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Abstract
The adoption of sustainable alternative foods could potentially reduce the environmental burden
of human food production if it can reduce demand for products with higher environmental
impact. However, there is little empirical evidence for how frequent food consumption declines are
when alternative foods are introduced, limiting our knowledge of the potential for such
introductions to drive food system transformations. Using 53 years of food supply data for 99 crop,
livestock, and seafood commodities in 159 countries, we use regression analyses on 12 883 time
series—each representing a single country-commodity pair—to detect sustained declines in
apparent national food consumption, as well as corresponding consumption increases of other
food commodities. First, we show that sustained declines in the consumption of any food item are
rare, occurring in 9.6% of time series. Where declines are present, they most frequently occur in
traditional plant-based staples, e.g. starchy roots, and are larger compared to animal-source foods,
particularly in low- and middle-income countries where much of the future increase in food
demand is expected to occur. Second, although declines were rare, we found national production
rather than trade was identified as the most common proximate driver of declines in consumption,
suggesting that shifts in diets have the potential to translate into reduced environmental impacts
from food production. Third, we found consumption increases were nearly twice as common as
declines, but only 8% of declines (from within 4% of total time series) occurred parallel to incline
events within the same food group, suggesting limited interchangeability. An examination of case
studies suggests that alternative foods can facilitate food system transitions, but strong relative
disadvantages for existing foods across aspects of technology, markets, policy and culture need to
exist in parallel to support for alternative foods across the same factors. Where existing foods are
already produced in highly efficient systems, a lack of systematic disadvantage may provide a
barrier to alternative foods driving change.

1. Introduction

The production of food is a major contributor to
environmental degradation at a global scale [1, 2].
Food systems contribute between one quarter to a
3rd of current greenhouse gas emissions [3], appro-
priate nearly 40% of Earth’s terrestrial surface [4],

use more than 70% of available freshwater [5], and
create substantial nutrient pollution [6, 7]. The net
environmental impact (herein ‘impact’) of food pro-
duction systems is of increasing concern as the chal-
lenge of sustainably feeding a growing population
is coupled with increasing affluence and consump-
tion of high-impact animal-source foods [8–12].
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While various production and value-chain interven-
tions will likely continue to increase the efficiency of
the most resource-intensive foods, inescapable dif-
ferences in production impacts among products are
likely to persist [13, 14]. Therefore, shifting diets
towards greater consumption of low impact altern-
ative foods and sending market signals that disin-
centivize production of high-impact foods is widely
considered a key strategy for reducing environmental
damage from food and to avoid tipping points in nat-
ural systems [1, 8, 15–19].

Potential mechanisms for changing consumers’
diets span policy interventions that shape regulat-
ory or fiscal frameworks relating to food production
and consumption, e.g. food carbon taxes [20, 21],
and actions that target consumer choice either pass-
ively, e.g. structural nudges of consumer selection
towards low-impact foods or the adoption of insti-
tutional food procurement policies that make low-
impact foods more available [22–24] or actively,
e.g. information and/or education campaigns, and
ecolabeling [25, 26]. One largely consumer-driven,
market-based approach to dietary change has been
the development of low-impact food alternatives that
provide consumers with a similar qualitative exper-
ience (e.g. taste, texture) as more resource-intensive
or impact-prone products. Alternative foods may
include new products such as plant-based alternatives
(e.g. almond milk, veggie burgers), novel products
(e.g. mycoproteins or cell-based foods), certified
commodities (e.g. dolphin safe tuna) or existing
products that have gained popularity through time or
have been introduced to a new area [27–32]. Many
alternative foods have lower per unit impacts (e.g.
greenhouse gas emissions, land-use) than the major-
ity of animal source foods [27, 33]. Yet, shifts to
lower-impact alternative foods can drive sustainable
consumption only if the higher-impact foods they
are intended to substitute for are effectively replaced
in peoples’ diets [34–36]. Indeed, without sufficient
substitution of existing products, alternative foods—
including those with potentially lower environmental
burdens—have the potential to have negative or unin-
tended environmental outcomes. Despite the import-
ance of decreases in consumption of an existing food
when alternative foods are introduced, there is a lack
of empirical evidence of the occurrence, frequency, or
context of such events.

To address this research gap, we use regression
analyses to detect historical country-level sustained
declines in food supply data for 99 crop, livestock, and
seafood commodities to identify the frequency and
distribution of decline events in the apparent con-
sumption (herein ‘consumption’) of different food
groups globally over a 53 year time period. We
also assess any corresponding increases within and
between a given country’s commodity groups, as well
as the primary covariates (i.e. production, imports,
exports) of consumption trends. In doing so we ask:

(a) How often do declines in food consumption
occur, and in which food groups and geographic
regions are they observed?

(b) What are the proximate drivers of these declines
in food consumption?

(c) Do increases in consumption of similar foods
coincide with declines, suggesting a possible
mechanism for dietary shifts?

We then complement our statistical analyses with
a qualitative reviewof key case studies to better under-
stand the potential mechanisms and ultimate drivers
of declines in food consumption and the role of
alternative foods in dietary transitions.

2. Methods

2.1. Food balance sheets (FBS)
We used food balance data from the United Nations
Food and Agriculture Organization (FAO) FAOSTAT
database [37] to extract annual national data on the
production, imports, exports, and uses of food com-
modities. The foods recorded in FBSs are typically
primary commodities, e.g. fruits, vegetables, and cer-
eals, but also include some processed commodities,
e.g. vegetable oils and butter. Data are sourced from
nations’ official statistics, and estimated or imputed
where data are unavailable.

The FAO calculates an annual domestic supply
quantity for each commodity by combining produc-
tion and imports, subtracting exports, and adjusting
for stock changes. From there, an annual per capita
food supply quantity is generated by subtracting food
used for feed and seed, and dividing by population.
These measures of food supply represent the quant-
ity of food that is available for human consumption,
but may differ from actual quantities consumed [38].
Nonetheless, FBSs provide the best available repres-
entation of quantities of foods consumed on a global
scale.

Per capita food supply data (kg capita−1 year−1),
which we use as a proxy for apparent consump-
tion, were downloaded for all available country-
commodity pairs from1961–2013. ThoughFBSswere
also available for 2014–2017, they were computed
with a different methodology and different estimates
of population, and were thus excluded from this ana-
lysis in order to minimize any possible discontinuity
between the two periods.We only considered national
time series of individual food commodities, excluding
any data describing aggregated regions (e.g. Europe)
or aggregated commodities (e.g. animal products).
We also excluded countries that formed or dissolved
at any point during the study period (n= 24), such as
the Soviet Union and its successors, due to potential
discontinuities between former countries and their
successors, as well as Sudan (former) which under-
went large boundary and population adjustments fol-
lowing secession of South Sudan in 2011. Our final
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Figure 1.Method for identification of incline and decline events in food supply time series. The method is illustrated for
Australia’s mutton and goat meat commodity. (a) Raw per capita food supply (kg capita−1 year−1) from 1961 to 2013. (b) Time
series were smoothed with a 5 year rolling mean, then each year was characterized as increasing, decreasing, or stable by the slope
of a 5 year rolling linear regression. (c) Consecutive years with the same trend were grouped together and defined as an event, and
events of the same category were consolidated into a single event if they were less than 5 years apart. Finally, any event with a
duration of fewer than 10 years was removed from the dataset.

set of food supply data consisted of 12 883 country-
commodity time series from 159 distinct countries
(table S1 (available online at stacks.iop.org/ERL/17/
014020/mmedia)) and up to 99 distinct food com-
modities (table S2). Not every country had a sup-
ply time series for every commodity. Additionally,
many novel foods, e.g. insects ormycoprotein, are not
included in FBSs and thus could not be included in
this analysis.

2.2. Event detection
To identify trends in apparent consumption of food
commodities, we smoothed each time series with a
5 year rolling mean and computed slope over a 5 year
rolling linear regression (figures 1(A) and (B)). Each
yearwas classified as having an increasing, decreasing,
or stable trend according to the sign of its slope. We
effectively removed the stable slope class by assigning
it only when the slope was exactly zero. Widening the
range of slopes classified as stable, e.g. −0.05 to 0.05,
interfered with the successful identification of decline
and incline events as they were operationally defined
for this work, according to visual inspection of the

resulting event time series. Consecutive years with
the same slope classification were grouped together
and categorized as either an incline or decline event,
depending on the slope classification (figure 1(C)).
Finally, multiple events of the same category were
consolidated into a single continuous event if there
were less than 5 years between them. For every event,
Mann–Kendall nonparametric trend tests were con-
ducted to assess monotonic upward or downward
trends. We used the ‘trend’ R package [39] to cal-
culate the correlation coefficient Kendall’s tau, which
determined the strength and sign of the trend, as well
as Sen’s slope, which assessed the magnitude of the
trend.

The resultant list of events was filtered to remove
any event with a Kendall’s tau value less than 0.6 or
greater than −0.6, and a Sen’s slope value less than
0.2 or greater than−0.2 for incline events and decline
events, respectively. Kendall’s tau thresholds were set
to remove events with weak trends, and Sen’s slope
thresholds set to remove events with only minimal
changes in supply quantity. Additionally, we removed
any event <10 years in duration to isolate persistent
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trends in food supply. We tested a range of values
for both parameters, and found them to be relatively
robust to our choice (figure S1).

We calculated duration and absolute and pro-
portional change in food supply for every event.
We also assigned every food commodity one of ten
food groups: alcoholic beverages; cereals and pulses;
fruits and vegetables; meat and offals; milk, eggs, and
animal fats; seafood; starchy roots; sugar and sugar
crops; vegetable oils and oil crops; other. The ‘other’
category contains stimulants, spices, tree nuts, infant
food, and commodities left unspecified, i.e. ‘miscel-
laneous’ (table S2). Additionally, FAO FBS metadata
was used to pair each event to the geographic region
and income group associated with its country. For
every food group and geographic region, we calcu-
lated a proportional decline frequency defined as the
number of decline events divided by the number of
time series analyzed. We also calculated the propor-
tional composition of food groups that made up the
detected declines within each income group.

2.3. Event recovery
We classified each decline event as recovered or unre-
covered by assessing if, at some point in the time series
following the last year of the event, the food sup-
ply quantity recovered 95% of the quantity lost. We
tested sensitivity of our results to a range of thresholds
(75%, 80%, 85%, 90%, 95% and 100%) and found
the proportion of recovered decline events was relat-
ively insensitive to choice of threshold (figure S2).

2.4. Proximate driver correlative analysis
Food supply, here used as a proxy for consumption, is
the residual of food production and utilization [38],
such that changes in supply are fundamentally under-
pinned by changes in production, exports, imports,
or some combination. Supply is also influenced by
the diversion of biomass to animal feed or seed, stock
changes (including governments, producers, retailers,
exporters, and importers, among others), as well as
supply chain waste.

To understand the proximate drivers of consump-
tion declines, i.e. the elements of supply most asso-
ciated with the declines we detect rather than the
ultimate drivers affecting these elements in turn, we
conducted parallel pairwise correlations of produc-
tion, imports and exports with supply (figure S3).
We excluded all other elements of supply because
production and trade are the main processes by
which food is made available to consumers, and
we were fundamentally interested in whether con-
sumption changes were most closely associated with
domestic production or international sourcing. We
removed decline events that were missing associ-
ated production, imports, and exports data and
we converted all elements to per capita quantities
(kg capita−1 year−1). For our correlative analysis,
any element with an absolute value of Spearman’s

rho greater than or equal to 0.9 was classified as
a dominant correlate. This threshold was chosen
to highlight only the strongest correlates; we tested
sensitivity of results to different thresholds (0.5, 0.6,
0.7, 0.8, and 0.9) and found results robust to the
threshold (figure S4). If no element had a rho value
that exceeded 0.9, the element with the largest rho
value was classified as the dominant correlate for that
supply decline. We summarized frequency and per-
centage of declines associated with different domin-
ant correlates in total and across each food group. For
all declines with per capita production as a domin-
ant correlate, we also evaluated if absolute production
decreased during the same time period by evaluating
the sign of the coefficient of a linear model fit to the
production time series. We used the same method to
analyze changes in harvestable area and yield during
the decline period for crop commodities.

2.5. Identification of coinciding events
If an increase in consumption of one food was caus-
ally linked to declining consumption of another food,
the respective increases and decreases in food supplies
should overlap temporally. To detect which decline
events occurred near the same time as incline events
of different foods in the same country, we developed
a method to identify coinciding pairs of incline and
decline events. First, events had to occur in the same
country and begin within±2 years of each other; this
constraint bound events to only those within a close
temporal distance from each other in order to mimic
our hypothesized conditions of a strong causal inter-
action between two foods. Further, many pairings
were likely correlative, so this constraint also limited
the resulting number of paired events. Incline events
were allowed to precede or follow decline events, since
the introduction of an alternative food could lead to
a pronounced decline in the supply of an existing
food already experiencingminimal supply losses. This
approach provided a buffer around the error associ-
ated with our method of detecting the start year of
each event. We tested the sensitivity of this time win-
dow (1–5 years) and found that the resulting number
of paired events was robust to the value chosen (figure
S5). Second, the incline event had to have amaximum
smoothed quantity within 50% of that of the decline
event to prevent pairing of events with substantially
different magnitudes of food supply. Finally, each
coinciding event pair was classified as an intra-group
or inter-group pair, depending on whether the two
food commodities were part of the same or different
food groups, respectively, based on our grouping of
FBS metadata (table S2).

2.6. Case study selection and approach
We used case study analysis to understand the role
of food introductions on declining consumption
of others, beyond coinciding trends we identify.
We overlaid coinciding decline and incline events
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graphically to highlight strong correlative patterns
within and among food groups. We then paired this
exploratory process with our knowledge of docu-
mented changes in global food consumption pat-
terns, such as widespread declines in starchy root
consumption and increased consumption of animal-
based foods [40] to identify a range of case study
candidates. Guided by proximal driver analyses for
each example (i.e. whether supply inclines/declines
were most associated with production, trade, etc),
we searched Google Scholar and Web of Knowledge
databases for relevant peer-reviewed literature that
focused on ultimate drivers of food system transitions
for those cases, i.e. the social, economic, and/or envir-
onmental factors underpinning changes in produc-
tion, trade, or otherwise.We selected final case studies
that were compelling examples of where food intro-
ductions contributed to the decline of others across a
range of food groups. Where multiple, simultaneous
declines of the same food group, e.g. various seafood
commodities, were found in the same country, we
aggregated those declines together tomatch the resol-
ution those trends were reported at in the literature.

All data processing and analysis was performed
using R version 4.0.2 [41] using the following pack-
ages: broom [42], cowplot [43], here [44], ggdist [45],
ggpubr [46], janitor [47], paletteer [48], patchwork
[49], png [50], readxl [51], rnaturalearth [52], scat-
terpie [53], sf [54], slider [55], tidyverse [56], trend
[39], vroom [57].

3. Results and discussion

3.1. Frequency and distribution of declines in food
supply
From the 12 883 country-commodity time series ana-
lyzed, we identified only 1689 individual decline
events (from within 12% of time series) over the
53 year period (table S3). Typically, a time series only
contained a single decline event if any were detec-
ted, though 10% (n = 164) of these time series with
declines contained a 2nd decline event (e.g. figure 1)
and <1% (n = 6) contained a 3rd. Of the decline
events detected, 20% (n= 344) later recovered at least
95% of the lost supply quantity (figure S2). Our res-
ults herein describe the remaining 1345 decline events
(fromwithin 9.6% of time series) that did not recover
(figure 2).

These unrecovered declines in food supply were
relatively uncommon, with an overall frequency of
0.10, where frequency was defined as the number of
decline events divided by the number of time series
analyzed (figure 2). However, frequencies of decline
events were variable across food groups, with the
highest decline frequency found in the starchy roots
food group (0.27), followed by alcoholic beverages
(0.18) and cereals and pulses (0.18). Lowest decline
frequencies occurred for seafood (0.07), vegetable oils
and oil crops (0.03), and ‘other’ (0.01) food groups.

Indeed, sustained declines in food supply tended to be
far more common in plant-based products than for
animal-source foods.

Decline trends varied across countries, but clear
patterns emerged in the composition of food groups
that experienced supply declines when countries
were aggregated by income group (figure 3). The
highest frequencies of food supply declines (0.16–
0.20) occurred in Northern America, Australia and
New Zealand, Melanesia, Micronesia, and Polynesia.
The lowest decline frequencies (<0.07) occurred in
Southern Asia and Northern Africa. Collectively,
the majority of decline events found in low or
middle income countries were in crop commod-
ities (e.g. starchy roots, cereals, pulses, fruits and
vegetables), aligning with the pattern of reduced
dependence on traditional staples and increased pref-
erence for animal products and consistent with
consumers becoming more affluent and urbanized
[10, 40, 58]. In contrast, high income countries had
higher proportions of declines in animal-source foods
like meat, seafood, eggs, and dairy products. These
patterns would seem to support an environmental
Kuznets curve, where consumers eat increasingly
more animal-based products as a country develops,
but deliberately reduce their consumption after a cer-
tain threshold of income as awareness grows of envir-
onmental, health, and animal rights implications of
food production and consumption [59, 60]. Contrary
to trends in other animal products, seafood supply
declines were relatively infrequent across all regions,
likely due to a combination of near ubiquitous growth
in global fish consumption over the last 60 years
[61], and a portfolio of thousands of wild-caught
and farmed species produced domestically and traded
that buffer patterns of decline.

We found disparities in the magnitude of declines
across these groups. For instance, while declines in
meat, eggs, and dairy supplies dominate the overall
number of food supply declines in high income coun-
tries, the proportional reduction in apparent con-
sumption of these products is smaller than that of
crop-based commodities in low and middle income
countries. In particular, declines in starchy roots in
low and middle income countries have an average
loss of 65%, while declines in meat, eggs, and dairy
products in high income countries have an aver-
age loss of 40% (figure S6). Thus, where reductions
in apparent consumption of animal-based foods are
occurring, these changes may be less significant com-
pared to areas where plant-based foods are being
replaced in diets. In addition to these relatively small
declines in high income countries, it has been estim-
ated that decreasing rates in meat consumption may
not occur until per capita incomes reach equivalents
of between USD $36–$50 thousand [59]. The ever
rising ceiling of per capita demands from a large pro-
portion of the world’s growing human population,
and such a distant inflection point formost countries,
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Figure 2. Proportional frequency of unrecovered supply declines in each food group. Proportional frequency was calculated as the
number of decline events divided by the number of time series analyzed per food group. Bars are colored to represent decline
events without a coinciding incline, with a coinciding incline of a different food group, and with a coinciding incline of the same
food group.

highlights the enormity of the challenge to reduce the
environmental burden from human food demands.

The median decline duration was 16 years, and
ranged from 10 years (our minimum threshold) to
53 years (the length of the FBS time series). Because
duration is conditional on the 1st year of the detec-
ted decline and limited by the length of the FBS time
series, its contribution to the overall characterization
of the declines detected is minimal.

3.2. Proximate drivers of declines in food supply
Of the 1345 unrecovered decline events we detected,
25 had missing or no non-zero production, imports,
and exports data and were removed from the prox-
imate driver analysis, leaving 1320 declines remain-
ing. Per capita production was most strongly cor-
related with per capita food supply, with a median
Spearman’s rho value of 0.91 (figure 4(a)). It was
also the element of supply most frequently categor-
ized as a dominant correlate, associated with 62%
(n = 842) of all food supply declines, followed by
imports (27%, n= 368), and exports (11%, n= 148)
(figure 4(b)). Within food groups, per capita produc-
tion remained the most common proximate driver
of supply declines, followed by per capita imports
(figure 4(c)). In all food groups, exports were a
dominant correlate for only a small percentage of
supply declines, but played the largest role for sugar
and sugar crops as the proximate driver of 20% of
supply declines within that food group.

Positive dietary changes towardsmore sustainable
consumption do not necessarily result in environ-
mental benefits as the complex relationships among
factors such as product substitutability, market
dynamics, trade relationships, and the relative envir-
onmental impacts of all foods in the dietary profile
may diminish or completely prevent the intended
environmental outcome [34–36]. Yet, the prom-
inence of a country’s domestic production as the
dominant driver of the same country’s food sup-
ply declines suggests local dietary shifts through
policy and consumer behavior may be able to reduce
impacts of food production domestically for many
food items. That said, addressing overexploitation by
trading countries is still pertinent, especially wealth-
ier nations importing seafood and oil crops, where
trade rivals that of domestic production’s influence
on declines [37, 62]. Additionally, while all supply ele-
ments in our analyses are per capita transformations
(and so plausibly decreasing per capita production
could just mean population is outpacing produc-
tion), in 85% of the declines with production as the
dominant driver, absolute production also declined.
Further, for 39% of production-driven declines in
crop products, harvestable area also declined while
yield remained constant or increased for the major-
ity of cases. Understanding realized impact reduc-
tion from production changes is complicated given
the uncertainty over resulting changes to land or
water body management practices, system-specific

6



Environ. Res. Lett. 17 (2022) 014020 D M Ferraro et al

Figure 3. Distribution of unrecovered food supply decline events geographically and within economic groups. (a) Decline
frequencies per geographic region and the respective composition of food groups therein. Pie chart and pie section size is scaled to
the normalized decline frequency within each region and food group. Regions include Australia and New Zealand, the Caribbean,
Central America, Eastern Africa, Eastern Asia, Eastern Europe, Melanesia, Micronesia, Middle Africa, Northern Africa, Northern
America, Northern Europe, Polynesia, South America, South-Eastern Asia, Southern Africa, Southern Asia, Southern Europe,
Western Africa, Western Asia, and Western Europe. Regions in light gray, i.e. Antarctica and Central Asia, were omitted from
analysis due to lacking or insufficient data. (b) Proportional composition of decline event food groups within economic groups.
Percentages represent normalized decline frequencies within each income group and food group.

sensitivity to intensification (e.g. increased fertilizer
application) and the multifaceted, cumulative nature
of food production impacts [11, 13, 63]. Addition-
ally, production decreases may occur simultaneously
with increased imports, which can produce uncertain
sustainability outcomes as the environmental bur-
dens associated with food type, production method,
transportation mode and distance, and other factors
along the supply chain are complex [64, 65]. Non-
etheless, the importance of dietary change funda-
mentally depends on the assumption that with the
reduction in demand for certain foods, reduced envir-
onmental pressures from production will ensue.

3.3. Exploring the role of alternative foods in
consumption declines
Implicit in the idea of substituting foods to improve
sustainability is the assumption that they will reduce
demand for existing, less sustainable foods, yet we
found little evidence of closely coupled associations
from our analysis of coinciding inclines. In fact,
consistent with trends of increasing per capita
consumption, incline events were over twice as fre-
quent as decline events, with a total incline frequency

of 0.22 (n= 2854 incline events; table S4), and only a
minority (30%, n= 853) coincided with unrecovered
decline events (table S5). Overall, incline events pre-
ceded decline events as frequently as they followed
them, with the incline preceding and following in
26% and 24% of paired coinciding events, respect-
ively (figure S7(a)). There was some variation within
food groups; for vegetable oils and oil crops as well as
meat and offal declines, the coinciding incline gen-
erally preceded the decline. However, we note that
the identification of the 1st year of an event, and sub-
sequent implication of these results, is limited by the
length of the time series in this study. Indeed, 50%
of all coinciding incline and decline events began
in the same year, solely because the overwhelming
majority of those events began in the first year of
the time series (figure S7(b)). Unrecovered decline
events did not appear to coincide more frequently
with incline events than recovered decline events did,
with 40% of unrecovered declines matched to an
incline versus 36% of recovered declines. Pairing of
decline and incline events was more common (90%
of all coinciding events) across different food groups
(e.g. cereals and seafood), while only 8% of declines
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Figure 4. Dominant correlations between per capita food supply and utilization elements, i.e. per capita production, imports, and
exports (kg capita−1 year−1), during unrecovered supply declines. (a) Kernel density estimation (bandwidth= 0.05) of the
absolute value of correlation coefficients (Spearman’s rho) between per capita food supply and its constituent elements. Dashed
line indicates a Spearman’s rho value of 0.9. (b) Percentage of total supply declines where each constituent element of supply was
determined to be a dominant correlate, where a dominant correlate was defined as an element with Spearman’s rho⩾ 0.9, or the
element(s) with the maximum Spearman’s rho value in the case none exceeded rho⩾ 0.9. (c) The proportional distribution of
dominant correlates within each food group.

occurred in tight association with incline of a food
item within the same food group (e.g. meats, such as
beef and chicken; figure S8). These intra-group event
pairs were detected in fewer than 4% of all time series
analyzed. Some inter-group pairs reveal associations
between declines in higher-impact foodswith inclines
in foods with relatively lower impacts. For example,
46%of the declines inmeat and offals thatwere paired
with a coinciding incline were matched with inclines
in crop commodities, namely cereals and pulses along
with fruits and vegetables. In these cases, ultimate
drivers underpinning consumption trends may be
driving both the decline and incline, however our
results suggest that if strong causal coupling between
increase in one food and decline of another does exist,
it is likely to be exceptionally rare.

Nonetheless, there have been well documented
examples of where alternative foods have contributed
to food system transitions across different econom-
ies and cultures. In Indonesia, starchy roots (cassava
and sweet potato) have largely given way to cereals in
diets (rice and, to a lesser extent, wheat); in Australia,
poultry has overtaken beef and other red meats as

the dominant source of animal protein; and in Japan,
fish and seafood consumption has declined in con-
trast to global trends, with whitemeat (chicken/pork)
increasingly consumed in its place (figure 5). Recent
work highlights how the rise of new food depends
on numerous facilitative conditions in science and
technology, markets, state action or policy, and cul-
ture [26]. For example, the rapid rise of chicken
in Japan was facilitated by increasing adoption of
advances in breeding, husbandry and intensification
which allowed dramatic increases in yields, histor-
ical marketing campaigns that associated the meat
with military prowess, and a cheap source of animal
protein following the Uruguay Round of the Gen-
eral Agreement on Trade and Tariffs in 1993 [26].
Similar trends are also evident in Indonesia, where
the surge in rice production from the 1960s to 1990s
was assisted by government investment in seed tech-
nologies, hybrids, and irrigation infrastructure, that
rice consumption has a long standing history of con-
sumption in the country, and wheat consumption
greatly increased after trade restructuring following
the 1997–98 financial crisis.
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Figure 5. Case studies of known food transitions where alternative foods contributed to shifts in per capita consumption of other
foods. (a) Indonesia’s declining supply of cassava and sweet potatoes and increasing supply of rice and wheat. (b) Australia’s
declining supply of beef and increasing supply of poultry. (c) Japan’s declining supply of fish and molluscs and increasing supply
of poultry and pork.

Yet the catalyzing factors for the rise of emer-
gent foods do not necessarily explain the decline in
others. In each of these case studies, the strong rel-
ative disadvantage of existing foods across the four
facilitative factors is pronounced. In Indonesia, while
rice seed technologies expanded in the 1960s, cassava
yields plateaued until the 1980s, and the sluggish-
ness of production cycles increasingly deterred pro-
ducers. After World War II, tapioca (granulated cas-
sava root) export markets also fell away as European
and US trade partners started favoring local starch
industries, reducing domestic production incentives.
Culture played a further role—many now associate
cassava consumption with poverty because of its his-
torical use as a food security crop [66, 67], do not
feel it satiates them, and preferentially purchase rice
even when it is more expensive [68]. In Australia,
the growing price gap between expensive beef and
cheaper chicken is an important driver of transition,
but this price difference cannot be explained solely by
improved efficiency in poultry production [69]. The
important contrast is that cattle are grazed in envir-
onments far from slaughterhouses and retailers, and
regularly exposed to droughts, wildfires, and floods
in recent years—all culminating in long and complex
value chains with far greater price instability [70].

In both Australia and Japan, as consumers work
longer hours and require more convenient meals,
red meat (Australia) and fish/seafood (Japan) have
become less favored than chicken or pork by con-
sumers due to lower versatility and greater prepara-
tion time requirements [69, 71]. In the case of Aus-
tralia, retail outlets are also increasingly deterred by
the high variation in product form and quality in beef
compared to other meats [69]. Further, reducing red
meat consumption is embedded in Australian dietary
guidelines, compared to a recommended increase in
poultry consumption [72]. These are important dis-
tinctions for the emergence of alternative foods if they
are to support food system transitions—the alternat-
ive food cannot only bewell supported across facets of

technology, markets, state action, and culture—foods
targeted for replacement will likely need significant
disadvantages in one or more of these considerations.

3.4. Challenges and opportunities for alternative
foods to drive more sustainable consumption
Meeting human food demand while reducing envir-
onmental impact will continue to be a grand chal-
lenge. The potential for shifts away from terrestrial
meat consumption to benefit people and the planet
has been well-demonstrated [1, 8, 9, 16, 17, 73], but
we find consumption declines in these foods have
been comparatively rare. Instead, foods tend to be
additive, which is a cautionary note for alternative
foods entering themarket—effective substitution will
likely be hindered by a rising ceiling of per capita con-
sumption [36, 74]. Commodities being developed to
displace animal-source foods are often most available
in high income countries where declines in animal-
source foods already appear to be happening, a trend
which may be able to be leveraged. However, cost,
distribution constraints, and receptive markets create
massive uncertainty to their ability to displace high-
impact foods. The capacity for displacementmay also
be challenged by consumers’ cultural, behavioral, or
personal barriers to acceptance of alternative foods,
e.g. neophobia or disgust, particularly in response to
novel foods with ingredients or a production type
unfamiliar to consumers [75]. In addition, new foods
run the risk of displacing already low-impact foods
depending on who adopts the product, e.g. pulses
being absorbed into vegetarian markets rather than
being consumed by meat consumers.

Even if alternative foods do displace their inten-
ded counterpart, evaluating whether or not these
products are actually more sustainable is a complex
endeavor. Sustainability assessments are often heavily
biased towards comparisons of greenhouse gas emis-
sions [76], but understanding the environmental per-
formance of of these alternative foods will require
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evaluation over multiple metrics (e.g. land use, fresh-
water use, nutrient pollution) and ideally be spatially
explicit given that impact is context-dependent [63].
This is especially true for highly traded commodities
such as seafood and oil products. Thus, more holistic
food policy will be increasingly important, especially
given how the successful adoption of alternative foods
has coincided with state actions that supported and
incentivized growth in a particular food (e.g. rice and
wheat in Indonesia). From infrastructure and distri-
bution, to the underlying technology, actions to dis-
place higher-impact foods will be more successful if
efforts at the policy, industry, and consumer level
align.

Our examination of case studies reveals how state
policies can incentivize production of an alternat-
ive food and foster an increase in its consump-
tion. Importantly, government intervention could
also support the consumption of an existing, high-
impact food via actions that keep supplies high,main-
tain affordable prices, and/or support distribution,
which in turn could obscure co-occurring shifts in
consumer demand towards lower-impact foods. For
example, dairy producers in the United States have
benefitted for decades from major government pro-
grams aiming to increase dairy income by purchas-
ing excess supply, among other subsidies [77]. These
actions are in contrast to recent trends in per cap-
ita milk consumption, which has been decreasing
steadily while interest in alternative products, such as
plant-based milks, has been on the rise [78, 79]. Yet,
subsidies to support dairy income persist, and milk
production continues to see steady growth [78]. In
this way, government interventions have the poten-
tial to mask market signals from changes in con-
sumer demand towards lower-impact foods, high-
lighting the strong influence of food policy on how
increased consumption of alternative foods translates
to changes in existing foods.

Data quality and resolution impact the ability to
detect and understand food system dynamics. The
accuracy of FBSs is first dependent on the accuracy
and availability of the underlying measures of food
production, utilization, and population. Since food
supply is estimated by the FAO as a residual of these
statistics, the accuracy of food supply data is contin-
gent on the accuracy of their constituent components.
Furthermore, food supply describes the quantity of
food available for human consumption, but does not
necessarily reflect the amount of food actually con-
sumed. When compared with individual dietary sur-
veys, FBSs tend to overestimate consumption [80, 81].
However, FBSs are the best available source of stand-
ardized data at a global scale that allows for compar-
isons of food consumption patterns over time.

Relatedly, data resolution precludes evaluation
of more granular food items, arguably at the level
consumer decisions occur. For instance, seafood

products in FBSs are grouped into one of five com-
modities that represent thousands of fished and
farmed species [82]. Such aggregation likely results
in a ‘portfolio effect’ reducing the number of detec-
ted declines and limiting our ability to detect poten-
tial displacement between individual communities
or species. And while the resolution of FBSs was
sufficient for our analysis of larger, global food
supply trends, downscaling to a given region and
greater discernment of commodities may be more
prudent for policy makers and consumers depend-
ing on the goal [63]. Lastly, some data categories
are not directly comparable given the data struc-
ture. For example, demand for plant-based dairy
alternatives has increased, but are embedded within
the raw commodities from which they are com-
posed (e.g. soybeans, tree nuts, or oats), not a sep-
arate ‘milk’ category. Thus, identifying interactions
between such commodities are indiscernible in this
dataset, and would require reclassifying and/or cre-
ating new categories.

4. Conclusion

The substitution of sustainable foods for other,
higher-impact foods holds great promise for redu-
cing the environmental burdens imposed by exist-
ing food systems. Yet, we found little empirical evid-
ence for past reductions in the consumption of foods
when alternative foods are introduced, suggesting
that alternative foods are unlikely to be a widespread
mechanism for food system transitions. While infre-
quent overall, an examination of the consumption
declines that did occur showed that events tended to
co-occur with losses in both absolute and per capita
domestic production, indicating that dietary change
has the potential to influence local impacts of a coun-
try’s food production. Ideal cases for dietary change
via alternative foods will have facilitative conditions
to assist alternative food adoption, as well as strong
disadvantages present for the existing food.
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