietary imbalances in N supply, suggesting that biological stoichi-
ometry may be useful for understanding general patterns regarding 
the loss of some taste functions in animals. However, we caution 
that biological stoichiometry may not accurately predict the pres-
ence or absence of specific tastes for individual species as those are 
undoubtedly shaped by each species unique evolutionary history. 
For example, the loss of amino acid triggered umami taste in some 
herbivores, like the giant panda, would not be predicted by biological 
stoichiometry or nutritional geometry. In the case of the giant panda, 
loss of umami taste is likely a reflection of reduced selective pressure 
on taste receptors resulting from the reduced dietary breadth of 
giant pandas, which almost exclusively consume bamboo, relative to 
ancestral species (Zhao et al., 2010). As such, the apparently higher 
rate of pseudogenization among herbivores than omnivores may re-
flect strict dietary specialization, which can lead to reduced pressure 
on taste receptor genes, among some herbivores relative to gener-
alist omnivores. Additionally, retention of umami taste in some car-
nivores, such as felids, may be an indication of predator N limitation, 
despite the appearance of relatively stoichiometrically balanced 
prey (Fagan & Denno, 2004; Kohl et al., 2015). In such cases, N lim-
itation may be driven by consumer metabolism, as many predators 
rely on gluconeogenesis to convert N- rich amino acids into glucose 
for cellular respiration due to the lack of carbohydrates in animal 
prey (Kohl et al., 2015). Finally, some amino acids can be detected by 
taste receptors other than those involved in umami taste (Chaudhari 
et al., 2009; Nelson et al., 2002) suggesting that loss of umami taste 
does not preclude gustatory detection of amino acids.

Though interspecific variation in elemental composition tends to 
be lower among different animal than plant species, there are sev-
eral elements that vary considerably among animal species based on 
broad- scale phylogenetic relationships. For example, P and Ca tend 
to be more concentrated in vertebrates than insects, a result of the 
presence P-  and Ca- rich skeletal bones in the former (Figure 1). As 
such, vertebrates may be more likely to experience, or experience 
greater magnitude, P and Ca imbalances than insects within any given 
trophic level, making it more likely they should find P and Ca taste 
attractive. Indeed, Ca is attractive at some concentrations to a di-
verse suite of vertebrates (birds, amphibians, mammals), but appears 

to be strictly aversive in insects, which are depleted in Ca relative to 
plants (Figure 1; Chen & Dahanukar, 2020; Lee et al., 2018). Thus, 
we believe that biological stoichiometry can inform our understand-
ing of the phylogenetic distribution of taste by revealing differential 
elemental imbalances between animals and their food both among 
major animal lineages and consumer trophic levels, while accepting 
that the full suite of taste capabilities possessed by any species will 
ultimately be influenced by that species' evolutionary history.

6  | LIMITATIONS OF BIOLOGIC AL 
STOICHIOMETRY AND NUTRITIONAL 
GEOMETRY

We have previously discussed that dietary specialization has been 
linked to reductions in diversity of taste capabilities in some species. 
In such cases, the presence or absence of taste senses may deviate 
from expectations based solely on principles of biological stoichi-
ometry and nutritional geometry. In cases of extreme dietary spe-
cialization, especially those that result in large nutritional imbalances 
between the consumer and its food, animals may rely on a diverse 
suite of adaptations ranging from specialized physiology and diges-
tive morphology to mutualisms with endosymbiotic microorganisms 
to reduce the severity of nutritional deficiencies in their diets. For 
example, some termites that feed on nutritionally poor wood rely 
on microbial endosymbionts to breakdown cellulose (Breznak & 
Brune, 1994), and for microbial N fixation within the gut (Potrikus 
& Breznak, 1977). Animals that possess such adaptations may cir-
cumvent the effects of nutritional limitation on poor quality diets by 
means other than dietary selectivity informed by gustatory sensing 
and therefore may experience little selective pressure to maintain 
functioning gustatory systems.

We have primarily focused our discussion of taste senses on 
those that promote consumptive, rather than aversive, behavioral re-
sponses, though we do discuss aversive responses to high concentra-
tions of compounds that produce consumptive responses under some 
conditions (i.e., Na, P, and Ca salts). This distinction is important given 
that some aversive tastes, such as bitter and perhaps to some extent 
sour, are generally thought to inform consumers that foods may con-
tain toxic compounds, or low pH, that may be harmful if ingested, 
even in low quantities (Breslin, 2013; Yarmolinsky et al., 2009). Thus, 
aversive tastes encourage consumers to reject foods and do not nec-
essarily align with our applications of biological stoichiometry theory 
and nutritional geometry, which we link primarily to consumptive 
tastes that drive nutrient acquisition. Indeed, aversive tastes may 
alert consumers to the presence of potentially harmful compounds in 
foods that may appear nutritious when considered from a strictly bio-
logical stoichiometry perspective. Interestingly, animals can, in some 
cases, learn to tolerate, or even prefer, bitter and sour tastes in their 
food and drink, particularly when the toxicity of taste compounds 
is negligible relative to potential nutritional and pharmacological 
benefits (Capaldi & Privitera, 2008). Though aversive responses to 
bitter and sour tastes are not necessarily consistent with principles 
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of biological stoichiometry, we have documented several examples 
where aversive tastes for high concentrations of certain elements, 
such as Na, P, and Ca, do align. The aversive responses to highly 
concentrated supply of Na, P, and Ca contrast to the consumptive 
response that these same elements induce at low and moderate con-
centrations. These differential responses to low and high levels of 
dietary Na, P, and Ca can be viewed as adaptations that reduce the 
potential for physiological consequences associated with deviation 
from strict homeostatic Na, P, and Ca regulation and thus provide ex-
amples of aversive taste responses that are consistent with the core 
principles of biological stoichiometry theory.

7  | FUTURE DIREC TIONS

We have provided numerous hypotheses for understanding the 
evolution of consumptive taste in animals based on the core prin-
ciples of biological stoichiometry theory and the complementary 
framework of nutritional geometry. We believe that our review 
of the taste biology literature has produced compelling evidence 
that supports the usefulness of these frameworks for informing our 
understanding of the evolution of taste. Here, we highlight several 
observations and questions that have emerged from this analysis 
that point to exciting avenues for future work that we hope will 
bridge the fields of taste biology, physiology, biological stoichiom-
etry, ecology, and evolution.

We have previously acknowledged that support for some of 
the ideas presented in this manuscript come from relatively small 
bodies of literature. For example, both P-  and Ca- associated tastes 
have been described for a small number of taxa, reflecting the lack 
of attention for these particular taste capabilities relative to the 
basic taste modalities recognized in humans (e.g., salty, bitter, sour, 
sweet, umami). Nevertheless, our analysis suggests that P-  and 
Ca- associated taste may be widespread given the large number of 
species that display preferential feeding behaviors related to these 
elements and provides some guidance on where to look for can-
didate species that might possess these specific taste capabilities 
(i.e., herbivores and omnivores for P, vertebrates for Ca). Thus, we 
believe that both P-  and Ca- associated tastes are deserving of in-
creased attention in a wider array of taxa, including invertebrates.

In addition to the elements surveyed here (Na, P, N, Ca, 
and C), several trace elements such as Bo, Fl, Fe, and Zn are pres-
ent in much greater concentrations in animal tissues than the foliar 
tissue of plants, suggesting the potential for consumptive taste as-
sociations for those elements. For example, it is worth noting that 
Zn is essential for the proper functioning of taste receptors them-
selves (Henkin, 1984). Future research may assess the potential for 
gustatory sensing of those elements in animals, followed by efforts 
to characterize the genetic and molecular nature of those gustatory 
systems. Further research is also warranted to better understand 
potential taste associations for essential biochemicals that might 
not be predicted by biological stoichiometry. Gustatory sensing of 
essential biochemicals, particularly those that are not endogenously 

synthesized by animals, should be highly favored, leading to the evo-
lution of taste associations.

Rapid advances in molecular and genetic techniques have en-
abled great insight into the chemical and genetic underpinnings of 
taste in both vertebrate and invertebrate models. We now know the 
specific receptor genes involved in producing many different taste 
modalities. This opens the possibility of analyzing the distribution 
of different taste modalities throughout the animal kingdom and 
thereby facilitating the extension of taste research to a larger num-
ber of species, including a greater survey of invertebrate fauna. This 
might prove especially useful for ecologists seeking to understand 
how animals employ behavioral or life- history strategies to mini-
mize nutritional imbalances in natural settings, thereby influencing 
interspecific predator– prey interactions, as well as food web and 
ecosystem dynamics. For example, a species ability to taste a par-
ticular nutrient is likely an important trait that influences the role of 
that species in nutrient cycling. We encourage continued efforts to 
understand the genetic and molecular bases of different taste capa-
bilities, particularly those exhibited by invertebrates. Identification 
of specific taste receptors and their associated genes will facilitate 
broad phylogenetic analyses that reveal the taxonomic distribution 
and evolutionary history of individual taste capabilities.
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