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Nitrogen (N) and phosphorus (P) from anthropogenic sources are needed to produce food for the growing world population. As a result, these nutrients can be found in nearly every water body across the globe. Not only nutrient loading is important but also the molar ratio and its deviation from the “natural” Redfield ratio. Here we show that rivers, which have more than 50% anthropogenic sources and at the same time elevated N:P ratios (> 25) contributed 36% to the total global N export to coastal waters in 2015. The five Shared Socioeconomic Pathways (SSP) were used in combination with the Representative Concentration Pathways climate scenarios to project river nutrient loadings for 2050. Future nutrient export is projected to decline in high-income countries (with N:P ratios exceeding Redfield). In Brazil, India and China, however, a decline of N:P is only the case in a scenario oriented toward sustainable development (SSP1). The human-dominated river N and P export with elevated N:P ratios will increase in all SSPs, except in SSP1 where it stabilizes. Integrated strategies for both N and P considering all relevant trade-offs and societal sectors are urgently needed to reduce the nutrient pressure on surface waters.
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Introduction

Human activities have markedly altered the earth's cycles of the plant nutrients nitrogen (N) and phosphorus (P) since pre-industrial times (Galloway et al., 1995; Smil, 2000). Increasing population and affluence have boosted energy, crop, livestock, and aquaculture production. This has led to dramatic growth of emissions from fossil fuel combustion, use of fertilizer N and P and animal manure. This has resulted in increasing nutrient loading of freshwaters through losses from agricultural land by leaching and runoff, discharge of wastewater in urbanized areas, and atmospheric N deposition. Loads and concentrations of N and P have been increasing in nearly every water body across the globe with multiple effects on ecosystem structure and functioning, such as changes in the community structure (e.g. from macrophytes to fast growing macro- and microalgae, from diatoms to flagellates), reduced water clarity, oxygen depletion and the formation of dead zones, benthic habitat loss, and the proliferation of harmful or toxic algal blooms (Duarte, 1995; Conley et al., 2009).

In the 1960s these nutrient-induced environmental problems were recognized in freshwater ecosystems, but it took another two decades before coastal eutrophication became a topic of societal, economic and scientific concern. Initial eutrophication research focussed on linking riverine nutrient loading with responses such as chlorophyll (as a proxy for algal biomass), primary production and occurrence of anoxic conditions (Cloern, 2001). In addition to nutrient loading per se, the coastal research community has become increasingly aware that the stoichiometric ratio of nutrients is essential (Billen et al., 1991). Disruption of the N:P ratio away from the Redfield molar ratio of 16:1 (Redfield, 1934) is one of the major causes of harmful algal bloom (HAB) proliferation (Glibert, 2019), even in a situation of declining nutrient loads. The Indicator for Coastal Eutrophication Potential (ICEP; Billen and Garnier, 2006; Garnier et al., 2010) was proposed as a basis for assessing the status of progress toward achieving Sustainable Development Goal (SDG) 14 (Life below water), and its target 14.1.1a (UNEP, 2021). The ICEP is based on loads and ratios of N, P and silicon (Si) exported by rivers to coastal waters. This indicator assumes that excess nitrogen or phosphorus relative to silica (ICEP > 0) will result in increased growth of potentially harmful algae.

Scenarios are essential tools for analyzing how nutrient loading and their ratio in freshwaters and coastal marine waters could develop in the future. Such scenarios would need to project developments in agriculture and sewage as the key drivers of future nutrient emissions (Seitzinger et al., 2010) and can be used to analyze future changes in N and P loading and export.

During the past four decades, models have been used to quantify past and future nutrient loading and their ratio in fresh and coastal waters at global and continental scales. The first estimate of N and P export to global coastal waters, made by Meybeck (1982), was based on classification of types of rivers and observations of some of these rivers. The next important step in global model development was made by Boyer et al. (2006) based on the Net Anthropogenic Nitrogen Input (NANI), regression approaches for N (e.g. Green et al., 2004), and more recently the Global-NEWS group (Seitzinger et al., 2005, 2010). The lumped Global-NEWS approach describes regression relations between input parameters averaged over river basins (e.g. the percentage agricultural land, use of manure and fertilizers, wastewater discharge, etc.) and the export of the river basin for different forms of N, P, carbon (C) and silicon (Si). These species-specific models were applied for individual years (1970, 2000) and were also used to project river export for future years (2030, 2050). The models where calibrated with observations available in the early 1990s (Meybeck and Ragu, 1995) which were assumed to represent the year 2000. A third step in the development of models for simulating nutrient export was the distributed and spatially explicit approach, where the focus is on better understanding of the different transport pathways in landscapes to surface water, biogeochemical processing and export of nutrients from different anthropogenic and natural sources. The latter approach provides spatially explicit information on the delivery and instream biogeochemistry and legacies which is not available in the lumped approaches. Examples of this distributed approach for the global scale are the models Integrated Model to Assess the Global Environment (IMAGE)-Global Nutrient Model (GNM) for N and P (Beusen et al., 2015, 2016, 2022) and DLEM for N (Tian et al., 2009), and at the European scale the models GREEN (Grizzetti et al., 2008, 2012), CAPRI-DNDC model (Britz and Leip, 2009; Leip et al., 2011) and INTEGRATOR (De Vries et al., 2009; Kros et al., 2011).

There are various approaches to make project future nutrient loading, in-stream biogeochemistry and export. First attempts to assess the influence of human activities on loading of total dissolved N and phosphate were presented by Meybeck (1982) and for nitrate by Caraco (1995). First projections of project future river export of DIN were made with a predecessor of Global-NEWS for a business-as-usual and a low N diet scenario (Kroeze et al., 2001). Bouwman et al. (2005) explored future total N export on the basis of FAO projections for agriculture (Bruinsma, 2003). More recently, projections of river export of different forms of N, P, C and Si from global watersheds with the Global-NEWS models (Seitzinger et al., 2010) were based on the Millenium Ecosystem Assessment (MA) scenarios; the MA scenarios form a wide spectrum of scenarios varying in population and economic growth and attitude toward the environment (Alcamo et al., 2006). The input for Global-NEWS was obtained from the IMAGE Integrated Assessment Model (version 2.4; Bouwman et al., 2006, 2009).

The goal of this paper is to analyze past and future changes in nutrient loading and export to global coastal waters, and the processes underlying these changes. We use the most recent IMAGE-GNM model (Beusen et al., 2022) which allows for consistent spatially explicit analysis of long-term changes in N and P loading, in-stream biogeochemical processing and export, and analysis of future scenarios. This enables to unravel the role of different sources, pathways (soils, groundwater, riparian zones, and the riverbed), processes and water body types. Regarding the future projections, we will follow the most recent community consensus: the five shared socioeconomic pathways (SSP; Riahi et al., 2016), scenarios used to study climate and other environmental changes.



Methods


Data and model used

Here we analyse both nutrient loading and nutrient ratios in rivers draining into global coastal waters during recent decades (1970–2015) and for the future up till 2050 with a time step of 5 years. The Global Nutrient Model (GNM; Beusen et al., 2015, 2016, 2022), which is part of the Integrated Model to Assess the Global Environment (IMAGE, version 3.2; Stehfest et al., 2014), was used to address the societal-ecological links relevant to nutrient sources and eutrophication and describe the complex biogeochemical filtering processes in terrestrial and aquatic ecosystems (Figure 1). In this study we use all results of the IMAGE-GNM model (historical and scenarios) which are available on https://dataportaal.pbl.nl/downloads/IMAGE/GNM/ and described in detail by Beusen et al. (2022). A short description of all processes and scenario assumptions is provided below.
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FIGURE 1
 Scheme of the Integrated Model to Assess the Global Environment (IMAGE) – Global Nutrient Model (GNM), including the PCR-GLOBWB model to describe the hydrology. The human (sewage), aquaculture and soil N/P budget boxes indicate where scenario assumptions are used to express the N and P scenario storylines in quantitative terms.


For simulating nutrient delivery to surface waters, in-stream retention and river export to coastal waters by natural and anthropogenic sources, IMAGE–GNM with a spatial resolution of 0.5 × 0.5° (Beusen et al., 2015) was employed. IMAGE-GNM has been used to cover the full twentieth century (Beusen et al., 2016) and for the five SSP scenarios (Beusen et al., 2022). IMAGE-GNM describes nutrient delivery to surface water by diffuse and point sources via diverse pathways (Figure 1). This is achieved through a coupling with the global hydrological model PCR-GLOBWB (Van Beek et al., 2011; Sutanudjaja et al., 2018) which computes the water balance, runoff, discharge and water temperature for each year (Figure 1). For every grid cell, the water and nutrient fluxes through streams and rivers, lakes, wetlands and reservoirs (Figure 1) are based on the routing scheme of PCR-GLOBWB.

Diffuse sources include N and P delivery from agricultural and natural ecosystems, with various transport pathways (Figure 1; i.e. surface runoff and erosion, leaching through and outflow of shallow and deep groundwater, shallow groundwater transport through riparian zones to surface water; input of litter material from vegetation in flooded areas; aquaculture; weathering; atmospheric deposition).

Point sources are the discharges of N and P of rural and urban wastewater from households and industries with a sewage connection (Figure 1). Emissions from households are calculated from the protein intake and the use of P-containing detergents. Sewage water is discharged either directly or after wastewater treatment. The efficiency of nutrient removal during treatment depends on the mix of types of installations which varies from country to country. Four treatment types are distinguished, i.e., primary, secondary, tertiary and quaternary treatment, each having a typical removal efficiency (Van Puijenbroek et al., 2018).

IMAGE-GNM calculates soil nutrient budgets as the difference between inputs and outputs for estimating diffuse nutrient flows from agriculture and natural ecosystems. In the soil budgets, N and P inputs include (where relevant) fertilizer, animal manure, atmospheric deposition and biological N2 fixation. Output is the harvesting of agricultural crops or grass and forages or grass consumption by grazing animals. Natural ecosystems are assumed to be mature, which implies that annual N and P uptake by the vegetation equal the nutrients in litterfall. Since there is no net uptake, inputs from biological N2 fixation and atmospheric deposition are removed through runoff and erosion, ammonia volatilization, leaching and denitrification.

Soil nutrient budgets are calculated with 0.5 by 0.5 degree resolution on the basis of various data sources (Bouwman et al., 2017) and distributed spatially using the land cover maps that are simulated for each year. IMAGE simulates land cover using three coupled submodels (Stehfest et al., 2014). The agricultural economy model MAGNET (Woltjer and Kuiper, 2014) calculates demand, production and trade of food and crop production intensification on the basis of trends of Gross Domestic Product and population. The second model to simulate land use dynamics is IMAGE-Land Management (Doelman et al., 2017), which considers 16 food crop types including feed crops, 5 animal categories, bio-energy, forestry and built-up area. The third model is the dynamic global vegetation model LPJ-ml (Bondeau et al., 2007) which simulates potential yields of crops and grass, and the C and hydrological cycles for natural ecosystems, forestry and agriculture (Bondeau et al., 2007). IMAGE-GNM uses aggregated data from IMAGE-Land Management for upland crops, N-fixing legumes, wetland rice and grassland with specific fertilizer applications rates. Livestock, manure production and grazing land are distributed over mixed/landless and pastoral livestock production systems, and stored manure is distributed over crops and grass (see Bouwman et al., 2017). In the livestock system, inputs include feed crops, grass, crop residues and scavenging, and meat, milk and animal manure are outputs.

Two soil erosion loss routes are distinguished, i.e., losses from recent nutrient applications in the form of fertilizer, manure or organic matter, and loss of soil material with a “memory” effect related to historical changes of the topsoil composition resulting from long-term soil budget surplus or deficit. Using the soil P inputs, and after accounting for P erosion loss, IMAGE-GNM calculates available, labile and recalcitrant P pools in soils and P uptake using the dynamic soil P model DPPS (Mogollón et al., 2018; Langhans et al., 2022).

Gaseous N losses occur through ammonia volatilization and denitrification. Ammonia volatilization is computed for each grid cell with a regression model using soil, climate, crop and fertilizer properties (Bouwman et al., 2002). The soil N budget surplus excluding ammonia volatilization can be lost through denitrification and leaching. The balance between leaching and denitrification is calculated on the basis of soil moisture, temperature, and a number of physical and chemical soil properties (Van Drecht et al., 2003; Keuskamp et al., 2012; Beusen et al., 2015). Leached N percolates to shallow and subsequently to deep groundwater. Overall groundwater denitrification loss depends on both travel time and half-life. Groundwater travel time is calculated on basis of porosity of the parent material. Denitrification rates are based on the half-life of nitrate, which is a function of the lithology (Van Drecht et al., 2003). Deep groundwater discharges to large water bodies. Shallow groundwater can flow directly to streams or indirectly via the riparian zone. Groundwater travel times of years to several decades imply a temporary storage, which varies due to the geohydrological and climate conditions (Van Drecht et al., 2003). In addition, the history of fertilizer use and surplus applications are reflected in the groundwater outflow in a certain year (Bouwman et al., 2013a) and forms a legacy source from past nutrient management.

The aboveground litter from vegetation in flooded areas such as floodplains is obtained from LPJ-ml. N and P inputs are based on the proportion aboveground litter (Vogt et al., 1986) together with assumed N and P contents (Vitousek and Matson, 1984; Vitousek et al., 1988). P from weathering is based on a model that relates P release to lithology, runoff and temperature (Hartmann et al., 2013).

Nutrient release by freshwater aquaculture is calculated with the nutrient budget model for the various species groups of finfish (Bouwman et al., 2013b) and shellfish (Bouwman et al., 2011) using country-scale data from FAO (2020). The nutrient release is distributed spatially within countries using different scalars including population density, presence of surface water bodies, and mean annual air temperature (Beusen et al., 2015). The uptake of nutrients from filtered plankton by bivalve shellfish is taken into account in the calculation of the nutrient release of aquaculture. Atmospheric N deposition is scaled to the patterns for the year 2000 (Dentener et al., 2006) using grid-based emissions of ammonia from the IMAGE model.

In-stream retention in streams, rivers, lakes and reservoirs is calculated with the nutrient spiraling ecological concept (Newbold et al., 1981; Wollheim et al., 2008). IMAGE-GNM also includes groundwater N transport through submarine fresh groundwater discharge to the coastal waters (Beusen et al., 2013). At every location within a river basin, nutrient sources can be attributed by recording the pathways of delivery and in-stream retention accounting for delayed inputs from the groundwater system.

The validation of the IMAGE-GNM model was performed for the time period 1970–2010 for the Meuse and Rhine (Western Europe), Yangtze (China) and Mississipi (USA) as described in Beusen et al. (2022). The validation showed that the simulated long-term trends of these rivers (N and P concentration and discharge) were close to observations, which is a requirement for a model used for making future projections for decades ahead. Lacking uncertainty ranges and distribution functions for input parameters, an extensive sensitivity analyses was performed with IMAGE-GNM to rank input parameters for the five SSP scenarios on the basis of their importantce for the model outputs N and P delivery, retention and export.



Scenarios

Future changes in global nutrient loading may not develop as a continuation of past trends due to unpredictability of human behavior and the complexity of interactions of the economic and earth systems. Here we use the implementation of the five Shared Socio-economic Pathways (SSP; Riahi et al., 2016) with IMAGE version 3.2 (Van Vuuren et al., 2021). The SSPs are the set of community scenarios used to explore a spectrum of global environmental futures considering different developments in society and economy, the energy and agricultural systems, climate change and hydrology (Riahi et al., 2016). The sustainability scenario SSP1 strives for achieving the SDGs by reducing intensity of resources use and the dependency on fossil fuels. SSP1 contrasts the fossil fuel-based SSP5, which involves traditional development with a focus on economic growth relying strongly on fossil fuels. SSP2 is a middle-of-the-road scenario where current trends will continue in coming decades. Fragmentation is the keyword of SSP3 due to wide variation in socio-economic development between regions. Finally, inequality is strong in SSP4 with societies characterized by small elites and large, poor and vulnerable groups.

For each SSP, assumptions and projections were made for domestic production and trade of energy, food, feed and biofuel crops, meat and milk, land use and cover, greenhouse gas emissions and climate change as described earlier by Van Vuuren et al. (2016) and updated for the base year 2015 (Van Vuuren et al., 2021).

PCR-GLOBWB was run with different climate change scenarios for simulating future hydrology. These climate scenarios are the Representative Concentration Pathways (RCP) implemented with the HadCM3 Global Circulation Model (MetOffice, 2020). The RCP data were bias-corrected using historical weather data covering 1960–1999 (Hempel et al., 2013). The RCPs differ in the global average radiative forcing in the year 2100, respectively 4.5, 6.0, and 8.5 W m−2. For this paper, the combinations SSP1-RCP4.5, SSP2-SSP4 with RCP6.0, and SSP5-RCP8.5 were implemented, as they correspond to future radiative forcing simulated for the different SSPs by the IMAGE model.

In the scenario-mode, the dynamic DPPS model (Mogollón et al., 2018) takes projected crop P yield for year x and the soil P pools and soil P availability for plant uptake in the year x-1 to calculate the total P input required. Projected P input depends on the proportion of the labile soil P pool that is directly available for uptake by plant roots, which can change in future along with technology and management improvement depending on the SSP scenario. Projections for total N requirement are based on future crop production and the N use efficiency (NUE). Fertilizer N and P use are calculated as the difference between required total N or P input and N or P from non-fertilizer sources which are generated by IMAGE (animal manure N or P, biological N2 fixation and atmospheric N or P deposition). Manure availability depends on the projected livestock numbers, and the proportion of manure that is not recycled. In SSP1, all manure is recycled. In other scenarios the proportion of manure ending outside agriculture is constant after 2015.

In SSP1 and SSP5, the direct availability of P in the labile soil P pool increases at the same rate as the increase during 1990–2005, in SSP2 by half that increase, and in SSP3 by one quarter. In SSP4, they follow the income level (SSP1 values for high-income regions, SSP2 values for middle-income regions and SSP3 values for low-income regions). NUE values in SSP2 and SSP5 continue the trend of the past 3–4 decades, in SSP1 they bridge half of the gap between the current value and the target values proposed by Zhang et al. (2015). These NUE values are ambitious targets defined to achieve the planetary boundary for N while meeting the future food demand in 2050. NUEs were assumed not to change in SSP3, while in SSP4 they follow the income level (similar to the direct soil P availability).

Scenarios for wastewater N and P discharge to surface water are based on income relationships of human emissions represented by protein consumption, the proportion of the population with a connection to sewerage systems, and the presence of wastewater treatment plants with corresponding level of nutrient removal (Van Puijenbroek et al., 2018).

Freshwater aquaculture finfish and shellfish production changes along with the population, assuming a constant global mean per capita production. The efficiency of production depends on the scenario variables feed conversion ratio (FCR) and the fraction of compound feed in the feed ration for the different finfish and shellfish groups.



Threshold for N:P ratio

Many phytoplankton causing harmful algal blooms (HABs) have physiological adaptive strategies that favor them under conditions of elevated N:P conditions. A threshold value of 25 for the total N: total P molar ratio (here denoted as N:P) was suggested by Wang et al. (2021) for Chinese coastal waters in the Yellow Sea, East China Sea and South China Sea. In these ecosystems, HABs started to proliferate when the N:P ratio in river export rose above this threshold in the 1980s. Here we assume that this threshold for N:P is also valid in coastal waters outside China.

We recognize that in river fluxes to coastal waters, the molar ratio of dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) often exceeds than that of N:P, since a large fraction of total P consists of inactive P bound to soil particles, and the DIP buffer mechanism by the sorption/desorption of DIP by suspended particles. It is well known that silica abundance in river export also plays an important role in HAB risk. Silica in rivers mainly orginates from rock weathering. Some tropical rivers show high N:P ratios from natural sources mainly, and at the same time high Si loading. Lacking a consistent up-to-date model for silica in rivers, we use a second criterion for distinguishing HAB risk: >50% anthropogenic share in the total N or P export to coastal waters.




Results


Historical trends

Global N and P delivery to surface waters has increased from 44 to 71 Tg N yr−1 for N and 7.1 to 9.7 Tg P yr−1 for P during the period 1970–2015, which is the net result of rapid increases in Brazil, India and China (BIC), a decrease in industrialized countries in North America, Europe, the Russian Federation, Japan and Oceania (INDUS) and an increase in the rest of the world (ROW; Figure 2). In this 45 year period 1970–2015, the N and P delivery to surface waters was constant at 17 Tg N yr−1 for N and declining from 2.5 to 2.2 Tg P yr−1 for P in the INDUS countries, while the BIC countries show an increase of 10 to 25 Tg N yr−1 and 1.3 to 2.6 Tg P yr−1, while in the ROW countries there has been an increase from 18 to 30 Tg N yr−1 and 3.4 to 4.9 Tg P yr−1. The increasing nutrient delivery is driven by the increasing contribution from anthropogenic sources to inland waters, which increased globally from 60 to 74% of total N delivery between 1970 and 2015 (Figure 3A), with a strong increase in BIC and ROW countries (Figures 3C,D). The INDUS countries show a declining anthropogenic fraction between 1970 and 2015 (Figure 3B). Hence, while the relative contribution from agriculture, human and aquaculture has been increasing in time and the contribution of natural sources has been declining.
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FIGURE 2
 Annual total N and total P delivery for (A) the world; (B) industrialized countries in North America, Europe including the Russian Federation, Japan and Oceania (INDUS); (C) Brazil, India and China (BIC) and (D) the rest of the world (ROW) for 1970, 2015, and 2050 for the five SSPs.
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FIGURE 3
 Percentage of N delivery which is from anthropogenic sources for (A) the world, (B) INDUS, (C) BIC, and (D) ROW for the five SSPs.


Figure 4 shows the patterns of the anthropogenic share in the total N export to global coastal waters for the year 2015. The river export is nowadays dominated by anthropogenic sources in large parts of the world. and the N export by Arctic rivers and a number of large tropical rivers like Amazon and Congo are still dominated by natural sources. The export by both rivers has a high N:P ratio, which is caused by the large N inputs from biological N2 fixation by tropical leguminous trees, and low P weathering fluxes from the prevailing strongly and deeply weathered ferralitic soils. Figure 5 presents the molar ratio of total N to total P (here denoted as N:P) of the river export at the mouth of the river basins for 2015. In 2015 Europe, South Asia and large part of Northern America, and the Amazon and Congo rivers have N:P ratios > 25.
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FIGURE 4
 Fraction anthropogenic sources in the river export to global coastal waters for the year 2015. The fraction anthropogenic is calculated as the maximum of the anthropogenic N or P sources.
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FIGURE 5
 Molar ratio of total N: total P (here denoted as N:P) in the river export to global coastal waters for the year 2015 and 2050 for the five SSPs.


These differences in N and P ratio are reflected by the proportions in which nutrients are transported and exported to coastal waters. Table 1 shows that the N:P of the total export to the coastal waters in all world regions has been increasing in the period 1970–2015 by 24% from 17 to 21. The N:P ratios for the year 1970 and 2000 (17 and 20, respectively) exceed estimates by the Global NEWS model, which predicts a constant N:P ratio of 11 between 1970 and 2000, possibly due to the inconsistency of models for different N and P species and the absence of a dynamic model for in-stream retention and legacies. The global dissolved silica export for the year 2000, shows that the Amazon and Congo rivers export large amounts of Si (Figure 6), a product of the rapid desilication process in soils (Driessen and Dudal, 1990). Therefore, the water discharged by these rivers dominated by natural nutrient sources with low N:Si and P:Si ratios (due to high N:P, see Figure 5) is not prone to HAB development.


TABLE 1 Total global delivery and global export for N and P of the rivers for the years 1970 and 2015 and for 2050 for different SSP scenarios.
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FIGURE 6
 SiO2 yield in ton per km2 for the year 2000. Modified from Beusen et al. (2009).


The global N:P ratio has changed rapidly during the period 1970–2015 due to changes in the anthropogenic loading, which all show increasing N:P ratios (Table 2). The N:P ratio in water delivered from agriculture has been increasing from 12 to 16, that from the human sources from 15 to 16 and that from aquaculture from 17 to 20. The natural sources have an almost constant N:P ratio of 16 (15–17).


TABLE 2 Molar N:P ratio for the different sources of the global delivery, total global delivery and global export of the rivers for the years 1970 and 2015 and for 2050 for different SSP scenarios.

[image: Table 2]

Parallel to the increasing anthropogenic share and the change in the mix of anthropogenic sources, there are also changes in the total quantities of exported N and P if we consider export fluxes with (i) dominant (> 50%) anthropogenic sources of N, P or both, and (ii) N:P ratio > 25. This selection reveals that global river N export to coastal waters increased by more than a factor of 3 between 1970 and 2015 to 16 Tg yr−1 (Figure 7A), which represents 36% of the global river N export of 41 Tg N yr−1. Here the same patterns are found for the three regions. The anthropogenic dominated export by rivers with a high N:P ratio has been declining in the INDUS countries, and increasing for ROW and BIC countries during the period 1970–2015.
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FIGURE 7
 River N export for rivers with dominant (> 50%) anthropogenic N sources and N:P ratio > 25 for (A) the world, (B) INDUS, (C) BIC, and (D) ROW.




Future trends

The SSPs used here have all a different population assumptions. Figure 8 shows the global total population and the global N and P delivery per capita. The figure shows that the delivery per capita decreases which means that there is less N and P loss to the rivers per capita. However the population is increasing, which results in a increasing delivery of N and P to the rivers.
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FIGURE 8
 (A) Global total population and (B) the annual global total N delivery per capita and (C) annual global total P delivery per capita for the five SSPs for the time period 1970–2050.


The SSP-based projections show a global increase of nutrient delivery in all scenarios, which is the result of differentiated regional developments (Figure 2, Table 1). In SSP3 there is the highest increase in all world regions. SSP1 portrays a reduction of N and P delivery in BIC and INDUS countries, but in ROW there is an increase. SSP2 portrays increasing delivery in ROW and BIC, but a decrease in INDUS countries, while SSP4 shows an increase in all parts of the world. SSP5 and SSP1 show similar patterns, i.e., a reduction of N and P delivery in BIC and INDUS countries, and an increase in the ROW countries. The anthropogenic fraction is only decreasing for SSP1 in the BIC countries and for SSP1, SSP4, and SSP5 for the INDUS countries. The global anthropogenic fraction will reach values between 75 and 80% in 2050 (Figure 3).

In the scenarios, the agricultural delivery has an N:P ratio between 14 (SSP1) and 17 (SSP3) (Table 2). The N:P ratio of the human sources depends on the amount and type of treatment and ranges between 20 (SSP1) and 13 (SSP3). Especially the tertiary and quaternary treatment systems remove P more efficiently than N, which results in higher N:P ratio. The overall N:P delivery for all sources range between 16 (SSP2) and 17 (SSP5). Figure 5 presents the spatial pattern of the molar N:P ratio of the river export at the mouth of the river basins for the five SSPs for the year 2050.




Discussion


Instream biogeochemistry

The N:P ratio in the water delivered to inland waters depends on the source of the delivery (Table 2). Apart from the changes in the sources, the various biogeochemical filter systems cause further changes in the N:P ratio. The N:P ratio of water delivered to surface water bodies increases during transport because of higher retention of P vs. N in aquatic systems. Between 1970 and 2015 the global N:P ratio at the mouth of the rivers increased from 17 to 21 and future N:P ratios range between 20 (SSP1 and SSP2) and 22 (SSP5) in 2050. In particular, N:P ratios in lakes and reservoirs are much higher than those in rivers due to more efficient P removal (Maranger et al., 2018). Construction of reservoirs thus increases the N:P ratio of export. A further cause of increasing N:P ratios observed in a series of large lakes where nutrient concentrations have been reduced as a result of mitigation policies, is due to complex interactions between N and P; reduction of particularly P leads to less primary biological production, less sedimentation of organic matter, less decomposition and oxygen depletion, therefore less N removal by denitrification, and increasing N:P (Finlay et al., 2013).

The impact of fire is not taken into account in this study. Forest fire for land clearing has an impact on the amount and pathways of nutrients in soil, volatilization, mineralization, erosion, runoff and leaching (Neary et al., 1999), but it is unclear (depending on the scale of the fire area in relation to the total basin area and the frequencies of the fires) whether this results in long-term changes of nutrient exports and nutrient ratios.

Eventually, the N:P ratio of nutrients exported to coastal waters exceeds that of the delivery to surface waters (Table 2). While policies aimed at reducing nutrient pollution have been successful in reducing or stabilizing nutrient concentrations in rivers in Europe and the USA, this has also had repercussions for nutrient ratios. Sewage treatment now efficiently removes nutrients from wastewater, particularly in Europe (Van Puijenbroek et al., 2018) and P is often removed more efficiently than N. Despite the considerable improvement of the nitrogen use efficiency in agriculture, a large input of N fertilizers is required to support crop and forage production (Bouwman et al., 2017).

However, due to accumulation of P fertilizer surpluses in agricultural soils in the 1960–1980s, P availability for crops has increased and P inputs can be reduced without affecting crop productivity (Sattari et al., 2012). Consequently, P fertilizer use in INDUS countries has declined to very small amounts as reflected by small P surpluses and high N:P ratios in the overall surface budgets. Rivers in INDUS countries currently reflect the effects of excessive nutrient mobilization in the 1960–1980s, i.e., the legacy of historical nutrient use. With declining nutrient inputs, soils may be releasing nutrients by organic matter decomposition, and aquifers (particularly N) and sediments (particularly P) in lakes, reservoirs and rivers continue to deliver nutrients. The N concentration in the Mississippi has not decreased in recent decades, despite policies to reduce nutrient loading which is attributed to groundwater N legacy (Sprague et al., 2011). The simulated N:P ratio changes agree with observed increases in the N:P ratios in many European (Romero et al., 2013) and Chinese (Dai et al., 2011) rivers and elevated levels in the Mississippi (Alexander et al., 2008).



River export

Despite the wide spectrum covered by the five SSPs, with large differences in all aspects of human society ranging from population growth, human diets, energy consumption patterns, nutrient use efficiencies in food production, sewage connection and wastewater treatment, there is little difference in the magnitude and stoichiometry of global river export in human-dominated rivers. This means that even in the SSP1 scenario with a focus on a more sustainable development, water quality will not improve in large parts of the world like ROW and BIC countries but for the INDUS countries it will improve.

The anthropogenic part of all N and P sources has been rapidly increasing over the past and will exceed 65% in the future for all scenarios. The global future projections show that for the human-dominated rivers, the global nutrient export to coastal waters with N:P ratios > 25 will not decline in the coming decades in any scenario except for SSP1 (Figure 7). For the INDUS countries the anthropogenic high N:P export will decline over the time period 2015–2050 for all scenarios. The opposite is true for the ROW countries, where it will increase in all scenarios. For the BIC countries there is a decline in SSP1 and SSP2 but an increase according to the other scenarios.

Climate does influence the whole system, from leaching, groundwater transport, travel times and in-stream retention. The effect of climate change in the first part of the twenty first century is small, due to the small differences between the RCP climate scenarios, and after 2050 the climate scenarios start to diverge. The differences between agricultural practices and point sources are the main drivers of differences between the scenarios for delivery and export.



Concluding remarks

All SSPs portray a stabilization or a decline of freshwater quality. The human-dominated river N and P export with elevated N:P ratios will increase in all SSPs. Only in SSP1 for industrialized countries will there be progress toward reducing nutrient loading of coastal waters. In the ROW countries the river export of N and P will increase for all SSP scenarios. Van Meijl et al. (2020) have shown that achieving food security remains a challenge but is possible, except for South Asia and in Sub-Saharan Africa in SSP3 and SSP4. Langhans et al. (2022) showed that doubling smallholder production is possible, but the investments needed to achieve this are in general lacking in Sub-Saharan Africa and South Asia. Hence, the most vulnerable inhabitants that face multiple problems due to lack of food security and poor water quality, are especially in the low-income countries of the world. Hence, policies oriented toward improvement of food security should also consider nutrient use in agriculture and the management of human wastes.

There will be an important future role of legacies of past nutrient management. River export with high N:P ratios causing HAB risk will not decline even in environmently friendly and sustainability-oriented futures in industrialized countries due to legacies from nutrients that have accumulated in landscapes in past decades. Since nutrients are currently also rapidly accumulating in many river basins in Brazil, India, China and in many medium and low income countries, similar legacies will emerge when nutrient mitigation strategies will become effective.

Future HAB risk assessment will be improved if the impact of Si is included. Si fluxes have been rapidly changing in the past due to increasing human interference in the hydrology. Building new reservoirs for hydropower and irrigation is needed to satisfy our increasing food and energy demand. However, dams also diminish the Si export into the coastal area and may impact HAB risk. For example, the SDG target 14.1.1 uses the Indicator for Coastal Eutrophication Potential (ICEP; Billen and Garnier, 2006; Garnier et al., 2010), based on the Redfield ratios of N or P to Si (Redfield et al., 1963; Brzezinski, 1985). With increasing N or P export and decreasing Si export, the ICEP will increase, indicating an increasing HAB risk.

Our results indicate that the interplay between N and P is important in order to find well-balanced and integrated management strategies for water quality considering all societal sectors and trade-offs, to avoid high N:P ratios. Apart from nutrient loading (Table 1) and ratios, the occurrence of HABs is determined by factors such as temperature, available light and hydrodynamics. It is uncertain how nutrients and these additional factors contribute to the HAB proliferation, but the trend of the N:P ratios and the total load of N and P in surface water (Table 1) indicate that the HAB risk will probably not diminish.

Without additional policies, HAB risk will not be reduced or will even extend to more rivers in large parts of the world. There are different management strategies to improve water quality. The first option is to reduce the use of N or P in agriculture. This means that for N and P inputs (fertilizer and manure) are applied at the right rate, at the right moment and at the right place (Zhang et al., 2015). The second option is to avoid the transfer of N or P to the surface water. Reducing erosion by soil conservation is important (for example no crop fields on land with steep slopes, erosion control by terracing and other conservation measures). Treating waste water from households and industries also reduces the effluent of N and P to surface water. However, especially for the agricultural nutrient losses, it is probably difficult to manage N:P ratios at the scale of landscapes with a heterogeneous production system and multiple pathways of nutrient transport from the field to surface water.
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