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Increasing urbanization and changing population demographics represent two golden opportunities to reimagine how humanity may influence the trajectory of the planet. Although there is substantial information about ‘the speed in which we are falling off the cliff’ with respect to the negative effects of climate change, biodiversity loss, and nitrogen and phosphorus overuse, much less is known about how humanity may transition to living within sustainable ecological and social boundaries. Transitioning to global sustainability requires a framework that integrates both fundamental ecological boundaries with social foundations that provide basic needs. One such framework is Raworth’s Doughnut Model, where the doughnut indicates a ‘sweet spot’: meeting basic social needs of all within sustainable boundaries for earth-systems processes. While there are a global and a few national level analyses of sustainability using this framework, there are no regional level assessments. We used Raworth’s Doughnut Model to assess regional level sustainability for a mid-sized metropolitan area in the Midwestern United States. 

We pooled county data from government and non-profit reports to quantify social foundation and ecological boundary sustainability across one of the most populous regions in the upper Midwestern United States. Our regional doughnut analysis revealed many ecological overshoots and social deficits, and identified key areas for urban, peri-urban and rural sustainability collaborations. Our analysis also revealed the importance of geospatial variation in ecological boundary overshoot and social deficits. In many ways, our study system of the upper Midwestern United States is representative of city sizes of the future and understanding these trajectories of ecological and social parameters may inform future global sustainable pathways. 

 Keywords: doughnut economics, peri-urban, rural, urban, urban sustainability. 

1 INTRODUCTION

Humans have fundamentally transformed the global environment. Current human impacts on earth-system processes include biogeochemical cycling (including carbon [1], nitrogen 

[2] and phosphorus cycles [3]), biodiversity loss [4], and land use and cover change [5]. All of these impacts are occurring at rates and scales that are orders of magnitudes greater than pre-industrial levels. In the short term, at least some of these ecological transformations have improved (albeit unevenly) human well-being and longevity by increasing the availability of food, shelter and potable water. However, the extent of human impacts on many earth system processes are widely viewed as being unsustainable as they either currently overshoot or are set to overshoot ‘planetary boundaries’ for these processes estimated by leading researchers 

[6], [7] . As a result, the long-term value of the social benefits gained from human activities can only be assessed by also determining their impact on the global environment. 

A new conceptual framework, the Doughnut Model (DM), has emerged to simultaneously evaluate social gains and environmental impacts of human activities [8]. The DM consists of an outer ring that represents an ‘ecological ceiling’ of planetary boundaries (estimated in a previous study [6] for nine earth-system processes, including climate change, biodiversity loss, and nitrogen and phosphorus cycling), and an inner ‘social foundation’ ring, which are estimated minimum levels for various social metrics (including food access, housing and jobs) needed for all humans to thrive. The area between the ecological ceiling and social 
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foundation, the ‘meat’ of the doughnut, represents the safe and just space for humanity in which basic human social needs are met without overshooting impacts on critical earth systems. This approach, applied at global and national scales, has helped to identify key trade-offs associated with increasing broad levels of economic activities in order to meet general social goals. 

Here, we modify the DM to explore its relevance for assessing the concept of sustainability and urban and regional scales (Fig. 1). We envision a framework in which ‘boundaries’ for earth-system processes can be estimated at finer scales such that ecological ceilings can be determined for cities and surrounding areas. At the same time, we suggest that ‘social foundations’ can be determined for regions depending on global standards that may or may not reflect existing conditions. We do not currently have the capacity to estimate ecological ceilings or social foundations at the regional scale, but we seek to illustrate the potential for this approach by contrasting environmental and social impacts in a targeted area. 

The focus on cities and surrounding regions is important given how urbanization and changing population demographics are increasingly impacting the trajectory of the planet. 

In 2007, for the first time ever, the majority of humans lived in cities [9]. As more people move to cities and cities expand, transportation infrastructure can provide mobility for more people, more efficiently and with lower carbon emissions [10]. Urbanization introduces resource efficiencies provided by higher densities of people and represents an opportunity Nitr
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Figure 1:   Doughnut Model consisting of an ecological ceiling outer ring and social foundation inner ring. The space between the rings represents the safe and just space for cities. Adapted and modified from [8]. 
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 Eric Chapman et al., Int. J. Environ. Impacts, Vol. 4, No. 1 (2021) to increase urban sustainability [11]. Although cities can provide resource efficiency from density, cities heavily rely on material and energy exchange with local, regional and national systems as well as the broader global system [12]. 

In this study, we compiled and compared modified ecological ceiling excesses and social foundation deficits from the urban, peri-urban and rural counties surrounding a populous urban centre (Minneapolis-St. Paul, MN) in the Upper Midwest region of the United States. 

Our goal is to estimate the extent to which different regions can be considered ‘sustainable’ 

when environmental and social factors are considered simultaneously and to suggest how sustainability could be enhanced at the regional level by identifying key areas for collaborative initiatives among urban, peri-urban and more rural communities. 

2 METHODS

2.1  Study system

The Upper Midwestern United States is a heterogenous landscape consisting of diverse land uses across multiple states. The region is largely agricultural, though it contains numerous relatively densely populated urban and suburban areas (>300 people km-2), moderately dense peri-urban areas (between 100-282 people km-2) and low-density rural areas (<100 people km-2; Fig. 2). In this study, we focused on one of the most populated regions of the Upper Midwestern United States, which is anchored by the Twin Cities of Minneapolis and St. Paul located in Minnesota (MN; 2010 population ~3.28 million people). 

2.2  Study approach and data collection

To create preliminary regional sustainability estimates, we applied Raworth sustainability metrics using a county-level perspective. We used this approach to investigate the influence of county-level policy on sustainability outcomes and to assess to what extent county-level Figure 2:   Study area of the metropolitan counties surrounding the Twin Cities of Minneapolis and St. Paul in Minnesota (MN; left panel) and key information for each of the counties (right panel). Dark blue counties are urban, light blue counties are rural and counties in white are peri-urban. 
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policy may drive regional sustainability efforts. Additionally, data from the county level were more available compared to other levels such as at the city level. For the sake of our analysis, we classified county types (urban, peri-urban and rural) based on the population densities mentioned above. 

To assess regional sustainability within our study system, we collected a variety of social and ecological parameters inspired by previous studies [8], [13]. We modified these parameters for each slice of the ‘doughnut’ to better reflect social and ecological conditions that are relevant for estimating sustainability at the regional scale around a city in the developed world. For example, we did not include ‘ocean acidification’ as a relevant earth-system process because of the geographic location of our region of study. Similarly, we made several changes to social foundation metrics used in [8] to make them more relevant to social challenges in this region. Our modifications are discussed in more detail in 2.2.1. 

We collected and compiled data from various state agencies including the Minnesota (MN) Department of Health, MN Board of Soil and Water Resources, MN Pollution Control Agency, MN Department of Agriculture, MN Employment and Economic Development, MN Secretary of State, MN State Demographic Center and the MN Legislature Legislative Coordinating Commission. Beyond state agency data, we collected and compiled data from national agencies including the U.S. Geological Survey, U.S. Census Bureau, National Center for Health Statistics and the Center for Disease Control. Finally, we also compiled data from various non-profit organizations (Table 1). 

2.2.1  Ecological ceiling and social foundations metrics To investigate how ecological and social factors varied between county types in a developed world context, we modified the global ecological and social foundation parameters defined by Raworth (Table 1). We selected metrics based on data availability to better reflect living conditions in the Upper Midwestern United States. In areas where global ecological ceilings are not defined by Raworth, we developed county-level methodology to assess regional contributions to ecological ceiling overshoot. For example, a global ecological ceiling for both air and chemical pollution has not been established, but at the county level, robust datasets exist for particulate matter less than 2.5 microns in size (PM 2.5), a measure of local air pollution. For metrics where established ecological ceilings exist, but county-level data were absent, we developed alternative proxies for the established ecological ceiling metric. For example, we used NO  emissions as a proxy for regional x

contributions to the climate change ecological ceiling; no county-level CO  emissions data 2

were available. For a comprehensive list of the metrics we modified for this county-level analysis, see Table 1. To express social foundation metrics consistently as deficits, we manipulated several parameters that were not originally expressed as deficits (e.g. health as life expectancy). The following metrics were modified: health, education, political voice, gender equality, networks and work. We expressed 1) life expectancy deficits in our study region compared to the top ten life expectancy industrialized countries (mean 83.3 years); 2) education as a percent of those not attaining bachelor’s degrees; 3) political voice as non-voter turnout; 4) gender equality as deficit from 50% female representation in local government and 5) work as an income deficit compared to the mean income in the state of Minnesota. Justifications and implications of these modifications are further described in our Discussion. 
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Sustainability  

Raworth Metric (Units)

Modified Metric (Units)

Reference

Category

Ecological ceiling



Climate change 

CO  (ppm)

NO  (kg y-1) 

[14]

2

x

Ocean acidification Aragonite saturation

Not applicable

Chemical pollution  Not defined

Not defined

N and P cycles  

Fertilizer use (tons y-1)

Fertilizer use (kg y-1 km-2)

[15]

Freshwater 

H O use (km3 y-1)

H O use per capita (m3 y-1)

[16]

2

2

withdrawals

Land conversion

Forested land prior to 

Not defined

alteration (%)

Biodiversity loss

Species extinction (spp y-1) Land not conserved (%)

[17]

Air pollution

Not defined

PM 2.5 (µg m-3)

[18]

Ozone layer 

O  (DU)

O  (µg m-3)

[19]

3

3

depletion

Social foundations 

Food

Undernourished (%)

Food insecurity (%)

[20]

Health

Life expectancy/under 5 

Life expectancy compared  [21]

mortality (y/%)

to 10 highest in world (y) 

Education 

Literacy/dropout (%)

% Without bachelors

[22]

Jobs 

Population below interna-

Annual income relative to 

[23]

tional poverty limit (%)

MN mean (per capita)

Peace/justice 

Homicide rate; corruption  Homicide rate (#/100,00)

[24]

index (%)

Political voice

Voter accountability index Voter non-turnout (%)

[25]

Social equity

Palma ratio

Gini index 

[26]

Gender equality

Political representation; 

Deficit to 50% female 

[27]

pay gap

representation

Housing

Slum housing (%)

Homeless (#)

[28]

Networks

Without internet access (%) % Without broadband 

[29]

internet

Energy/waste 

Lacking access to 

Landfill waste  (kg y-1)

[30]

management

electricity  (%)

Water

Lacking access to sanita-

NO -(mg m-3)

[31]

3

tion and water (%)
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2.3  Statistical analyses

To measure whether or not there were differences in the county-level ecological ceiling and social foundation metrics from Raworth (Table 1), we used multiple one-way ANOVA statistical tests in R. We assessed the linearity, normality and equal variance assumptions of the statistical tests using R and we assumed that our data were independent. We plotted our data in R to measure linearity, and we tested the normality and equal variance assumptions visu-alizing Normal Q-Q and Residuals versus Fitted plots, respectively, in R. Where we found group means that were significantly different ( P < 0.05), we performed Tukey’s post-hoc analyses. In cases where assumptions of the statistical tests were violated, we either log-transformed the data and performed parametric analyses or used non-parametric ANOVAs on non-transformed data. In Fig. 3, we depicted groups that were significantly different from one another using different letters. 

3 RESULTS

3.1  Regional and county demographics

In 2019, the population of the 16-county study site was 3,634,260 and the mean county population was 227,141. Total and mean population sizes varied by county type: the total population of urban counties ( n = 4) was 2,599,745 and the mean population size for urban counties was 649,936; the total population size of peri-urban counties ( n = 3) was 513,593 and the mean of peri urban counties was 171,197; the total population of rural counties ( n = 9) was 520,922 and the mean population size for rural counties was 57,880. 

The mean population density of counties significantly decreased from urban to rural classified counties ( P < 0.001) and peri-urban counties had an intermediate population density. 

Urban county population density was 663 ± 238 people km-2 (mean ± SE), peri-urban was 167 ± 33 people km-2 and rural was 41 ± 9 people km-2. County areal size did not differ between urban, peri urban and rural counties ( P = 0.241). 

3.2  Ecological ceiling

Along the urban core to rural county gradient, we found differences in the suite of the ecological ceiling metrics of sustainability. Metrics for climate change (NO ), nitrogen (N) cycling, x

air pollution (PM 2.5) and ozone concentration all varied along our study gradient. Freshwater withdrawals, phosphorus cycling and biodiversity loss did not vary along the county gradient. 

We found that urban counties had significantly higher measures for climate change and air pollution and significantly lower measures for ozone concentration compared to rural counties. N and P cycling in urban farms was significantly lower on a per unit area compared to rural farm N loading. Non-farm N and P cycling was significantly higher in urban counties compared to rural and peri-urban counties. Total N cycling was higher in rural counties compared to urban counties (Figure 3). However, total P cycling (farm and non-farm combined) did not vary across county type in our study area. Peri-urban counties had similar measures of climate change and N and P cycling compared to both urban and rural counties; peri-urban counties had intermittent measures of climate change and N and P cycling compared to both urban and rural counties. Rural counties had the lowest measures of climate change and air pollution, but also the highest metrics for ozone depletion and N cycling. 
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3.3  Social foundations

Along the urban core to rural county gradient we found differences in a suite of the social foundation metrics of sustainability; the only metrics that did not vary were metrics for waste management. We found differences in rates of food insecurity, life expectancy, levels of educational attainment, per capita income, homicide rate, voter non-turnout, Gini index, deficit in equal female representation in local government, homeless population size, access to broadband internet and water quality across urban, peri-urban and rural regions in our study system (Fig. 3). 

Several social metrics showed highest deficits in urban areas. The most striking differences in deficits in peace (homicide rates ~4× higher in urban counties than in other counties) and housing (homeless rates ~10× higher in urban counties). Other particularly high deficits in urban counties were in food access and social equity. Deficits for health and political voice were similarly higher in urban and rural areas than in peri-urban areas. 

Some deficits were significantly lower in urban counties than other regions. These deficits include water quality and gender equality (higher quality and more equitable gender representation in urban areas than in other areas). Education deficits were lower in both urban and peri-urban areas compared to rural areas. Peri-urban areas had particularly low-income deficits compared to urban areas, which in turn were significantly lower than rural counties. 

4 DISCUSSION

Overall, our results suggest that environmental overshoots and social deficits show contrasting patterns in urban, peri-urban and rural counties. As a result, none of the three regions is clearly ‘more sustainable’ than the other two. However, the contrasting patterns suggest that collaboration and exchange among regions could contribute to a broader regional sustainability. We also illustrate how the DM approach can start a more transdisciplinary discussion in which environmental and social impacts are considered in a common framework. 

4.1  Patterns in key social and environmental metrics Our results show that many social and environmental metrics differ among urban, peri-urban and rural areas. Generally, we found that rural counties lacked access to necessary 21st cen-tury infrastructure (broadband internet) and attributes (bachelor’s degrees) but had more social equity (Gini index was lower), and urban counties had higher pollution, homelessness, homicide, gender equity and food insecurity. 

Interestingly, our measure for biodiversity loss (percent of land not enrolled in conservation programs) was low (>94.5% of total land area) and did not vary along our study gradient. 

Our measure only included land explicitly enrolled in conservation programmes at the federal and state level and did not include other areas of potential high biodiversity such as county or city parks (see [32]). The percentage of land enrolled in state and federal conservation programmes across our study area was below the statewide percentage of 6.6%. This relatively low percentage of conservation land suggests that land in the Twin Cities metro is used for housing in urban counties and food production in rural counties in similar quantities, given variation in population density along this gradient. Another interesting finding was that per capita waste generation/percentage of non-landfill waste and freshwater withdrawal rates did not vary along our study gradient. The lack of variation along our study gradient contradicts a previous study that quantified rates of recycling and stewardship participation [33]. That study found higher rates of recycling participation in rural areas compared to urban areas. 
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Along the rural to urban county continuum, there are numerous different uses for freshwater withdrawals. Within our study area, freshwater withdrawals are used for crop irrigation, public water supply, industrial water use, golf course irrigation, water for cattle and nuclear power production. In the United States, thermoelectric power generation is one of the big-gest consumers of freshwater withdrawals; in 2005, thermoelectric power stations accounted for 41% of the nation’s freshwater withdrawals [34]. Given that our study area houses two thermoelectric power generating stations that draw freshwater from multiple different county types, it is not surprising that we found large variation between and within county types. Of the nine rural counties in this study, six counties supplied thermoelectric power generating stations with freshwater withdrawals. Additionally, two of the three urban counties and two of the four peri-urban counties supplied thermoelectric power generating stations with freshwater withdrawals. This variation was driven by large freshwater withdrawals where thermoelectric power generating stations were and non-existent withdrawals where they were not located. 

We also observed large variation of N and P cycling in our study area. This pattern was driven by within county type variation in N and P fertilizer application and suggests that county lines are not the best predictor of fertilizer intensive agricultural activities. Additionally, there are a few counties in our study area in the peri-urban fringe where housing increases near the urban core as low-density suburban housing. Although we observed large variation of N and P cycling within counties and differences between non-farm and farm N 

and P inputs, there was no difference in total P cycling between county types. This suggests that urban and peri-urban commercial application of P fertilizers in non-farm settings is similar to fertilizer application in farm settings in rural areas. 

4.2  Limitations to the current approach and possible next steps The DM provides an approach for quantifying the extent to which human activities transgress boundaries around ‘a safe and just’ operating space for humanity. This approach is valuable because boundaries can represent scientific targets that can galvanize large-scale and coordinated efforts to transform social and economic systems. Although much progress has been made in applying this approach to global issues, it remains a challenge to use a similar approach to the regional scales that are the focus of most policy initiatives. 

One major constraint for applying the DM to a regional scale is the lack of recognized regional boundaries for earth system processes. For example, 350 ppm for CO  concentration 2

has been proposed as an appropriate planetary boundary for human climate change impacts given predicted impacts of greenhouse gas levels on future warming. However, we did not have the capacity in our current study to try to convert this and similar global planetary estimates to per-capita estimates that could be applied to make regional boundary estimates. 

Another constraint for creating a regional DM is the lack of accepted measures for what should constitute a ‘social foundation’. For example, Raworth uses a global social foundation for ‘health’ as the ‘percentage of countries with life expectancy less than 70 years’. It is unclear if this same metric should be used to assess health in counties in a developed country like the United States. In one sense, it could be argued that the average life expectancy in our sample (78 years) exceeds global social foundation levels. However, it is also true that life expectancy in the United States is significantly lower than many other developed countries and that a standard of 70 years is far lower than what should be possible in a developed setting. Determining appropriate social foundation metrics for regions should be a top priority for policy makers moving forward. 
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4.3  Potential key areas for urban–peri-urban–rural sustainability collaborations Urban regions require key resources far beyond their geographic boundaries. This broad reliance across spatial scales implies that one way to increase city and urban sustainability is to increase regional sustainability. Increasing regional sustainability will require a profound shift in how humanity thinks about energy, food systems and transportation networks. Efficiencies in critical infrastructure (sanitation system and water treatment facilities), transportation—trains, subways and bus routes—systems and utility service delivery are a few of the reasons cities are frequently cited as essential elements in achieving global sustainability. 

In other words, it is more cost-effective and less resource intensive to provide services such as municipal water, sewer and electric delivery in more dense urban centres compared to rural areas. Despite these efficiencies, cities are necessarily large importers of resources far from their geographical boundaries [12]. This apparent paradox—cities offer both a sustainable vision for efficient resource use and an immense scale of consumption—highlights the importance of sustainable regional planning and coordination. If we think beyond the traditional planning boundaries, can we design regions that maximize social foundations outcomes while minimizing ecological ceiling overshoot? Urban counties in metropolitan areas will continue to be net resource importers; there are several areas where urban, peri-urban and rural counties could better collaborate to increase sustainability. 

Through this analysis, we quantified how urban, peri-urban and rural counties compared across ecological ceiling and social foundation metrics using the DM. Given the patterns in social foundation and ecological ceiling metrics we found, it appears there could be several areas that urban, peri-urban and rural counties could collaborate to increase the regional sustainability of our study area. One potential area to increase regional sustainability across county types is with N and P cycling. In 2005, Minnesota banned the application of P fertilizer on lawns and turfgrass in most cases. Banning the sale of fertilizer containing P reduced the concentrations of P in surface waters [35]. Perhaps this same model could be used to discourage excessive N fertilizer inputs on the landscape. Decreasing the mass of N and P 

fertilizer used in the non-agricultural context could decrease regional nutrient inputs and the ecological ceiling overshoot of this boundary while not jeopardizing food production in agricultural contexts. 

Another way to decrease ecological ceiling metrics (climate change, air pollution and ozone depletion) is to increase regional transportation networks. The production of NOx and PM 2.5, and the depletion of ozone are all tied to industrial and fossil fuel burning activities. 

Furthermore, the production of NOx can deplete ozone, increasing risks for solar UV damage 

[36]. Expanding regional transportation networks such as light rail can increase urban sustainability and resiliency by decreasing reliance on fossil fuel combustion [37]. Increasingly, planners, urban designers, scientists and community members are co-producing visions for sustainable regional planning. In our study area, the Metropolitan Council—a regional planning agency—owns and operates the Metro Transit Authority, a vital element of regional transportation, and multiple wastewater treatment facilities. This regional planning perspective is uncommon in the United States and represents one potential model to foster regional collaboration to increase sustainability. Beyond decreasing the ecological ceiling metrics (climate change, air pollution and ozone concentration), an expanded regional transportation network could increase various social foundation metrics. Transportation networks to urban areas increase educational opportunities and accessibility of higher income jobs, and provide better access to healthcare facilities [38], [39], [40]. 
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TOWARD JUST AND SUSTAINABLE CITIES: IDENTIFYING
KEY AREAS FOR URBAN, PERI-URBAN AND RURAL
SUSTAINABILITY COLLABORATIVE INITIATIVES

ERIC CHAPMAN', LAUREN ROGERS' & ADAM KAY'
‘Department of Biology, University of Saint Thomas, USA

ABSTRACT

Increasing urbanization and changing population demographics represent two golden opportunities to
reimagine how humanity may influence the trajectory of the planet. Although there is substantial in-
formation about ‘the speed in which we are falling off the cliff” with respect to the negative effects of
climate change, biodiversity loss, and nitrogen and phosphorus overuse, much less is known about how
humanity may transition to living within sustainable ecological and social boundaries, Transitioning to
global sustainability requires a framework that integrates both fundamental ecological boundaries with
social foundations that provide basic needs. One such framework is Raworth’s Doughnut Model, where
the doughnut indicates a ‘sweet spot’: meeting basic social needs of all within sustainable boundaries
for earth-systems processes. While there are a global and a few national level analyses of sustainability
using this framework, there are no regional level assessments. We used Raworth’s Doughnut Model to
assess regional level sustainability for a mid-sized metropolitan area in the Midwestern United States.
We pooled county data from government and non-profit reports to quantify social foundation and
ecological boundary sustainability across one of the most populous regions in the upper Midwestern
United States. Our regional doughnut analysis revealed many ecological overshoots and social deficits,
and identified key areas for urban, peri-urban and rural sustainability collaborations. Our analysis also
revealed the importance of geospatial variation in ecological boundary overshoot and social deficits. In
many ways, our study system of the upper Midwestern United States is representative of city sizes of
the future and understanding these trajectories of ecological and social parameters may inform future
global sustainable pathways.

Keywords: doughnut economics, peri-urban, rural, urban, urban sustainability.

1 INTRODUCTION

Humans have fundamentally transformed the global environment. Current human impacts
on earth-system processes include biogeochemical cycling (including carbon [1], nitrogen
[2] and phosphorus cycles [3]), biodiversity loss [4], and land use and cover change [5]. All
of these impacts are occurring at rates and scales that are orders of magnitudes greater than
pre-industrial levels. In the short term, at least some of these ecological transformations have
improved (albeit unevenly) human well-being and longevity by increasing the availability of
food, shelter and potable water. However, the extent of human impacts on many earth system
processes are widely viewed as being unsustainable as they either currently overshoot or are
set to overshoot ‘planetary boundaries’ for these processes estimated by leading researchers
[6], [7] . As a result, the long-term value of the social benefits gained from human activities
can only be assessed by also determining their impact on the global environment.

A new conceptual framework, the Doughnut Model (DM), has emerged to simultaneously
evaluate social gains and environmental impacts of human activities [8]. The DM consists
of an outer ring that represents an ‘ecological ceiling’ of planetary boundaries (estimated in
a previous study [6] for nine earth-system processes, including climate change, biodiversity
loss, and nitrogen and phosphorus cycling), and an inner ‘social foundation’ ring, which are
estimated minimum levels for various social metrics (including food access, housing and
jobs) needed for all humans to thrive. The area between the ecological ceiling and social
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