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Abstract
In order to meet the 2015 Paris Agreement for 1.5°C global warming, per capita emissions need to come
down to 2.9 tonnes by 2030. Food systems are known to be a signi�cant source of an individual’s carbon
footprint and demands attention in sustainability management. The objective of this research is to
conceptualise and de�ne an intersection between contagion theory and socio-ecological systems models.
This is achieved using a population dynamics model between two groups characterised by a distinct
food regime: omnivores and vegans. The greenhouse gas emissions of each food regime is used to
estimate the city’s changing carbon foodprint as the food regimes shift by social contagion. Social
contagion is identi�ed as a catalyst for social tipping points, and emission pathways are explored with a
variety of different contagion variables to test sensitivity towards a tipping point. The main �nding is that
the urban carbon foodprint can be reduced signi�cantly with widespread adoption of veganism, but that
the foodprint reaches a minimum at 1.97 tonnes CO2-equivalent per capita. This demonstrates the need
to embed food demand in urban climate governance such as nudging towards plant-based food
alternatives. Nudging is discussed as a lever of ecological importance to social contagion. Lastly, socio-
ecological contagion is de�ned as the interactions between social contagion and damage done to
ecological systems to measure peer-to-peer spread of environmental stewardship agendas, such as the
journey to Veganville.

Introduction
In 2015, the year the Paris Agreement was rati�ed, the world emitted an estimated 47 billion tonnes of
carbon dioxide equivalents (WRI, 2021). This equated to approximately 6.4 tonnes per capita. Meeting the
Paris Agreement’s 1.5°C requires that we limit emissions to approximately 25 Gt CO2-equivalent per year
by 2030 (Rogelj et al., 2018).  Based on population projections this will require per capita emissions to
come down to 2.9 tonnes by 2030 (United Nations, 2019). Society’s relationship with nature is under
immense stress to meet this target, and turning the trajectory downwards requires a change in global
behaviours constituting a social tipping point. 

The concept of tipping points is well known from system theory. Tipping points are particularly relevant in
socio-ecological systems (SES), which are the set of interconnected and interdependent social and
ecological elements (Costanza, 2014). A social tipping point is observed when: “within an SES at which a
small quantitative change inevitably triggers a non-linear change in the social component of the SES,
driven by self-reinforcing positive-feedback mechanisms, that inevitably and often irreversibly lead to a
qualitatively different state of the social system.” (Milkoreit et al., 2018). Global concern over climate
change has brought a rise in applications to in�uencing the trajectory of greenhouse gas emissions
(GHGs) (Moser & Dilling, 2007; Otto, 2020).

Triggering a social tipping point can be achieved by collective action of individuals (Moser & Dilling,
2007). The action gains popularity non-linearly as more actors engage with it. Meanwhile, social
contagion, like epidemiological contagion, is a system of agents who transmit by contact with other
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agents within a connected network (Christakis & Fowler, 2013). As a socially contagious concept gains
popularity the number of spreaders increases, resulting in a non-linear trend (Baranzini et al., 2017). When
the number of contagious agents reaches critical mass a climate social tipping point is reached, for
example in Barrios‐O'Neill (2021).

This research looks at the potential contribution of dietary change using contagion theory to forge a
tipping point for meeting the climate challenge of 1.5°C global warming set out by the Paris Agreement
2015. Plant-based diets, or vegan diets, are generally accepted to be the least GHG-intensive of western
diet trends (Chai et al., 2019). A number of studies have compared and contrasted diet regimes under
different contexts, including Canada (MacRae et al., 2013; Veeramani et al., 2017), USA (Goldstein,
Moses, et al., 2017), United Kingdom (Rippin et al., 2021), Europe (Cusworth et al., 2021; Detzel et al.,
2021; Farchi et al., 2017), and globally (Ilea, 2009; Lynch et al., 2018; Poore & Nemecek, 2018; Rippin et al.,
2021). Reducing this carbon “foodprint” is considered a crucial movement towards global climate
action (Errickson et al., 2021). Replacing animal foods with novel plant proteins, such as legume
products, and thus broadening the protein market is necessary for increasing widespread uptake of
veganism. This is especially true of urban food systems, known as the urban “foodprint”, where wealth is
high and matches high animal-food consumption, but where environmentally altruistic values are
concentrated (Goldstein, Birkved, et al., 2017). Food choices are often embedded in strongly held belief
systems and cultural rites which makes heavy-handed governance unpalatable (Goldstein et al., 2016).
However, there is room for encouraging environmentally altruistic behaviour through nudging urban
social networks (Dietz et al., 2013; Kalof et al., 1999; Stern et al., 1999).

Nudging is a strategy for in�uencing behaviour change, such as shifting consumer demand away from
environmentally damaging goods and services to less damaging alternatives (Vandenbroele et al., 2020).
For example, one experiment found that marketing a plant-based meal as the dish of the day increased a
catering service’s plant-based demand to 85% (Perez-Cueto, 2021), thus lowering the services’ indirect
GHGs. Other studies have reached similar conclusions (Hansen et al., 2021). Food choices are complex
and multifaceted according to personal circumstances (Perez-Cueto & Olsen, 2020). Often they do not
align with nutritional or environmental guidelines (Ensaff, 2021), and food consumer governance is likely
to be considered an overreach even if it may be effective in curtailing GHGs from food production
systems (Goldstein et al., 2016). Research has also shown that exposure to information may be less
effective at behaviour change than peer in�uence (Balmford et al., 2017; Morren et al., 2021).

This research explores the carbon “foodprint” of a �ctitious city called Veganville subject to a range of
social contagion scenarios implemented in a SES model. The metaphor of the road to Veganville was
discussed by author Tobias Leenaert in his book How to Create a Vegan World: A Pragmatic
Approach (Leenaert, 2017). Leenaert’s Veganville is positioned on a hill, and the road to it is steep,
illustrating the di�cult journey. His metaphor extends to the type of resting places that travellers might
need to make the journey appealing. In this paper I explore the spread of veganism among a mostly
omnivorous population using social contagion theory to understand the consequences for climate
change. It should be noted that veganism is actually an ethical lifestyle which goes beyond a food regime
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including disuse of animal textiles, vivisection, and animals in entertainment. However, this study only
considers the consequences of the dietary component of veganism − i.e. a plant-based diet – which is
known to have strong implications on environmental and ecological impacts. Thereby the study of the
journey to Veganville is used to illustrate the link between contagion theory and SES.

The objective of this research is to conceptualise and de�ne an intersection between the established −
but so far distinct − disciplines of contagion theory and SES. This paper posits that contagion theory is
necessary to leverage climate social tipping points (Lenton, 2014), and thus mobilise society towards
meeting global warming objectives (Otto, 2020) in lieu of underwhelming and un�t-for-purpose policy-
making. I go on to discuss the e�cacy of leverage points for tipping this socio-ecological system with
respect to urban climate governance and nudging theory.

Materials And Methods
From Montreal to Veganville

Veganville is a conceptual city whose inhabitants’ pathway to plant-based diets is used to develop the
plausibility of vegan social contagion propagating a climate social tipping point. Real data are taken
from Montreal, Canada, a city of approximately 2 million inhabitants (Ville de Montréal, 2017). Montreal
is de�ned as the agglomeration of 15 municipalities on the Island of Montreal. The case study runs from
2000 to 2030 estimating the course of Montreal’s historical carbon foodprint until 2018, and simulating
carbon foodprint pathways from 2018 and 2030.

Population dynamics

Montreal’s population is modelled in eight age cohorts. An inhabitant may die during any cohort although
the mortality rate of each cohort differs. Babies are born into cohort 1 while immigrants enter cohorts 1-7,
but not the elderly cohort 8. It is assumed only cohorts 4-6 reproduce. Therefore, the dietary
characterisation of babies is weighted by that of cohorts 4-6 (i.e. parents choose how the new generation
will eat). This indicator is called “status quo”. In the case of our hypothetical city Veganville, net
immigration rates for each age cohort are data from the agglomeration of Montréal (Statistics Canada,
2017), where the research took place, while cohort-speci�c fertility and mortality rates are taken from the
Québec Institute of Statistics (Institut de la statistique du Québec, 2021a, 2021c). Initial population count
for 2020 was taken from Institut de la statistique du Québec (2021b). Population variables are available
in Supplementary table 1: population.

Dietary pro�les

The dietary change assumes two diet pro�les: standard omnivore diet (SOD) and plant-based diet (PBD).
The SOD is de�ned by the average Canadian intake of each food, excluding all speci�cally plant-based
substitutes and by adjusting animal-based foods set to the “eater” value de�ned in Health Canada
(2018). The PBD is de�ned by the average Canadian intake of each food, excluding all animal-based



Page 5/20

foods with calori�cally-equivalent amounts of substitute plant-based foods. This way both dietary
pro�les provide the same calories for each cohort. Foods are consumed in different quantities by
different age groups. As the age structure of the population changes so too does the food consumption
pro�le of the city. These data are available in Supplementary table 2: food.

Social contagion

The social contagion model traces the spread of veganism across a population that is either vegan or
non-vegan. Contagion of veganism is in�uenced by the reproduction value, r, de�ned as the number of
individuals each contagious individual infects per time step (i.e. per year). Unique r values can be applied
to each age cohort and adjusted to explore scenarios for high and low reproduction, and mixed
reproduction rates between the age cohorts. 

A variable called �xation is the portion of individuals who become �xed in the vegan ideology until the
end of the time step. It is the compliment of the recovery rate used in epidemiological contagion models.
The �xation rate, f, is used to explore different thresholds of “stickiness” of ideas for the different age
cohorts. For example, younger people might be more willing to adopt an idea (higher r value), but be
interested in the idea for a shorter time period (less �xed).

Exchanges between omnivore to vegan is determined by the product of status quo and r value. Status
quo (sq) is a variable simply de�ned as the ratio of omnivore population to total population. Exchange
from contagious to non-contagious is determined by the product of contagious, status quo, and the
difference between 1 and f. A low status quo value and a high attachment value will result in low portions
of the contagious cohort reverting to be non-contagious.

New entrants to the social system, either new-borns or new immigrants, are distributed into the two
cohorts weighted by the status quo. The number of new entrants joining the non-contagious cohort at
any given time step is the product of the total new entrants and status quo. This is further distinguished
by age cohorts. The remaining new entrants join the contagious cohort, also distinguished by age cohort.
A dynamic feature of this approach is that as the status quo changes over time the heaping of new
entrants changes too, creating a reinforcing feedback loop. Using this approach, we can observe how
generational perspectives shift through Montreal’s population. Values and variables used for the socio-
ecological contagion model are found in Supplementary table 3: variables and equations

Carbon foodprint

The social contagion model is used to calculate a carbon “foodprint” of the city. The foodprint is the sum
of GHGs throughout the life cycle of the city’s food consumption (Goldstein, Birkved, et al., 2017).The
foodprint of Montreal is calculated for each time step depending on the current age structure and
adoption of veganism. Food-related GHGs are estimated as the sum of products of mass of each food
type and the emission factor (EF) for each food type. The EF of each food type is made of two parts:
cradle-to-use gate, and use gate-to-grave. Cradle-to-use gate accounts for the GHGs emitted during
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extraction of resources, farming, processing, and transport to consumer. Use gate-to-grave accounts for
the GHGs emitted in waste management, which is assumed to be municipal land�ll. The two life cycle
phases are added to give a total EF for each food type per tonne consumed. The EFs are generated in
ecoinvent 3.4 (Wernet et al., 2016) using “ReCiPe Hierarchist” midpoint impact assessment
method (Huijbregts et al., 2017) where available. EFs not available in ecoinvent were attained from
literature, including pasta (Recchia et al., 2019), mushroom (Robinson et al., 2018), ice cream (Konstantas
et al., 2019), baby food (Sieti et al., 2019), confectionary (Miah et al., 2018), soft drinks (Amienyo et al.,
2013), game meat (Fiala et al., 2020), margarine (Nilsson et al., 2010), and sundry from Poore and
Nemecek (2018). Analysis of EFs was done using OpenLCA 1.10.3 (www.openlca.org). Waste fraction of
each food type was estimated based on Gooch et al. (2019). The full list of EFs is in the Supplementary
table 4: emission factors. These EFs were used to characterise the carbon foodprint of Montreal’s social
contagion using the system dynamics software SimileV6.11 (www.simulistics.com).

Scenarios

The model is run for a set of r and f covariates to test sensitivity to these inputs. The integer r is varied
between 0 and 4, and f is a real number varied between 0 and 1 in intervals of 0.25 yielding 25 scenarios.
This is already a large number so, for simplicity, r and f are not varied between the eight age cohorts.
These are varied to �nd the minimum time to reach the minimum foodprint. This in�exion point is
discussed in the context of tipping points. A tipping point is de�ned in this context as the moment at
which Montreal has su�cient conditions exist in the socio-ecological system such that the contagion
leads to a minimum foodprint, i.e. Veganville. The conditions are implemented in the model at the year
2020 under all scenarios.

Results And Discussion
Tipping points of the foodprint

In 2020 Montreal’s carbon foodprint was approximately 3.85 tonnes CO2-e per capita. Montreal’s social
contagion of veganism shows combinations of differing r and f values have signi�cant impact on the
carbon foodprint over the decade (Table 1). 

Table 1. Sensitivity of Montreal’s estimated carbon foodprint on reproduction (r) and fixation (f) values in 2030.
Values in tonnes CO2-e per capita. Upper quartile values are shaded red, fourth quartile shaded dark red, and
minimum value is shaded gold.

 

http://www.openlca.org/
http://www.simulistics.com/
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f          r 0 1 2 3 4
0 3.90 3.90 3.90 3.90 3.90

0.25 3.90 3.78 2.28 1.97 1.97
0.5 3.90 2.81 1.97 1.97 1.97

0.75 3.90 1.97 1.97 1.97 1.97
1 3.90 1.97 1.97 1.97 1.97

 

Results are sensitive to variations in both r and f. As to be expected, if r=0 (no reproduction) the vegans
are slowly removed from the population. On the other hand if f=0 but r>0 vegans are not removed, but
they do not reproduce. Under those conditions, the carbon foodprint changes very little over the decade,
and those changes are in the order of kilograms per person. All other couplings of r and f result in the
carbon foodprint reaching a minimum value of approximately 1.97 tonnes CO2-e per capita. Those
minima are reached at different years and their values vary very slightly. The slight variation is due to
differences in age structure of the year in which the scenario reaches the minimum. For example, an
entirely vegan population higher in children will have a lower carbon foodprint than an entirely vegan
population higher in older age groups. That is because the types of food consumed by each age cohort
have different global warming potentials.

Conditions su�cient for a tipping point in Montreal require that social contagion leads to a minimum
foodprint of 1.97 t CO2-e per capita before 2030. Analysis of the scenarios in Table 1 shows a minimum
foodprint can be reached as early as 2023 under the most extreme r and f values, just three years after
the tipping point. Tipping points occur earliest for all values of r when f is maximised at 1, and these are
shown by the �attening of the foodprint curves in Figure 1. 

Tipping points are also identi�ed for f<1. In these cases, if r=1, the minimum can be reached in 2030 with
the tipping point in the range 0.5<f≤0.75, meaning that if every vegan in�uences 1 omnivore to try being
vegan every year, between half and three-quarters of those in�uenced must remain vegan for the duration
of the year to reach the minimum. For r=2, the minimum is reached in 2029 with the tipping point in the
range 0.25<f≤0.5, meaning that if every vegan in�uences 2 omnivores to try being vegan every year, no
more than half of those in�uenced must remain vegan for the duration of the year to reach the minimum.
For r=3, the minimum is reached in 2030 with the tipping point in the range 0<f≤0.25, meaning if every
vegan in�uences 3 omnivores to try being vegan every year, no more than a quarter must remain vegan
for the duration of the year to reach the minimum. Finally, for r=4 the minimum is reached in 2029 with
the tipping point also in the range 0<f≤0.25.

In the best-case scenario, Montreal’s carbon foodprint falls to a minimum of 1.97 t CO2-e per person in
2023 with f=1 when r= 3 or 4. This shows tipping is less sensitive to increasing reproduction when
�xation is high. 

Regardless of the year it is achieved, this minimum amounts to chopping the 2020 foodprint by
almost 50% over ten years. When we consider the aim to reach as little as 2.9 t CO2-e per person by 2030,



Page 8/20

Montreal’s minimum only allows less than one tonne per person for all other sources of emission. This
aligns with the �ndings of Crippa et al. (2021) that one third of anthropogenic GHGs are from the food
system. 

In other words, the other ≈ 35 Gt CO2-e released annually outside the global food system − amounting to
around 4.8 t CO2-e per capita − must squeeze down to a �fth that amount. This shows that widespread
changes to the food system’s GHGs are necessary but insu�cient if we are to meet the 1.5°C target. This
is underscored by the most recent reports from the Intergovernmental Panel on Climate Change (IPCC,
2022a, 2022b) who clearly outline a need to transition to plant-based foods.

Running with this lower limit of 1.97 t CO2-e per capita as the best possible outcome, the r=3, f=1 scenario
is developed further to illustrate the in�uence social contagion has on Montreal’s carbon foodprint over
different age cohorts over time. The foodprint varies by age cohort due to the in�uence of age on food
preferences, and the lag of the model taking longer to reproduce vegan contagion in older people.

Governance and nudging

Shifting away from animal-based diets towards plant-based diets is a very useful piece in the climate
mitigation puzzle. Behaviour change has great potential to positively in�uence the climate emergency, but
getting that behaviour to change is di�cult. Priorities and belief systems vary making individual
behaviour a wicked problem to solve (Perez-Cueto & Olsen, 2020), and exposure to robust information is
known to not always work (Morren et al., 2021). Given the reluctance to legislate for climate-friendlier
food choices, government-led communication nudging to increase the reproduction value and �xation
rate may be a useful solution toward a climate social tipping point (Moser & Dilling, 2007). Nudging up
the reproduction value and the �xation rate a small amount will have a profound impact on the
decarbonisation of food. In the vegan social contagion case, consumers could be nudged towards
purchasing items that substitute animal-based products (Morren et al., 2021), such as communicating
through environmental product declarations on food packaging (Vandenbroele et al., 2020) and re-
articulating o�cial public dietary advice  (Ensaff, 2021). This would have an impact on education leading
to shifts in norms and values (Hansen et al., 2021) which would in turn reinforce policies and
governance (Otto, 2020).

It has been shown that nudging interventions can be effective in this regard (Kwasny et al., 2022). For
example, Hartwell et al. (2020) explored variation of vegetable consumption between age groups and
regions to better understand the determinants for nudging towards higher vegetable intake, such as plant-
based “dish of the day” in workplace canteens. Perez-Cueto (2021) went on to discuss the ways in which
plant-based meals can be designed to increase selection by omnivores. Such approaches could be scaled
up to induce demand for plant-based foods at the sector level (Garnett et al., 2019), or implemented as
part of an urban sustainability plan (Elliot et al., 2020; Elliot et al., 2022). This approach could be adopted
in a scaled-up part of sustainable urban planning to decrease the urban carbon foodprint of the city’s
residents (Elliot et al., 2018). A similar approach was adopted in Portugal, in which educational
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institutions are required to provide and advertise a plant-based meal option with hopes to induce
demand (Cardoso et al., 2018), which is more palatable and probably more effective from a holistic SES
intervention point of view (Meadows, 2008).

 

Socio-ecological contagion

Due to the social and ecological dynamics discussed in this paper the term socio-ecological contagion is
proposed for use in the pursuit of socio-ecological system analysis using social contagion theory as a
basis for leveraging socially-led tipping points for ecological stability. Socio-ecological contagion is
de�ned as the interactions between social contagion and damage done to ecological systems to measure
peer-to-peer spread of environmental stewardship agendas.

Research has emerged over the last four decades emphasising the importance of integrated social and
ecological systems models. The work of Donella Meadows (Meadows & Randers, 2012; Meadows, 2008),
Garrett Hardin’s The Tragedy of the Commons (Hardin, 1968), among many others (e.g. Daily & Ehrlich,
1994; Ehrlich et al., 1992), remind us that society is part of nature and that as we exploit nature’s services
we in turn �ll the world with substances that reduce our quality of life (Arrow et al., 2004; Costanza et al.,
1997). Socio-ecological systems emerged, as did coupled human and nature systems (CHANS), to
acknowledge and underscore the importance of dependencies and causal interactions between human
activities and the natural world that hosts us (Costanza, 2014; Liu et al., 2007). As we approach several
global ecological challenges, including climate change, biodiversity loss, and food and water security, we
understand more the consequences of interconnectedness between social and ecological systems (Liu et
al., 2007). Coming to terms with these overwhelming challenges we realise the importance of uni�ed
efforts to lock in ecological protections and to wind back the activities that jeopardise them (Dietz &
Ostrom). 

This research has looked at how an uprising of ecologically conscientious actors can spread an idea to
reduce the pressure on ecosystems – in this case by reducing a city’s food-related GHGs through social
contagion. Results show potential for conscious consumer movement to help deal with food
consumption-based environmental impacts. However, with little power to organise at the necessary level
to affect meaningful change, the individual should not be burdened with this task alone. Instead, I argue
that governing bodies, especially at the municipal level, look for ways to implement nudging in urban
food systems, and this has potential applications to other consumption-based environmental impacts
such as transport mode choices. For example, encouraging plant-based dish of the day options, as
shown by Hartwell et al. (2020), and teaching the environmental damage done by animal farming in
schools to increase the reproduction rate among omnivores, removing �nancial incentives, and removing
advertisements of carbon-intensive foods such as meat and dairy from education institutions to increase
�xation among new vegans (Pais et al., 2021). This is expected to help cities like Montreal along the
journey to Veganville (Leenaert, 2017).



Page 10/20

Conclusions
Shifting away from animal-based diets towards plant-based diets is a very useful piece in the climate
mitigation puzzle. Citizens’ agency has high potential to positively in�uence the climate emergency. A
system dynamics model is developed to implement social contagion theory in a changing urban food
system and its related greenhouse gas emissions. Reproduction and �xation rates are used to study the
sensitivity and timeliness of the urban carbon foodprint, and the numerical results are discussed in the
context of the 1.5°C Paris Agreement target. The foodprint can be reduced signi�cantly with widespread
adoption of veganism, particularly by the concept of nudging, but the foodprint reaches a minimum at
1.97 tonnes CO2-equivalent per capita. Under maximal contagion scenario the minimum foodprint is
reached just three years after tipping point intervention. Social contagion is identi�ed as a catalyst for
social tipping points, and emission pathways are explored with a variety of different contagion variables
to test sensitivity towards a tipping point. Tipping the foodprint pathway to reach this minimum value
requires at least a quarter of individuals should remain vegan for at least one year and in�uence at least
three non-vegans during that period. This is signi�cant as it demonstrates the need to embed food
demand in urban climate governance such as nudging towards plant-based food alternatives. Nudging is
discussed as a lever of ecological importance to social contagion which can be used to increase the
reproduction value and the �xation rate to reach a tipping point earlier. Finally, the term socio-ecological
contagion is introduced and de�ned as the interactions between social contagion and damage done to
ecological systems to measure peer-to-peer spread of environmental stewardship agendas.
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Figure 1

Carbon foodprint per capita from 2020 to 2030 for all scenarios. Top row shows scenarios with f value
held constant by varying r for each f interval. Bottom row shows scenarios with r value held constant by
varying f for each r interval.
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