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Conceptualising the drivers of ultra-processed food production and consumption and their 1 

environmental impacts: a group model-building exercise 2 

Abstract   3 

Using group model building we developed a series of causal loop diagrams identifying the 4 

environmental impacts of ultra-processed food (UPF) systems, and underlying system drivers, which 5 

was subsequently validated against the peer-reviewed literature. The final conceptual model 6 

displays the commercial, biological and social drivers of the UPF system, and the impacts on 7 

environmental sub-systems including climate, land, water and waste. It displays complex 8 

interactions between various environmental impacts, demonstrating how changes to one 9 

component of the system could have flow-on effects on other components. Trade-offs and 10 

uncertainties are discussed. The model has a wide range of applications including informing the 11 

design of quantitative analyses, identifying research gaps and potential policy trade-offs resulting 12 

from a reduction of ultra-processed food production and consumption.  13 
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1. Introduction 22 

The global food system is a leading driver of environmental degradation (Tilman and Clark, 2014; 23 

Willett et al., 2019). It is responsible for one-third of global greenhouse gas emissions (Crippa et al., 24 

2021), approximately 70% of freshwater use (Earthscan, 2007), is the largest driver of land and 25 

marine ecosystem biodiversity loss (Benton et al., 2021), and threatens freshwater and marine 26 

ecosystems through the excessive use of nitrogen and phosphorus-based production inputs (Diaz 27 

and Rosenberg, 2008). Transitioning to a healthy and sustainable food system is essential to meet 28 

global environmental targets, including the Paris Climate Agreement and the Sustainable 29 

Development Goals (Chen et al., 2022; Rockström et al., 2020).  30 

One approach to improve the sustainability of diets is to reduce the production and consumption of 31 

ultra-processed foods (UPFs) (Fardet and Rock, 2020; Seferidi et al., 2020). UPFs form the fourth 32 

group of the NOVA (a name, not an acronym) food classification system, which defines UPFs as 33 

‘formulations of ingredients, mostly of exclusive industrial use, that result from a series of industrial 34 

processes’ (Monteiro et al., 2019). Examples of UPFs include sugar-sweetened beverages, 35 

confectionary, packaged snacks, ready-made infant foods, breakfast cereals and reconstituted meats 36 

(Monteiro et al., 2019). The other three groups are unprocessed/ minimally processed foods (Group 37 

1), processed culinary ingredients (Group 2) and processed foods (Group 3) (Monteiro et al., 2019). 38 

NOVA groups 1-3 are collectively referred to as non-UPFs throughout the text. UPFs are associated 39 

with multiple adverse health outcomes, such as cancer, type-2 diabetes and cardiovascular diseases 40 

(Chen et al., 2020; Elizabeth et al., 2020; Lane et al., 2021; Pagliai et al., 2021). UPFs are 41 

predominantly discretionary in nature, and easily overconsumed (Forde et al., 2020). UPFs comprise 42 

a large proportion (10-60%) of total dietary energy intake in high-income countries (Marino et al., 43 

2021), with consumption rapidly rising in middle-income countries (Baker et al., 2020; Monteiro et 44 

al., 2013). While reformulating these products to improve their nutrient composition may reduce 45 

some adverse health impacts associated with their consumption, it does not necessarily transform 46 
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them into ‘healthful’ foods (Scrinis and Monteiro, 2018), and will not materially reduce their 47 

environmental impacts. Therefore, a reduction in UPF production and consumption could reduce 48 

environmental impacts from foods which are often superfluous to human needs (Hadjikakou, 2017). 49 

Quantitative evidence on the environmental impact of UPFs is limited to two published studies from 50 

Brazil (da Silva et al., 2021; Garzillo et al., 2022) and one from France (Kesse-Guyot et al., 2022). 51 

These studies indicate that UPFs can significantly contribute to diet-related greenhouse gas 52 

emissions, land-use, energy and water-footprints (Kesse-Guyot et al., 2022), driven primarily by 53 

overconsumption (da Silva et al., 2021; Garzillo et al., 2022). Reviews of the literature suggest that 54 

the production of UPFs may be associated with large-scale monoculture farming, high energy-inputs 55 

for processing, lengthy transportation chains and excessive packaging (Anastasiou et al., 2022; 56 

Fardet and Rock, 2020; Seferidi et al., 2020). As a result, relationships between UPF production and 57 

biodiversity loss, greenhouse gas emissions, waste, land degradation and impacts on water quality 58 

and scarcity have been proposed (Anastasiou et al., 2022; Fardet and Rock, 2020; Leite et al., 2022). 59 

Understanding the environmental impacts of UPFs comes with challenges. First, all supply chain 60 

stages must be included (Seferidi et al., 2020), and differentiated. Existing research has not 61 

differentiated between the environmental impacts of primary processing (essential processes that 62 

increase shelf-life or digestibility while preserving the original ingredients, such as milling or 63 

fermentation) and ultra-processing, which is unessential. This is important because identifying 64 

environmental impacts at key supply chain stages may enable more informed and effective 65 

interventions.  66 

Second, impacts are often measured in isolation, with limited consideration of the environmental 67 

processes that link impacts across the system (Aldaya et al., 2021). Even empirical analyses that 68 

consider more than one metric (e.g. greenhouse gas emissions, water-scarcity and biodiversity loss) 69 

rarely consider how such environmental impacts may interact. This is important because ecosystems 70 
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and food systems are highly dynamic; changes in one part of the system can have significant flow-on 71 

impacts and trade-offs with other system components (Campbell et al., 2018). The need for a more 72 

cross-disciplinary food systems approach was emphasised in the 2021 UN Food Systems Summit and 73 

recent reports (Rockström et al., 2020), which highlight the urgent need to achieve a food systems 74 

transition and minimise systems trade-offs to meet global targets including the Paris Climate 75 

Agreement (Zurek et al., 2022) and the Sustainable Development Goals (von Braun et al., 2021).  76 

This study aims to develop and validate a conceptual model of the known and potential 77 

environmental impacts across ultra-processed food systems. This study a) identifies key variables 78 

that drive UPF systems; b) conceptualises the relationships between environmental impacts and 79 

each stage of UPF systems and; c) differentiates the environmental, economic, social and biological 80 

impacts of ultra-processed food systems relative to those producing non-UPFs.  81 

2. Methods 82 

Systems dynamics is a field of science used to understand complex behaviours of systems (Haji 83 

Gholam Saryazdi et al., 2021), and can be used to address the limitations described in the 84 

introduction. Group model building (GMB) is a soft systems method whereby a qualitative systems 85 

model is developed and then tested via modelling workshops with experts and key stakeholders 86 

(Vennix, 1996). Previous studies have identified that GMB enables diverse discussions of complex 87 

social, economic and environmental phenomena (Valencia Cotera et al., 2022), while generating new 88 

knowledge and sensitising stakeholders to a given issue (Rouwette et al., 2002).  89 

Causal loop diagrams (CLDs) are ideal for displaying dynamic relationships between key variables in 90 

complex systems (Purwanto et al., 2019). CLDs comprise of variables that can increase or decrease; 91 

arrows containing a polarity indicator (+/-) that indicate the direction of the association, e.g. where a 92 

positive polarity indicates that the variables are moving in the same direction; reinforcing loops 93 

(shown as ‘R’ with a circular arrow), that indicate a positive feedback loop whereby both variables A 94 



6 

and B increase; and balancing loops (shown as ‘B’ with a circular arrow), that indicate a feedback 95 

loop whereby one variable increases and the other decreases. This study used group model building 96 

(GMB) to test and validate a CLD.  97 

2.1 Developing the initial causal loop diagram 98 

Following standard GMB practice (Haji Gholam Saryazdi et al., 2021), a preliminary CLD was 99 

developed as follows. Initial variables were sourced from scientific papers and reports identified in a 100 

recently published review (Anastasiou et al., 2022) on the characteristics of UPFs and relationships 101 

with the natural environment. Key UPF supply chain stages were adapted from the published review 102 

(see Appendix). After these resources were exhausted, searches of the peer-reviewed literature 103 

were conducted in EbscoHost to ascertain if there were known relationships between each of the 104 

initially identified variables. Studies were included if they described the relationships between two 105 

variables (see Appendix). Reviews and reports which provided consensus statements from 106 

authoritative organisations, such as the Food and Agriculture Organisation of the United Nations and 107 

the Intergovernmental Panel on Climate Change, were prioritised. Where necessary, additional 108 

variables were added to explain the pathways between variables previously identified. 109 

2.2 Group model building process 110 

For the GMB workshops, 19 experts on sustainable food systems were identified through published 111 

literature, according to purposive sampling methods (Tongco, 2007).  Of these, 11 participants from 112 

Australasia, Asia, Europe, North America and South America consented and attended one of three 113 

two-hour online workshops facilitated by the lead author. Three participants were from low or 114 

middle-income countries. Reasons for not participating were unavailability (n=2) or no response to 115 

the email (n= 6). 116 



7 

The workshops followed pre-established and tested GMB scripts (see Appendix). Each workshop 117 

began with a presentation on the research aims, existing research, GMB process and model. The 118 

preliminary CLD was edited in real-time using Vensim software (Ventana Inc.), based on group 119 

discussion. Participants suggested variables, relationships and modifications to the CLD, and 120 

discussed the impacts of UPF systems compared with an idealised healthy and sustainable food 121 

system.  122 

While participants usually agreed with each other regarding modelling decisions, occasionally 123 

disagreements occurred. In these instances, discussion was encouraged to better understand the 124 

rationale behind such differences in opinion which revealed differences in regional contexts or 125 

assumptions. This led to additional variables, clarification of assumptions, or additional trade-offs 126 

(see section 3.9).  127 

After the workshops, the preliminary CLD was refined to reflect participant inputs and to ensure 128 

consistent granularity of variables. Rigorous criteria, such as degree of removal from the supply 129 

chain, and specificity to only one region, were applied to determine the exclusion of the variables 130 

and relationships (see Appendix). Reinforcing and balancing loops overlooked during the workshops 131 

were added at this stage.  132 

2.3 Validation of new variables and pathways, and evaluating the strength of the evidence 133 

Following the workshops, the model was consolidated, in accordance with standard practice (Haji 134 

Gholam Saryazdi et al., 2021). We then cross-checked the new variables and pathways by conducting 135 

an additional search for published literature and reports, and including literature suggested by 136 

participants. Lines in the model were formatted to reflect the strength of the evidence by 137 

distinguishing them according to three groups: (i) proposed, (ii) emerging, or (iii) established 138 

(definitions in the Appendix). 139 
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After the variables were finalised, the model was divided thematically into seven subsystems: three 140 

subsystems represent the drivers of UPF production (blue variables, subsystems 1-3) and another 141 

four subsystems represent the environmental impacts of the system (green variables, subsystems 4-142 

7). Some variables and relationships appear in multiple subsystems, as subsystems do not exist in 143 

isolation.  144 

Participants were offered the opportunity to provide feedback on the final CLDs via the draft 145 

manuscript, as a final consensus (Rouwette et al., 2002) and internal validity check. Ten participants 146 

provided feedback and elected to become co-authors which acknowledged their contribution to the 147 

model and manuscript. One participant opted out of the feedback and manuscript writing process 148 

due to time constraints. 149 

3. Results 150 

The seven CLDs developed in this study illustrate the widescale drivers of UPF systems and 151 

associated environmental impacts. Three CLDs display the drivers of UPF systems (Figures 1-3); four 152 

CLDs display the environmental impacts (Figures 4-7). A full model displaying all impacts is available 153 

in the Appendix. CLD variables include drivers and outcomes of the system, with changes to one part 154 

of the system resulting in flow-on impacts throughout the system. The results present key variables 155 

and interactions described by the CLD. Variables are differentiated in the manuscript text using 156 

italics. Details on each relationship, supporting evidence, and grading methods are available (see 157 

Appendix).  158 

3.1 Summary model  159 

The summary model displays the relationships between each subsystem, illustrating that the 160 

subsystems do not exist in isolation. Instead, there are dynamic interactions among the variables 161 
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and pathways of the different CLDs; i.e. the full system is more than the sum of the individual 162 

variables or subsystems.  163 

The summary model also highlights key system drivers. For example, commercial drivers are core to 164 

many of the other subsystems, largely because profit gains appear to drive commercial, biological 165 

and socio-cultural systems (see R1, 2 & B1-4, Figure 1).  166 

The summary model also demonstrates that the environmental subsystems are deeply connected; 167 

each environmental subsystem is linked (Figure 1). This likely reflects the interconnected nature of 168 

ecosystems. Also of note are the many reinforcing loops between land-related impacts and other 169 

subsystems (R3-9). Thus, the land-related impacts, often initially stemming from agricultural 170 

production of UPFs, are likely key drivers of UPF environmental degradation, reinforced by other 171 

systems. 172 

A full list and description of reinforcing and balancing loops, and a detailed integrated model 173 

displaying all variables are available in the Appendix. 174 

[Insert Figure 1 here] 175 

Figure 1: Causal loop diagram displaying an overview of the relationships between each subsystem 176 

in the model 177 

Variables in blue are subsystems containing drivers of UPF production (subsystems 1-3), variables in green are 178 

environmental impact subsystems (subsystems 4-7). ‘R’ denotes reinforcing loops, ‘B’ denotes balancing loops. Polarity of 179 

relationships are not shown as there are both positive and negative polarities contained within the subsystems and 180 

reinforcing loops, see subsystem models for more details.  181 

3.2 Subsystem 1: Commercial drivers of UPF systems 182 

This subsystem focuses on commercial drivers. Four reinforcing loops were identified, all of which 183 

include the variable ‘profitability’, indicating that it is a primary driver of this subsystem. Profitability 184 
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reflects the primacy of shareholders and the cost minimising and sales maximising tendencies of free 185 

market capitalism (Wood et al., 2021a; Wood et al., 2021b). With a sustainable financial model, 186 

profitability generates financial gains for shareholders and supports investments for ongoing growth 187 

(Figure 2). Depending on market conditions, this can enable the accumulation of greater material 188 

resources and economic power within food systems (Wood et al., 2021a). For example, corporations 189 

producing UPFs can use these accumulating resources to support foreign direct investment and the 190 

development of their global sourcing and distribution networks, and to grow through mergers and 191 

acquisitions of competitors (Hawkes, 2005; Wood et al., 2021b) (Figure 2). These strategies can 192 

result in market concentration, whereby fewer large companies own or influence a greater 193 

proportion of UPF product markets, thereby reducing market competition and maximising profit 194 

(Wood et al., 2021b). These are displayed in the reinforcing loops whereby increased economic 195 

power enables further economic gains (R2, R12 & R13, Figure 2).  196 

Accumulating material resources and economic power, can further support corporate political 197 

activities intended to foster policy, regulatory and knowledge environments conducive to continuing 198 

market growth. These activities include lobbying policy-makers, funding scientific research for 199 

corporate benefit, and preferencing public-private partnerships and self-regulation over state-led 200 

food systems governance and command-and-control regulation (Clapp and Scrinis, 2017; Moodie et 201 

al., 2021). These are further described in the Appendix.  202 

Reinforcing loop 13 displays that corporate political activities may also support subsidies of 203 

agricultural inputs and commodities used as UPF ingredients (Orden and Zulauf, 2015), which is 204 

enabled and reinforced via profitability, and the economic power of the UPF industry (Figure 2).  205 

Reinforcing loop 1, which overlaps with subsystem 3, represents the intensive and sophisticated 206 

marketing techniques, including product design, branding and packaging, and advertising in mass-207 
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media and digital channels, which increase the desirability of UPFs and encourage purchasing and 208 

consumption (Bailey, 2016; Moran et al., 2019).  209 

In addition to the system drivers describe above, other factors act to further encourage UPF 210 

purchasing and consumption. This includes market competition between food corporations, fast 211 

food chains and supermarkets which may increase pressure to maintain low costs of final products 212 

(Richards and Hamilton, 2006), and reinforce the reliance on low-cost commodity ingredients. A 213 

small variety of these commodity ingredients can be used to create an apparent diversity of UPF 214 

products, targeting different market segments. 215 

Differentiating UPF system impacts from general food system impacts  216 

We hypothesise that the above factors are more prominent in UPF systems compared with non-UPF 217 

systems. UPFs are often (but not exclusively) produced and sold by transnational organisations and 218 

therefore are associated with transnational corporate power consolidation and growth, as described 219 

above. However, more empirical evidence is needed to understand to what extent the political 220 

economy driving UPF production differs from non-UPFs.  221 

[Insert Figure 2 here] 222 

Figure 2: Causal loop diagram of Subsystem 1: Commercial drivers relevant to UPF systems 223 

Figure 2 Legend: Black boxes and arrows indicate the supply chain, blue boxes and arrows are system drivers and grey 224 

arrows are used to denote links to other subsystems. ‘R’ denotes reinforcing loops, polarity of relationships are denoted by 225 

+/- next to the arrow head. Dotted lines indicate that the relationship was proposed (no existing empirical evidence), and 226 

solid lines denote that the evidence was established (supported by empirical evidence or reviews of empirical evidence). 227 

Reinforcing loops, balancing loops and connections (arrows) in grey are described in subsequent subsystems. Other figures 228 

display socio-cultural and biological drivers of UPF purchasing and consumption (Figure 3 & 4), climate change and air 229 

pollution impacts (Figure 5), land-related impacts (Figure 6), water use and aquatic impacts (Figure 7), loss and waste 230 

(Figure 8).  231 
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3.3 Subsystem 2: Socio-cultural drivers of UPF purchasing and consumption 232 

Subsystem 2 displays the socio-cultural drivers of UPF purchasing and consumption (see Figure 3). 233 

Variables were grouped under five of the six pillars of food security (access, availability, stability, 234 

utilisation and agency) (HLPE, 2020). The sixth pillar, sustainability, is the focus of subsystems 4-7.  235 

All reinforcing loops in this subsystem act by influencing consumers’ desirability for UPFs. 236 

Profitability, successful marketing and access to UPFs were proposed to work together to increase 237 

desirability of UPFs, purchasing and consumption, creating reinforcing loops (R1, R14, Figure 3). Food 238 

policies and regulation could act to reduce these effects (Macari et al., 2019), potentially decreasing 239 

the profits and therefore economic power of the UPF industry (B1, Figure 3).  240 

The desirability of UPFs may also be driven by their convenience, especially for individuals who lack 241 

food literacy skills needed to utilise non-UPFs (Chak Leung Lam and Adams, 2017). The ability to 242 

utilise non-UPFs may be further enabled or hindered through agency including self-efficacy, 243 

employment status, time pressures, family commitments and financial constraints (Chang et al., 244 

2019; Contento et al., 2007; Davison et al., 2015; Jalambadani et al., 2017). This could be reinforced 245 

by ongoing purchasing and consumption of UPFs, which eliminates the need to learn to prepare 246 

meals and cuisines made from non-UPFs (R15, Figure 3).  247 

Differentiating UPF system impacts from general food system impacts  248 

While the relationships described above are not necessarily exclusive to UPFs, impacts may be more 249 

significant for these food products as they are often more accessible, available, easy to utilise and 250 

require little agency to consume them compared with non-UPFs (Chak Leung Lam and Adams, 2017; 251 

Chang et al., 2019; Contento et al., 2007; Davison et al., 2015; Jalambadani et al., 2017).    252 

[Insert Figure 3 here] 253 
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Figure 3: Causal loop diagram of subsystem 2: Socio-cultural drivers relevant to UPF systems 254 

Figure 3 Legend: Black boxes and arrows indicate the supply chain, blue boxes and arrows are system drivers and grey 255 

arrows are used to denote links to other subsystems. ‘R’ denotes reinforcing loops, polarity of relationships are denoted by 256 

+/- next to the arrow head. Dotted lines indicate that the relationship was proposed (no existing empirical evidence), and 257 

solid lines denote that the evidence was established (supported by empirical evidence or reviews of empirical evidence). 258 

Reinforcing loops, balancing loops and connections (arrows) in grey are described in subsequent subsystems. Other figures 259 

display the commercial drivers of UPF systems (Figure 2), biological drivers of UPF purchasing and consumption (Figure 3 & 260 

4), climate change and air pollution impacts (Figure 5), land-related impacts (Figure 6), water use and aquatic impacts 261 

(Figure 7), loss and waste (Figure 8).  262 

3.4 Subsystem 3: Biological drivers of UPF purchasing and consumption 263 

This system displays changes in the composition of foods as they become ultra-processed, biological 264 

drivers of consumption and human health impacts (Figure 4). 265 

While no new reinforcing loops were identified, purchasing and consumption of UPFs (which drives 266 

profitability and therefore encourages increased production of UPFs, see Subsystem 1), is likely 267 

promoted via biological drivers.  268 

Differentiating UPF system impacts from general food system impacts  269 

The majority of this subsystem is specific to UPFs. Ultra-processing enables changes in nutrient 270 

composition and degradation of the food matrix, which act to increase palatability and decrease 271 

satiety (Fardet et al., 2018). As a result, palatability (Almeida et al., 2018) and decreased satiety can 272 

promote purchasing and overconsumption (Hall et al., 2019). Beginning during early childhood, 273 

consumption of ultra-processed infant foods of homogenous flavours and textures may inhibit 274 

development of taste preferences associated with healthy eating habits throughout life (Foterek et 275 

al., 2015; García et al., 2013). The potentially addictive nature of UPFs, hypothesised to be driven by 276 

product design characteristics such as palatability (Schulte et al., 2015), may also play a role in 277 
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encouraging excessive consumption of UPFs notably in adults and children who experience food 278 

addiction (Filgueiras et al., 2019; Pursey et al., 2015).   279 

Also encompassed in this subsystem are the adverse health outcomes associated with UPF 280 

consumption and discussed extensively elsewhere (Elizabeth et al., 2020; Lane et al., 2021). Health 281 

impacts may occur directly due to over-consumption of UPFs (Matos et al., 2021) or indirectly 282 

through dietary displacement of non-UPFs (Martini et al., 2021).  283 

[Insert Figure 4 here] 284 

Figure 4: Causal loop diagram of Subsystem 3: Biological and biochemical drivers relevant to UPF 285 

systems 286 

Figure 4 Legend: Black boxes and arrows indicate the supply chain, blue boxes and arrows are system drivers and grey 287 

arrows are used to denote links to other subsystems. ‘R’ denotes reinforcing loops, polarity of relationships are denoted by 288 

+/- next to the arrow head. Dashed lines denote that evidence for the relationship was emerging (inconclusive empirical 289 

evidence), and solid lines denote that the evidence was established (supported by empirical evidence or reviews of 290 

empirical evidence). Reinforcing loops, balancing loops and connections (arrows) in grey are described in subsequent 291 

subsystems. Other figures display the commercial drivers of UPF systems (Figure 2), socio-cultural drivers of UPF 292 

purchasing and consumption (Figure 3 & 4), climate change and air pollution impacts (Figure 5), land-related impacts 293 

(Figure 6), water use and aquatic impacts (Figure 7), loss and waste (Figure 8).  294 

3.5 Subsystem 4: Climate change and air pollution impacts from ultra-processed food systems 295 

Subsystem 4 examines the impact of UPF production on climate change and air pollution (Figure 5). 296 

This subsystem is not closed but rather provides an overview of the flow-on impacts related to 297 

climate change, because climate change affects a wide range of environmental systems (Figures 6-8). 298 

Therefore, we focus here on an overview of how climate change and air pollution interact with the 299 

subsequent environmental subsystems.  300 
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It was assumed by the lead authors and agreed by the participants that the energy used across the 301 

supply chain is predominantly produced by burning fossil fuels, because fossil fuels remain the 302 

dominant global energy source (Ritchie, 2020). Energy created by burning fossil fuels drives air 303 

pollution (Balasubramanian et al., 2021; Domingo et al., 2021) and greenhouse gas emissions, the 304 

major driver of climate change (IPCC, 2021) (Figure 5). Fertiliser and pesticide use also contribute to 305 

climate change as they are produced using fossil fuels, and fertiliser application is associated with 306 

nitrogen volatilisation (Shi et al., 2020).  307 

Climate change has significant flow-on effects for elements in subsequent subsystems, including 308 

land and soil degradation, changes in types and locations of pests (IPCC, 2022), biodiversity loss 309 

(IPCC, 2021), agrobiodiversity loss (Fatima et al., 2020), changes in water scarcity (IPCC, 2021) and 310 

food loss and waste (IPCC, 2022). For example, climate change may lead to changes in types and 311 

locations of pests, which may increase pesticide use in certain regions (see Subsystem 5). As a result, 312 

more greenhouse gas emissions may be released, which, if this occurs to a great enough extent, 313 

could worsen climate change (R5, Figure 5).  314 

Finally, inputs used in agricultural production such as fertilisers and pesticides, as well as agricultural 315 

production processes such as field burning and livestock waste, contribute to air pollution 316 

(Balasubramanian et al., 2021; Domingo et al., 2021), which in turn have impacts on human health 317 

(Benka-Coker et al., 2020; Su et al., 2022).  318 

Differentiating UPF system impacts from general food system impacts  319 

Core to the difference between UPFs and non-UPFs within this subsystem is the assumption that 320 

UPFs are derived from large-scale industrial agricultural practices. Because wide use of fossil fuels 321 

throughout the food system can enable the production of cheap agricultural commodities (Fuje, 322 

2019; Kaur et al., 2015), it follows that ultra-processing may be used to convert these commodities 323 

into profitable, palatable and marketable products (see subsystems 1-3). While it was generally 324 
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assumed that UPFs are inherently reliant on industrial production systems, evidence to support this 325 

is needed and not all participants agreed on this assumption.  326 

[Insert Figure 5 here] 327 

Figure 5: Causal loop diagram of Subsystem 4: Climate change and air pollution relevant to UPF 328 

systems 329 

Figure 5 Legend: Black boxes and arrows indicate the supply chain, blue boxes and arrows are system drivers, green boxes 330 

and arrows denote environmental drivers and outcomes, grey boxes indicate other system outcomes deemed relevant by 331 

participants and grey arrows denote links to other subsystems. ‘R’ denotes reinforcing loops, polarity of relationships are 332 

denoted by +/- next to the arrow head. All relationships in this subsystem were supported by empirical evidence, as 333 

denoted by the solid lines connecting variables. Relationships where polarity was dependent on the region are denoted 334 

with a question mark. Reinforcing loops, balancing loops and connections (arrows) in grey are described in subsequent 335 

subsystems. Other figures display commercial drivers of UPF systems (Figure 2), socio-cultural and biological drivers of UPF 336 

purchasing and consumption (Figure 3 & 4), land-related impacts (Figure 6), water use and aquatic impacts (Figure 7), loss 337 

and waste (Figure 8).  338 

3.6 Subsystem 5: Land-related impacts from ultra-processed food systems 339 

Subsystem 5 describes the land-related impacts resulting from UPF production (see Figure 6). While 340 

all stages of food production require land, participant discussions and existing studies have focused 341 

on agricultural production as the predominant driver of land-related impacts (Hadjikakou, 2017; 342 

Ridoutt et al., 2020; Willett et al., 2019).  343 

Reinforcing loops were identified between land and soil degradation and pesticide use, fertiliser use, 344 

agrobiodiversity loss and land scarcity (R16-19, R21 Figure 6). Pesticide-related impacts on 345 

agrobiodiversity loss may be reinforced by changes in types or locations of pests and pesticide use 346 

(Isaac et al., 2021) (R20, Figure 6). Furthermore, as mentioned in subsystem 4, fertilisers release 347 

greenhouse gas emissions, driving climate change, which further degrades land and increases land 348 

scarcity, potentially leading to a vicious cycle of higher fertiliser demands (R4, Figure 6).  349 
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Also included in the model is the role of land conversion and land and soil degradation in increasing 350 

land scarcity (Jayasuriya, 2003). In theory, increased fertiliser and pesticide use could result in ‘land-351 

sparing’, as less farmland is required to produce the same yield (IFA and UNEP, 2000; Popp et al., 352 

2013). This is important as land sparing scenarios, where yields are increased through fertiliser and 353 

pesticide use, produce less greenhouse gas emissions than those released from land conversion in 354 

land sharing scenarios (Folberth et al., 2020). However, participants and previous literature have 355 

noted that high-yielding farms often expand, which may incentivise deforestation and subsequently 356 

increase land scarcity (Hertel et al., 2014). Thus, the question mark in the model highlights that, 357 

without the addition of more detailed causal pathways or quantitative data, the impacts described 358 

here are uncertain.   359 

Differentiating UPF system impacts from general food system impacts  360 

The relationships between agricultural-production practices and land-related impacts are not 361 

exclusive to UPFs. However, participants discussed that ultra-processing may exacerbate existing 362 

issues in the food system. Many UPFs rely on agricultural production of high-yield, low-cost 363 

ingredients, thus they may increase reliance on practices such as monoculture farming or intensive 364 

livestock production (Fardet and Rock, 2020), which could contribute to additional land and soil 365 

degradation (Olsson et al., 2019) (Figure 6). However, some features of this subsystem, e.g. 366 

agrobiodiversity loss, have been ongoing, independent, trends in agriculture (FAO, 2007), thus any 367 

impacts that may be caused by UPF production are additional to existing issues. 368 

There are two reinforcing loops in this subsystem which relate specifically to UPFs. Participants 369 

proposed a reinforcing loop between ultra-processing and agrobiodiversity loss, as decreased variety 370 

of species may encourage creative processing methods to develop ‘exciting’ ‘new’ foods and UPFs 371 

may encourage reliance on fewer, cheap ingredients (Fardet and Rock, 2020) (R21, Figure 6). 372 

Agrobiodiversity loss also has flow-on impacts on biodiversity loss within neighbouring ecosystems 373 
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(FAO, 2019; Kremen and Miles, 2012). Changes in food supply diversity may also impact food supply 374 

stability (Thrupp, 2000) and diet diversity (Oduor et al., 2019). It is also plausible that ongoing 375 

production and consumption of UPFs could reduce diversity in the food system (R3, Figure 6).  376 

[Insert Figure 6 here] 377 

Figure 6: Causal loop diagram of Subsystem 5: Land-related impacts relevant to UPF systems 378 

Figure 6 Legend: Black boxes and arrows indicate the supply chain, blue boxes and arrows are system drivers, green boxes 379 

and arrows denote environmental drivers and outcomes, grey boxes indicate other system outcomes deemed relevant by 380 

participants and grey arrows denote links to other subsystems. Dotted lines indicate that the relationship was proposed 381 

(no existing empirical evidence), and solid lines denote that the evidence was established (supported by empirical evidence 382 

or reviews of empirical evidence). ‘R’ denotes reinforcing loops, polarity of relationships are denoted by +/- next to the 383 

arrow head. Impacts which may increase or decrease are denoted with a question mark instead of a +/-. Reinforcing loops, 384 

balancing loops and connections (arrows) in grey are described in subsequent subsystems. Other figures display 385 

commercial drivers of UPF systems (Figure 2), socio-cultural and biological drivers of UPF purchasing and consumption 386 

(Figure 3 & 4), climate change and air pollution impacts (Figure 5), water use and aquatic impacts (Figure 7), loss and waste 387 

(Figure 8).  388 

3.7 Subsystem 6: Water use and aquatic impacts from ultra-processed food systems 389 

This subsystem investigates the impact of water used during UPF production and impacts of UPF 390 

systems on aquatic ecosystems (see Figure 7).  391 

The reinforcing loops identified in this subsystem act together to impact water scarcity, water 392 

quality and biodiversity loss. In this model, water is used at most stages of production, which may 393 

lead to reduced availability of water in natural ecosystems, increasing water scarcity (Falkenmark, 394 

2013). This is further impacted by water quality, as water resources that are polluted become less 395 

valuable, increasing water scarcity (Dabrowski et al., 2009). Conversely, water scarcity can impact 396 

water quality. For example, droughts are generally associated with poorer water quality due to a 397 

build-up of pollutants (Hrdinka et al., 2012). However, whether water quality increases when water 398 
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scarcity decreases is uncertain and dependent on the region as higher rainfall can flush 399 

contaminants and beneficial substances, as well as introduce new contaminants into waterways 400 

(Hrdinka et al., 2012). This uncertainty is indicated by question marks in the model. Polarity could be 401 

specified if the model is adapted to contain detailed, context-specific causal pathways.  402 

Increased water scarcity and decreased water quality can lead to land and soil degradation, 403 

biodiversity loss in aquatic and terrestrial ecosystems (Olsson et al., 2019) and poor human health 404 

due to contamination (Li, 2018). Biodiversity loss can impact water scarcity and water quality 405 

because native aquatic species often play a role in maintaining water quality (Worm et al., 2006) 406 

(see Appendix). These relationships can reinforce each other, driving increasing damage to 407 

ecosystems (see R6-8, Figure 7). Specifically, reinforcing loop (R8) shows how water scarcity, land 408 

degradation, eutrophication and poor water quality can act together to worsen environmental 409 

degradation (see figure 6).  410 

Other components of this subsystem may worsen damage described above. For example, fertilisers 411 

and pesticides can have further impacts on water quality and biodiversity loss via eutrophication 412 

(Olsson et al., 2019) or ecotoxicity (Aktar et al., 2009; FAO, 2019). 413 

Differentiating UPF system impacts from general food system impacts 414 

While much of the above description is applicable to all foods, processing and ultra-processing can 415 

require substantial water inputs, depending on the product. A study analysing water used to 416 

produce ultra-processed meat alternatives found that processing accounted for 63% of product 417 

lifecycle water use (Fresán et al., 2019). 418 

Additionally, impacts from fertilisers may be particularly relevant to UPFs as previous evidence 419 

suggests that ‘sweets, snacks and drinks’ (which are often UPFs) accounted for 42% of diet-related 420 

phosphorus use and 12% of diet-related nitrogen use in Sweden (Moberg et al., 2020). Overall 421 
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further research is needed to determine if there are different mechanisms or larger impacts relating 422 

to water used for UPF production. 423 

[Insert Figure 6 here] 424 

Figure 7: Causal loop diagram of Subsystem 6: Water use and aquatic impacts relevant to UPF 425 

systems 426 

Figure 7 Legend: Black boxes and arrows indicate the supply chain, green boxes and arrows denote environmental drivers 427 

and outcomes, grey boxes indicate other system outcomes deemed relevant by participants and grey arrows denote links 428 

to other subsystems. Solid lines denote that the evidence was established (supported by empirical evidence or reviews of 429 

empirical evidence). ‘R’ denotes reinforcing loops, polarity of relationships are denoted by +/- next to the arrow head. 430 

Impacts which may increase or decrease are denoted with a question mark, rather than a polarity such as +/-. Reinforcing 431 

loops, balancing loops and connections (arrows) in grey are described in subsequent subsystems. Other figures display 432 

commercial drivers of UPF systems (Figure 2), socio-cultural and biological drivers of UPF purchasing and consumption 433 

(Figure 3 & 4), climate change and air pollution impacts (Figure 5), land-related impacts (Figure 6), and loss and waste 434 

(Figure 8).  435 

3.8 Subsystem 7: Loss and waste impacts from ultra-processed food systems 436 

This subsystem describes the relationship between the production of UPFs and loss or waste of 437 

resources (see Figure 8).  438 

One key driver of this subsystem is the assumption that lost or wasted food (which occurs at each 439 

supply chain stage (Bajželj et al., 2020)) may drive agricultural production to compensate for the lost 440 

or wasted food (de Gorter et al., 2021) (proposed link and R22, Figure 8). This results in wasted food 441 

system resources.  442 

Linked with this concept are the bi-directional relationships whereby time pressures to reduce food 443 

loss and waste can be abated by processing, ultra-processing (Augustin et al., 2016) and packaging 444 

(Marsh and Bugusu, 2007) (B2-4, Figure 8).  Balancing loop B5 indicates how processing, ultra-445 
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processing and packaging lead to increased food durability, thereby decreasing food loss and waste. 446 

However, some level of food loss and waste still occurs as a result of these processes, as indicated by 447 

the reinforcing loops (R22-24, Figure 8). Additionally, valorisation (where by-products are processed 448 

or ultra-processed into food ingredients or products) may drive UPF production, as a UPF vessel may 449 

be required to carry the valorised ingredients (Capozzi et al., 2021) (see R19, R20, Figure 7).  450 

Impacts from poorly handled waste may amplify impacts seen in previous subsystems, such as 451 

biodiversity loss (Azevedo-Santos et al., 2021), poor water quality, land and soil degradation (Chae 452 

and An, 2018), and greenhouse gas emissions (Scialabba et al., 2013; Tabata, 2013). These feed into 453 

reinforcing loops whereby more food is lost or wasted due to environmental events such as climate 454 

change (IPCC, 2022) or changes in pests (Delgado et al., 2021) (R9-11).  455 

Differentiating UPF system impacts from general food system impacts  456 

Impacts discussed above highlight that UPFs both cause and alleviate waste in the food system. One 457 

UPF-specific impact relates to UPFs driving overconsumption (Hall et al., 2019). Overconsumption 458 

may theoretically drive an oversupply of calories to some markets within the food system and 459 

represent a waste of food system resources which could otherwise be spared or re-routed to 460 

produce non-UPFs (Seferidi et al., 2020) (proposed relationship, Figure 8). 461 

Also, packaging is inherent in UPF systems as UPFs are typically packaged, often in plastic. This 462 

contributes to UPFs waste-related impacts (Andrades et al., 2016), and may distinguish them from 463 

some non-UPFs, such as fresh foods. However, durable foods, such as UPFs, tend to be less wasted 464 

in households than perishable non-UPFs (Reynolds et al., 2016; Reynolds et al., 2015). Quantitative 465 

comparisons of the impact of UPF production and consumption on overconsumption, food loss and 466 

waste and packaging waste would help clarify whether UPFs are associated with more or less waste 467 

than non-UPFs. 468 
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[Insert Figure 8 here] 469 

Figure 8: Causal loop diagram of Subsystem 7: Loss and waste impacts relevant to UPF systems 470 

Figure 8 Legend: Dotted lines indicate that the relationship was proposed (no existing empirical evidence), and solid lines 471 

denote that the evidence was established (supported by empirical evidence or reviews of empirical evidence). Black boxes 472 

and arrows indicate the supply chain, blue boxes and arrows are system drivers, green boxes and arrows denote 473 

environmental drivers and outcomes, grey boxes indicate other system outcomes deemed relevant by participants and 474 

grey arrows denote links to other subsystems. ‘R’ denotes reinforcing loops, polarity of relationships are denoted by +/- 475 

next to the arrow head. Reinforcing loops, balancing loops and connections (arrows) in grey are described in subsequent 476 

subsystems. Other figures display commercial drivers of UPF systems (Figure 2), socio-cultural and biological drivers of UPF 477 

purchasing and consumption (Figure 3 & 4), climate change and air pollution impacts (Figure 5), land-related impacts 478 

(Figure 6), and water use and aquatic impacts (Figure 7).  479 

3.9 Transitioning to a healthy and sustainable food system 480 

Throughout the workshops, participants were prompted to discuss how the current UPF food system 481 

may differ from an idealised food system producing non-UPFs. Participants acknowledged that the 482 

production of non-UPFs can also cause environmental harm but re-iterated the importance of 483 

comparing the UPF-based system to a vision of a healthy and sustainable future food system. 484 

Therefore, the counterfactual was an idealised system producing non-UPFs, using environmentally 485 

sustainable production methods, adapted to the local environment. In this system, a variety of crops 486 

and livestock species would be farmed and bred for durability, flavour, nutrition and yield.  487 

Determining the differences between the drivers and impacts within a UPF system compared with a 488 

healthy and sustainable food system was challenging in the absence of quantitative data. Variables 489 

that may be more prominent in a UPF system compared with an idealised food system are displayed 490 

in the Appendix. When asked to compare the impacts of UPF versus an idealised food system, 491 

participants often discussed potential trade-offs that could result from this transition. Some trade-492 

offs are described in Table 1.  493 
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Table 1: Examples of trade-offs identified by participants which may occur when transitioning to an idealised food system 494 

Trade-offs Description 

Energy use versus 

food system efficiency 

UPFs can rely on high-energy inputs, but these energy inputs may enable 

efficiency, which may result in lowered energy demands at subsequent supply 

chain stages. For example, high energy demands for ultra-processing increase 

food durability, meaning energy-intense refrigerated transportation may not be 

required. It also could reduce the weight of the product through dehydration, or 

reducing bulk by converting grain to powder, which would further minimise 

transportation costs. Participants noted that in an idealised food system, energy 

inputs would need to be prioritised for foods that are essential for a healthy diet 

but that food system efficiency would need to be weighed against other 

environmental impacts from intense production processes, described previously 

in subsystems 4, 5 & 6. 

 
Land sparing versus 

land sharing 

Changing to less-intense production systems (e.g. pasture-raised livestock) may 

come at the cost of requiring more land to produce the same amount of foods. 

This may benefit agrobiodiversity but result in a loss of natural habitat for 

species living in the wider ecosystems (biodiversity loss), known broadly as the 

‘land-sharing versus land-sparing debate’.  

 
Diversity versus 

efficiency 

More diverse agricultural systems may encourage a variety of non-UPFs (and 

thus discourage industrially produced and homogenous UPFs) but may result in 

efficiency losses due to time and cost pressures for farmers, relating to increased 

physical labour and management. For example, due to the need to manage a 

wider variety of pests and harvesting systems or to determine additional buyers 

for each new crop or livestock product. 
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Trade-offs Description 

Wasted food system 

resources versus food 

loss and waste 

UPFs can be perceived to waste resources because the scarce resources used to 

produce them are being used to produce foods which are superfluous to human 

nutritional requirements, and often encourage overconsumption. However, the 

production and consumption of UPFs instead of non-UPFs (which may be more 

perishable) may contribute to reduced food loss and waste in the system due to 

their durability and ability to utilise waste-reduction processes such as 

valorisation (see Subsystem 7).  Thus, any food system transitions which 

decrease UPF production should consider unintended increases in food loss and 

waste. 

  

Food supply stability 

versus healthfulness 

Improving the healthfulness of the food supply by decreasing access and 

availability of UPFs may result in negative impacts on food supply stability. For 

example, in emergencies where access to fresh food is limited. UPFs are easy to 

consume (no preparation or ‘tools’ are required) and safe (due to their long shelf 

lives). However, because these foods are not “…of appropriate quality…” (as per 

the definition of food security (FAO, 2006)), they may have a negative influence 

on food and nutrition security. 

 
Prioritising 

sustainability and 

healthy outcomes 

versus cost 

Utilising a range of sustainable practices, including nutrient cycling, regenerative 

agriculture and more localised supply chains (where beneficial), as well as 

farming and breeding a wide variety of crops and livestock species for durability, 

flavour, nutrition and yield would likely lead to substantial cost increases. 

Changes would need to be complemented with the development of a range of 

new technologies, practices, and regulations, to avoid negative impacts on 

livelihoods and food security. 
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Trade-offs Description 

 

Convenience versus 

healthfulness 

Transitioning to healthy and sustainable food systems without accounting for 

convenient food products, may mean that those who are already time-poor and 

have limited cooking skills may be further disadvantaged. To account for this, 

food system transitions would need to consider accessibility to convenient non-

UPF foods.  

4. Discussion 495 

Using group model building (GMB) and complemented with information from the peer-reviewed 496 

literature we developed a series of causal loop diagrams (CLDs) identifying drivers of the ultra-497 

processed food (UPF) system and dynamic interactions with the environment.  498 

Our approach to modelling impacts according to supply chain stages is supported by existing 499 

quantitative evidence showing significant variability between environmental impacts at each stage 500 

of food production (Crippa et al., 2021; Tubiello et al., 2021a; Tubiello et al., 2021b). The resulting 501 

model may be applied to guide the identification of system trade-offs, research activities and 502 

provide further insights for policy makers. 503 

4.1 Identification of system trade-offs 504 

This model highlights potential trade-offs associated with a reduction of ultra-processed foods (see 505 

examples in Table 1). While these trade-offs have been previously discussed in the peer-reviewed 506 

literature, the model can be used as a tool to enable further discussion of these trade-offs among 507 

researchers and policy-makers. For example, policies that reduce UPF accessibility should consider 508 

mitigating potential impacts on overall food access, particularly for those already experiencing food 509 
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insecurity. Potential impacts for those with limited cooking skills or who are time-poor, or resource-510 

poor would also need to be considered, due to the association between these factors and reliance 511 

on convenient UPFs, particularly among disadvantaged populations (Moran et al., 2019). Energy 512 

trade-offs should also be considered as industrial pre-cooking may be less energy intensive than 513 

individual home cooking (Scott et al., 2021), but these benefits are possible without ultra-processing 514 

(Davidou et al., 2022). Mitigating these risks is particularly important in the current climate of rising 515 

costs of living, which are disproportionately affecting already disadvantaged populations in the wake 516 

of the COVID pandemic and political unrest in key food-producing regions (Hawkes et al., 2022).  517 

Food waste trade-offs may exist when transitioning from UPFs to a healthy and sustainable food 518 

system (see Table 1). Mitigation strategies could include campaigns to reduce household food waste 519 

(Aschemann-Witzel et al., 2017), and re-routing supply chain waste into animal feed (Truong et al., 520 

2019) or biofuels (Pour and Makkawi, 2021), instead of UPF production. Time pressures in the food 521 

system would remain, however primary and secondary processing may alleviate some pressures 522 

relating to shelf-life (Augustin et al., 2016). For example, processing could be prioritised to extend 523 

shelf-life of nutrient dense and environmentally demanding, perishable products such as milk 524 

powders and small fish. 525 

4.2 Potential policy implications 526 

While further research is needed to understand local contexts and more detailed interactions, causal 527 

loop diagrams may be useful for policy design. Using policy to interrupt the reinforcing loops or 528 

affect variables with many flow-on effects may impact the quantity of UPFs produced by the food 529 

system and their subsequent environmental impacts. In this model, this includes variables such as 530 

the corporate political activity of the UPF industry and their economic power, low costs of the final 531 

product, access to UPFs, greenhouse gas emissions and climate change, land and soil degradation, 532 

fertiliser and pesticide use, food loss and waste, and packaging waste. Reducing the load on these 533 
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systems through regulation may improve subsequent impacts such as overall production and 534 

consumption, air pollution, water quality issues, biodiversity and waste impacts. Economic impacts, 535 

such as price increases, could be added to the model and used to avoid unintended consequences of 536 

systems change. Further analyses of trade-offs and uncertainties, adapting the model to local 537 

contexts or specific food and beverage products, and adding delays to the model may help to 538 

anticipate policy resistance and pre-emptively propose solutions, and ensure recommendations are 539 

context specific. 540 

4.3 Informing future research activities 541 

This study could inform future quantitative analyses and qualitative models. While it was not the 542 

explicit purpose of this study, the GMB process is well-suited to identifying the key parameters and 543 

metrics to develop more comprehensive quantitative analyses of the food system (Laurenti et al., 544 

2014; Werner, 2005). Using our model to identify relevant supply chain stages and variables for 545 

quantitative analyses may help overcome some of the challenges in quantifying the environmental 546 

impacts of UPFs discussed in the introduction. The model could also be used to interpret 547 

quantitative findings in the context of the broader food system.  548 

The model could also be used to identify evidence gaps and research opportunities. The 549 

relationships denoted with dashed or dotted lines in Figures 1-7 (such as market competition and 550 

ultra-processing in Figure 1) have been proposed but, to the authors' knowledge, remain untested, 551 

or evidence is inconclusive. Many of these highlighted relationships are key to understanding 552 

complexities in the food system and inform solutions, including policies.  553 

Finally, the model and accompanying description presented in this paper could be used as a basis for 554 

modelling studies. To adapt this model to a healthy and sustainable food system, supply chain 555 

stages, variables and relationships could be removed or added using the editable modelling file 556 

provided in the Appendix. For example, variables could be added to enable a comparison with 557 
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alternative production systems, to understand impacts on workers’ or animal rights, or to further 558 

unpack complex interactions summarised in our model. A quantitative model could also better 559 

differentiate between UPF and non-UPF impacts.  560 

4.4 Limitations 561 

The model developed in this study aimed to capture the key relationships between the UPF system 562 

and the natural environment, including all system drivers. While we aimed to retain as much detail 563 

as possible, the system does not capture every known or possible impact, which is an unavoidable 564 

disadvantage of mapping complex food systems (von Braun et al., 2021). Many issues discussed in 565 

the text are relevant to the food system generally, not just UPFs. While this made it difficult to 566 

differentiate impacts from UPFs, it also makes the model more applicable to future studies on other 567 

types of food. Included variables, relationships and how they were framed was ultimately subjective, 568 

and dependent on the diversity of knowledge of modellers. To reduce the risk of bias, we grounded 569 

the model in existing evidence, ensured that the participant size was appropriate for the method 570 

(Rouwette and Vennix, 2020), and validated all participant suggestions using existing peer-reviewed 571 

evidence. However, some evidence may have been missed in the searching process, as only the first 572 

100 results were searched. In addition, we did not review the strength of the evidence according to 573 

pre-established methods such as GRADE (Guyatt et al., 2008), but instead used a simplified ranking 574 

method to distinguish between peer-reviewed empirical evidence, and proposed associations 575 

between variables. We also recruited participants from a wide range of countries, however, not all 576 

world regions were captured.  577 

While there are many uses of the CLD described in this paper, there are limitations in its application. 578 

Because it is a qualitative model, the strength of the relationships between variables, magnitude of 579 

impacts, and correlation between environmental metrics were not tested. The model does not 580 

account for region-specific impacts. The model is also not product or location specific. To analyse a 581 
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particular product, especially those with complex or unusual supply chains, such as cellular meat, 582 

additional components and considerations may be required. 583 

5. Conclusion 584 

Our findings indicate multiple avenues through which UPFs impact the environment, driven by 585 

commercial, biological and social influences on production and consumption, with multiple 586 

interactions between and within subsystems. While some impacts are likely to be more prominent in 587 

a UPF-based food system, there was some difficulty differentiating impacts from UPFs compared 588 

with non-UPFs. Quantitative research is needed to better differentiate the impacts of UPFs 589 

compared with non-UPFs. This work also identifies policy-relevant trade-offs which would need to 590 

be mitigated if UPF production or consumption is reduced. Future improvements to the model could 591 

include adding delays, including more disciplines, categorising evidence using pre-established 592 

grading criteria, adapting it to local contexts or adapting the model to non-UPFs. 593 

The model highlights research gaps and could be used to guide choices on supply chain stages, and 594 

environmental impacts relevant to UPFs for quantitative studies, as well as to provide a guide for 595 

interpreting quantitative findings in the context of complex and dynamic food systems.   596 
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