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Abstract

:

Ecological Footprint accounting quantifies the supply and demand of Earth’s biocapacity. The National Footprint Accounts (NFA) are the most widely used Ecological Footprint (EF) dataset, and provide results for most countries and the world from 1961 to 2014, based primarily on publicly available UN datasets. Here, we review the evolution of the NFA, describe and quantify the effects of improvements that have been implemented into the accounts since the 2012 edition, and review the latest global trends. Comparing results over six editions of NFAs, we find that time-series trends in world results remain stable, and that the world Ecological Footprint for the latest common year (2008) has increased six percent after four major accounting improvements and more than thirty minor improvements. The latest results from the NFA 2018 Edition for the year 2014 indicate that humanity’s Ecological Footprint is 1.7 Earths, and that global ecological overshoot continues to grow. While improved management practices and increased agricultural yields have assisted in a steady increase of Earth’s biocapacity since 1961, humanity’s Ecological Footprint continues to increase at a faster pace than global biocapacity, particularly in Asia, where the total and per capita Ecological Footprint are increasing faster than all other regions.
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1. Introduction


In the past 30 years, the science of sustainability has emerged as a prominent field to address the challenges that arise from human–nature interactions [1,2,3,4,5]. At its core, the science of sustainability is a “solution-oriented discipline that studies the complex relationship between nature and humankind”, which implies a “holistic approach, able to capitalize and integrate sectoral knowledge as well as a variety of epistemic and normative stances and methodologies towards the definition of solutions” [2].



Agenda 21 (Chapter 40) of the 1992 United Nations Conference on Environment and Development in Rio [6] called for improved quality and availability of sustainability data for decision making. The need for relevant and reliable data to measure sustainability launched the development of hundreds of indicators with the intent of driving policy and assessing progress toward sustainability [4].



The Ecological Footprint is an account-based system of indicators whose underlying context is the recognition that Earth has a finite amount of biological production that supports all life on it [7,8]. A widely recognized measure of sustainability, the Ecological Footprint provides an integrated, multiscale approach to tracking the use and overuse of natural resources, and the consequent impacts on ecosystems [9] and biodiversity [10].



Ultimately an accounting methodology, the Ecological Footprint sums all human activities that require a bioproductive area, and therefore does not “dictate how societies should develop” [11]. Framing the Ecological Footprint as an accounting system rather than a normative indicator of progress allows the metric to be applied across broad contexts, which is a key element of sustainability-assessment frameworks [12]. This makes the Ecological Footprint relevant across a wide range of sectors and sociopolitical entities, each with their own unique cultures, natural systems, and methodological approaches to sustainability solutions.



The most widely used application of Ecological Footprint accounting is the National Footprint Accounts (NFA), initiated by Wackernagel et al. [13]. NFAs provide annual accounts of biocapacity and the Ecological Footprint for the world and all countries. Since 2003, Global Footprint Network has served as the steward of the NFA and the underlying calculation methodology for the Ecological Footprint of countries [14,15], and has continuously implemented advances in science and accounting methodology into each iteration or “edition” of the NFA [16,17]. To ensure consistent results, each edition provides updated results for the entire available timeline from 1961 to the current NFA data year.



Here, we describe major methodological and data improvements to the National Footprint Accounts since the last published update [16], and quantify the effect of these improvements on the resulting Ecological Footprint and biocapacity of all countries and the world as a whole. We also present the most recent national and global Ecological Footprint results, generated by the 2018 edition of the National Footprint Accounts [18].




2. Materials and Methods


2.1. Accounting Framework


Ecological Footprint accounting is driven by a simple, measurable question: How much of the biosphere’s (or any region’s) regenerative capacity does human activity (“activities” can refer to the entire consumption metabolism of humanity, the consumption of a given population (such as a city), a production process, or something as small and discreet as producing 1 kilogram of durum wheat spaghetti) demand [15,19]? Or more specifically: How much of the planet’s (or a region’s) regenerative capacity does a defined activity require from nature? To answer these questions, the Ecological Footprint integrates core principles of sustainability and accounting and applies them to the context of human activity on Earth. The sustainability principles, taken from Daly [20], are: (1) renewable resources must not be consumed faster than they are regenerated; and (2) waste must not be created faster than it is assimilated by natural systems. The accounting principles of additivity and equivalence are used to measure and map human dependence on biocapacity.



Additivity: Given that human life competes for biologically productive surfaces, these surface areas can be summed. The Ecological Footprint adds up all human demands on nature that compete for biologically productive space [21], such as providing natural resources, accommodating urban infrastructure, or absorbing excess carbon from burning fossil fuels. The Ecological Footprint then becomes comparable to the available biologically productive space, or biocapacity.



Equivalence: Biologically productive areas vary in their ability to produce biological flows (i.e., biological resources and services used by people). Therefore, areas are scaled proportionally to their biological productivity. As such, the unit of measurement for Ecological Footprint accounting, the global hectare (gha), represents a rate of biological regeneration equal to that of a world-average biologically productive hectare [16,21]. This regenerative productivity can be used for resource production, waste sequestration, or physical occupation, which are mutually exclusive (e.g., urban infrastructure can occupy productive areas).



Using these principles, Ecological Footprint accounting tracks the supply (biocapacity) and demand (Ecological Footprint) of renewable resources and ecosystem services. The expression of biological flows as global hectares allows for direct comparisons between them, making it possible to quantify human demand on the biosphere. Furthermore, the relationship between the Ecological Footprint and biocapacity of a given geographic area can be used as a reference point to determine if the minimum conditions for sustainability, that is, Daly’s core principles [20], are met within the associated socioeconomic system. The Ecological Footprint approach and its evolution can be traced in a number of publications [15,16,19,22,23,24,25,26,27,28,29].




2.2. Basic Equations


The underlying calculations of the Ecological Footprint (EF) apply the core principles described earlier to derive the amount of mutually exclusive bioproductive area on the planet appropriated by human activities. Human-harvest or waste-production flow is quantified in mass per time and translated into global hectares through the following equation:


  E  F  p r o d u c t i o n   =  P   Y w    ∗ EQF  



(1)




where:




	-

	
P is the production (or harvest) in tons per year,




	-

	
Yw is the world average yield in tons per hectare, per year, and




	-

	
EQF is the equivalence factor.









For each land-use type, the EQF is the ratio of a given land type’s average global productivity divided by the average global productivity of the entire planet’s productive surfaces. EQF makes it possible to compare the land used for a given product category with the average global bioproductive surface area, which may be of higher or lower average productivity [29].



For each country, the Ecological Footprint of production (EFp) of a single footprint category is calculated by summing all products of that footprint category (such as rice, wheat, corn for cropland). The total EFp of a country is the sum of the Ecological Footprint of all product categories combined.



The Ecological Footprint of consumption for a country is estimated by calculating the Ecological Footprint of all that is produced within a country, then adding the Ecological Footprint embodied in imports and subtracting the Ecological Footprint embodied in exports:


  E  F  c o n s u m p t i o n     =   E  F P  + E  F I  − E  F E   



(2)




where:




	-

	
EFP is the is the Ecological Footprint of production,




	-

	
EFI is the Ecological Footprint of imports, and




	-

	
EFE is the Ecological Footprint of exports.









Similarly, biocapacity can be measured in global hectares at any scale, from a single farm to the entire planet. The following formula details how biocapacity is calculated at the national level for each biocapacity land-use category:


  b i o c a p a c i t y =    A n  ∗    Y n     Y w    ∗ E Q F  



(3)




where:




	-

	
An is the area in country “n” for this land-use category in hectares, and




	-

	
Yn is the national average yield for this land-use category in tons per hectare and year.









Detailed equations and their application for each of the six Ecological Footprint subcomponents (cropland, grazing land, fishing grounds, forest for forest products, built-up land, and carbon footprint) and five biocapacity components (cropland, grazing land, fishing grounds, forests, and built-up land) are described in detail in earlier publications [9,10,14,16,18,30,31,32,33,34,35].




2.3. Review of NFA Production and Updates


2.3.1. NFA Production Process


NFAs calculate the Ecological Footprint and biocapacity of all countries and the world from 1961 to the latest data year, generally 4 years before the publication year based on the availability of input data from the UN Food and Agriculture Organization (FAO) and other key sources. Global Footprint Network has published 13 NFA editions since the first one in 2004. Each edition recalculates the Ecological Footprint and biocapacity values over the entire timeline to ensure incorporation of the latest input data and to apply methodological updates consistently to the entire dataset.



Each country-year result is calculated using up to 15,000 data points from multiple datasets, so a rigorous quality-assurance (QA) process is followed to validate the calculations. During NFA production, there are multiple QA stages following the download and upload of datasets, testing and integration of improvements, and assignment of quality scores. Each input dataset is downloaded and uploaded annually to ensure incorporation of the most current information, then reviewed extensively to detect any changes to raw data or data structure. At each stage, calculated results that incorporate new data are compared to a control or baseline dataset to ensure changes have been implemented without error. Similarly, accounting-methodology improvements are incorporated one by one, and new results are compared to ensure all changes have been completed as intended.



After all new data and accounting updates have been implemented and rigorously checked, the finalized National Footprint Accounts are reviewed by researchers at Global Footprint Network country by country as a final QA step, but also to assign quality scores based on the reliability of the results (www.footprintnetwork.org/data-quality-scores). Over time, a given country’s quality score can improve if, for instance, data improvements within the UN statistical system are applied to historical datasets. The final results and quality scores are made available online in an Excel-based public data package and on an open-data website (data.footprintnetwork.org).




2.3.2. Previous NFA Updates


In 2005, Global Footprint Network established the National Accounts Committee (www.footprintnetwork.org/resources/reviews) to oversee major improvements to the National Footprint Accounts. The National Accounts Committee (NAC) is comprised of experts across various disciplines and includes ten members, one of whom is a researcher with the Global Footprint Network. The approval process begins with a review of each suggested methodological improvement. After clarification and discussion, proposed changes to the NFAs that are agreed upon unanimously by the committee are implemented in subsequent editions of the accounts.



The NAC and affiliates have also collaborated in developing a more systematic research agenda for the accounts. This process led to a publication in 2009 by Kitzes et al. [24]. Suggestions from this effort have largely guided the conceptual direction of the National Footprint Accounts, various of which have been documented and peer-reviewed [16,36,37,38,39,40,41]. Major methodological improvements between the 2010 and 2011 NFA editions were implemented based on these suggestions, including: (1) introducing the ‘constant global hectares’ metric to account for changing values of a global hectare over time; (2) updating ocean CO2 uptake values to account for changes in the amount of carbon dioxide in the atmosphere over time; and (3) a new data-cleaning algorithm to reduce inconsistencies in the source data of commodity trade [16].



Since the 2012 edition of the National Footprint Accounts, we have improved the accuracy of key constants (research agenda item 2.3 in Kitzes et al. [24]), equivalence factors (research agenda item 2.11), and carbon-footprint calculation (research agenda item 2.13). Previous NFA improvements also addressed several of these research priorities [16]. Lastly, we are continually working on strengthening and detailing the documentation of the accounting methodology to explain the rationale and methods that underpin major changes and improvements (research agenda item 2.5) [24].



The research-guidelines paper of Kitzes et al. [24] also described an input–output based framework for the NFA. Although the NFA framework is still an accounting system directly tracking material flows, the idea gave rise to the current application of an environmentally extended multiregional input–output (EE-MRIO) model, which complements the NFA by breaking down each country’s Ecological Footprint results by economic sectors and final-demand categories [27,37,38,42,43].





2.4. Updates and Improvements to the NFA, 2012–2018


For ease of reference, we have grouped changes to the National Footprint Accounts into the following categories: accounting updates, factor recalculations, and input data changes.



Accounting updates involve revisions to underlying calculations, and may represent, for example, those activities or land uses that are or are not accounted for within the NFA, or how specific Footprint categories are allocated. Because accounting changes could (potentially) have relatively greater scientific significance than other improvements, major changes must be approved by the National Accounts Committee. No major accounting change has been made in the last two NFA editions (2017, 2018). In total, eleven minor accounting changes have been made since the 2012 NFA edition. These had minor effects on Ecological Footprint and/or biocapacity results, and therefore are not described here.



Factor recalculations are a specific kind of accounting-methodology change that involves updates to the constants employed by key Ecological Footprint accounting formulae. They include, for instance, the recalculation of factors such as EQF, average forest-carbon sequestration [39], and marginal crop yield. These factors are recalculated to incorporate improvements in data and to maintain consistency with any changes to Ecological Footprint accounting. In total, four factor recalculations have been made since the 2012 NFA edition.



Changes to input data occur annually because of changes within data sources (See Borucke et al. [16] for a detailed overview of the different data sources used in National Footprint Accounts.) themselves, which are updated with each edition. For example, a single-crop product, such as “pumpkins for fodder”, may change in name (e.g., to “mixed grasses and legumes”) or in production weight for the entire 1961–2014 timeline for a country. This type of data change is not uncommon as reporting guidelines for national statistics offices to provide data to the FAO may change over time. In other cases, data recategorization may cause the methodology to change. For example, the International Energy Agency (IEA) updated “CO2 emissions from fuel combustion” to adhere to the Intergovernmental Panel on Climate Change (IPCC) 2006 carbon-inventory guidelines, where it previously followed 1996 IPCC guidelines [44]. This impacted carbon-footprint calculations for most countries. In total, six raw data updates have been made since the 2012 edition of the National Footprint Accounts. In some cases, we incorporated input datasets with improved data resolutions. The 2015 edition, for instance, applied regional (as an improvement from world average) Footprint intensity of electricity to calculate the Footprint of traded electricity. In total, five data-refinement improvements have been made since the 2012 edition of the NFA.



The following sections describe the major improvements implemented since 2012.



2.4.1. Average Forest-Carbon Sequestration


In the 2016 NFA edition, we improved the accuracy of carbon Footprint calculation by incorporating an updated Average Forest-Carbon Sequestration (AFCS) value, which measures the “net carbon-sequestration capacity of forest ecosystems” [39]. The carbon Footprint component is based on the capacity of forests to absorb anthropogenic carbon dioxide emissions that are not sequestered by oceans. Mancini et al. [39] updated the AFCS value, a key parameter in the calculation of the carbon Footprint. The AFCS value now distinguishes the carbon-sequestration rates of three different forest types (primary, secondary, and plantations), and includes carbon emissions due to forest fires, soils, and harvested wood products [39]. Overall, this study calculated an AFCS value range of 0.73 ± 0.37 t C ha−1 year−1 for world average forests. This updated value is now used to calculate carbon Footprint and Ecological Footprint values.




2.4.2. Allocation of “Other CO2” Emissions to Countries


In the 2015 NFA edition, we improved carbon Footprint calculations of countries by allocating “Other CO2” emissions to all countries. These emissions are quantified on a production basis by the International Energy Agency and thus were only assigned to “World” Ecological Footprint calculations in previous NFA editions. These “other” CO2 emissions included fugitive emissions (IEA category “CO2FUG”), and emissions from industrial processes (IEA category “CO2IND”). The “other” CO2 emissions were allocated to the Ecological Footprints of consumption (EFC) of each country based on their carbon EFC as a share of global carbon EFC.




2.4.3. Marginal Crop-Yield Factors


In the 2015 edition of the National Footprint Accounts, we introduced a change to correct yield factors for spatially underrepresented crops. Yield factors normalize the productivity of a single land type to average global productivity [29]. For cropland, this is calculated by dividing the national average yield of all crop products (weighted by area) by the average global yield of all crop products (for the same crop and area). Yield factors account for the different growing conditions of widely grown crops [33]. However, some crops (such as millet, sorghum, and fonio), are globally under-represented, and are generally grown in areas with challenging agricultural conditions, that is, arid regions with poor soils. For these types of crops, average global yield values did not represent the range of cropland productivity found globally, but rather areas with poor growing conditions. This led to yield factor values that overestimated the Ecological Footprint of these crops and the biocapacity of cropland where these marginal crops are grown.



The improved yield calculation applied a nutrition-based weighting to adjust the production of each cereal crop prior to the calculation of yield factors. The resulting calculation for all cereal crops (including barley, fonio, millet, oats, rye, sorghum, triticale, and wheat) then compared each nutrition-adjusted crop to the average global yield of all cereals. This aggregation allowed for a more meaningful comparison of “marginal crops” to the world yield of all cereals, as it reduced the bias towards overestimation of the Ecological Footprint and biocapacity associated with these crops.




2.4.4. Footprint of Fishing Grounds


In the 2015 NFA edition, the fishing grounds Footprint calculation was modified to reduce the calculation’s reliance on the assigned trophic level of traded fish commodities, which was leading to extreme Footprint values for fish commodities in some countries. Previously, the embodied Footprint of unspecified or aggregated fish commodities (for example, “traded fish fillet” is fish, but the species is unknown and thus we cannot assign it a trophic level) was estimated based on assumptions about the type of fish species it contained. The updated methodology assumes that exported fish products have the same Footprint intensity as the total basket of fish harvested in and imported to that country; in other words, we assume that each country exports fish species in the same proportion as they are harvested and imported by that country. Imports of fish are similarly assumed to have the same Footprint intensity as average global harvest; in other words, a country imports fish species in the same proportion as they are harvested in the world.




2.4.5. Other Updates


Several additional minor methodology improvements were implemented in recent NFA editions, primarily in response to the availability of new data sources and error fixes. For example, the data source for feed commodities was updated in the NFA 2015 edition. In addition, the fish species list was updated in the NFA 2015 edition to fix errors around the double counting of several fish species. The EQF calculation was updated in the 2016 edition to maintain consistency with NFA accounting of new countries and country border changes, inland water areas, and hydroelectric dam areas. Details about these methodology improvements and other minor changes can be found in our guidebook [31].






3. Results


3.1. Accounting Improvements, NFA Editions 2012–2018


National and global Ecological Footprint accounting methodology used in the National Footprint Accounts has undergone four major updates in the past six editions, and over thirty minor changes. The incorporation of both major and minor improvements into the National Footprint Accounts between the 2012 and 2018 editions has resulted in relatively small changes to global results. As expected, advancements in the quality of source data and refinements to calculation methodology have resulted in differing values for Ecological Footprint and biocapacity from one edition to the next. However, a comparison of world calculations of biocapacity and Ecological Footprint in global hectares per person for each of the six editions published between 2012 and 2018 reveals relatively consistent timeline results (Figure 1).



We can additionally compare changes to the world Ecological Footprint per person in more detail by examining total and individual component results across editions for a single year (Table 1). Upon examining results from the latest shared data year across all six editions (2008), we see that the world Ecological Footprint has increased by 6 percent in the past six editions. Again, using data year 2008 as a reference, the total Ecological Footprint increased by 0.17 gha per person between the 2012 and 2018 editions. On average, this represents a 1.8 percent change per edition, with the largest increase occurring between 2015 and 2016. Overwhelmingly, this 2015–2016 increase can be attributed to the corresponding increase in the carbon component of the Ecological Footprint in the 2016 edition, the result of improved carbon accounting (see description of Average Forest-Carbon Sequestration above).



A similar comparison across editions of the world’s biocapacity per person indicates even greater stability in year-to-year results. Looking again at the data year 2008, total biocapacity decreased by 0.02 gha per person between the 2012 and 2018 NFA editions, representing an average absolute change of slightly more than 1 percent over the six editions. At the Footprint-component level, we see the largest changes occurring in cropland and forests with a 0.03 gha decrease and 0.02 gha increase per person, respectively.



To better understand these differences, it is helpful to quantify the impact of the major improvements discussed in the previous section. The impact of the accounting improvements range from a 2.9 percent decrease in the world’s Ecological Footprint due to updates to the fish-species list, to a 13 percent global increase in Ecological Footprint due to the implementation of new carbon calculations (Table 2). Improvements to marginal crop-yield factors, EQF calculations, “Other CO2” allocation, and feed commodities all resulted in less significant increases to the world Ecological Footprint (0.4%, 1.0%, 2.0%, and 2.0%, respectively).



To further investigate the effects of various accounting improvements on NFA results, we can look at the timeline of a single country to compare changes across NFA editions. As an example, we chose to look at the Ecological Footprint and biocapacity timelines of Germany (Figure 2). At the country level, the implementation of the updated Average Forest-Carbon Sequestration factor in the 2016 NFA edition resulted in a large increase in Germany’s total Ecological Footprint over the entire timeline. This increase is more pronounced in Germany than in global results, with an increase from 4.4 gha per person in the 2015 NFA edition to 5.4 gha per person in the 2016 edition (using data year 2008). The timelines for the editions before and after the 2016 edition indicate changes, but none as dramatic as the changes brought about by the improvement to carbon calculations. On the biocapacity side, similar to the world timelines, Germany’s timeline shows comparable results from edition to edition.




3.2. National Footprint Accounts, 2018 Edition


3.2.1. Global Trends


Humanity’s total Ecological Footprint has been increasing steadily at an average of 2.1 percent per year (SD = 1.9) since 1961, nearly tripling from 7.0 billion gha in 1961 to 20.6 billion gha in 2014. The increase in Ecological Footprint has been outpacing biocapacity increases, which have increased at an average of 0.5 percent per year (SD = 0.7), from 9.6 billion gha in 1961 to 12.2 billion gha in 2014. Together, these results indicate that Earth’s ecological overshoot began in the 1970s; further, ecological overshoot continues to grow at an average rate of 2.0 percent (SD = 2.3) per year. In 2014, humanity’s Ecological Footprint was 69.6 percent greater than Earth’s biocapacity [18].



During the same period, per capita Ecological Footprint increased by 24 percent (2.29 to 2.84 gha per person), while per capita biocapacity decreased by 46 percent (3.13 to 1.68 gha per person) [18]. The increase in total biocapacity and decrease in per capita biocapacity are indicative of a growing global population. More recently, the world Ecological Footprint per person decreased by 1.1 percent between 2010 and 2014, while biocapacity per person decreased by 2.4 percent over the same time period. In other words, although our individual share of the world’s biocapacity is decreasing, we are also reducing our individual demand on nature.



The carbon Footprint is the fastest growing Footprint component; in 2014, it comprised 60 percent of the world’s total Ecological Footprint. This is a significant increase from the carbon Footprint in 1961, which contributed to 44 percent of the world’s Ecological Footprint, or 150 years ago, when it was less than one percent of what it is today [45]. Cropland footprint was the next largest contributor to the world’s Ecological Footprint in 2014, at 19.4 percent, followed by forest-product (9.8 percent), grazing-land (5.1 percent), fishing-ground (3.3 percent), and built-up-land (2.3 percent) Footprint types [18] (Figure 3).



Across individual countries, results show that most countries run a biocapacity deficit, where they have larger Ecological Footprints than biocapacity (Figure 4). Countries that continue to have biocapacity reserves (where the biocapacity within a country’s borders is greater than the Ecological Footprint of that country) tend to be located in forested regions, such as the tropics and boreal latitudes.




3.2.2. Regional Trends


Breaking down global results by region reveals significant geographic differences in total and per capita Ecological Footprint trends (Figure 5). Perhaps the most striking trend is the rapid increase in Asia’s total Ecological Footprint since the 1980s, which is primarily driven by China [46]. The Ecological Footprint per person in the Asia-Pacific region, although increasing, remains low and has stabilized in recent years. The total Ecological Footprints of Africa and the Middle East/Central Asia region are also increasing, with the per capita Middle East/Central Asia Ecological Footprint rising more rapidly than other regions. Africa’s per capita Ecological Footprint has remained stable and low across the timeline. Differences in total and per capita Ecological Footprint trends in Asia-Pacific and Africa (i.e., increasing total Ecological Footprint with a stable per capita Ecological Footprint), are indicative of significant human population growth in these regions.



North America has an Ecological Footprint per person that is much higher than other world regions, with Europe showing similar, though lower, trends. The total and per capita Ecological Footprint trends of both North America and Europe seem to be stabilizing and decreasing since the 1990s, with clear decreases coinciding with the 2008 global economic crisis.



The total Ecological Footprints of South America and the Central America/Caribbean region have been slightly increasing since 1961, with an apparent dip in South America following the 2008 economic crisis. The Ecological Footprint per person of both regions has fluctuated slightly across the timeline, though levels have remained relatively stable.



While the underlying drivers of growth in the global Ecological Footprint are complex, it is possible to explain the total Ecological Footprint as the product of two factors: human population and per capita consumption. On a global level, per capita consumption has stayed relatively stable since the mid-1970s, changing on average by 0.5 percent per year, for a total increase of 24 percent from 1961 to 2014. Conversely, global population has increased by an average of 2.6 percent per year, for a total increase of 136 percent from 1961 to 2014. This indicates that global population is a larger driver of global EFc (increasing 193 percent since 1961), than individual consumption patterns (i.e., affluence) (Figure 6).



On a regional level, population and affluence dynamics play different roles in driving the overall Footprint increase (Figure 6). The rapid increase in total EFc experienced by the Asia-Pacific and Middle East/Central Asia regions, for instance, is the result of increases in both variables: population increased by 154 percent and 465 percent from 1961 to 2014 in the Asia-Pacific and Middle East/Central Asia, respectively, and per capita Footprint increased by 126 percent and 146 percent. This led to a six-fold and fourteen-fold increase in the total Ecological Footprint of the Asia-Pacific and Middle East/Central Asia regions, respectively. However, it is important to note that the dissolution of the Soviet Union increased the population of the Middle East/Central Asia region in the early 1990s as countries from the former USSR were recategorized from Europe to the Middle East/Central Asia region. Conversely, Europe as a region decreased in population following the dissolution of the USSR.



Europe has seen minor increases in both population (15 percent) and per capita Footprint (19 percent) from 1961 to 2014. EFc trends in Europe tend to follow wider socioeconomic trends: both total and per capita Ecological Footprint increased in the years following WWII, and decreased following the 1973 oil crisis and 2008 financial crisis.



All other regions are characterized by relatively minor increases in per capita Ecological Footprint (8 percent in Africa, 16 percent in South America, and 27 percent in Central America/Caribbean), or even a decrease (by 3 percent in North America) from 1961 to 2014, counterbalanced by major increases in population: 327 percent in Africa, 171 percent in South America, 165 percent in Central America/Caribbean, and 95 percent in North America, indicating the significance of population as a driver of EFc in these regions.




3.2.3. Sustainable Development Trends


National progress towards sustainable development can be assessed by comparing the NFA results to the United Nations’ Human Development Index (HDI), which aggregates education, longevity, and income into a single metric [47] (Figure 7).



The United Nations Development Program (UNDP) defines an HDI score of 0.7 as the threshold for high development [47]. The biocapacity available on the planet is calculated as 1.7 gha per person. Combining these two thresholds gives clear minimum conditions for globally sustainable human development. Countries in the light-blue section of the lower right-hand box (Figure 7) exhibit high levels of development with globally replicable resource demand. As of 2014, only two countries fit these criteria: Sri Lanka and the Dominican Republic. On average, the world is moving closer to the Global Sustainable Development Quadrant: HDI has increased consistently since the metric was developed in 1990, from 0.55 in 1990 to 0.69 in 2014 (weighted by the population of each country) [47]. In addition, the world’s Ecological Footprint per person decreased from slightly from 2013 to 2014. However, the current world Ecological Footprint of 2.8 gha per person remains far above the 1.7 gha of biocapacity available to each person [18].






4. Discussion


4.1. Ecological Footprint Accounting Improvements


The accounting changes documented here have produced more reliable and robust National Footprint Accounts due to improved data quality, updated data sources, and more precise calculation factors. Some improvements, such as the Average Forest-Carbon Sequestration factor, significantly changed country-specific accounts (e.g., Germany). However, the Ecological Footprint of the world has remained largely unchanged, indicating relatively mature results at the global level. Indeed, global variability across the past six editions has been minimal, and global Ecological Footprint and biocapacity trends have remained stable. This is partially a reflection of the fact that global results are both relatively stable and that the EF of production and EF of consumption are equal for the world; therefore, trade does not need to be accounted. At the country level, improvements have had a stronger effect at improving the accounting of EF embodied in trade, in which we have traditionally seen more variability and extreme statistical outliers in country timelines. These improvements come both from improved input data and from improvements to EF accounting. Additionally, the process of identifying areas of improvement generally results in targeting datasets or subsets of countries, where data reporting is poor, or where underlying assumptions do not apply equally due to more extreme conditions, as is the case of marginal crops accounting improvement.



Many of the suggestions from the research agenda published by Kitzes et al. [24] have been incorporated into the National Footprint Accounts. Greater stability in global results compared to country-level results as we have presented here may suggest that future improvements will be more refined and nuanced, but this is not necessarily the case. There remains a large scope for improving the accounting Ecological Footprint at the country level and for the world. NFAs are produced primarily from publicly available datasets with global coverage and standardization to maintain comparability across country results. As a result, there is a lag between the development of technological and other types of improvements in data collection and their maturity to the extent they can be globally repeatable and available. We have identified existing data gaps in specific Footprint components and expect improved global datasets to reflect marked improvements in recent years, and will be publishing the updated research agenda as part of an upcoming academic collaboration described below. Such improvements would increase the accuracy, resolution, and timeliness of the results, and allow for more improved assessments of short-term trends.




4.2. Ecological Footprint and Biocapacity Trends


Ecological overshoot has continued to grow since the 1970s at an average rate of 2 percent per year. Humanity is now demanding 1.7 planets to sustain our demand on Earth’s natural resources. While global biocapacity has also increased, primarily due to increased agricultural yields, the Ecological Footprint of the world continues to outpace biocapacity. Global ecological-overshoot trends are indicative of the loss and degradation of natural capital, and the accumulation of waste in our atmosphere. The physical manifestations of ecological overshoot include biodiversity loss, climate change, deforestation, fisheries depletion, and soil degradation. Recent studies of planetary overuse corroborate these results [11,48,49,50,51,52,53].



In the NFA methodology, Ecological Footprint accounts typically underestimate human demand on the earth’s resources because not all aspects of consumption can be captured. In addition, biocapacity results should be interpreted as an account of annual regenerative capacity under current conditions—not an indication of future capacity. With this interpretation, it is understood that current resource yields may be impacted by the loss or degradation of natural capital, leading to reduced yields in the future. For instance, the overuse of groundwater may lead to future soil erosion, warmer and drier climates, or depleted fish stocks. As such, the results presented here by the NFAs may underestimate the actual biocapacity deficit of countries, or overestimate their biocapacity reserves.



Since 2010, individual Ecological Footprints have decreased by 1.1 percent. During that same time period, per capita biocapacity has decreased by 2.4 percent. This indicates that, while our share of the world’s biocapacity is decreasing, we are also reducing our individual demand on nature. This positive news is tempered by the fact that human population is expected to be 9.8 billion by 2050 [54]. Indeed, regional trends reveal that total Ecological Footprint growth trends in Africa and the Asia-Pacific region are largely driven by population. So while we may be demanding less as individuals, together our demand on nature has increased the world’s Ecological Footprint by 3.7 percent since 2010. In addition to human-population growth, the Ecological Footprint has been studied in conjunction with other socioeconomic indicators, including GDP [55,56], commodity prices [57], globalization [58], policy shocks [59], and various other sociopolitical factors (e.g., Reference [60]). These studies link the Ecological Footprint to wider economic and social changes.



The carbon footprint, which accounts for 60 percent of the global Ecological Footprint, is the fastest-growing component. The next largest footprint component is cropland, which accounts for 19 percent of the total global Ecological Footprint. Analyzing the Ecological Footprint by footprint type reveals an easy target for achieving significant reductions in the world’s Ecological Footprint: transitioning to clean energy. It also highlights the important role forests play in biocapacity reserves to assimilate the accumulated waste in our atmosphere. Reforming unsustainable agricultural and food-consumption practices would also greatly contribute to global Ecological Footprint reductions.




4.3. Relevance of National Footprint Accounts to Global Sustainability


The Ecological Footprint quantifies the gap between human demand on and the regeneration of natural resources. It is a comprehensive sustainability metric that aims to capture all aspects of human consumption that derive from mutually exclusive bioproductive areas. While “sustainability” is a broad concept with many definitions and connotations [2], it is clear that sustainability goals cannot be achieved if natural capital is continuously eroded. Sustainability progress can be measured and assessed using Ecological Footprint accounts, which define the minimal conditions for living within the regenerative capacity of the planet’s ecosystems. Keeping humanity’s Ecological Footprint within the biocapacity of the planet is the foundational minimum threshold for enabling human activities to persist rather than decline. However, reducing the human footprint to one planet remains insufficient, since other species must also compete for the planet’s biocapacity. E.O. Wilson, in his recent book Half Earth, argues that half of the planet should be left for wild species to “to stave off the mass extinction of species, including our own” [61].



While human demand can exceed regeneration for some time, surpassing it leads inevitably to unsustainable depletion of nature’s stock and reductions in available material inputs. In other words, such depletion can only be maintained temporarily. The question that then emerges is, how long can overshoot persist? This is a significant question that the Ecological Footprint cannot address with precision. The Ecological Footprint does not evaluate the level of degradation, nor does it evaluate the long-term implications of resource use on ecosystem productivity. It is not a full assessment of sustainability and is most useful when complemented with other relevant measures.



Ecological Footprint accounting becomes a metric for “unsustainability” if the basic condition for sustainability is not met, that is, if human demand does not stay within the planet’s available biocapacity. By measuring this bottom-line condition for sustainability, Ecological Footprint accounts provide a foundation upon which many other sustainable-development metrics and strategies can be built. For example, combining the Ecological Footprint with the Human Development Index reveals the extent to which countries are moving towards, or away from, global sustainable development. This analysis can inform the progress of the Sustainable Development Goals, and can test to what extent efforts to achieve them are producing the intended outcomes [62].




4.4. Applications of National Footprint Accounts


The applications of the NFA are extensive. No recent comprehensive reviews of Ecological Footprint applications exist, but the NFA and Ecological Footprint concept have been used extensively within the scientific community. A rough approximation of publications in the last five years yields 1120 and 17,200 results for the terms “National Footprint Accounts,” and “Ecological Footprint”, respectively [63,64]. Outside of academia, applications can be generally separated into two categories: direct applications of NFA results, and indirect applications, where NFA results are used to support Ecological Footprint calculations (e.g., of products, activities, individuals, organizations, cities, or other subnational entities) or other derivative applications (e.g., Environmentally-Extended Multiregion Input–Output (MRIO) and Consumption Land-Use Matrix (CLUM) analyses). Both direct and indirect products of the NFA are used for global campaigns, such as “Earth Overshoot Day”, which had a tracked “reach” of over 3 billion in 2018 [65], and the Ecological Footprint calculator (www.footprintcalculator.org), which has been visited over 12 million times since 2007. The use of NFA data in education and awareness building among students and civil society is widespread [66].



Direct applications: Several national governments have integrated results from the NFA into existing sustainable development-monitoring frameworks as a high-level indicator to set targets and to guide sustainability and development policy (See: www.footprintnetwork.org/our-work/countries) [56,67], including Wales, Switzerland, Slovenia, Japan, the United Arab Emirates [68], Ecuador, and Montenegro [69]. The Ecological Footprint of countries has also been independently assessed by researchers across the world (see Wackernagel et al. [67] for a comprehensive review).



NFA results have been used by international organizations to highlight the importance of natural resources as a basis for wellbeing [70,71]. The Ecological Footprint has been adopted as a headline indicator by the Biodiversity Indicators Partnership to monitor the progress of the Aichi Biodiversity Target 4 [72], and is used as a core indicator by the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) to monitor anthropogenic drivers of biodiversity loss and ecosystem functioning in regional and global assessments [73]. NFA results are also frequently used by the national offices of the World Wildlife Fund for Nature (WWF) for communication and policy work (e.g., References [74,75,76,77,78]).



In the finance sector, NFA results have been used to quantify environmental risk for sovereign-credit analysis, including transition risk, food-price shock, local environmental-degradation risk, and trade dependency [79,80,81].



Indirect applications: The most common indirect usage of the NFA results include applying national yield factors, equivalence factors, and/or national results to derive subnational Ecological Footprint and biocapacity calculations [82,83].



Environmentally extended MRIO models offer various ways to analyze and present results in an economic framework. Household expenditure datasets [84] allow NFA results to be further categorized in terms of final demand consumption categories (food, housing, transportation, goods, and services) in a CLUM, which serves as the basis for top–down individual and subnational Ecological Footprint analyses. Over 100 cities and regions have measured their Ecological Footprint (See: www.footprintnetwork.org/our-work/cities), including cities like Calgary, Vancouver, and six cities in Portugal.




4.5. Looking Forward: The Future of National Footprint Accounts


A larger academic effort is now underway between Global Footprint Network and York University to build a global academic community. This collaboration is intended to make the accounts even more robust, transparent, and accessible by (1) developing a more comprehensive research agenda, (2) encouraging broader academic participation, and (3) maintaining public access to NFA data and results. Updates on this new collaboration are available at footprint.info.yorku.ca.



Given the massive and growing global ecological overshoot, the time for robust Ecological Footprint accounting, particularly at the national level, has never been more relevant. Whether humanity has the wisdom to take advantage of such information to build more robust economies is yet another question. The hope is that this broader academic collaboration will also help apply Ecological Footprint analytics towards making a brighter future for all.
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Figure 1. World Ecological Footprint (red) and biocapacity (green) per person from 1961 to 2014, for the NFA 2012, 2013, 2015, 2016, 2017, and 2018 editions. 
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Figure 2. Germany’s Ecological Footprint (red) and biocapacity (green) per person from 1961 to 2014, for NFA 2012, 2013, 2015, 2016, 2017, and 2018 editions. 
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Figure 3. Ecological Footprint of the world by Footprint type from 1961 to 2014, from the 2018 NFA edition. Ecological Footprint values are represented by ‘Number of Earths’, a metric that divides the Ecological Footprint by the global biocapacity available to each person in the world in 2014. A horizontal line is drawn at 1 Earth to illustrate global trends in ecological overshoot. 






Figure 3. Ecological Footprint of the world by Footprint type from 1961 to 2014, from the 2018 NFA edition. Ecological Footprint values are represented by ‘Number of Earths’, a metric that divides the Ecological Footprint by the global biocapacity available to each person in the world in 2014. A horizontal line is drawn at 1 Earth to illustrate global trends in ecological overshoot.



[image: Resources 07 00058 g003]







[image: Resources 07 00058 g004 550] 





Figure 4. Map of countries with biocapacity deficits (red) and reserves (green) in 2014 [18]. 
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Figure 5. (a) Total and (b) per capita Ecological Footprint trends in billions of global hectares (gha) from 1961 to 2014 by world region. 
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Figure 6. Percent variance from 1961 to 2014 of total Ecological Footprint (solid red), per capita Ecological Footprint (dashed red), total biocapacity (solid green), per capita biocapacity (dashed green), and population (black) for regions and the world. Variance is measured with respect to 1961, where 1961 equals 100%. 
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Figure 7. Ecological Footprint in relation to the Human Development Index (HDI) [47] of all countries, grouped by region. The shaded blue box represents the Global Sustainable Development Quadrant, the area where countries have both high levels of human development and globally sustainable resource demands. 
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Table 1. Changes in Ecological Footprint values and biocapacity values of the total and individual Footprint components from the National Footprint Accounts (NFA) 2012 to 2018 editions, using data year 2008 as a reference.
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(a)

	

	
Ecological Footprint, gha (per capita)




	
Edition

	
Year

	
Cropland

	
Grazing Land

	
Forests

	
Fishing Grounds

	
Built-Up Land

	
Carbon

	
Total




	
NFA 2012

	
2008

	
0.597

	
0.230

	
0.264

	
0.104

	
0.068

	
1.414

	
2.676




	
NFA 2013

	
2008

	
0.573

	
0.230

	
0.266

	
0.098

	
0.063

	
1.416

	
2.646




	
NFA 2015

	
2008

	
0.569

	
0.216

	
0.275

	
0.086

	
0.070

	
1.435

	
2.650




	
NFA 2016

	
2008

	
0.582

	
0.168

	
0.279

	
0.090

	
0.064

	
1.674

	
2.857




	
NFA 2017

	
2008

	
0.554

	
0.168

	
0.279

	
0.090

	
0.061

	
1.695

	
2.847




	
NFA 2018

	
2008

	
0.542

	
0.158

	
0.279

	
0.090

	
0.060

	
1.715

	
2.844




	
Change from NFA 2012–2018

	
2008

	
−0.056

	
−0.071

	
0.015

	
−0.014

	
−0.008

	
0.301

	
0.167




	
(b)

	

	
Biocapacity, gha (per capita)




	
Edition

	
Year

	
Cropland

	
Grazing Land

	
Forests

	
Fishing Grounds

	
Built-Up Land

	
Total




	
NFA 2012

	
2008

	
0.576

	
0.230

	
0.756

	
0.157

	
0.068

	
1.787




	
NFA 2013

	
2008

	
0.573

	
0.230

	
0.756

	
0.157

	
0.063

	
1.780




	
NFA 2015

	
2008

	
0.569

	
0.216

	
0.766

	
0.154

	
0.070

	
1.773




	
NFA 2016

	
2008

	
0.582

	
0.228

	
0.777

	
0.162

	
0.064

	
1.813




	
NFA 2017

	
2008

	
0.554

	
0.227

	
0.776

	
0.162

	
0.061

	
1.780




	
NFA 2018

	
2008

	
0.542

	
0.227

	
0.776

	
0.162

	
0.060

	
1.767




	
Change from NFA 2012–2018

	
2008

	
−0.034

	
−0.002

	
0.020

	
0.004

	
−0.008

	
−0.020
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Table 2. The impact of each major accounting improvement on the Ecological Footprint of countries. The first column is the average percent change in Ecological Footprint of all countries for each improvement, and the latter two columns indicate the maximum and minimum percent change across all countries.
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	Improvement
	Average (%)
	Maximum (%)
	Minimum (%)





	Average forest-carbon sequestration
	13.1
	28.9
	0.3



	“Other CO2” allocation to countries
	2.0
	9.3
	0.0



	Feed commodities
	2.0
	34.2
	0.0



	Equivalence factors
	1.0
	1.3
	0.0



	Marginal crop-yield factors
	0.4
	23.6
	–6.5



	Footprint of fishing grounds
	0.1
	4.4
	−0.4



	Fish list
	–2.9
	10.5
	–32.6
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