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A B S T R A C T   

The activation of nitrogen and phosphorus for food production has caused the transgression of the safe operating 
space of the Earth system. However, countries differ in the use of their fair share of global nutrient activation, 
causing a disparity that has severe implications for the environment, land degradation and food security. Both 
the impact on Earth system processes as well as productivity gains and losses and the consequent socio-economic 
impacts depend on past use. Therefore, in this study, we examined how the activation of nitrogen and phos-
phorus for food production in relation to countries’ fair shares has evolved globally. The first transgressions of 
the planetary boundaries occurred in 1970 and 1964 for nitrogen and phosphorus, respectively. Since then, 
activation has increased 160% and 200%, respectively. Further, notable differences were observed between 
countries, in which high-income regions such as western Europe and North America had the highest cumulative 
transgression and sub-Saharan Africa and Oceania had the greatest deficit relative to their fair shares. The main 
driver for transgression was economic growth rather than population growth or the relatively recent fertiliser 
subsidies. Although the use of fertilisers has decreased in areas with previous high use, past usage will slow down 
the effects of fertiliser reductions on ecosystem recovery and maintain a legacy of inequality. Consequently, in 
addition to reductions in nitrogen and phosphorus activation, recycling accumulated nutrients to regions 
operating below their fair shares should be explored and economically enabled in order to secure Earth system 
functioning while eradicating hunger.   

1. Introduction 

There is a fundamental conflict between the nutritional goals and 
environmental sustainability of the global food system. Research sug-
gests that anthropogenic nutrient flows, most of which are agricultural, 
have transgressed the upper tolerable limits of the Earth system 
(Rockström et al., 2009a; Rockström et al., 2009b; Steffen et al., 2015; 
Campbell et al., 2017; de Vries et al., 2013; Kahiluoto et al., 2014). 
These critical limits represent quantitative precautionary levels of 
human perturbation developed in the planetary boundaries framework, 
beyond which the functioning of the Earth system may be substantially 
altered (Rockström et al., 2009a; Rockström et al., 2009b; Steffen et al., 
2015). Despite the transgression of planetary boundaries for nitrogen 
and phosphorus, a considerable share of the world population still ex-
periences undernutrition and food insecurity (FAO et al., 2019), for 
which increased fertiliser use has often been proposed as a solution 
(Mueller et al., 2012; Pradhan et al., 2015; Schierhorn et al., 2014; van 

Loon et al., 2019; Folberth et al., 2020). 
Recent global studies have assessed the impacts of agricultural ac-

tivities on critical Earth system processes (Gerten et al., 2020; Spring-
mann et al., 2018; Kahiluoto et al., 2014), proposing potential solutions 
to avoid transgressing environmental limits while improving food se-
curity (Gerten et al., 2020; Willett et al., 2019). However, returning to a 
safe operating space (SOS) without undermining food security requires 
not only the consideration of the global food supply and the Earth sys-
tem’s biophysical processes but also the allocation of the necessary re-
ductions in human impacts across the world (Lucas et al., 2020; Häyhä 
et al., 2016; Kahiluoto et al., 2015). This aspect of the planetary 
boundaries has been previously discussed in terms of the ’fair shares’ of 
the global SOS. This approach allocates a portion of the global allowable 
human disturbance to a relevant sub-global context, such as a country, 
based on specified equity or policy criteria (Lucas et al., 2020; Häyhä 
et al., 2016; Kahiluoto et al., 2015). While the historical dimension of 
fair shares of rights to emit is at the core of climate negotiations, in the 
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context of nutrients and food security that aspect has been highlighted 
(Kahiluoto et al., 2015; 2021) but not systematically quantified to date. 
Regarding nutrients in particular, the past disparity in exceedance of 
annual safe limits must be considered as that reflects not only shares of 
rights to emit, but also past and current access to global commons such 
as nutrient resources for food production, which are cornerstones of 
current welfare. 

Where nutrient inputs exceed harvested outputs, and this surplus 
continues over long periods, notable quantities of nitrogen and phos-
phorus accumulate in soils and waterways (Lassaletta et al., 2016; Sat-
tari et al., 2012; Tian et al., 2020; Van Meter et al., 2016) or are emitted 
as N2O and NH-compounds into the atmosphere (Thompson et al., 
2019), impacting also other Earth system processes, such as climate 
regulation (Campbell et al., 2017; Lade et al., 2019). Excessive nutrient 
flows and their accumulation cause eutrophication, biodiversity loss, 
groundwater contamination, stratospheric ozone layer depletion, and 
climate change (Breitburg et al., 2018; Isbell et al., 2013; Zhang et al., 
2015; Thompson et al., 2019). For example, regarding water 

eutrophication, in many lakes, coastal areas and estuaries, internal 
loading from the sediment with accumulated nutrients can be more 
decisive for eutrophication than external terrestrial loading (Pitkänen 
et al., 2001; Ekholm and Mitikka, 2006; Meier et al., 2012; Yan et al., 
2021; Rydin and Kumblad, 2019). Conversely, when harvested nutrients 
are not replaced, soils are depleted (Tan et al., 2005) and carbon is 
emitted (Kirkby et al., 2013), and the consequent erosion and land 
degradation constrain future agricultural production, natural vegetation 
productivity, and human nutrition (Sanchez and Swaminathan, 2005). 
For example, time lags to observe the impacts of reduced nitrogen or 
phosphorus can be substantially longer in areas that have accumulated 
eutrophication for a long time and, conversely, similar input rates of 
nutrients result in very different yields in depleted soils compared to 
soils whose fertility has been historically maintained. 

While several studies have explored the distribution of nutrient 
balances and use efficiencies, as well as their impact on productivity 
worldwide, assessments concerning the historical intended nutrient 
activation, i.e. use of synthetic fertilisers and biological nitrogen 

Fig. 1. Main steps of the analysis. 1) First, we quantified the activation of inert nitrogen (N) and phosphorus (P), as well as 2) countries’ fair shares of the safe 
operating space (SOS). 3) Then, we compared the annual and accumulated nutrient use relative to the fair shares of the SOS. 4) Finally, we analyzed the determinants 
of transgression. 
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fixation, in food production relative to the fair shares of global safe 
limits have not been conducted. Therefore, in this study, we investigated 
how the activation of nitrogen and phosphorus relative to the fair shares 
of the SOS in access to nutrient inputs to produce food on agricultural 
land has evolved globally, particularly when historical accumulation is 
considered. As a safe global limit, we adopted the estimate of one of the 
nine proposed planetary boundaries, i.e., the boundaries for biogeo-
chemical flows of nitrogen and phosphorus (Steffen et al., 2015). These 
estimates account for the global impact on eutrophication of oceans, 
estuaries and freshwaters which further reduce biodiversity, and on 
climate (Steffen et al., 2015). Returning within the planetary boundaries 
without undermining food security requires an understanding of past 
development. Thus, we also analysed the importance of potential de-
terminants driving the transgression of countries’ fair shares in nutrient 
activation. 

2. Material and methods 

First, we quantified the country-specific annual nutrient activation as 
the sum of synthetic fertiliser use and biological nitrogen fixation. Sec-
ond, we downscaled the planetary boundaries from global to regional 
and country level (hereafter countries’ and regions’ fair share of the SOS). 
Third, we quantified the nutrient activation in relation to countries’ and 
regions’ fair share of the SOS from 1900 to 2017 annually, and cumu-
latively since the start of the 1950s (hereafter cumulative use relative to 
countries’ and regions’ fair share of the SOS), which is when the wide-
spread use of synthetic fertilisers began (Galloway et al., 2003). Fourth, 
we quantified the explanatory power of the hypothetical determinants of 
the disparities in transgressing planetary boundaries. These steps are 
explained in the following subsections and Fig. 1. Altogether, 153 
countries were included in this analysis (Table S1), covering more than 
95 % of global agricultural land and 99.8 % of the global fertiliser use in 
2017 (FAO, 2020). 

2.1. Nutrient activation 

Countries’ synthetic fertiliser use was compiled for the period of 
1900 – 2017. For nitrogen, we focused on the intended fixation pro-
cesses (as in De Vries et al., 2013; Steffen et al., 2015) that account 
quantitatively for the majority (85 %) of total nitrogen activation 
(Fowler et al., 2013), and left the unintended fixation due to the emis-
sion of nitrogen oxides (NOx) from transport and industry out of the 
scope. For phosphorus we accounted for the mined phosphorus applied 
to soils as fertiliser, accounting for 96 % of total mined phosphorus 
(Carpenter and Bennett, 2011). The nutrients in manure were not 
considered, since those are recycled internally in agricultural systems, 
whereas fertilisers and biological fixation represent additional flows 
from inert sources (Steffen et al., 2015). The primary data source from 
1961 to 2017 was the fertiliser use statistics of the Food and Agriculture 
Organization of the United Nations (FAO, 2020). For the years 1900 and 
1950, we used data provided by Bouwman et al. (2013) and linearly 
interpolated the data for the missing years. The fertiliser use in countries 
that no longer exist (Soviet Union, Yugoslavia, and Czechoslovakia) was 
distributed among the current countries based on their share of the total 
agricultural area of the disbanded countries. 

Biological nitrogen fixation from 1900 to 2017 was estimated by 
multiplying the nitrogen fixation coefficients (kg/km2/year) for legu-
minous crops, rice (Herridge et al., 2008), and grasslands (Bouwman 
et al., 2013) with the corresponding crop and grassland areas. Areas for 
1900 – 1960 were derived from Klein Goldewijk et al. (2017) and were 
linearly interpolated between the node years at 10-year intervals. These 
datasets were used to fill in historical gaps because they are compatible 
with each other and the FAO (2021). Cropland and grassland areas 
(permanent and temporary meadows, and pastures) from 1961 to 2016 
from the FAO (2020) were used for all available years and countries. For 
countries with missing data (e.g., former Soviet Union countries in 1961 

– 1989), the cropland and grassland areas from Klein Goldewijk et al. 
(2017) were used. To estimate the area of nitrogen-fixing crops before 
1961, we assumed that the share of each crop in the total cropland area 
remained the same as in 1961. Further, Klein Goldewijk et al. (2017) 
provided cultivated cropland areas, and the FAO (2020) provided data 
for harvested areas. Therefore, a country-level adjustment factor based 
on the ratio of cultivated to harvested area was applied to rice to 
consider the effect of multiple cropping and avoid double counting. 

2.2. Fair shares of the safe operating space for nutrients 

While acknowledging the criticism and constant development of the 
widely studied and applied planetary boundaries framework (see e.g., 
Lewis, 2012; Biermann & Kim, 2020; De Vries et al., 2013), we adopted 
the latest update of the planetary boundaries as presenting the current 
state of knowledge on the limits of the safe operating space for 
humanity. 

Planetary boundary thresholds for nitrogen have been previously 
estimated based on four major environmental concerns: atmospheric 
NH3 concentrations to avoid air pollution, radiative forcing by N2O to 
limit climate change, drinking water contamination by NO3– to meet the 
World Health Organization drinking water standard, and nitrogen con-
centrations in surface waters to limit eutrophication of aquatic ecosys-
tems (De Vries et al., 2013; Steffen et al., 2015). The boundary threshold 
ranges between 20 and 130 Tg N yr−1 depending on the environmental 
problem addressed (De Vries et al., 2013; Steffen et al., 2015). Schulte- 
Uebbing et al. (2022) estimated a planetary nitrogen boundary based on 
a spatially-explicit bottom-up approach and derived a threshold for ni-
trogen fixation ranging between 69 and 84 Tg N yr−1 depending on the 
individual environmental impact considered (nitrogen deposition or 
nitrogen concentrations in surface water or groundwater) and yielding a 
threshold of 55 Tg N yr−1 considering the different impacts combined. 

We applied a planetary nitrogen boundary of 62 Tg N yr−1 (zone of 
uncertainty 62 – 82 Tg N yr−1), proposed by Steffen et al. (2015), which 
is based on the maximum nitrogen concentrations in surface waters to 
prevent aquatic ecosystems from eutrophication or acidification 
(Rockström et al., 2009a; de Vries et al., 2013; Steffen et al., 2015). In 
addition, we show the climatic constraint estimate from de Vries et al. 
(2013), i.e. the boundary for N2O emission of 20 Tg N yr−1, estimated 
based on allowable radiative forcing change of +1 W m−2. De Vries et al. 
(2013) estimated the planetary boundary also based on critical limits for 
atmospheric NH3 concentrations, but their suggested boundary is more 
lenient than the one applied here. Therefore, considering the more 
stringent limits for aquatic eutrophication and climate change, the limit 
based on NH3 emissions is also respected. 

The planetary boundary for phosphorus was originally defined by 
Rockström et al. (2009) to avoid large-scale ocean anoxic events and it 
was set to 11 Tg P yr−1 with a zone of uncertainty to 100 Tg P yr−1. Later, 
a boundary to avoid widespread eutrophication of freshwater systems 
with the estimate of 6.2 Tg P yr−1 (uncertainty zone 6.2 – 11.2 Tg P yr−1) 
was proposed (Carpenter and Bennett, 2011; Steffen et al., 2015). This 
more stringent limit was adopted in this study as it respects also the limit 
for ocean anoxic events originally suggested by Rockström et al. (2009). 
Activation of nitrogen and phosphorus also causes other environmental 
concerns (e.g., impacts to biodiversity) but those are considered in the 
other planetary boundaries, (e.g., the biosphere integrity boundary). 

The selected planetary boundaries were downscaled applying a 
biophysical allocation method. The global boundaries were divided to 
each hectare of global agricultural land, (croplands and grasslands)/ 
year, and multiplied with each country’s agricultural land area to derive 
country quotas of annual nitrogen and phosphorus activation, thereby 
defining each country’s fair share of the SOS for nutrient activation for 
food production and sovereignty. For annual agricultural land data, we 
used Klein Goldewijk et al. (2017) for 1900–1960 and the FAO (2020) 
for 1961–2017. Applying the planetary boundaries of 62 Tg N yr−1 and 
6.2 Tg P yr−1 corresponded to approximately 24.9 kg N ha−1 and 2.49 kg 
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P ha−1 of agricultural land in 1900 and 12.9 kg N ha−1 and 1.29 kg P 
ha−1 in 2017, as global agricultural land has expanded. Note that we 
downscaled the planetary boundaries to the total agricultural land 
including temporary and permanent grasslands, and not only to the 
cropland (compare Häyhä et al., 2018; Fanning and O’Neill, 2016). 
Grasslands contribute to biological nitrogen fixation and some grass-
lands have been intensively fertilised while others, including some 
previous cropland areas, have become nutrient-depleted (Sattari et al., 
2016; Heffer et al., 2017) with the possibility to be restored back to 
cropland. To estimate the impact of the choice of downscaling method 
on the results, we performed an uncertainty analysis comparing our 
results with an alternative method, downscaling the planetary boundary 
value only to the cropland and temporary grasslands. For 83 % of 
countries the ratio between annual transgressions calculated with the 
current and the alternative approach was <10. The difference was most 
notable (ratio > 20) for 10 countries with the highest share of permanent 
pastures of total agricultural land (see Figure S3). 

2.3. Quantification of use relative to the fair share of the SOS 

To estimate countries’ and regions’ use of their fair share of the SOS 
we first analyzed the annual nutrient activation in relation to the 
downscaled planetary boundaries. Next, to analyse the cumulative use 
relative to countries’ and regions’ fair shares, we divided the cumulative 
sum of annual nutrient activation by the cumulative sum of annual fair 
share of the SOS over 1950–2017 for each country. The temporal 
accumulation was quantified since the 1950s, when wide-scale use of 
synthetic fertilisers began. 

2.4. Analysis of the determinants of transgression 

2.4.1. Data 
Data for the gross domestic product (GDP)/capita (reported in 2011 

US dollars) were obtained from the Maddison Project Database (2018). 
Data for population, cropland area, grassland area, and irrigated land 
area were derived and combined from the FAO (2020) and Klein Gold-
ewijk et al. (2017). The dataset for agro-ecological zones (AEZs) was 
obtained from Fischer et al. (2002). AEZs are geographically homoge-
nous areas that demonstrate similar climatic, land cover, and soil 
characteristics. 

2.4.2. Statistical analysis 
The annual use of the fair shares of the SOS for nitrogen (Nratio) and 

phosphorus (Pratio) were calculated country-wise for each year by 
dividing the sum of nitrogen or phosphorus activation by the down-
scaled planetary boundary. Linear models with repeated measurements 
were used to analyse the explanatory variables for Nratio and Pratio. 
The data were simplified by calculating the decade average for each 
variable, which also reduced the problem of sparse data, especially in 
the early decades. Correlations between decades within a country were 
taken into account using an autoregressive covariance structure (Gbur 
et al., 2012). All continuous variables were log-transformed, except for 
the AEZs and percentages of land use. The normality assumption of 
dependent variables was achieved via transformation, thereby 
improving the normality of independent variables and their linearity 
with dependent variables. 

The models were fitted using the residual maximum likelihood 
method for the decades (1900 to 2010), 19 subregions, GDP (€), popula-
tion, proportion of cropland from the total agricultural land (%), proportion 
of irrigated land (%), and AEZ, and their 2-way interactions were denoted 
as fixed effects. Statistically non-significant interaction effects were 
removed from the models based on non-significant p-values, improve-
ments in the Bayesian information criterion, and changes in the R2 (total 
variance explained) value. A significance level of α = 0.10 was used for 
model selection, but the main effects of the determinants were consid-
ered as covariates if they were not significant. The model selection 

methods were not used to seek the fittest models based on a selected 
criterion (e.g. R2 or AIC), because there are multiple known problems 
with that perspective (e.g. Tabachnick & Fidell, 2012). However, the 
stepwise selection method was conducted in the end to ensure that any 
significant interaction was not missed. Analyses were implemented with 
and without the categorical effects of subregion and decade because they 
contained significant information on continuous predictors. In addition, 
subregion was somewhat arbitrary as it can be formed differently. 
Therefore, both models should be interpreted separately, because they 
tell a slightly different story. Further, we tested the effect of the his-
torical indices of human development (Prados de la Escosura, 2015) and 
agricultural subsidies (OECD, 2019). Because of data constraints, i.e., 
data were limited for certain years and countries, the indices were 
included in separate models provided in the SI. 

Because there are many zeros in the use of the fair share of the SOS 
for phosphorus, we added a small constant value of 0.01 to all values to 
avoid problems in the log-transformation. This constant was selected as 
it is a small value that both normalises residuals and maximises R2. In 
addition, the constant was very close to the smallest non-zero entry 
divided by two and can be interpreted as a 1 % addition in usage relative 
to the downscaled planetary boundary. The R2-values were calculated 
based on the variance components of fixed, random, and residual effects 
using SAS Macro %GOF (Vonesh and Chinchilli, 1997). Because the final 
models contained only a single R-side random effect, the marginal and 
conditional R2-values were the same. Note that the R2-values were 
calculated for each fixed effect separately to estimate their influence. 
The residuals of the models were checked for normality using a boxplot 
and plotted against the fitted values. The degrees of freedom were 
calculated using the Kenward-Roger method (Kenward and Roger, 
2009), and analyses were performed using the GLIMMIX procedure of 
the SAS Enterprise Guide 7.15 (SAS Institute Inc., Cary, NC, USA). 

2.5. Limitations 

In this study we focus on the fair shares of the global nutrient use, 
enlightening the disparate history of countries’ access to nutrient re-
sources as an important human and policy dimension due to the decisive 
role of nutrients to food security. In addition to the global context, safe 
limits of nutrient activation should be estimated for each local context as 
well, and human actions should respect both local and global limits 
(Zipper et al., 2020). The local limits may vary considerably among 
countries as shown by Schulte-Uebbing et al. (2022) in a study where 
regional boundaries for nitrogen inputs were assessed. The critical in-
puts of nitrogen in view of three environmental concerns (nitrogen 
deposition, and surface and groundwater nitrogen), and considering 
both new nitrogen fixation and recycled inputs from manure and 
deposition, as opposite to our study, ranged between 18 kg N ha-1 yr-1 
for Central Asia and 205 kg N ha-1 yr-1 for Japan (Schulte-Uebbing 
et al., 2022). In this study we focus on the fair shares of the global 
commons and do not aim to assess local environmental impacts that can 
be very context-specific and consequently would require a bottom-up 
spatial approach. However, our results can be used in research and 
policymaking in local contexts, where they can complement context- 
specific assessments of safe nutrient use. 

The input data related to nutrient activation was gathered from 
various sources including statistical databases (FAO, 2020) and global 
modeling studies (Bouwman et al., 2013, Klein Goldewijk et al., 2017) 
each having limitations of their own, related to e.g. data gathering (e.g. 
country questionnaires, modeling) or handling missing data. In this 
study, a major limitation for analysing the determinants of transgression 
is the difficulty of finding relevant data of predictors that would cover 
the whole time frame included in this study. Therefore, while our study 
provides preliminary results of the factors driving the planetary 
boundary transgression, an even wider range of predictors should be 
assessed in future studies. 

Planetary boundaries framework is an evolving approach to estimate 
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the safe operating space for humanity. For example, the current 
boundaries fail to take into account the interactions between the indi-
vidual boundary processes (Chrysafi et al., 2022). Future studies 
assessing environmental limits associated with the boundaries and 
boundary interactions will most likely update the planetary boundaries 
and consequently could impact our results. However, although the 
planetary boundary values and even the definitions of individual 
boundaries might change, our main findings regarding the disparities 
between countries and regions in their nutrient activation will remain. 

3. Results 

3.1. Increased fertiliser use resulted in transgression of the planetary 
boundaries 

A rapid increase in the activation of nutrients began in the 1950s due 
to the increased use of synthetic fertilisers. This contributed to the 
transgressions of planetary boundaries for nitrogen and phosphorus that 
occurred in 1970 and 1964, respectively (Fig. 2). Since then, the global 
activation of nutrients has continued to increase despite the annual use 
of activated nitrogen and phosphorus fertilisers stabilising and 
decreasing, respectively, in some regions, such as western Europe 
(Fig. 2, see also Figs. S1 and S2). The activation of nitrogen in relation to 
planetary boundaries increased from 28 % in 1900 to more than 250 % 
in 2017 (Fig. 2). The increase was even more drastic for phosphorus, 
from <10 % in 1900 to more than 300 % in 2017. The stricter boundary 
of 20 Tg N yr−1 defined by the climatic constraint (De Vries et al., 2013) 
was transgressed already in the first decades of the 20th century, and by 
2017, it had been transgressed more than 8-fold (Fig. 2a). 

Globally, biological fixation provided more than 95 % of the nitrogen 
activated in agricultural soils in 1900, whereas in 2017, it contributed 
only 30 % to the total nitrogen activation (Fig. 2a). The increase in the 
area of nitrogen-fixing crops was the most rapid in Central and North 
America. Industrialised regions, such as western Europe and North 

America, rely primarily on synthetic fertilisers (Figs. S2 and S1), and 
biological nitrogen fixation plays only a small role (6 % of the nitrogen 
activation for western Europe, 1960 – 2017 average). In Europe, bio-
logical nitrogen fixation occurs mainly on grasslands used for animal 
feed. Conversely, in sub-Saharan Africa, biological nitrogen fixation 
plays a major role in supporting food production, providing over 90 % of 
the activated nitrogen over the last century (Fig. S1). Thus, at the end of 
the study period, biological nitrogen fixation alone covered almost 80 % 
of the planetary boundary (Fig. 2a), and in some regions, it was even 
greater than the downscaled regional boundaries (Fig. S1). 

3.2. Accumulated transgression shows clear disparities among regions 

Western Europe had the highest accumulated transgression of their 
fair share of the SOS for both nitrogen (Fig. 3) and phosphorus activation 
(Fig. 4). Already in the 1950 s, more phosphorus was activated relative 
to regional fair shares in western Europe than in any other region 
(Fig. 4). In addition, south and east Asia and North America notably 
transgressed their cumulative fair shares, of which North America sur-
passed their fair share earlier, in the 1950 s (phosphorus) and 1970 s 
(nitrogen). Meanwhile, sub-Saharan Africa and Oceania stayed well 
below their cumulative fair shares of the SOS, especially for phosphorus 
(Figs. 3 and 4). The dramatic decrease in the annual synthetic fertiliser 
use after the collapse of the Soviet Union in 1991 resulted in the alle-
viation of the overuse for Eastern Europe and Central Asia. 

In 2017, of the total accumulated excess, which is the cumulative 
sum of the countries surpassing their fair share of the SOS, more than 60 
% of the activation for nitrogen and 46 % that of phosphorus were 
concentrated in only three countries: China, the United States, and India, 
countries with large cropland extent and high total use of activated 
nutrients. The areas with the highest cumulative use to fair share ratio in 
2017 were Egypt, South Korea, and the Netherlands, whereas those for 
phosphorus were Japan, South Korea, and St. Lucia (Fig. 5). These are all 
countries that have practiced high-input, intensive agriculture within a 

Fig. 2. Global annual activation of nutrients in relation to the planetary boundaries (Steffen et al., 2015; de Vries et al., 2013) downscaled per agricultural area for a) 
nitrogen and b) phosphorus during 1900–2017. The changes in the downscaled boundaries reflect the variation in the global agricultural area. Additionally, the 
upper end of the uncertainty zones for the planetary boundaries (Steffen et al., 2015) and climatic constraint for nitrogen, i.e. the planetary boundary accounting for 
climate impact (de Vries et al., 2013), are shown. 
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relatively small agricultural area. 
The evolution of disparity between countries was further highlighted 

by analysing the distribution of each country’s usage of their fair share 
of the SOS since the 1950s (Fig. 6). In 1950, the countries within the 25 
and 75 percentiles used 26 %–47 % (nitrogen) and 0 %–37 % (phos-
phorus) of their fair share of the SOS, whereas by 2017, the interquartile 
ranges widened to 65 %–315 % (nitrogen) and 39 %–527 % (phos-
phorus). A stark representation of the disparity is the gap between the 
top and bottom 10 % of countries, wherein for phosphorus, the bottom 
10 % had hardly used any of their cumulative SOS by 2017, and the top 
10 % had used almost a 1000-fold of their fair share. Regarding nitrogen, 

the bottom 10 % had used approximately 40 % of their fair share, and 
the top 10 % had exceeded theirs by approximately 550 %. 

The increase in disparity was the greatest for both nutrients between 
1950 and 1990, after which it plateaued. Regarding phosphorus, the 
disparity began to decline after 1990 when high-input countries, espe-
cially in western Europe, reduced their synthetic fertiliser use and the 
previously lower input countries, especially in South America and Asia, 
increased their use of activated nutrients. For example, the annual use of 
synthetic phosphorus fertilisers decreased in western Europe by almost 
50 % from 1970 to 2017 (Fig. S2). Nevertheless, in 2017, this region 
continued to use almost six times more phosphorus than their 

Fig. 3. Cumulative and annual use of activated nitrogen relative to regions’ fair share of the safe operating space (SOS) from 1950 to 2017. The relative use of the fair 
share was calculated by dividing the cumulative sum of annual nutrient activation by cumulative sum of annual fair share of the SOS applying planetary boundary of 
62 Tg N/yr. Note that the plots show regional and global means weighted by agricultural area. 

Fig. 4. Cumulative and annual use of activated phosphorus relative to regions’ fair share of the safe operating space (SOS) from 1950 to 2017. The relative use of the 
fair share was calculated by dividing the cumulative sum of annual nutrient activation by cumulative sum of annual fair share of the SOS applying planetary 
boundary of 6.2 Tg P/yr. Note that the plots show regional and global means weighted by agricultural area. 
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cumulative SOS would correspond (Fig. 4). 

3.3. GDP/capita driving disparity 

GDP/capita was found to be the main determinant of the trans-
gressions of the fair share of the SOS for nitrogen and phosphorus in 19 
subregions, whereas population growth, shares of cropland and irrigated 
land, and agro-ecological zones (AEZ) were less influential (Tables 2 and 
3). The determinants decade and subregion embedded portion of the 
variance in the continuous determinants, which was made observable 
when they were omitted in Model 2 (Tables 2 and 3). Thus, the increase 
in GDP explained approximately 25 % and 30 % of the transgressions of 
the fair shares for nitrogen and phosphorus, respectively. 

Although the historical index of human development had a signifi-
cant effect on both models for each nutrient (p < 0.001), it was excluded 
from the main models because of a lack of data for the countries 
considered in the analysis (Table S1 in SI). The effects of agricultural 
subsidies were evaluated for 24 countries for 1980, 1990, 2000, and 
2010, but a statistically significant effect was not found in any model 
(for all p > 0.50) (Table S5 in SI). 

4. Discussion 

Our quantitative analyses provided three major insights: First, the 
activation of nitrogen and phosphorus transgressed the planetary 
boundaries already-five decades ago, and since then, activation has 
more than doubled (160 % increase) for nitrogen and almost tripled 
(200 % increase) for phosphorus. This is largely because of the rapid 
increase in fertiliser use, especially in western Europe and North 
America. Second, although the use of fertilisers decreased in areas with 

previously elevated use, the legacy of historical activation indicates that 
the disparity in transgression of the fair share of the SOS has only 
recently plateaued and remains very high. Consequently, there are 
notable differences between countries. In particular, high-income re-
gions in western Europe and North America have the highest cumulative 
transgression and sub-Saharan Africa and Oceania have the greatest 
deficits relative to their fair share. Overall, the disparity was greater for 
phosphorus than for nitrogen. Third, the main driver determining the 
evolution of the disparity in transgression is economic growth, out-
weighing the differences in environmental characteristics and popula-
tion growth, as well as in agricultural subsidies (data available since 
1980). 

In general, distinct reductions in fertiliser use in western Europe, 
south and east Asia, and North America, and a slight increase in Africa 
would mitigate environmental problems caused by the accumulation 
and depletion of nutrients while simultaneously increasing crop pro-
ductivity and food supply (Zhang et al., 2015; Mueller et al., 2017). 
Earlier studies have suggested that up to 28 % of synthetic nitrogen and 
38 % of phosphorus fertiliser use for maize, wheat, and rice could be 
reduced without impacts on current yields (Mueller et al., 2012; West 
et al., 2014). However, the historical accumulation of nutrient activa-
tion causes time lags between decreasing inputs and observable envi-
ronmental quality benefits (Van Meter et al., 2016; Pitkänen et al., 2001; 
Yan et al., 2021; Rydin and Kumblad, 2019). Therefore, extraction of the 
nutrients accumulated in the environment may be necessary to accel-
erate ecosystem recovery. In addition, while international trade can 
alleviate the impacts of the disparity in access to nutrients on food se-
curity, trade also transfers nutrients embedded in agricultural products, 
which can weaken the efficiency of local nutrient policies if nutrients 
accumulate in the environment. For example, international trade 

Fig. 5. Cumulative use of the countries’ fair share of the safe operating space (SOS), a) Nitrogen 1950–1954, b) nitrogen 2013–2017, c) phosphorus 1950–1954, and 
d) phosphorus 2013–2017. The use of the fair share was calculated by dividing the cumulative sum of annual nutrient activation by cumulative sum of annual fair 
share of the SOS. 
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displaced 3 Tg P in 2011, a value equal to 17 % of the global mineral 
phosphorus use (Nesme et al., 2018). Securing fair access to resources 
for food production also enhances food sovereignty, providing protec-
tion from increasing price volatility in the global market (Puma et al. 
2015). To increase yields in sub-Saharan Africa while reducing phos-
phorus activation, redistribution of accumulated phosphorus in residues 
from Europe could be facilitated in combination with increased bio-
logical nitrogen fixation (Kahiluoto et al., 2021). This would alleviate 
the environmental impacts of nutrient accumulation and the pressure to 
deplete finite phosphorus deposits (Reijnders, 2014). A more equal 
distribution of nutrient inputs would also enhance carbon sequestration 
in degraded lands (Kirkby et al., 2013; Tan et al., 2005) thus mitigating 
climate change and further enhancing food security. 

Balancing the disparities in nutrient activation could expand the SOS 
by allowing increases in nutrient-poor areas that are currently within 
safe environmental limits, as it would result in less leaching to the 
environment compared to regions with nutrient surplus (Steffen et al., 
2015; Willett et al., 2019; Kahiluoto et al., 2021; Schulte-Uebbing et al., 
2022). If global redistribution of nutrient use, closing nutrient loops and 
adapting improved production practices are considered, the upper un-
certainty range for the planetary boundaries for nitrogen and phos-
phorus could reach as high as 130 – 134 Tg N yr−1 (Schulte-Uebbing 
et al., 2022; Steffen, 2015) and 16 Tg P yr−1, as compared with 82 Tg N 
yr−1 and 11 Tg P yr−1 without these measures (Steffen et al., 2015). 
However, if both eutrophication and the impact of nitrogen on the 
climate via persistent greenhouse gas N2O (Thompson et al., 2019) are 
considered, the planetary boundary for nitrogen would likely be 
considerably lower than the 62 Tg N yr−1 used herein. De Vries et al. 
(2013) estimated that assuming a radiative forcing criterion for N2O 
emissions could result in a boundary as low as 20 Tg N yr−1, depending 
on the composition of greenhouse gases in the atmosphere. According to 
our findings, the proposed climatically safe boundary for nitrogen 
activation was transgressed during the first decades of the 20th century, 
and currently, the level of biological nitrogen fixation alone exceeds this 

boundary twofold. 
Based on our analysis, wealth, as indicated by GDP/capita, in-

fluences nutrient activation relative to fair shares of the SOS more than 
any of the other potential drivers studied, including population growth 
and fertiliser subsidies. This is consistent with Zhang et al. (2015), who 
found that income growth first increased agricultural nitrogen activa-
tion relative to harvested outputs, and then started to decrease the 
surplus, whereas fertiliser prices constrain food production in devel-
oping countries (Bonilla-Cedrez et al., 2021). Further, increasing afflu-
ence has led to more food consumption and higher demand for meat and 
dairy products (Godfray et al., 2010) and generation of food waste (Xue 
et al., 2017). This in turn has increased the nutrient inputs both directly 
with more industrial farming practices and excessive nutrient applica-
tion as well as through the use of more land area devoted to agriculture 
(Zhang et al., 2015; Marlow et al., 2015). While economic growth drives 
the transgression of critical nutrient boundaries, following the same 
path in low-and middle-income countries is not inevitable nor would it 
be sustainable. 

Actions to further reduce the activation of nutrients in the areas 
where the transgression is greatest, with agricultural policies that 
restrict the use of excess fertilisers, encourage the closure of nutrient 
loops and adopt sustainable management practices are urgently needed. 
These policies have played a key role in countries that have reduced 
synthetic fertiliser use and increased nutrient use efficiencies (Good and 
Beatty, 2011; Zhang et al., 2015). For example, changes in the EU 
Common Agricultural Policy and the adoption of the EU Nitrates 
Directive, that reduced crop subsidies and restricted manure application 
on cropland, impacted positively in the nitrogen-use efficiency (Zhang 
et al., 2015). However, they have not been sufficient to improve the state 
of the environment, as e.g., in the Baltic Sea the sediments are already a 
more important nutrient source than the terrestrial leakage (Pitkänen 
et al., 2001; Rydin and Kumblad, 2019) and the recovery of the water 
system has been modelled to last for 130 years even if the external 
terrestrial flows would be totally terminated (Meier et al., 2012). On the 

Fig. 6. Distribution of countries’ cumulative use of their fair share of the safe operating space (SOS) for (a) nitrogen and (b) phosphorus during 1950–2017. 
Percentile values were calculated for each year individually based on each country’s accumulated use of their fair share of the SOS in a given year. Therefore, 
countries’ position in the distribution may change from year to year. 
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other hand, countries and regions with a deficit relative to their fair 
share of the global nutrient use, such as most of Africa, could benefit 
from infrastructure, experimentation and economic incentives to ease 
farmers’ access to nutrients. For these countries to avoid the path to 

global and local overuse, policies, technologies and financing in-
novations that encourage the redistribution of residue nutrients from 
import-fed urban areas locally, and accumulated nutrients from surplus 
countries (Kahiluoto et al. 2021) are necessary for overcoming the 
challenges of environmental sustainability and food security. 

5. Conclusions 

The disparate history of transgressing planetary boundaries for nu-
trients underlines the contrasting actions needed among countries to 
reduce the human disturbance of biogeochemical flows. Returning to the 
SOS requires radical reductions in the activation of nitrogen and phos-
phorus in regions that have historically exceeded their fair share. 
Meanwhile, securing access to nutrients in regions that suffer from 
nutrient depletion without the activation of nitrogen and phosphorus 
must be explored. While the current findings lay the foundation 
demonstrating the challenge of global nutrient redistribution, scenarios 
and experimentation to guide the implementation are required. Overall, 
securing food for the global population while staying within the SOS of 
nutrient activation, as well as other planetary boundaries, requires 
addressing the inequality that is inherent in the global economy and 
current food systems. 
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Table 1 
Variables included in the analysis of determinants of transgression.  

Variable Information Source 

Nitrogen and 
phosphorus 
activation 

Includes data of synthetic 
nitrogen and phosphorus 
fertilisers and biological 
nitrogen fixation 

N and P fertiliser use:  
Bouwman et al. 2013 and 
FAO (2020); BNF 
coefficients from Herridge 
et al. 2008 (see methods) 

Subregion Countries were grouped into 
regions 

See countries division to 
sub-regions in Suppl. 
Table 1 following division 
from FAO (2020). 

Decade Data was simplified by 
calculating averages over 
decades to every variable  

Gross domestic 
product (GDP) 
per capita 

GDP per capita in 2011 US$, 
multiple benchmarks 

Maddison Project Database, 
version 2018. Bolt, Jutta, 
Robert Inklaar, Herman de 
Jong and Jan Luiten van 
Zanden (2018), htt 
ps://www.ggdc.net 
/maddison 

Population Population data for each 
year 

Klein Goldewijk, et al. 
(2017) 

Land use Grassland area, Cropland 
area, Irrigated land area 
presented in hectares (ha) 

FAO, 2020. http://www. 
fao.org/faostat/ and Klein 
Goldewijk, et al. (2017) 

Historical Index of 
Human 
Development 
(HIHD) 

HIHD is a summary measure 
of average achievement in 
three key dimensions of 
human development:life 
expectancy, literacy rates, 
educational enrolment, and 
per capita gross domestic 
product (GDP) 

Prados de la Escosura 
(2015), “World Human 
Development, 1870–2007”, 
Review of Income and 
Wealth 61 (2): 220–247 

Agro-ecological 
zones (AEZ) 

The AEZ in this study are 
geographically homogenous 
areas demonstrating similar 
climatic characteristics 

Fischer et al. 2002 

Agricultural 
subsidies 

The producer support 
estimates for input use 
1986–2016 based on OECD 
(2019) Agricultural Policy 
Monitoring and Evaluation 
was utilized. 

OECD (2019), “Producer 
and Consumer Support 
Estimates”, OECD 
Agriculture statistics 
(database). Data extracted 
on 11 Feb 2020 from OECD. 
Stat  

Table 2 
Determinants of transgression of planetary boundary for nitrogen. Model 1 includes all the main effects of predictors, while Model 2 includes continuous pre-
dictors for the transgression of boundaries downscaled to agricultural land of 19 subregions. The effects of dependent variables and some predictors are presented in 
the logarithmic scale because of heavily skewed distributions, and thus, their effects are also listed in the logarithmic scale. The variances for each variable indicate the 
most significant predictors and sum to the marginal R2 values. N = 1622.  

Dependent variable: Ln Nratio (=N activation/downscaled planetary boundary)   

Model 1 (all predictors included) Model 2 (continuous) 

Fixed Effect Effect (log scale) Effect (original scale) Variance explained Effect 
(log scale) 

Effect 
(original scale) 

Variance explained 

Decade    46.4 %    
Subregion    14.3 %    
Subregion* Decade    10.0 %    
Ln gross domestic product (GDP) a  0.0607*  0.6 %  0.0 %  0.3758***  3.6 %  24.6 % 
Ln Population a  0.0565*  0.5 %  0.4 %  0.3638***  3.5 %  3.6 % 
Cropland % b  0.0069***  0.7 %  5.8 %  0.0096***  1.0 %  8.2 % 
Irrigated land % b  0.0061***  0.6 %  1.0 %  0.0062***  0.6 %  2.4 % 
Agro-ecological zone b  0.1153o  12.2 %  0.3 %  0.1360**  14.6 %  1.1 % 
Variance explained    78.1 %    39.9 %  

a For every 10% increase in the independent variable, the dependent variable change by xx.x% (see column effect original scale). 
b A one-unit increase in the independent variable changes the dependent variable by xx.x% (original scale) Significance level: p < 0.10; *p < 0.05; **p < 0.01; ***p 

< 0.001. 
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Table 3 
Determinants of transgression of planetary boundary for phosphorus. Model 1 includes all the main effects of predictors and Model 2 includes continuous 
predictors for the transgression of boundaries downscaled to 19 subregions. The effects of dependent variables and some predictors are listed in the logarithmic scale 
because of heavily skewed distributions and thus, their effects are also listed in the logarithmic scale. The variances explained for each variable indicate the most 
significant predictors and sum to the marginal R2 values. N = 1622.  

Dependent variable: Ln Pratio (=P activation/downscaled planetary boundary)   

Model 1 (all predictors included) Model 2 (continuous) 

Fixed Effect Effect (log scale) Effect (original scale) Variance explained Effect (log scale) Effect 
(original scale) 

Variance explained 

Decade    24.7 %    
Subregion    28.6 %    
Subregion* Decade    12.5 %    
Ln GDP a  0.0633**  0.6 %  1.3 %  0.2743***  2.6 %  30.4 % 
Ln Population a  0.0379o  0.4 %  0.2 %  0.1068***  1.0 %  2.3 % 
Cropland % b  0.0080***  0.8 %  4.6 %  0.0097***  1.0 %  11.8 % 
Irrigated Land % b  0.0038**  0.4 %  0.8 %  0.0038**  0.4 %  0.7 % 
Agro-ecological zone b  0.0184  1.9 %  0.0 %  −0.0253  −2.5 %  1.0 % 
Variance explained    72.6 %    46.2 % 

aFor every 10% increase in the independent variable, the dependent variable changes by xx.x% (see column. 
Effect original scale). 
bA one-unit increase in the independent variable changes the dependent variable by xx.x% (original scale). 
Significance level: o p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001. 
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