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Abstract

Traditional food systems based on harvest from the local environment are fundamental to the
well-being of many communities, but their security is challenged by rapid socio-ecological change.
We synthesized literature and data describing how a fundamental form of biodiversity, animal body
size, contributes to the security of traditional food systems through relationships with species
availability, accessibility, adequacy, and use. We found larger vertebrate species were more available,
accessible, and used on a per kilogram basis, particularly for mammals. Conversely, larger species
were no more or less adequate from a combined nutritional, health, and cultural perspective. Larger
species represented more biomass, and this biomass required less time to harvest, with greater but
more variable mean caloric returns over time. Smaller species provided more consistent caloric
returns and were harvested during documented shortages of prey. This reliance on species with a
range of body sizes is consistent with optimal foraging theory and the evolutionary value of flexibility,
and highlights the importance of a biodiverse pool of species for traditional food security in times of
change. Our synthesis of published literature and data highlights the many socio-ecological correlates
of species size and how these relate to the security of traditional food systems.

Key words: Traditional food, traditional food system, determinants of traditional food security,
animal body size, allometry, socio-ecological change

Introduction

Traditional food systems, or food systems based on the harvest of a diverse set of culturally acceptable
species from the local environment, contribute significantly to the physical and cultural well-being of
Indigenous communities in northern North America ( ). Traditional
foods remain an important source of energy, protein, and micronutrients in many communities

; ; ), and their consumption has
been associated with lower rates of obesity, diabetes, and cardiovascular disease and higher rates of
food security ( ; ; ; )
which is defined as “when all people, at all times, have physical and economic access to sufficient, safe
and nutritious food to meet their dietary needs and food preferences for an active and healthy life”
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( ). For many, the health and livelihood benefits of traditional foods are inseparable from
their cultural importance ( ; ). When questioned, 93%-95% of
Dene, Métis, Yukon First Nations, and Inuit respondents in Canada agreed that traditional foods
“are an essential part of the culture here” ( ), while Resolution 98-12 of the Inuit
Circumpolar Council states:

“Inuit hunting, fishing and other forms of subsistence gathering constitute a common basis of
Inuit spiritual, cultural, social, economic and political way of life and are essential to the
continued viability of Inuit communities and individuals” ( , p- 68-69.).

The security of traditional food systems, that is the continued and predictable availability and access
to quality and culturally acceptable foods derived from the local environment through Indigenous
cultural practices ( ), is being severely challenged by many forms of environmental,
biological, and social change ( ; ; ;

). For example, common household-reported barriers to the harvest of
traditional foods include no hunter, no equipment, lack of time, lack of knowledge, restrictive regula-
tions, and reduced availability of species ( ). Food systems
involve dynamic interactions between biophysical and human environments ( )s
and traditional food systems are no different. Given the socio-ecological nature of traditional food
systems and the challenges they face, understanding the characteristics that promote the security of
traditional food systems requires integrating evidence from across social and biological disciplines.

Here we synthesized a wide range of ecological, anthropological, geographical, and food security data
and literature describing a fundamental contributor to the security of traditional food systems in
northern North America: body size biodiversity in animals. In northern Canada and Alaska,
traditional food systems involve at least 100 wild vertebrate species spanning a wide range of body size
from the 0.01 kg Alaska blackfish (Dallia pectoralis) to the 100 000 kg bowhead whale (Balaena
mysticetus; ). The importance of species body size as a key component of biodiversity is
well quantified and widely discussed in the ecological literature; body size correlates with metabolic
rates, generation times, longevity, intrinsic rates of growth, range sizes, and extinction risks (

; ). Animal body size is also widely discussed in anthropological liter-
ature as an important factor in hunter prey choice and species extinctions ( ;

; ; ; ). However, to our
knowledge the direct importance of species size diversity to the socio-ecology of contemporary tradi-
tional food systems, and their security in particular, has not been explicitly synthesized. So, in this
paper we compiled published data and literature describing how species body size relates to four
aspects of the security of traditional food systems (adapted from ;

): (i) availability, that there are enough animals in the environment to
meet needs; (if) accessibility, that those animals can be safely reached and harvested; (iii) adequacy,
that those animals are acceptable as food from a nutritional, health, and cultural perspective; and
(iv) use, that those animals are harvested and consumed as traditional foods ( ). Furthermore,
we briefly summarized a theoretical framework, optimal foraging theory, that has been used to inter-
pret the role of body size in species selection in traditional food systems ( ;

; ). Our goal was to draw the attention of a larger audience to
body size related trends and theory and their implications for traditional food systems, as well as to
give background for policy makers looking to promote the security of traditional food systems.
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Conceptual figure differentiating traditional food availability, accessibility, and adequacy. Silhouettes are under Public Domain Mark 1.0 licensing.

Methods

Author positionality and ethical considerations

All authors identify as natural scientists, most are early career researchers, and all are from the same
research group at the onset of this paper. All but one of us are non-Indigenous (one self-identifies
as Métis). This synthesis focuses exclusively on published materials, a medium that has historically
disregarded Indigenous Knowledge. Thus, this paper presents a Western science perspective and
not one rooted in Indigenous Knowledge and worldviews, offering our relatively narrow understand-
ing of biodiversity and traditional food systems. We all have experience working in and (or) with
Indigenous communities in northern North America, and these experiences inspired our search for
factors that promote the security of traditional food systems facing socio-ecological change.

We recognize the continued importance of better connecting biodiversity, ecosystem services, and
human well-being ( ). Traditional food systems are important links between
biodiversity and well-being in certain communities, especially in remote regions like northern
North America. The importance of biodiversity for traditional food systems has been demonstrated
through community-based participatory research projects that engage directly with local harvesters
(e.g. ). However, based on our ecological science training and positionality, we have
observed that the academic discourse on traditional food systems and their security tends to focus on
studies of individual communities rather than general trends (but see ) and tends to be
better connected to concepts and approaches used in health, nutrition, and social sciences rather than
to fields like ecology and biodiversity (e.g., ). We wanted to provide a reference that
summarized empirical and conceptual knowledge demonstrating the links between biodiversity and
traditional food systems found within the published literature. As ecologists and biologists trained
to focus on biodiversity writ large (and small), with a general awareness that biodiversity is dominated
by smaller-bodied, unfamiliar, and often difficult to identify species, we wondered whether the
contributions of smaller and less familiar species were being overlooked by the academic literature
on biodiversity, ecosystem services, and traditional food systems and their security. We could not help
but notice that the research priorities of our Indigenous partner organizations (e.g.,

; ) and the harvesting activities of our Indigenous colleagues repeatedly
emphasized a wide diversity of traditional food species big and small.
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We found the process for ethical approval of this paper difficult to define. This paper is a synthesis of
published material describing social and ecological relationships of potential relevance to traditional
food systems and their security. Our goal was to demonstrates the wide diversity of wildlife
species—large and small, that contribute to traditional food systems—and better connect published
data and concepts like allometries, scaling, and prey choice to the socio-ecology of contemporary
traditional food systems and their security. Some of the quantitative relationships presented here
are well established in their respective disciplines, some are not, and never have all these relationships
been brought together and synthesized to our knowledge. In this format we could not do justice to the
depth, complexity, and history of all the research that factors into this synthesis; instead, we strove to
highlight generalities and particular examples while citing literature for interested readers to pursue
for further detail. Although the importance of research that supports traditional food systems has
been repeatedly emphasized (e.g., ), syntheses of academic
knowledge of potential relevance to traditional food systems poses a challenge for ethical oversight.
We conducted no data collection, instead working exclusively with publicly available information.
However, some of the material we cited includes studies conducted with various Indigenous
communities spread throughout the globe. To our knowledge, this form of literature review and
synthesis does not require community engagement and ethical review according to Article 9.2 of the
Government of Canada’s Tri-Council Policy Statement: Ethical Conduct for Research Involving
Humans (example 8; ). While we would have preferred to engage with a group
representing rights-holders in our research review, identifying the appropriate rights-holder repre-
sentatives was challenging considering the global nature of literature cited. Recognizing our primarily
non-Indigenous authorship, we sought out “culturally informed advice” ( ) by con-
tacting four experts in traditional food systems for an ethical review of our manuscript following peer
review but prior to publication. In adapting our manuscript in response to these reviews, our goal was
to produce a reference document that minimizes the risk of causing harm.

Data sources and compilation

To review how body size variation in fish, birds, and mammals correlates with measures of species
availability, accessibility, adequacy, and use, we compiled data and publications distributed in ecologi-
cal, anthropological, geographical, and food security literature. Thus, this synthesis is both a review of
peer-reviewed publications and a re-analysis and synthesis of published data from these fields. While
traditional food systems include plants, invertebrates, and vertebrates, and size variation can be
important across all three groups, we focused on vertebrates, particularly fish, birds, and mammals.
These taxa include many of the species contributing to traditional food systems in northern North
America and have the most readily available body size data. But they also exclude important taxa like
plants, insects, invertebrates, amphibians, and reptiles ( , ,

, ). Similarly, we focused exclusively on among species (inter-specific)
body size variation because (i) species-level estimates of mean body size are more readily available
than regional, population, or individual-level estimates and (ii) comparing species of vastly different
body size renders results less sensitive to within species variation. Within-species size variation is also
important, including regional differences associated with latitude, habitat, and subspecies or ecotype
designations ( , , , ) as well as
size differences among individuals present within the same population, but this intra-specific
variation was not part of this synthesis. For birds and mammals, we used mean adult body mass
estimates for 9 993 bird and 5 400 mammal species compiled by . Determining
a mean species body mass is more challenging for fish than for birds and mammals, because fish
are indeterminate growers and therefore defined by considerable age and resource-related size varia-
tion ( ). For fish, we estimated mean body mass estimates of 30 246 species using FishBase
( ; for more details see ). All data were presented at
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the species-level, but data sources estimating traditional food use frequently included multi-species
groupings (e.g., ducks, seals, salmon, etc.). To convert these to species-level data, we divided groups
equally into their component species (see ). We synthesized and visualized
all data using R ( ).

Beyond our focus on inter-specific comparisons among fish, birds, and mammals, our synthesis
focused geographically on traditional food use in northern North America (Canada and Alaska), as
use has been well-documented (e.g., ) in this region. However, many of the body size
correlations presented here that are relevant to the availability, accessibility, and adequacy of tradi-
tional food species represent global data sets. These global correlations are intended to emphasize
the generality of body size patterns, while avoiding the ecosystem and taxonomic exclusions
introduced by regionalized data (e.g., excluding marine fish and mammals from continental data sets,
migratory birds from breeding bird inventories). In addition, the predictive strength of size relation-
ships generally increases with the range of body sizes being compared.

Body size and the availability of traditional foods

The availability of traditional foods is influenced by many ecological traits that scale with body size
like species diversity, abundance, productivity (i.e., births and deaths), and population stability. The
allometric relationships between these traits and mean species body size have been well documented
by ecologists ( ; ; ). There are more species of small
animals than large animals. Among vertebrates, across continental to global scales, the relationship
between species diversity and vertebrate body mass is log normally distributed with the highest diver-
sity occurring at approximately 0.1 kg ( ; ;
) and a slightly fatter tail of larger body masses to the right of the mode (

; ). Very large and very small vertebrates are both characterized by lower
diversity, but the size range above the 0.1 kg mode is a lot larger (e.g., up to a 100 000 kg blue whale;
Balaenoptera musculus) than the size range below (e.g., down to a 0.01 kg Alaskan blackfish). This
size-diversity distribution is believed to result from an evolutionary trade-off between short-term
advantages of larger body mass (e.g., greater fecundity, resource monopolization, tolerance of
resource fluctuations, survival, thermoregulation) being counterbalanced by a greater risk of extinc-
tion due to longer generation times, lower intrinsic rates of growth, lower densities, and larger range
requirements ( ; ; ;

; ; )-

Larger traditional food species tend to occur at lower densities but represent greater biomass on the
landscape than smaller species. The pattern in density, or individuals per unit area, is intuitive.
Because larger-bodied individuals occupy more space and require more resources than smaller-
bodied individuals, populations of larger-bodied species should be composed of fewer individuals
per unit area than smaller-bodied species ( ;

; ). In contrast it appears that overall biomass, or kilogram per unit area,
generally increases with species body size. Larger traditional food species, and especially larger species
that happen to be locally abundant, tend to represent greater quantities of biomass in the wild ( ;

; ; but see ) even though smaller species
tend to be more numerous in terms of individuals per area than larger species.

Smaller traditional food species tend to grow and reproduce more quickly on a per gram basis than
larger species. Put more precisely, the relationship between annual biomass production (i.e., growth
and reproduction) and body size in vertebrates has an exponent approximating 0.75 (

). Energy investment in growth and reproduction detracts from investment in maintenance;
consequently smaller organisms generally have shorter lifespans ( ; )-
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Fig. 2. The distribution of global vertebrate body size in birds, fish, and mammals. Silhouettes of traditional food
species are intended to situate readers on the mass axis and include from left to right: Alaska blackfish (Dallia
pectoralis; 0.011 kg), eulachon (Thaleichthys pacificus; 0.102 kg), willow ptarmigan (Lagopus lagopus; 0.567 kg),
Canada goose (Branta canadensis; 2.81 kg), chinook salmon (Oncorhynchus tshawytscha; 4.52 kg), North
American beaver (Castor canadensis; 21.8 kg), ringed seal (Pusa hispida; 71.0 kg), caribou (Rangifer tarandus,
86.0 kg), moose (Alces alces; 360 kg); polar bear (Ursus maritimus; 390 kg), bison (Bison bison; 579 kg), beluga
(Delphinapterus leucas; 1 360 kg), and bowhead whale (Balaena mysticetus; 100 000 kg). Fish body masses are
based on common length-to-mass conversions from Froese and Pauly (2018). Bird and mammal body masses
are from Wilman et al. (2014); Supplementary Materials 1). Silhouettes are under Public Domain Mark 1.0
licensing.

Thus, relative to larger organisms, smaller traditional food species tend to live fast and die young. This
life history pattern is often expressed in relation to the intrinsic rate of increase for a species, 7,yax a
parameter used in population dynamic equations to reflect the capacity of a population to grow in
typically favourable, unconstrained conditions (Coulson and Godfray 2007; Cortés 2016). Plotting
empirically derived estimates of 7, as a function of body mass yields a clear pattern: smaller species
have a higher intrinsic rate of increase than larger species (Fig. 4). This higher-per-capita production
is directly relevant to the harvest of traditional foods, since sustainable yields depend more on the
annual production of a population rather than on its overall density (Fryxell et al. 2014). As long as
annual harvest does not exceed annual production, at least in theory, a traditional food species can
be harvested in perpetuity without causing a decline (Weinbaum et al. 2013). Since larger species
are typically characterized by lower-per-capita production, sustainable harvest rates (as a percentage
of population size) will generally decline with body size. Furthermore, smaller species will tend to
rebound from episodes of over-harvest faster than larger species (Frank et al. 2011).

Populations of smaller species with higher intrinsic rates of increase are also more likely to be
characterized by population instability, including oscillatory, cyclic, and chaotic dynamics, than
slower-growing populations (May 1974; Bonsall and Hassell 2007). All else being equal, the
population size of smaller traditional food species will tend to fluctuate faster and more than the
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Fig. 3. Total biomass as a function of species body mass for birds, mammals, and fish. Biomass estimates were
derived from density measurements for birds and mammals compiled by Stephens et al. (2019) and from the
Reef Life Survey Program (Edgar and Stuart-Smith 2014) for fish. Linear smoothers were included to illustrate
trends across body mass within each taxon.
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Fig. 4. Reported estimates of species intrinsic rate of increase (ry.x) as a function of mean body mass
(Hennemann 1983; Schmitz and Lavigne 1984; Fenchel 1974; Thompson 1987; Robinson and Redford, 1986;
Cortés 2016). Linear smoothers were included to illustrate trends across body mass within each taxon.

population size of larger species. This tendency towards faster and greater fluctuations can be
expressed, formally, as differences in the period and amplitude of population oscillations. Among
birds and mammals characterized by regular fluctuations in abundance, periodicity of population
cycles scales positively with body size, ranging from approximately 3 years for species weighing
0.01 kg to approximately 30 years for species weighing 100 kg (Peterson et al. 1984; Myers 2018).
The tendency for smaller species to be characterized by larger amplitude fluctuations in population
size than larger species is apparent from population time series made available by the global popula-
tion dynamics database for many of the world’s fish and mammal populations (although less so for
birds; Fig. 5; NERC Centre for Population Biology 2010).
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Population variability of birds, mammals, and fish as a function of body mass. Variability is expressed as
the coefficient of variation of annual estimates of relative abundance from decade or longer population time series,
excluding fur trapping records identified as low-quality population estimates (i.e., a data quality score of >2;

). Linear smoothers were included to illustrate trends across body mass
within each taxon.

Body size and the accessibility of traditional foods

In the context of food systems, accessibility generally includes physical, social, and economic access to
food ( ). For traditional food systems, we considered physical access to be the distances
traveled and time needed to acquire traditional foods; social access the knowledge, group cooperation
techniques, and regulatory frameworks (or lack thereof) needed to acquire traditional foods; and
economic access the capital and operational costs borne to acquire traditional foods.

Regarding physical access, search and handling times needed to find, harvest, and process traditional
foods tended to increase with species body size. Search times have traditionally been viewed as the

largest time expenditure associated with harvesting ( ; )
and, since animal densities (individuals/km?) tend to decline with body size (see availability section),
search times tend to increase with size ( ; ; ).

Similarly, handling times tend to increase with body size, and this increase can be subdivided into
longer pursuit times, declining hunting success, longer processing times, and greater transportation
times ( ; ; ). Nonetheless, the bigger bodies of
larger species more than compensate for the longer handling times they require, meaning the general
trend is for average post-encounter return rates (energetic returns/handling time) to increase with
body size ( ; ; ; but see ). Despite this average
trend, it should be noted that there can be considerable variability in species return rates depending
on a variety of factors including the season, prey characteristics and nutritional condition (see
adequacy section), tools, and harvester group composition, such that smaller animals can be highly
profitable under the right circumstances (e.g., harvested en masse like in spawning fish aggregations,
rapidly processed like when eaten whole; ; ; ;

). These conditions could explain some of the smaller species with very high potential
return rates (e.g., the 0.28 kg tui chub (Siphateles bicolor; ), the 1.5 kg cutthroat trout
(Oncorhynchus clarkia; )). Also, at the largest end of the body size spectrum (e.g., the
3 940 kg African bush elephant (Loxodonta africana)), post-encounter return rates could decline as
a result of rapid increases in all forms of handling times ( ; ).
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Published estimates of post-encounter return rate for birds, fish, and mammals as a function of body mass.
The return rate represents calories per hour invested in pursuing, harvesting, and processing. Open and solid
circles represent minimum and maximum values respectively for that species. A linear smoother computed on
species’ median return rates was included to illustrate the trend across body mass. ( ;
; 2010; ; ). Silhouettes represent notable outliers
tui chub (Siphateles bicolor) and African bush elephant (Loxodonta africana). Silhouettes are under Public
Domain Mark 1.0 licensing.

Finally, while overall average returns increase with body size, so does the average variability of those
returns (note the logarithmic y axis in ; ; )- So, while
the harvest of larger species typically increases the physical accessibility of traditional foods, it can also
increase the unpredictability of those returns.

Harvesters may manage the variable returns of larger species through cooperation, division of labour,
and knowledge sharing between harvesters, i.e., social techniques for moderating food accessibility.
The harvest and processing of larger species generally takes more time, is more technically challeng-
ing, and can be more dangerous; this is particularly the case for extremely large species (e.g., elephants,

whales; , ; ; ). Thus larger species
can require more knowledge and expertise to harvest and process, a trend reflected in greater rates
of hunting failure for larger species ( ) and the tendency for occasional,

generally less experienced, harvesters to focus on smaller (e.g., waterfowl, fishing) rather than larger
species (e.g., caribou (Rangifer tarandus), polar bear (Ursus maritimus), muskox (Ovibos moschatus);
). Since finding larger species typically requires longer search times, knowledge of
environmental conditions for travel, safety, and equipment repair is critical for accessing larger game,
especially for large marine mammals ( ; , ,

; ). The variability of harvesting larger species may be further offset by nonmeat
foraging, food storage, and food sharing ( ; ). When
labour is divided between genders, men often pursue large game while women forage for nonmeat
foods and small animals; big game hunting often increases if women’s foraging returns decline.
( ; ). Devoting labour towards food processing (e.g., drying, the
preparation of bone grease) and storage allows for larger game to be collected in higher quantities
when seasonally accessible and preserved for times of scarcity ( ; ).
Larger species are also more frequently shared outside of the immediate family compared with small
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game, plants, or other nonmeat resources ( ). These cooperative strategies do
not just manage the variability of harvest returns of large game, they are often integral to building
social relationships and status within families and communities ( ; ;
). Finally, social accessibility of traditional foods is also affected by local rule frameworks

like land tenure, public safety laws, and wildlife harvest regulations. Larger species are more likely to
be designated at-risk and to be subject to some kind of harvest restrictions ( ;
), restrictions that often become the subject of legal disputes. For example, the

number of decisions rendered by the Supreme Court of Canada regarding Indigenous harvest rights
tends to increase with the body size of the species in question ( )-

Economic barriers (e.g., the capital and operating costs of harvesting) can also limit access to
traditional foods. The initial capital investments to obtain hunting and fishing equipment can be an
insurmountable barrier for low-income families ( ; ;

). Operating costs, particularly fuels, can also be a major impediment to harvest (

; ; ). Although accounts of harvesting costs by species
are rare, recorded 14 months of capital and operational costs of Inuit harvesters in Sachs
Harbour, Canada, alongside target species and output. He calculated production costs per animal as a
combination of the depreciation of capital goods used in harvest as well as the operational costs to
engage in harvesting. found that overall production costs per animal tended to increase
with body size ( ), because larger animals typically required more expensive equipment
(e.g., boats, higher calibre rifles, and ammunition) and larger travel distances. However, this trend
of increasing production costs with body size is lost when considering costs per kilogram of edible tis-
sue acquired ( ). Note that analysis preceded the transition from dog teams to
snowmobiles for winter transportation, and this could increase both the capital and operating costs
of the winter travel needed to harvest larger species like polar bear and caribou (although a more
recent analysis including snowmobile costs still showed no relationship between production costs
per kilogram and body size; ). Interestingly, in Amazonia, dramatic
increases in ammunition costs were associated with a shift to greater harvesting of larger species
( ), suggesting that in certain contexts economic costs can influence traditional
harvesting practices.

Body size and the adequacy of traditional foods

According to the United Nations’ Special Rapporteur on the right to food, food adequacy “requires
that food satisfy dietary needs... be safe for human consumption, free of adverse substances, and cul-
turally acceptable” ( , p- 4). As such, we reviewed how the body size of traditional food
species correlates with their adequacy in terms of their nutritional density and body composition, lack
of chemical contamination, and cultural acceptability.

Traditional foods typically contain higher levels of protein, lower levels of fat, and are considered
healthier than their market alternatives ( ; ). However, there
is considerable variation in body composition and nutritional content of different species’ tissues
( ). In all taxa, the proportion of animal bodies that is muscle, an important edible
tissue, stays relatively constant across body sizes except in extremely large mammals
(i.e., >1 000 kg; ). In mammals and birds, increases in body size result in fat and structural
components like bone accounting for a larger fraction of total mass while skin, integument, and
organs account for a smaller fraction ( and 8c¢). Declines in the proportion of skin and integu-
ment in larger mammals and birds reflects the declining surface area to volume ratio, while declines in
overall organ mass with body size reflect lower metabolic demands on a per kilogram basis. Bone
mass increases disproportionately with body size due to a required thickening of long bones to resist
the additional forces associated with larger body masses ( ; ).
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(Erignathus barbatus and Pusa hispida). Linear smoothers were added to illustrate trends across body mass.
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While typically not a major source of calories, bones, especially the marrow of long bones, provide a
noteworthy source of fat particularly when prey are lean (e.g., during seasonal resource shortages;

). Though edible fractions (muscle, fat, organs) of birds and mammals, and to a lesser
degree fish, tend to decline with body size ( ; ;

), the concentrations of calories, protein, and fat within muscle and organ tissue show no strong
relationship with body size ( ; ). Only in
birds does the protein content of muscle tissue decrease with body size (

), potentially due to an increase in muscle fat content (

). Overall larger mammals and birds should still be more calorically dense primarily due
to larger fat stores. In contrast, organs account for a smaller proportion of total mass in larger birds
and mammals. Organs like the liver are often associated with higher concentrations of micronutrients,
like iron and vitamin A, so declining organ fractions could result in reduced micronutrient concentra-
tions in larger species. This trend could be magnified (e.g., iron; )
or reduced (e.g., vitamin A; ) by changing micronutrient concen-
trations with body size in organ tissues, but generally it appears changing tissue proportions, rather
than tissue content, drive changing nutritional patterns with body size ( )

An important component of traditional food adequacy is that species remain “free from adverse sub-
stances” ( ). Both natural and anthropogenically sourced contaminants in traditional
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Fig. 8. The relationship between body size and body composition in (a) fish, (b) birds, and (c) mammals. Patterns
for birds and mammals were adapted from Calder (1996) and extended across the 1 000-100 000 kg mass range
for mammals using Nishiwaki (1950). Allometric trends in fish body composition are based on Casadevall et al.
(1990) for skeleton, Thorson (1961) for blood, and Murray and Burt (1991) for fat and protein, with organ mass
assumed to account for the remainder. Note the different body mass ranges for each taxon.

foods have been a growing interest and concern in many Indigenous communities (Pirkle et al. 2016;
Wheatley and Paradis 1995). Larger traditional food species, particularly marine mammals at higher
trophic levels, tend to contain higher concentrations of certain contaminants. Many factors play a role
in driving inter-individual, inter-population, and inter-specific variation in tissue contaminant
concentrations in wild foods (e.g., location, habitat, trophic position, diet, sex, age, breeding status,
ecological change; Barst et al. 2019; Provencher et al. 2010; McKinney et al. 2009; Ross et al. 2000).
Despite these numerous confounding factors, when compared across species and tissue types,
population-level mean and median concentrations of total mercury and persistent organic pollutants
like polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane (DDT) do tend to
increase with body size (Fig. 9; Supplementary Material 5; NCP 2003; 2012; 2013; AMAP 2018).
Total mercury, for example, tends to increase with body size across nonherbivorous species, likely
as a result of biomagnification given larger nonherbivores tend to be at higher trophic levels
(Fig. 9b; Kelly et al. 2007). It is noteworthy, however, that methylmercury, the form of mercury that
readily biomagnifies, is produced mainly in aquatic systems and is typically lower in terrestrial
systems (UNEP 2019). All the herbivorous species included in this synthesis are terrestrial, which
may explain why biomagnification was not observed at this trophic level (Fig. 9b).

The cultural acceptability of, or preferences for, particular traditional foods is highly context- and
culture-dependent (Garibaldi and Turner 2004); similarly, the relationship between species body size
and cultural preferences, if any, varies considerably by community. Traditional foods can be subject to
social restraints, and these restraints can take many forms such as the protection of entire biological
communities, habitat patches, or particular species (Berkes et al 1995). Colding and Folke (1997)
documented 55 such social constraints around particular traditional food species, and found that
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Fig. 9. Population-level mean and median concentrations of total mercury in liver tissue vs. average species body
mass. Species taxonomic divisions (a) and dietary classifications (b) are indicated by colours. Taxonomic, overall,
and diet-specific linear smoothers were included to illustrate trends. Population-level measures of total mercury
concentrations were obtained from the Northern Contaminants Program (NCP)’s Canadian Arctic
Contaminant Assessment Reports (NCP 2003, 2012, 2013) and the Arctic Marine Assessment Program (AMAP
2018). Note the logarithmic x and y axes. Linear smoothers were added to illustrate trends across body mass.

these species tended to be larger, particularly larger mammals (Colding and Folke 1997; Fig. S5,
Supplementary Material 6). These social restraints existed for a wide variety of reasons, including a
species’ behavioural or morphological characteristics, a perception of the species as toxic, its role in
local cosmology, or as a conservation mechanism (Colding and Folke 1997). Similar to outright
harvesting restrictions, cultural preferences for species can show a body size pattern. For example,
in some communities of northern Canada larger animals, such as caribou or black bear (Ursus
americanus), can be perceived as more spiritually powerful and of greater nutritional value, thus mak-
ing them “stronger foods”. Hunters that harvested these larger species can have a greater social status,
and Elders are offered these species as a sign of respect. The concept of well-being, or “being alive
well”, involved the consumption of a diversity of traditional foods, particularly these “stronger”
species (Adelson 1992). This is not to suggest that smaller traditional food species were inadequate.
Instead, this is a case of species cultural preferences, necessarily intertwined with economic and nutri-
tional preferences, coinciding to a degree with species body size (Adelson 1992; Koster et al. 2010; see
also Hames and Vickers 1982). In other contexts, or when comparing across cultures, body size
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patterns in species preferences may change. Comparing the traditional food consumption patterns of
communities occupying the same town site notionally eliminates the role of distinct geographic
homelands changing the availability and accessibility of traditional food species. In one such commu-
nity in northern Canada ( ) one group of harvesters preferentially con-
sumed larger, generally marine, mammals, while the other preferentially consumed terrestrial
species, often smaller birds and fish ( , )-

Body size and the use of traditional foods

Estimating the use of traditional food species across body sizes is challenged by the variety of data
sources, the many ways to quantify use, and the subjectivity of any metric of use (

). We quantified traditional food use in northern North America via compilations of
three independent, multi-year, data sets originating in northern North America: food recall question-
naires, wildlife harvest surveys, and zooarcheological archives. For each, we standardized data from
multiple communities, regions, or sites at the species or species-group level (e.g., “geese”) by con-
verting data with variable units into proportions of the total for that location in that study (e.g., lake
whitefish Coregonus clupeaformis represent 7% (i.e., 0.07) of reported traditional food consumption

in Eastern Hudson Bay; ). For each species we calculated a mean proportion value
across communities or regions so that each species’ “use score” ranges between 0 and 1 and the scores
of all species sum to 1 ( ). We applied these use scores as weights in kernel

density estimates so that species used more frequently contributed more to probability density func-
tions than species used infrequently. Plots of probability density functions visualize how the intensity
of use of traditional food species varied across body size. For comparison, the unweighted probability
density function of all Canadian species is in the background ( ; ).

All use data sets produced surprisingly similar probability density functions; the use of traditional
foods placed greater emphasis on larger animals, and particularly larger mammals, compared with
what was available ( —10i). The densities of body sizes used typically peaked at species that
were up to several thousand times heavier than the most common body sizes of Canadian vertebrate
species. Birds were the least used taxon, representing between 2% and 16% of the species used in each
data set while representing 34 % of species in Canada ( , , and 10g). The most frequently
used bird species ranged from the 0.5 kg spruce grouse (Falcipennis canadensis) to the
2.8 kg Canada goose (Branta canadensis), 20-100 times heavier than the size of bird species most
commonly available in Canada (around 0.025 kg). But bird diversity in Canada is bimodal and the
second availability peak at 0.6 kg more closely coincided with what was used. Birds were particularly
underrepresented in the harvest surveys ( ). Fish were used in a relatively similar proportion
(38%-52%) to their overall diversity (55% of species in Canada) with the most frequently used species
having body sizes between the 1.5 kg cutthroat trout and the 2.3 kg turbot (Scophthalmus maximus;
, 10e, and ), up to 13 times larger than the most commonly available fish species
(~0.18 kg). The zooarchaeological data were a notable outlier ( ), as they contained a greater
breadth of fish sizes that more closely resembled what was available with two peaks between the
0.15 kg buffalo sculpin (Enophrys bison) and the 1.6 kg sockeye salmon (Oncorhynchus nerka).
Finally, mammals were used as traditional foods (39%-46%) far beyond their available diversity
(10% of species in Canada) with the most frequently used species having body sizes between the
100 kg black bear (Ursus americanus) and the 130 kg harp seal (Pagophilus groenlandicus; ,
,and 10i). The most frequently used mammal species were up to 5 000 times heavier than the body
sizes most commonly available in Canadian mammals (shrew-sized species ~0.028 kg), but mammal
diversity in Canada is also bimodal with a second peak at 100 kg. Interestingly, the overall use of fish
and mammals was similar, even though Canadian mammal diversity (213 species) is far less than fish
(1126 freshwater and marine species).
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The body size distributions from three indices of traditional food use in northern North America: archeological archives (a-c), food recall surveys (d-f),
and harvest surveys (g-i). The distributions were calculated using kernel density estimation weighted by species “use score”, the proportion each species was used
relative to other species in each independent dataset (e.g., kilograms consumed over total kilograms consumed; see
distribution was calculated using the diversity of all Canadian vertebrates.

Discussion

). The availability

Here we synthesized academic data and literature describing how a fundamental component of

biodiversity, species body size, correlates with a variety of socio-ecological characteristics that could

influence the availability, accessibility, adequacy, and use of wild vertebrates in traditional food

systems. Compiling data sets from traditional food systems in northern North America, we found

larger species, particularly larger mammals, were more frequently used compared with smaller spe-

cies, particularly birds (

). These results were consistent across three independent data sets

quantifying use: food recall questionnaires, harvest surveys, and archaeological inventories, even
though each data set had different weaknesses when estimating traditional food use. Food recall ques-
tionnaires typically reflect more recent meals, even when respondents are asked to describe consump-

tion over longer time frames. As such, they can reflect the seasonal and short-term availability of
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traditional food species depending on the timing of the survey ( ). Some studies repeat
questionnaires throughout a calendar year or have participants keep a diary to improve estimates of
annual consumption patterns ( ; ; ).
Despite these concerns and others (e.g., nonrepresentative sampling), food recall questionnaires
remain the most direct quantitative estimates available of traditional food use. In contrast, harvest
surveys are typically conducted to inform wildlife management, so they include species harvested
for nonfood purposes (e.g., furbearers) and will focus on species of greater management concern.
Frequently subsistence harvest, in particular fish and smaller game, is underreported (

); this could explain the lower incidence of birds ( ) and the narrower peaks for
fish and mammals ( and 10i) in harvest density distributions. Still, because of the impor-
tance of harvest data for wildlife management and Indigenous land claims, harvest data are by far
the most extensive estimates of traditional food use with 631 community-year records included in this
synthesis ( ; 2017). Finally, the relative frequency of identifiable specimens at archaeological
sites is our least direct estimate of traditional food use because: (i) not all animals consumed are nec-
essarily transported to any particular site; (ii) site use varies seasonally; (iii) taphonomic factors
(e.g., scavengers, decomposition) are known to affect the remains of smaller species, and birds, dispro-
portionately; (iv) sites may be discovered or selected for detailed analysis based on the presence of
larger animal remains; and (v) archaeological specimens, if they reflect harvesting activities, reflect
harvesting that has occurred over much longer time frames than food recall and harvest surveys
( ; ; ). Considering these potential sources
of variation, the body size distribution of specimens in our archaeological inventories is remarkably
similar to that of food recall and harvest surveys, the most notable difference being a relatively greater
frequency of smaller fish species ( ; ). Each data set, regardless
of their distinct and different origins, show a greater frequency of larger species, particularly mam-
mals, than would be expected from the simple vertebrate diversity distributions in northern North
America.

Larger species also shared characteristics associated with greater availability and accessibility as
traditional foods. Availability increasing with larger species may appear counterintuitive; larger

species are generally less diverse ( ), numerous ( ), and productive ( ) than
smaller species, making them slower to recover from harvest ( ) and more prone to
extinction ( ; ; ). However, larger
species offer more biomass on the landscape ( ; ), particularly during congregations

of individuals (e.g., mass migrations). Still, during shortages of larger species, the higher diversity of
smaller traditional food species results in a greater selection to fall back upon. This is the case even

though smaller species tend to experience rapid population fluctuations ( ), and there are many
reports of harvesters turning to smaller traditional foods when larger species are unavailable (
5 ).

Larger food species are not just more biomass on the landscape; this biomass tends to be more acces-
sible to harvesters. Larger animals tend to contain more calories that require less time to harvest, an
energy richness that is partially driven by greater proportions of fat in larger mammals and birds
( ). While the amount of time needed to pursue and process game increases with body size,
caloric densities tend to increase more rapidly leading to greater mean caloric returns per unit time
in larger animals ( ). Note, however, that species returns can vary significantly depending on
the circumstances, that the variability of returns also increases with body size, and the trend of
increasing returns with body size may reverse for extremely large species, particularly when terrestrial
( ) due to increased pursuit and transportation costs ( ;
). While larger species are often more challenging to harvest, process, and transport (
; ), the use of cooperative techniques (e.g., food sharing, food
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storage, cooperative hunting) can manage these challenges ( ; ).
The economic accessibility of species, at first glance, also appears to decline with body size (i.e., costs
increase; ), but when calculated per kilogram biomass this decline disappears ( ;

). Important to note that this trend is based on a single community ( ), that significant
interspecific variability exists in these cost estimates and that more data are required to accurately
describe how economic accessibility of traditional food species varies with body size in different con-
texts. For example, in eastern Ecuador found that a 300% increase in taxes on
ammunition was associated with a dramatic decline in the harvest of smaller
species that provided less biomass per shot. In contrast, harvester surveys from other regions of
North America have reported time, more than cost, as the most frequent barrier to accessing tradi-
tional foods, particularly for those working wage jobs ( ; ).
Given these reports, it is noteworthy that food recall and harvest surveys in northern North
America report a disproportionate use of larger species ( -10i), species that often maximize
caloric returns per time spent.

While data sets describing species availability, accessibility, and use often demonstrated increases for
larger traditional food species, adequacy data did not vary consistently with body size. Nutritionally
speaking, the case has been made that switching between the tissues of different species can alter

macro or micronutrient intake (e.g., ), but these inter-specific differences did not
show a strong relationship with body size ( ). We did find tis-
sue compositions of animals changed consistently with body size ( ; ); this likely has

greater nutritional consequences with larger animals typically containing more fat and less organ tis-
sue. This increase in fat in larger species occurs in both fat tissue deposits and bone marrow (

; ) such that eating exclusively animals with insufficient fat, often smaller
species, can cause repeated nausea and diarrhea, or “rabbit starvation syndrome”, with potentially
lethal consequences ( ; ). Yet many contami-
nants, including mercury ( ), DDT, and PCB, ( ) also tended
to increase in concentration with body size, suggesting the adequacy of nutritionally desirable larger
species could be reduced due to contamination. Manifestations of this trend include risk assessments
encouraging the substitution of beluga (Delphinapterus leucas) with smaller species to reduce PCB
intake ( ). Larger species were also more often the focus of harvesting taboos
( ; ), but also were culturally preferred in
certain contexts ( ). For the most part, traditional food species are by definition culturally
adequate and preferences reflect a culture’s tendency to consume a species more frequently rather
than absolute prohibitions ( ; ).

A substantial body of research has studied prey selection choices using the conceptual framework of
optimal foraging theory, specifically diet breadth models ( ;

; ; ; ). This framework describes
the prey selection choices of a hypothetical harvester (e.g., hunter, fisher, trapper, forager) who
decides whether to harvest a species based on optimizing a particular currency or utility (e.g., kilogram
of meat/money spent, calories of meat/time spent; ; ;

; ; ; ). Prey species
are ranked according to currency returns, often post-encounter net calories over time, that they
provide, and species are only harvested if they are part of the set of species that, combined, maximize
currency returns. Based on the assumptions of the diet breadth model, an optimal harvester will pref-
erentially harvest a higher-ranked over a lower-ranked species if they are encountered together
( ; ). When lower-ranked species are encountered independently,
they are only harvested when their currency returns are greater than the returns after searching for
and then handling higher-ranked species ( ). Put another way, a hypothetically
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optimal harvester will decide whether to harvest an animal based on how long it would take to find a
preferred alternative (for more detailed descriptions see ; ;

; ). It is important to remember that this conceptual framework
describes a hypothetical scenario (e.g., a harvester who searches for all prey simultaneously; who
makes decisions based on a single criterion, maximizing currency returns; who always has full knowl-
edge of the exact returns associated with each species; etc.) that, much like a frictionless engine, is a
measuring stick against which to compare rather than an accurate description of the real world.
With this in mind, the tendency of larger species to provide greater post-encounter caloric returns

( ; ) suggests they would rank highly for a harvester optimizing calories
for time spent. While there exists significant variability in the body size — energetic returns relation-
ship (e.g., ), the correlation is strong enough, and alternative metrics are sufficiently

lacking, that body size is often used as a rough proxy for energetic returns in archaeological analyses
of harvesting ( ; ). The implications of this ranking based on
body size include that, for an optimal harvester, diet breadth narrows (i.e., lower-ranked, often
smaller, species are overlooked) when search times of higher-ranked, frequently larger species are
reduced (e.g., they are more numerous or foragers are more mobile) and widens when search times

are increased (e.g., high-ranking prey are less numerous; ; difficult travel con-
ditions, , ). Most importantly, variations of the diet breadth model
( ), similar to other conceptual frameworks like the evolutionary value of flexibility
( ), predict that by flexibly including or ignoring species depending on the circumstances,

optimal harvesters maintain a more consistent and secure intake of traditional foods even during dra-
matic fluctuations in the availability and accessibility of preferred species.

This link between flexibility and security is an important nuance, and it is underemphasized in our
results that highlight a static, optimized, relationship between species use, availability, accessibility,
and body size. Our data sets describing the use of traditional foods contain entries for 298 unique ver-
tebrate species in northern North America. This extraordinary biodiversity is the biological founda-
tion for flexibility in traditional food systems in this region, and this only represents vertebrates.
The additions of plants, fungi, and invertebrates complete the biodiverse foundation of food systems.
There are many documented instances of the flexible use of local biodiversity to adapt to changing
socio-ecological circumstances ( ; ; ;

; ; ; ; ). We were
not able to empirically represent this flexible use of biodiversity in this review, but that is not to
suggest that flexibility in traditional food systems is unimportant. Many of the empirical patterns
summarized here are species-level averages instead of measures of variability that reflects our, and
to a degree the cited literature’s, bias towards optimality rather than flexibility. This reflects our
positionality (see Methods), as well as the Western and scientific background of much of our cited lit-
erature. Canada’s has pointed out that the existing
body of research, particularly research regarding Indigenous Peoples, must be open to reassessment
considering its frequent lack of inclusion of Indigenous Knowledge holders. The data and theory syn-
thesized in this paper must be considered in this light. This is not a fulsome review of all human
knowledge regarding biodiversity’s contributions to traditional food systems, but instead a synthesis
of primarily non-Indigenous scholarship of potential relevance to the security of traditional food
systems.

Emphasising the importance of biodiversity to the security of traditional food systems is made all
the more urgent by the speed of socio-ecological changes being experienced by many communities
(e.g., in northern North America: ; ; ;

; ). Here we synthesized data and publications that
describe the numerous socio-ecological correlates of a fundamental component of biodiversity and
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Table 1. Examples of traditional food systems that have adapted to social-ecological change by harvesting prey species with different body sizes.

Time frame Socio-ecological Harvest focus before
Location (years CE) change (mass in kg) Harvest focus after (mass in kg) Reference
Arctic North 1000-1850 Climate cooling Bowhead whales Caribou (90), ringed seal (70), Wenzel (2009)
America (100 000) Arctic char (0.7)
Nunavut 1940-2008 Climate warming Ringed seal (70) Canada geese (2.8), snow geese (2.6), Arctic char Imrie (2009)
(0.7), Greenland cod (19), shorthorn sculpin (0.2)
Alaska-Yukon 500-1850 Climate warming, Caribou (70) Moose (360) Yesner 1989
increased fires
Alaska-Yukon 500-1850 Habitat change from  Caribou (70) Snowshoe hare (1.7), Pacific salmon (1.5-4.6), Yesner (1989)
interior to coastal squirrels (0.2-0.8), hoary marmots (7), beaver (20),
porcupine (7), muskrat (1), otter (8)
Prince of Wales 1970s-2020 Logging Pacific salmon Black-tailed deer (50) Brinkman et al.
Island, Alaska (1.5-4.6) (2007)
Northern Ontario Late Moose and caribou Moose (360), Snowshoe hare (1.7), walleye (1.3), lake whitefish Rogers and
1700s-1920 declines caribou (70) (1.3), suckers (0.1-0.7), sturgeon (5.5), Black (1976)
lake trout (1.1), pike (0.4)
Ecuador 1973-1979 Prey declines Tapir (300), Paca (8.2), armadillo (1.5-4.4), agouti (2.7), Hames and
peccaries (32), coatimundi (3.8-4.0), squirrel (0.7), Vickers (1982)
primates (3-4) tin-tin (0.6-1.0)

mean species body size and how these influence the availability, accessibility, adequacy, and use of
traditional foods. Broadly speaking, we found larger traditional food species represented digestible
biomass that was more available and accessible and, particularly with mammals, more frequently
used. Conversely, smaller species, although less available and accessible on a per kilogram basis, were
more consistently available as they were more diverse and recovered more rapidly from harvest. All
while being no more or less consistently adequate than larger species. Put more succinctly, while
larger traditional food species were often more rewarding to harvest, smaller species were often more
resilient. It is important to keep in mind that the use patterns described here are particular to northern
North America, use patterns elsewhere may differ, use presented here is static when in reality it is
highly dynamic, and traditional food species are harvested for many reasons beyond their use as food
(e.g., textiles, tools, ceremony, worldview, medicine; Garibaldi and Turner 2004). Our focus here on
body size and its implications should not be taken to suggest that size-independent determinants of
traditional food security are unimportant. Species body size is only one of a vast number of biodiver-
sity traits relevant to their socio-ecology, and traditional food use is influenced by many other factors
(e.g., harvester wealth, employment status, preferences, knowledge, physical health, equipment, social
network, regulations, seasons, competition, trading and sharing; Nelson et al. 2005; Delormier et al.
2009; Natcher et al. 2016; Batal et al. 2021). Nonetheless, there is evidence that scaling relationships
play an important role in many socio-ecological systems (West 2017), and our synthesis demonstrates
the breadth of characteristics correlated with species body size in traditional food systems. Theoretical
frameworks like optimal foraging models (Winterhalder 1986) and the evolutionary value of flexibil-
ity (McCay 1981), alongside empirical evidence from ethnographic, archaeological, and historical
accounts (Table 1), suggest that access to a wide range of species with a diversity of ecological and
sociological characteristics can contribute to the security of traditional food systems. Keeping in mind
that this review could only considers published material, much of which does not explicitly consider
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Indigenous Knowledge, we hope it could still demonstrate the very tangible connections between
biodiverse pools of wild species and the security of traditional food systems.
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