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Summary
The oversupply of nutrients (phosphorous and nitrogen) in fresh and marine water bodies presents a serious ecosystem threat due to impacts on water quality through eutrophication. With agriculture characterized as a primary driver of eutrophication, the role of food consumption and trade has been the focus of recent phosphorus and nitrogen impact studies. However, the environmental impacts associated with non-food commodities are significant and yet to be characterized. We link a spatially-explicit treatment of phosphorous and nitrogen eutrophication potentials to a multi-regional input-output approach to characterize the importance of overall consumption for marine and freshwater eutrophication across 44 countries and 5 rest-of-world regions over the years 2000-2011. We find clothing, goods for shelter, services and other manufactured products account for 35% of global marine eutrophication and 38% of the global freshwater eutrophication footprints in 2011 up from 31% and 33% respectively in 2000. Relative to food consumption, non-food consumption is also significantly more income elastic and shaped by trade. Thus, as economies develop, this points to the need for trade agreements and policies to consider the displacement of ecosystem impacts.
Introduction
Current farming practices and the high rates of fertilizer use increase nitrogen (N) and phosphorus (P) mobilization into marine and freshwater systems.1–3 Excess nutrients in water bodies have severe environmental consequences, as they trigger eutrophication which degrades water quality, reduces biodiversity and creates aquatic dead zones.4,5 Industrial animal farming further contributes to eutrophication associated with i) the requirement of intensively farmed feed crops and ii) the buildup of manure which, without sufficient management practices, can leach or runoff into aquatic systems.2,6–9 Eutrophication is a pressing environmental problem worldwide; over 400 ecological ‘dead zones’ caused by eutrophication have been reported, spreading over 245,000 km2 and leading to the loss of over 300,000 metric tons of carbon in biomass.10 In fact, N and P biogeochemical flows have exceeded the levels considered safe for avoiding environmental catastrophe, with 150 Tg N/yr (boundary for avoiding the high-risk zone: 62 Tg N/yr) and 22 Tg P/yr (boundary: 11-100 Tg P/yr) in 2009, thereby highlighting the urgency of addressing this challenge.11
With agriculture characterized as a primary driver of eutrophication, the role of food consumption has been the focus of recent N and P environmental studies.8,12–16 In particular, meat consumption has been identified as a major driver of eutrophication; red meat, for example, has over 50 times the eutrophication potential of cereals.12,16 Increasing food trade has exacerbated this trend by i) reducing the prices of food15, ii) increasing global access to animal feed and, thus, animal products12 and iii) allowing countries to displace emissions by consuming food without bearing the environmental consequences of producing it.12–14,17–21 
However, as countries develop, the share of food expenditure relative to total GDP decreases and is instead directed towards services and secondary/tertiary goods that can also depend on agriculture in their supply-chains, e.g. textiles, clothing and furniture.22–24 Therefore, with wealth, the environmental impacts associated with the consumption of non-food commodities becomes increasingly important.25 In addition, the supply chains of these goods are increasingly complex, often involving trade and emissions through a number of countries before reaching the final consumer.26 This displaces emissions, which makes it particularly difficult to address pollution when the relevant actors are spread across several countries.21 
In summary, when developing eutrophication mitigation strategies, a sole focus on food consumption can leave a large number of potentially important drivers unaccounted for that will increase with wealth and disperse with globalization. This necessitates a consumption-based accounting perspective because it i) accounts for all impacts (both domestic and foreign) due to a given country’s consumption and ii) can, thus, initiate and motivate both demand- and production-side domestic and international policy development to target environmental issues. For these reasons, here, we for the first time characterize the changing role of trade and consumption in driving marine and freshwater eutrophication (hereafter referred to as ME and FE expressed in million tonnes N equivalents (Mt N eq.) and kilotonnes P equivalents (kt P eq.), respectively). This is based on the assumption that ME is N limited and FE is P limited and, therefore, only considers N as relevant for ME and P for FE. We use a spatially-explicit impact assessment method based on ReCiPe27, calculating country-specific eutrophication footprints using multi-regional input-output (MRIO) analysis, where the entirety of eutrophication impacts occurring along global supply chains are attributed to the final goods and services consumed by citizens of a specific country. We analyze changes over time and aim to understand the role of food and non-food consumption, trade and wealth in driving eutrophication impacts.  
Results
Food and non-food eutrophication impacts
In 2011, the overall final demand for non-food products accounted for over one-third of the global ME (12 Mt N eq. out of 33 Mt N eq.) and FE impacts (580 kt P eq. out of 1520 kt P eq.; figure 1 right). This is a 28% increase from 2000 values, with 8.7 Mt N eq. and 420 kt P eq. for ME and FE, respectively. In line with previous findings21,28, agriculture was the dominant production-side driver, accounting for 84% of the total footprints for both ME and FE; however, we find that, from a consumption standpoint in 2011, approximately one-quarter of these agricultural impacts were due to non-food consumption (see SI data file for a list of non-food products). 
In total,  Asia and Pacific (in particular China and India), US and Germany  accounted for 54% of the global ME footprint (33 Mt N eq., figure 1 top left) and Africa, US, China, Brazil and India accounted for 62% of the global FE footprint (1500 kt P eq., figure 1 bottom left). A monte carlo-based sensitivity analysis confirms the robustness of these and all following results (see SI for details). Under a “high uncertainty” scenario (model parameters with assigned relative standard deviations of 30-50%) the relative standard error of the FE and ME footprint was  <5% at the global total level, with a mean relative standard error at the country level of 16.9% (1 std. dev. = 6.8%) for FE footprints and 12.4% (1 std. dev. = 4%) for the ME footprints. These reduce to 5.7% and 4.2% for FE and ME respectively in a less conservative scenario.
For ME in 2011, the highest country-level footprint related to the consumption of both domestically produced and imported non-food commodities occurred in China, with 3 Mt N eq. out of a total footprint of 8.6 Mt N eq. (see SI, figure 1, left), doubling China’s 2000 non-food footprint of 1.5 Mt N eq. For FE associated with non-food consumption, the U.S. was the largest country-level contributor (263 kt P eq.) in 2011, which is nearly triple their 2000 values of 97 kt P eq. China had the second highest FE non-food footprint in 2011 (180 kt P eq.), over five times the 2000 values (33 kt P eq., See SI for a full breakdown by sector and region). 
In contrast to non-food footprints, the global food footprints only modestly increased from 2000 to 2011 (ME: 19 Mt N eq. to  21 Mt N eq. and FE: 850 kt P eq. to 950 kt P eq.). However, this was not the case for China’s food footprint, which increased by over 25% in the same period, peaking at 5.4 Mt N eq. for ME in 2011. For FE, the highest country-level food footprints were observed in the U.S. with 149 kt P eq. in 2000 and 140 kt P eq. in 2011. 
The breakdown of global footprints reveals the relative importance of specific consumption categories for ME and FE and how this has changed over time. In 2000 for ME, plant-based food accounted for 22.8% of the total footprint, 28.7% for animal-based food, 17% for processed food, 2.1% for clothing, 6.2% for shelter, 6.2% for manufactured products, 2.9% for waste services and 13.9% for other services (see SI data file for aggregation key). In 2011, the relative share for plant- and animal-based food declined by 3.2% and 2.7%, respectively, while all other categories increased, especially processed food (from 17% to 19.1%), manufactured products (6.2% to 7.6%) and waste services (2.9% to 4.7%). Compared to ME, the FE consumption shares had a different trend: plant-based food accounted for 6%, 50.9% for animal-based food, 10.3% for prepared food, 2.5% for clothing, 4.4% for shelter, 4.3% for manufactured products, 6.6% for waste services and 15% for other services in 2000. In 2011, both plant-based and animal-based food decreased to 5% and 46.9%, respectively, while processed food stayed the same and all other categories increased, especially shelter (4.4% to 5.2%) and waste services (6.6% to 9%).
Trade related food and non-food eutrophication impacts
Overall, the impacts from the production of traded goods and services have increased from 6.9 Mt N eq. and 274 kt P eq. in 2000 to 8.7 Mt N eq. (26% of global impacts) and 313 kt P eq. (21% of global total) in 2011 for ME and FE, respectively (see SI, figure 1, right). These global trade shares are comparable to previous studies. For example, Oita et al. (2016)21 found, in 2010, 26% reactive nitrogen embodied in global trade and Mekonnen et al. (2016)20 found, in 2007, 41% of P and N emissions (termed grey water footprint) embodied in the European Union’s (EU) consumption of imported goods, where we find 46% for ME and 70% for FE for the same year. Furthermore, we find that only a few countries and regions bear the majority of impacts for the production of traded commodities. For example, China, Eastern Europe and Asia and Pacific account for 48% of all traded ME impacts.
Out of the global traded impacts, 49% was due to non-food consumption for both ME and FE in 2011. This is a substantial increase from 2000 values, highlighting the increasing importance of non-food trade for both ME and FE (figure 2, right). The ME impacts embodied in non-food trade even surpassed food trade in 2007, primarily driven by the U.S. consumption of Chinese produced clothing, leather, fur and furniture and Asian (excluding China) consumption of Chinese produced textiles and clothing (refer to the SI data file for data). However, this upsurge was abruptly stalled due to the economic recession, as seen from the sharp decline in traded embodied non-food impacts from 2008 to 2009 (figure 2, right). The downturn was largely because of the respective 21% and 32% decrease in impacts embodied in non-food exports (primarily clothing, leather and furniture) from China and other Asian countries to the U.S. Despite the decline in U.S. consumption over this period, growth was seen in a few regions, e.g. the increased consumption of Eastern European non-food products by the Middle East and Africa (mostly chemicals and construction materials). Nonetheless, after 2009, the U.S. and other economies recovered and, since, the importance of non-food trade appears to be ever increasing. 
With regards to impacts from traded food, we find that for both ME and FE the impacts stay relatively stable over time. One exception is the slight upturn for ME traded food impacts from 2009 to 2011. This was primarily due to increased food imports by Spain and Russia from Eastern Europe and Asia, respectively. 
At a continent level we find that the top displacement of ME impacts is from Asia and Pacific to Europe, with 620 kt N eq. embodied in food and 290 kt N eq. embodied in non-food (figure 2, top left). For FE, we find that the top displacement of impacts is the European import of eutrophication embodied in commodities from Africa (19 kt P eq. for food and 15 kt P eq. for non-food; figure 2, bottom left). These European-level eutrophication displacements are primarily driven by EU consumption (96% of the total displacement for both ME and FE). In fact, EU consumption represented 28% and 33% of total ME and FE traded impacts (both food and non-food). This highlights i) the EU’s high exposure to trade and ii) their strong role in driving traded related eutrophication impacts.
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Figure 1. Global ME and FE footprints for 2011 by country (left) and global ME and FE footprints for the years 2000, 2005 and 2011 (right). Footprints are broken down i) based on whether they occurred domestically or from the consumption of imported products, ii) by producing sector (crop production, animal husbandry and other sectors) and iii) consumed product type (food and non-food). Global footprint totals are equal to global total direct impacts. See SI for numerical values.
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Figure 2. Top 5 continent-level displacements of marine (top left, kt N eq.) and freshwater (bottom left, kt P eq.) eutrophication associated with trade satisfying food and non-food demand. Arrows represent the flow of embodied impacts that occur in the country of origin (beginning of the arrow) for the consuming country (end of arrow). Gray shading differentiates regions; Global trade marine (top right, Mt N eq.) and freshwater (bottom right, kt P eq.) footprints over time based on production sector and consumed product type. 
Income Eutrophication Relationships
	
	
	Marine Eutrophication (ME)
	
	Freshwater Eutrophication (FE)

	
	
	Income Elasticity (95% CI)
	Sig
	R2
	
	Income Elasticity (95% CI)
	Sig
	R2

	Cross-sectional analysis (2011)
	Total
	0.93
	(0.68,  1.18)
	***
	0.51
	
	0.79
	(0.39,  1.20)
	***
	0.44

	
	   Food
	0.91
	(0.61,  1.21)
	***
	0.42
	
	0.74
	(0.34,  1.13)
	***
	0.39

	
	     Plant-based food
	0.72
	(0.27,  1.17)
	***
	0.21
	
	0.59
	(0.16,  1.01)
	***
	0.14

	
	     Animal-based food
	0.88
	(0.59,  1.17)
	***
	0.36
	
	0.69
	(0.24,  1.14)
	***
	0.31

	
	     Processed food
	1.21
	(0.94,  1.48)
	***
	0.58
	
	1.07
	(0.75,  1.40)
	***
	0.62

	
	   Non-food
	0.99
	(0.74,  1.24)
	***
	0.60
	
	0.88
	(0.43,  1.34)
	***
	0.46

	
	    Clothing
	1.04
	(0.79,  1.29)
	***
	0.62
	
	0.97
	(0.58,  1.35)
	***
	0.51

	
	    Shelter
	0.90
	(0.61,  1.20)
	***
	0.40
	
	0.96
	(0.49,  1.43)
	***
	0.48

	
	    Manufactured products
	1.01
	(0.81,  1.22)
	***
	0.71
	
	0.87
	(0.54,  1.20)
	***
	0.63

	
	    Waste services
	0.72
	(0.13,  1.32)
	**
	0.11
	
	0.20
	(-0.36, 0.75)
	
	0.01

	
	    Other services
	1.16
	(0.82,  1.50)   
	***
	0.63
	
	1.16
	(0.51,  1.81)   
	***
	0.49

	Panel analysis (2000-2011)
	Total
	0.27
	(0.09,  0.45)
	***
	0.99
	
	0.35
	(0.17,  0.52)
	***
	0.98

	
	   Food
	0.08
	(-0.11, 0.27)
	
	0.99
	
	0.13
	(-0.06, 0.31)
	
	0.98

	
	     Plant-based food
	0.06
	(-0.25, 0.38)
	
	0.97
	
	0.03
	(-0.51, 0.57)
	
	0.90

	
	     Animal-based food
	-0.02
	(-0.28, 0.24)
	
	0.98
	
	0.03
	(-0.20, 0.27)
	
	0.97

	
	     Processed food
	0.43
	(0.10,  0.76)
	**
	0.98
	
	0.54
	(0.25,  0.84)
	***
	0.97

	
	   Non-food
	0.67
	(0.38,  0.96)
	***
	0.97
	
	0.85
	(0.54,  1.15)
	***
	0.97

	
	    Clothing
	0.75
	(0.46,  1.05)
	***
	0.96
	
	0.94
	(0.54,  1.35)
	***
	0.94

	
	    Shelter
	0.83
	(0.50,  1.16)
	***
	0.97
	
	1.03
	(0.62,  1.44)
	***
	0.96

	
	    Manufactured products
	1.25
	(0.99,  1.51)
	***
	0.96
	
	0.94
	(0.66,  1.22)
	***
	0.95

	
	    Waste services
	1.18
	(-1.46, 3.82)
	
	0.84
	
	1.98
	(-0.90, 4.86)
	
	0.82

	
	    Other services
	0.41
	(0.03,  0.79)   
	**
	0.97
	
	0.75
	(0.28,  1.21)   
	***
	0.97


Table 1. Income elasticities of footprints based on 49 countries and RoW regions by consumption category (2000-2011). Cross-sectional ordinary least squares (OLS) model for 2011 data (using robust standard errors) and fixed-effects linear model for 2000-2011 panel data (using clustered standard errors). The dependent variables are log transformed values of footprints by consumption domain (in g N eq./cap for ME and g P eq./cap for FE). The independent variable is the log-transformed GDP per capita in 2011-constant USD PPP per capita. Significance level (Sig): * p <0.1; ** p <0.05; *** p <0.01. CI = Confidence interval
We test wealth as a potential factor affecting the distribution of ME and FE across countries and time. To increase the robustness of our results, we perform cross-sectional (2011) and panel data regression analysis (2000-2011) on the per capita level. Positive and significant coefficients (and 95% confidence intervals) suggest that affluence, measured by per-capita GDP, increases ME and FE footprints (table 1).
This analysis indicates that a 1% increase in GDP per capita leads to an increase of 1.0% and 0.9% in the ME and FE footprints (cross-section elasticity coefficients for non-food: 0.99 and 0.88 respectively, table 1 top). All cross-sectional models share positive and highly significant coefficients, suggesting that eutrophication impacts are responsive to increases in income with regards to both food and non-food consumption. We cannot conclude significant differences between food and non-food coefficients (table 1, top). 
The panel data analyses indicate that non-food consumption is significantly more income-elastic than food consumption for the period 2000-2011. For non-food models, the ME- and FE- income coefficients are 0.67 (0.38, 0.96) and 0.85 (0.54, 1.15), respectively (table 1, bottom). Clothing, shelter, and manufactured products are particularly elastic and significant at the 1% level (table 1, bottom). While the share of global impacts across these consumption categories is relatively small, they have increased rapidly with economic growth: the global ME shares for clothing, shelter, and manufactured products have grown from 2.1 to 2.2%, 6.2 to 7.2%, and 6.2 to 7.6% from 2000 to 2011. For FE, the shares have increased from 2.5 to 2.6%, 4.4 to 5.2%, and 4.3 to 4.7% for the above categories, respectively. Services and, in particular, waste services are less responsive to changes in income (table 1, bottom). In terms of plant- and animal-based food, income elasticities are insignificant at the 5% level both for ME and FE. However for processed food, we find statistically significant coefficients of 0.43 (0.10, 0.76) and 0.54 (0.25, 0.84) for ME and FE, respectively. Prior studies have noted dietary shifts to processed food associated with increased affluence23,29–31. See SI for a further discussion of regression analyses.
Discussion
The role of food and diets as drivers of eutrophication has been the focal point of recent studies8,12–16,32; this is justified considering that agriculture accounts for the vast majority of production-side eutrophication impacts and has a clear link to food production. However, we find that focusing on food consumption and diets alone would lead to a systematic and significant underestimation of eutrophication impacts from a consumption viewpoint. With non-food consumption growing over time, being highly responsive to changes in wealth and subject to large global supply chain fragmentation, it is increasingly important to consider these environmental concerns in policy development. 
To adequately address eutrophication, a variety of policy instruments and strategies are needed.  This is because N and P emission pathways are complex: they originate from point and non-point sources, are emitted by a number of sectors and have a variety of drivers.33 Domestic policies include improving agricultural practices through reduced fertilizer use and improved animal husbandry feeding practices. These can be enforced or incentivized through e.g. country/region-level regulatory standards (e.g. the EU Nitrate directive mandates the designation of sensitive farming areas34) and fiscal and economic incentives (e.g. subsidies35 and polluters pay tax and).33 
However, our analysis has shown that the strong and increasing trade component of agriculture prompts the need for accounting for all eutrophication due to a country’s consumption - both domestic and international. Otherwise, reducing eutrophication domestically could be achieved through outsourcing impacts to other countries. For example, our results show that the vast majority of all eutrophication related to the EU’s non-food consumption occurs in other regions. The EU both i) drives the largest global non-food eutrophication displacements to Asia-Pacific and Africa for ME and FE, respectively and ii) displaces a high percentage of non-food impacts. While the EU has developed frameworks and strategies for tackling eutrophication within Europe34,36, policies that integrate international supply chains for addressing eutrophication abroad are lacking.21,37 Such policies are especially important when developing countries are the primary recipients of displaced impacts and these impacts potentially impede the country’s ability to sustainably grow. For example, in China, the total economic losses due to FE are valued at billions of yuan38 and, in addition, frequently disrupt the natural drinking supply of coastal Chinese cities.38 This analysis has shown that over 13% of these impacts are the result of producing products for export. 
We argue that a consumption-based approach provides key insights into consumer drivers, increases stakeholder engagement as well as increases the pressure for implementing policy through both demand- and production-side measures. Demand-side policies can include consumption-based targets (e.g. a 40% reduction in the EU’s global eutrophication footprint), and measures can include trade agreements and pricing mechanisms. Furthermore, the transfer of technology/skills to countries for e.g. improving fertilizer efficiencies or managing waste (a production-side mitigation) can be motivated through a consumption approach. This is especially so considering that consumer-driven environmental policy development often comes from wealthy regions, who can more easily afford the resources needed to support the implementation of policies in developing countries. 
Uncertainty and spatial variability. Modeling eutrophication impacts at a global scale is inherently associated with uncertainty and is highly limited by data resolution. The MRIO model used provides data detailed at the product-level (15 agricultural goods, 12 food commodities, around 40 manufactured goods [non-food/agricultural/energy goods], and 25 services) the geographical resolution is restricted to 44 countries and 5 rest of world regions. Alternative MRIO models provide a higher country granularity (e.g. Eora39), however, these models lack the estimation of both N and P emissions as well as the product specificity necessary to characterize non-food commodities separate from food commodities. Other methods based on physical flow accounting have captured the physical dimension of agricultural trade, but have not been able to quantify non-food demand40. In the calculation of environmental footprints, MRIO approaches use relative monetary relationships, which reflect the economic demand for goods; this is in comparison to physical trade approaches, which would reflect relative demand for goods in mass terms. There is no general consensus on the best approach, but it is considered that consumption based impacts due to the economic MRIO data have an impact on uncertainty of ca +/-10-20% at the national level41. A difference in scope is found in that MRIO approaches distinguish intermediate from final food consumption. Using hypothetical extractions (see methods) our results showed that intermediate demand for food, in for example, government services, contributes to roughly 9 % of the global total of FE and ME footprints respectively and roughly 15-20% of the non-food footprints. Future MRIO development should focus on both disaggregating world regions and improving product level detail in order to fully assess the importance of individual products for driving environmental impacts.42 The N and P accounts derived in this work can be further refined to capture spatial variations in agricultural practices to the point of emission. See SI for further details.  
The impact assessment methodology is based on the generic assumption that P is the limiting nutrient for primary production of biomass in freshwater systems and N is the limiting nutrient for primary production in marine systems. Research has challenged this assumption and has shown that N and P can be both limiting for marine and fresh waters.4,43,44 In freshwater systems, studies suggest that nitrogen as well as iron could be co-limiting over shorter time-scales.45 Therefore, we recommend further research to focus on deriving eutrophication potentials for all nutrients in both marine and freshwater ecosystems.

Furthermore, Azevedo et al.43 showed that spatially-explicit methodologies for impact assessment are crucial for accurate assessments of P emission impacts in freshwater systems. Currently, we account for the spatial variability of P inputs to freshwater systems with country-specific eutrophication potentials. Thereby, we account for the difference in residence time in water bodies, whilst recognizing that the relationship to ecological responses are more complex. The variability in FE used is mainly caused by variability in hydrological residence time between river basins.33,46 While FE potentials were country-specific, ME potentials were only available per continent. Results of the work by Cosme et al.47 show that eutrophication damage indicators in marine ecosystems can vary up to 4 orders of magnitude for emissions to rivers and marine waters. This could significantly influence the results, particularly for determining which country contributes most to ME impacts (see SI for detail). 
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Methods
We apply environmentally extended multi-regional input output analysis (MRIO) to quantify the summed supply chain emissions of nitrogen and phosphorus due to consuming a given good or service. Spatially explicit life cycle impact assessment methods were used to characterize the physical emissions into a standard unit termed ‘eutrophication potential’ that spatially differentiates the level of impact in i) N equivalents for marine eutrophication footprints and ii) P equivalents for freshwater eutrophication footprints.48 This was done for each year in the period between 2000 and 2011. Finally, we explore the relationship between the observed impacts and wealth through a set of univariate regression models. For the sensitivity analysis, the primary variables of the model – the trade flows, consumption patterns, P and N releases, and eutrophication impact of these releases – were perturbed and the model result sensitivity to those perturbations were measured. The below paragraphs provide a detailed description of the methods and key assumptions made in this analysis.
Environmentally Extended Multi-Regional Input-Output analysis 
MRIO analysis is a widely used tool for calculating environmental footprints for various environmental pressures49, for example carbon footprints24, land footprints, water footprints50 and labor footprints51.  MRIO analyzes inter-industry flows between economic sectors both domestically and abroad. This allows to distinguish between domestic impacts versus impacts that occur in other countries due to the consumption of traded goods and track the onward processing of goods across multiple borders (for example, the production of soy in South America, to the production of beef cattle in North America, to the import of leather to Indonesia for textile production to the final demand of clothing in Europe). The use of MRIO for calculating environmental footprints has been documented extensively and further information can be found, for example, in Turner et al.52 We use a standard Leontief demand pull technique to allocate environmental pressure to final consumption category, using a full MRIO approach.53,54 
Here, we use the EXIOBASE (v3.4) MRIO model49,55,56 to calculate freshwater and marine eutrophication footprints. EXIOBASE provides globally consistent disaggregation of agricultural and food products with the principal goal to separate out animal, crop and fiber crop based supply chains. EXIOBASE provides full coverage of individual EU countries and 15 other major economies, whilst modelling five other rest of the world (RoW) regions grouped by continent. Fifteen agricultural industries are modelled and 12 food processing industries as well as separate industries for forestry and textile production. We use version 3 of the database56, for years 2000-2011 in the industry by industry classification. We conduct the analysis at the full level of database disaggregation before aggregating results into sector groups based on production method (animal husbandry versus crop production versus other industries) and product type (food versus nonfood). See supporting information for the sector aggregation key. Other MRIO models exist such as GTAP57 and Eora39. Eora does not have the product resolution for disaggregating food and non-food drivers, whilst GTAP lacks time-series data. A comparison of results across choice of MRIO model focusing on regional and product level aggregation effects for national footprints has been undertaken by a number of authors for other environmental indicators, finding country level differences commonly in the range of 10-20%41,58–61. A further discussion of these issues is provided in the supplementary material. 
In MRIO modelling food is treated as both a good for intermediate and final consumption. In order to avoid double counting, all impacts of intermediate consumption are allocated to final consumption in the Leontief demand calculation. Hence, food provided by the workplace, by education or health facilities will be shown in the footprint of the consumption of the respective service. It is possible to estimate the magnitude of such effects using a technique known as “hypothetical extraction”.53,62 In such cases, the flows of interest are set to zero in the intermediate coefficient matrix, and the difference between the results from the full coefficient matrix and the adjusted coefficient matrix gives the contribution of the flows to the overall footprint. In this case, we set all food flows into the service sector to zero across the whole MRIO database and calculate the resultant FE and ME footprints. In the supplementary material, we present results as a fraction of the total FE and ME footprint globally.
Phosphorus and Nitrogen Accounts
The P and N emissions due to various sector activities are included in the EXIOBASE dataset and the calculation procedure is described in full by Merciai and Schmidt.63 Here, we provide a summary of their approach. P and N emissions that result from crop production are calculated using a mass balance approach, where the emissions are the difference between the nutrient inputs (chemical fertilizer and manure) and outputs (i.e. crops, fodder and pasture). Production levels of individual crops, fodder crops and pasture are obtained at the national level from the FAOSTAT database64. The total domestic demand of nutrients, as defined by the International Fertilizer Industry Association65, are distributed to crops, fodder crops and pasture using distribution factors obtained from FAO66 and Heffer67. Emissions from fodder crops, pasture and manure not spread on land are allocated to the respective livestock activities. N and P emissions from sewage treatment plants and landfills are modelled based on estimated food consumption and other relevant industrial inputs, and allocated directly to the relevant waste sector in EXIOBASE. Non-agricultural N emissions to air are based on UNFCCC inventories and emission factors applied to fuel combustion68. It is important to note that our methods were specifically developed to only consider the anthropogenic system (excluding the natural background losses). This is so that we can isolate the effect of consumption and income to improve our understanding of eutrophication drivers.
With regard to agricultural emissions of N, the protein content of crops, converted to N using the factor 6.25 kg protein/kg N69, gives the amount of absorbed N. The IPCC’s procedure70 is then applied to determine the direct and indirect (leaching) water emissions of N2O and NO3 and the air emissions of NOx, NH3 and NO3. We assumed that the remainder are N2 emissions. If the calculated N2 turned out negative, the protein content of the crop was adjusted to ensure a consistent N-balance.
With regard to P, the quantity absorbed by crops is determined from a database on food compositions71 supplemented by Ketterings and Czymmek72. We assume the residual part is emitted, with 2.9% of total emissions leaching into water based on the rest accumulating in soil stocks. Whenever the quantity of absorbed P is higher than the applied quantity, no emissions occur. Because these factors vary spatially, there is a strong need for further research in this domain. The factors we use represent common practice in life-cycle assessment and can be compared against the global average estimate of 10% leaching of P inputs to soil to water emissions73, which is an overestimate compared to Bennet (2001)74.
The modelling of emissions from land application of manure management (in the stable and storage) is based on the IPCC, chapter 11.70 The input parameters for this, i.e. the amount of manure, is calculated based on metabolic mass balances of animals for all animal categories and countries included in EXIOBASE.63 These emissions are allocated directly to the corresponding input-output sector of each animal type. Further information regarding this approach can be found in the SI.
Impact assessment methods
We characterize the N and P emissions following ReCiPe 2016v1.148, converting them to respective marine and freshwater eutrophication potentials. In contrast to previous versions, ReCiPe 2016v1.1 provides country-specific eutrophication potentials that capture the differing impacts P emissions have in different freshwater ecosystems, while it includes continent-specific factors for N emissions. River-basin specific eutrophication potentials include the fate of P and N in aquatic systems, i.e. residence time in lakes and rivers determined by inflow, advection, retention and water use processes.46,75,76 As emissions to air are not characterized for marine eutrophication in ReCiPe, we determined the potentials by including the atmospheric fate and chemistry of the compounds from Roy et al.77 with the soil fate from Cosme et al.76  Continent aggregated potentials for marine eutrophication were determined based on emission data.27 Country-aggregation for freshwater eutrophication in ReCiPe was based on gridded population estimates, representing wastewater treatment plant emissions in urban areas. For the purpose of this paper, we recalculated the country aggregates for emissions to agricultural soil based on gridded P fertilizer and manure application.6 ReCiPe methods are based on the underlying assumption that freshwater eutrophication is P limited and marine eutrophication is N limited. Therefore, it only considers P emissions as relevant for freshwater eutrophication and N emissions as relevant for marine eutrophication. See SI data file for data. 
Regression analysis
We present income elasticities on the freshwater and marine eutrophication footprints based on data from 44 countries and 5 rest-of-the-world regions. Our analysis is conducted on per capita values for ME (measured in g N eq./cap), FE (in g P eq./cap) and income (GDP/cap in 2011-constant USD PPP). This is done in order to simplify the analysis and isolate the income effect from population changes78. Income coefficients are reported separately for ME and FE, and across consumption categories (total, food vs non-food, and disaggregated further by eight consumption categories). Prior studies have calculated and used income/expenditure elasticities in the context of other environmental indicators, e.g. carbon footprints24,79,80, land and water use23,81,82, and energy requirements83.
We study the relationship between ME/FE and income using two approaches: regression analysis on the cross-sectional data for 2011 across individual countries, and a panel analysis conducted on individual countries over time (2000-2011). The cross-sectional analysis explores inter-country variation in a single year (2011) using ordinary least squares (OLS) regressions. In addition, we examine the temporal dimension of the data (2000-2011) using the fixed-effects approach25. Our models broadly agree about the importance of income for ME and FE impacts driven by non-food consumption. Using the fixed-effect approach, we control for the time-invariant differences across countries that have an effect on FE and ME. Such factors include soil type, soil heavy metal content and precipitation amounts, amongst others. These country effects rise the explanatory power of our model significantly (table 1). It is worth noting, however, that our panel is relatively short for the economic growth effect to unfold and cause a significant footprint change within a country. We consult results from the Hausman test25 for the choice of panel data method (see SI). Further information on the estimated models, descriptive statistics, and robustness checks (pooled OLS and random-effects models) is provided in the SI. 
Data availability statement
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Global Marine Eutrophication

Domestic	2000	2005	2011	20.869654350137068	22.231445222757529	24.596207319732812	Animal Husbandry	2000	2005	2011	10.584540702430305	10.724926007452819	11.292670746593194	Food	2000	2005	2011	19.006851206657128	19.927414754839699	21.54326596186888	Import	2000	2005	2011	6.8510914626955692	7.4750965861602872	8.6858341787602509	Crop Production	2000	2005	2011	12.857773115711083	14.528451790914165	16.739689385910793	Nonfood	2000	2005	2011	8.7138946061755025	9.7791270540781152	11.738775536624175	2000	2005	2011	Other Sectors	2000	2005	2011	4.2784319946912417	4.4531640105508226	5.2496813659890567	
Mt N eq.



Global Freshwater Eutrophication

Domestic	2000	2005	2011	996.28281046109976	1093.3036283929287	1208.7822636984326	Import	2000	2005	2011	273.98427081565933	296.12920401962975	312.96009730333139	Animal Husbandry	2000	2005	2011	950.95622022040732	1022.528175845409	1094.928741899706	Crop Production	2000	2005	2011	146.19632210036241	164.31917423385653	178.95294956897837	Other Sectors	2000	2005	2011	173.11453895598959	202.5854823332927	247.86066953307943	Food	2000	2005	2011	854.18016991690274	901.79589904478007	945.90878855643666	Nonfood	2000	2005	2011	416.08691135985651	487.63693336777862	575.83357244532749	2000	2005	2011	2000	2005	2011	2000	2005	2011	2000	2005	2011	
kt P eq.



Global Trade ME FP by Production Sector

Animal Husbandry	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2.5271466656857271	2.4077413617185646	2.3330630084673056	2.3652744230111122	2.4698495840481463	2.5494010007665393	2.5137623108792018	2.420105890319852	2.3972367675378559	2.3577006318724885	2.5969186355459177	2.5885809206892709	Crop Production	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	3.2372722540778951	3.2181824443050546	3.4511573231888759	3.3355558872095235	3.5239325980353406	3.8102634402783067	3.9329095871748252	3.9475287386692224	4.2965602783204613	4.3503830834391248	4.6193514734111316	4.8261156456378114	Other Sectors	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	1.0866725429319448	0.95697236495337468	0.93313385483462485	1.0025521090487763	1.1115587057250436	1.1154321451154401	1.2158381633785851	1.4828970340617815	1.3450919863939426	0.95485619656794574	1.3600847438788766	1.2711376124331686	
Mt N eq.




Global Trade ME FP by Consumed Product Type

Food	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	3.7398108806903214	3.7163398109579755	3.7925598343684239	3.6852097719191406	3.7799905432287142	3.8913229989787959	3.8683716187756718	3.8847322716436561	3.9269923577381629	4.0052328086905886	4.2859010487170863	4.4265367360674386	Nonfood	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	3.1112805820052438	2.8665563600190187	2.9247943521223809	3.0181726473502701	3.3253503445798165	3.58377358718149	3.7941384426569398	3.9657993914071992	4.1118966745140995	3.6577071031889696	4.290453804118842	4.2592974426928132	
Mt N eq.




Global Trade FE FP by Production Sector

Animal Husbandry	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	235.70568295351151	245.53324962104767	252.72682494416784	227.59675307021254	219.02212977897605	239.08390072234394	258.30682958535186	257.66279636021193	271.94523585128576	244.72640605627151	257.83105158056844	259.89708675906689	Crop Production	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	40.420780201523598	49.002208710756094	51.606429549961312	58.564996373526171	52.96471678488308	44.088741759434548	57.050328468486484	63.491703320744868	35.943939227453455	43.819997015737627	49.026556401296951	59.784813020269986	Other Sectors	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	22.029067523781951	22.070556186944202	21.093303922322566	22.273477981308542	20.277194335223601	20.769234008221574	21.263503457426673	21.283650038555848	22.388966066547706	18.063524308076552	18.638335925507949	20.626624823005724	
kt P. eq.




Global Trade FE FP by Consumed Product Type

Food	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	152.21110893717838	155.51285327597191	161.61868162485845	148.75884303931167	149.10043082390064	153.99524774771757	166.56525242138895	166.26735825111646	159.38949799473247	150.66742882533731	156.74895002364477	160.19482384994006	Nonfood	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	121.77316187848096	122.83514398608027	124.36362061671532	124.44977123283758	133.90392857594233	142.1339562719121	149.67600785854435	142.47031663762647	146.86820046144192	133.47617863161318	146.82254793536572	152.76527345339142	
kt P eq.
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