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Forty years of anthropogenic
nutrient pressures: agriculture
and domestic nitrogen and
phosphorus inventory in view of
sustainable nutrient management

Anna Malagé' and Faycal Bouraoui*!

European Commission, Joint Research Centre (JRC), Ispra, Italy

Nitrogen and phosphorus are key to human life and crop production. However,
excessive nutrient losses from agriculture affect air, soil, and water quality,
with significant negative effects on terrestrial and aquatic ecosystems. Domestic
nutrient emissions, in particular untreated wastewater, also negatively affect water
ecosystems. European policies had a crucial role in contrasting nutrient pollution,
but the assessment of the impact of these regulations requires an understanding
of nutrient inputs and losses from land to sea. In this study, we quantified
nutrient inputs in a cross-continental domain (Europe—Africa—Asia) in all regions
discharging into the European seas. We reconstructed the time series for the
1979-2019 periods of high spatial resolution anthropogenic nutrient pressures
including nitrogen atmospheric deposition, mineral fertilizers and organic N and
P fertilizers, N and P from sewer connection, and improved and unconnected
systems from urban and rural populations. We investigated regional differences
and how existing legislation has affected nutrient inputs.
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1. Introduction

Crop production at a global scale has doubled since 2010 to meet the increased food
demand of a growing population (Liu et al., 2014). This increase in crop production has been
made possible by the availability of synthetic fertilizers. With the intensification of animal
breeding activities to adjust for a change in the human diet, large amounts of manure are
produced and spread on arable land, often not based on agronomic criteria but as a means to
dispose of the manure (Bernal et al., 2015; Kéninger et al., 2021). Due to poor management,
large portions of the mineral and manure fertilizers are lost in the environment, severely
affecting air, soil, and water pollution. Leip et al. (2011) reported that only 60% of N applied
to cropland in Europe is removed by crops, while the rest is lost to the environment, and
Van Grinsven et al. (2014) showed that, despite the increase in nitrogen use efficiency in EU
agriculture since 1990, environmental targets have not been reached.

Agriculture is not the only factor responsible for nutrient emissions. Domestic emissions
from human settlements and industries also contribute to significant amounts of nutrient
release into the environment (Jenny et al,, 2016; Macedo et al., 2022). The increase in
population has also resulted in a larger amount of human waste being produced (Lopez
Barrera and Hertel, 2021). While strong regulation is in place in EU274UK to ensure that
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FIGURE 2
Spatial variation of N and P diffuse sources for the years 1980, 2000, and 2019 (Point sources maps in the SI).

crop production, we can observe a generalized decrease in nitrogen  sources, after an increase in western Europe until 2000, there is a
use coinciding with the implementation of the Nitrates Directive  consistent decrease in P use for EU27. Concerning point sources,
and a greening of the Common Agriculture Policy. For P diffuse  emissions are spatially spreading in Spain and Portugal due to the
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FIGURE 3
On the left, spatial variation of changes (%) of N mineral fertilizer (kg/capita) in the year 2019 with respect to 1980, 2000, and 2015. On the right,
spatial variation of changes (%) of N emissions collected in sewerage systems (kg/capita) in the year 2019 with respect to 1980, 2000, and 2015.

Frontiers in Sustainable Food Systems 07 frontiersin.org



Malago and Bouraoui

10.3389/fsufs.2023.1062435

Mediterranena Sea — Adriatic Sea Mediterranena Sea - Adriatic Sea
N inputs from DS (ton) N inputs from PS (ton)
100000
1500000+
75000
§ 1000000 g
é é 50000
z z
5000004 245000
o- T T T T 0 T T T T
1980 1960 2000 2010 1680 1990 2000 2010
Baitic Sea Baltic Sea
N inputs from DS (ton) N inputs from PS (ton)
Ges06
200000
_ 4es00 _ 150000
§ 8
< < 100000
Z 26408 =
50000
M T T T L X 0 ¥ T T
1680 1900 2000 2010 2020 1880 1900 2000
Black Sea and Sea of Marmara Black Sea and Sea of Marmara
N inputs from DS (ton) N inputs from PS (ton)
124074
Ge+054
9.0e+064
e - |
éOONOO é
z z
3064084 2e+05+
00e+001 == - - 0n:001_— . v
1960 1600 2000 1080 1900 2000
Mediterranena Sea - South Levantine Mediterranena Sea - South Levantine
N inputs from DS (ton) N inputs from PS (ton)
20408 04051
& &
Z 1e+00 z
muE ~ mE i
1680 1900 2000 1880 1960 2000 2010
Arv 0= [l NN I N_VAN B N_CON [l N_WP_UNCONEE N_IND
FIGURE 4
Nitrogen inputs (ton) by selected marine regions in the study area. On the left, diffuse sources: ATM_DEP atmospheric deposition, N_MIN nitrogen
mineral fertilizer, and N_MAN nitrogen manure; on the right, point sources: N_CON nitrogen emissions collected in sewerage systems;
N_IMP_UNCON nitrogen emissions from other systems that are not connected from sewerage systems; and N_IND nitrogen contribution from
industrial discharges.

increase in connection rates. A similar pattern is observed for North
Africa and the Middle East (see SI for maps).

Figure 3 represents the change of N mineral fertilizer and N
emissions collected in sewerage systems (kg/capita) in the year 2019
with respect to 2015 (short term), 2000 (medium term), and 1980
(long term). In the short term, N mineral fertilizer increased by
more than 50% in the eastern part of the study area. A similar
pattern is observed in the medium term, but not in the long
term where higher differences are observed in the western part.
Concerning N emissions collected in sewerage systems, there are
long-term negative changes, indicating a reduction of emission
with respect to those of 1980, more marked in the eastern part of
the study area, while no significant differences are observed in the
short term.

Frontiers in Sustainable Food Systems

3.2. Time series of N and P inputs by marine
regions

The annual nitrogen and phosphorus inputs aggregated by
marine regions are reported for selected areas in Figures 4, 5, and
the full plots are available in the SI. The largest amount of total
nitrogen inputs was observed in the Black Sea and Sea of Marmara
(BLK) with inputs around 10 Mton (year 2019), followed by the
Greater North Sea with 9 Mton (year 2019). The largest share of
nitrogen inputs is represented by manure and mineral fertilizers in
all regions except for the Barentsz Sea (BSZ) and the Norwegian
Sea (NOR) where the nitrogen from atmospheric deposition is the
dominant contribution (48 and 43% of total nitrogen inputs for the
year 2019, respectively).
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FIGURE 5
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Phosphorus inputs (ton) by selected marine regions in the study area. On the left, diffuse sources: P_MIN P mineral fertilizer and P_MAN P manure;
on the right, point sources: P_CON P emissions collected in sewerage systems; P_IMP_UNCON P emissions from other systems that are
disconnected from sewerage systems; P_IND P contribution from industrial discharges; and P_DET P emissions from detergents.

In the Adriatic Sea, there is a decrease in the inputs from diffuse
sources after 2010, dominated by the sharp decrease of manure
application with respect to the previous 10 years and an increment
of mineral fertilizers. Point source emissions have also slightly
decreased in the Adriatic Sea region. A similar trend is observed
in the Baltic Sea, with a decrease in N emissions from wastewater
treatment plants due to higher treatment levels and emissions
from unconnected people from the wastewater treatment plant.
Diffuse sources for the period 2010-2019 are in the same range
as those for the year 1995, however, with a different distribution
of sources (decrease of atmospheric deposition and increase of
mineral fertilizers). Inputs of N from diffuse sources have decreased
from 1980 in the Black Sea and Sea of Marmara with a sharp
decrease of atmospheric deposition and N from manure, while
the N mineral fertilization has increased. Point source emissions
have also decreased from 1995, remaining stable until today. For
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the South Levantine (regional discharge sea of the Nile River),
there is a significant increase of N from diffuse sources and
manure N (atmospheric deposition is relatively insignificant), as
well as N inputs from point sources. The highest specific N inputs
from diffuse sources are observed in the Celtic Sea (ACS) and
Greater North Sea (ANS), while N from point sources increased
significantly from 1980 in Med. South Levantine (SLE) to values
larger than 10 kg/ha in 2019 (SI). The same behavior was observed
for P, with an increase of P from point sources in the Southwest
Med. (SWE) both in terms of kg/ha and kg/capita. Due to their
low population density, the Barentsz Sea (BSZ) and Norwegian Sea
regions (NOR) exhibit the highest values in kg/capita.

Concerning phosphorus emission in the Adriatic Sea
(Figure 5), there is a sharp decrease in the amount of mineral
P usage, while manure P is back to the 1980s levels. There is
also a continuous decrease of P emission from point sources

09 frontiersin.org
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and, in particular, P release from unconnected people. There
was a shift from the unconnected to the connected population
in the past 30 years with an increase in the treatment level.
This decrease coincides with the implementation of the UWWT
directive, putting strict regulation on the size of treatment level for
settlements larger than the 2000 population equivalent. We see a
significant decrease in P emissions in the Baltic Sea with a decrease
in all components of point sources. The same was observed for P
diffuse emissions that have decreased with respect to 1980. Similar
behavior was observed in the Black Sea and Sea of Marmara.
Concerning the South Levantine, there was a large increase in
manure P production and a relatively smaller increase in the use
of mineral P. On the other hand, there is a large increase in point
source inputs and emissions from wastewater treatment plants.
The higher connection rate not accompanied by an increase in the
treatment level partly explains this large increase. In addition, it
is important to note the large increase in the population in North
Africa resulting in an overall increase of P domestic emissions.
Phosphorus from domestic emissions connected to sewerage
systems progressively increased in Med. South Levantine (SLE)
and reached a value of around 1.5 kg/ha in 2019. We can also
notice the steady increase in the Alboran Med (ALB) of total point
sources, both in terms of kg/ha and kg/capita. P from unconnected
and improved systems decreased from 1980 to 2019, in almost all
regions (SI).

The N/P ratio increased significantly during the whole period in
the Med. Adriatic Sea (ADR), Med. Ionian Sea (ION), Med. South
Levantine (NLE), and Med. Tyrrhenian Sea (TYR) (refer to SI). In
Med. South Levantine (SLE), N/P from diffuse sources decreased in
the period 1995-2015. Concerning the point sources, the N/P ratio
increased quickly in the last 20 years in all regions except in the
Barentsz Sea (BSZ), Norwegian Sea (NOR), and Med. Tyrrhenian
(TYR). It is noteworthy that albeit the interpretation of the results
should be done with caution as the N:P ratio from the inputs may
not correctly show the limiting nutrient of the system, it indicates a
trend in the mid- to long-term N/P ratio in receiving waters.

3.3. Time series of N and P inputs by
continents

Figure 6 shows the fertilization by major crop type aggregated
by continents (the national time series are provided in the
Supplementary material). There is a steady increase starting in
1960 in N mineral fertilizers in Asia and Africa. For Asia, there
is an increase in the use of mineral P until 2010, followed by
stagnation. In Africa, P fertilizers increased slowly with respect to
other continents, however, in the opposite direction to that of P
removed by crops. It is important to note that for Africa, the N
and P removed by crops significantly exceed the number of applied
nutrients, indicating serious mining of soil fertility. In Asia, the
amount of applied N fertilizer exceeds that removed by crops, while
the amount of applied P is always lower than the amount removed.
For Europe, after an increase of N mineral fertilizer until 1990, there
was a sharp decrease with a tendency to increase during the recent
years. Concerning P, after a steady increase in mineral phosphorus
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use until 1990, there is a constant decrease. Starting in 1990, there
is a balance between N fertilization and N removal, while P removal
increased steadily for the same period.

A national fact sheet, summarizing domestic emissions
from individual systems not connected and connected to
sewage systems, industry, and P-detergents, is provided in the
Supplementary material including the best-fitted curve of the
percentage of connected people; time series 1979-2019 of predicted
connected treated, GDP, urban, and rural population; and N and P
loads by classes of the urban and rural populations.

The annual nitrogen and phosphorus inputs from point
and diffuse sources aggregated by continents are reported in
Figures 7, 8. In the last 10 years in EU-27, diffuse sources
were similar on average as to those of 1980-1995, however,
with a different distribution of sources (decrease of atmospheric
deposition and increase of mineral fertilizers). We also observed
the same pattern for extra-EU. In Asia, N inputs from diffuse
sources were quite stable, but the distribution of sources changed
from 1980 with a sharp increase in mineral fertilizers. In Africa,
there is a significant increase in N from diffuse sources, in
particular, manure and mineral fertilizers, while the contribution
of atmospheric deposition is negligible. N from point sources
also increased significantly from 1980 in Africa, with a rapid
increase of N emissions from wastewater treatment plants and a
decrease of N from unconnected systems. In EU-27, N from point
sources decreased from 1995 to 2010, remaining stable thereafter.
In Asia and extra-EU, N from point sources has been stable
since 1995.

Considering each source of nitrogen input, the specific
atmospheric deposition accounted for a maximum value of 10
kg/ha in EU27, followed by Asia. A progressive decrease in the
atmospheric deposition in kg/capita was observed in each continent
from 1980, except in Africa. In Asia, the nitrogen atmospheric
deposition decreased from 10 kg/capita to 6 kg/capita from 1980 to
2019. We also observed an increase in atmospheric deposition per
unit area in Africa partly due to a rapid rise in population, leading
to an increase in vehicle emissions, burning of waste, and industrial
output. Nitrogen mineral fertilizers increased in Asia both in kg/ha
and kg/capita indicating an intensification of agriculture and maybe
an increase of production higher than the increase in population.
In Africa, the application of mineral fertilizers slowly increased
from 1980 to 2005 but not in kg/capita indicating that agriculture
is intensifying but not as fast as population growth which might
lead to a problem of food shortage in northern Africa. The time
series of nitrogen manure in EU27, extra-EU27, and Asia have
similar behaviors: two peaks were observed in 2000 and 2010 with
a constant value in between. The highest peak in EU27 is around
50 kg/ha. In Africa, nitrogen manure increased both in kg/ha and
kg/capita, indicating a change in diet with the increase in animal
protein intake. Nitrogen from domestic emissions connected to
sewerage systems increased in Africa from around 0.8 kg/capita in
1980 to 2.4 kg/capita in 2019, while the amount of nitrogen from
unconnected and improved systems decreased, due to the increase
of connection to sewerage systems, however, not with the adequate
treatment level. The opposite was observed in EU27 where the
treatment level is increasing, resulting in a decrease in emission
per capita.
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FIGURE 6

Long time series of reconstructed nitrogen and phosphorus mineral fertilization by continent and crops. The black line represents the N and P

Concerning phosphorus inputs, the largest contribution was
observed in EU27 (around 3 Mton in 2019, 60% of total inputs
in the study area) followed by Asia (1 Mton in 2019, 22% of
total inputs), Africa (0.6 Mton in 2019, 11% of total inputs),
and extra-EU (0.4 Mton in 2019). The largest share in the study
area is represented by manure and mineral fertilizers (~60 and
32%, respectively, of total inputs in 2019), while P from domestic
emissions connected to sewerage systems, industry, and detergents
contributed ~4% of total inputs (year 2019). A decrease of P
inputs through diffuse sources occurred in the last 10 years in
EU27, with manure values back to those of the period 1980-
1995 while mineral fertilizers decreased. Similar behaviors were
observed in extra-EU27. In Asia, we observed a decrease of P
from diffuse sources in the last 10 years with values the same as
those of 1980-2015, but with a different distribution of sources
(higher mineral fertilizers). In Africa, P inputs from diffuse sources
significantly increased with a large manure P contribution and
a smaller increase in mineral P. A similar pronounced increase
was observed in Africa for P from point sources. P released
from wastewater treatment plants is the main contributor and
is steadily increasing. A similar trend is observed for discharges
from industries and P-detergents. In EU27, P emission from

Frontiers in Sustainable Food Systems

point sources decreased from 1990. This decrease is particularly
marked for P emission from detergents after 2015, reflecting
the increasing number of countries banning phosphorus-based
detergents in the EU. In Asia, P from point sources remained
stable from 1995. P mineral fertilizer application rate is steadily
decreasing in EU27 due to the saturation of soils with P and
farmers adjusting their fertilization strategy accordingly. In Africa,
the phosphorus fertilizer application rate increased but not in
kg/capita. This implies that agriculture is intensifying, while the
decrease in application per capita shows that the increase in
production is slower than the increase in population. Phosphorus
from detergents (kg/ha or kg/capita) increased significantly from
1980 in Africa and Asia, while it decreased after 2010 in EU27. A
similar behavior was observed in extra-EU27 probably because this
region includes the United Kingdom which withdrew from the EU
in 2020.

N/P of diffuse sources (Figure9) increased significantly
in EU27 and extra-EU27 while they decreased in Africa
until 2015. The ratio of N/P from point sources increased
in all continents and, in particular, in EU27, which is
probably explained by the higher removal rate for phosphorus
than nitrogen.
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FIGURE 7

Nitrogen inputs (ton) by selected continents in the study area. On the left, diffuse sources: ATM_DEP atmospheric deposition, N_MIN N mineral
fertilizer, and N_MAN N manure; on the right, point sources: N_CON N emissions collected from sewerage systems; N_IMP_UNCON N emissions
from other systems that are disconnected from sewerage systems; and N_IND N contribution from industrial discharges.

4. Discussion

The time series analysis of inputs clearly showed the
effectiveness of the UWWTP directive in reducing the amount
of N and P from point sources in Europe compared to
the other regions. This was also observed by Bouraoui and
Grizzetti (2011) analyzing the change of nutrient pressure from
point sources in the period 1990-2005, as well as by Oecnema
et al. (2011) who pointed out how by the end of 2005, the
wastewater collecting system was in place for the 93% of the
total pollution load in Europe. In Africa, we observed instead
a strong increase of nutrient point source emissions from 1980.
This is also the case in the South Levantine marine region,
where N and P inputs from wastewater treatment plants increased
exponentially from 1980 due to a higher connection rate of
a growing population, however, with a low level of treatment

Frontiers in Sustainable Food Systems

(Haddaoui and Mateo-Sagasta, 2021). In particular, Wahaab and
Badawy (2004) report that all the existing sewage treatment
plants in the Nile River need improvements since the plants
receive large amounts of wastewater due to excessive household
water consumption and leakage from the systems estimated
around 70%.

It is noteworthy how the banning STP in detergents has a
positive effect in reducing P inputs in the countries where the
ban is applied. The Air Quality Directive also seems to have an
impact on reducing nitrogen inputs in Europe, in particular, in the
Baltic Sea and Black Sea marine regions. This is in accordance with
Erisman et al. (2011) who highlighted how the emissions of NOx in
the EU-27 have decreased on average by about 31% between 1990
and 2005. We also observed a reduction of manure application in
Europe in the last decade showing the effectiveness of the Nitrates
Directive and, in particular, how Member States have efficiently
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FIGURE 8
Phosphorus inputs (ton) by selected continents in the study area. On the left, diffuse sources: P_MIN P mineral fertilizer and P_MAN P manure; on
the right, point sources: P_CON P emissions collected in sewerage systems; P_IMP_UNCON P emissions from other systems that are disconnected
from sewerage systems; P_IND P contribution from industrial discharges; and P_DET P emissions from detergents.

implemented Action Programmes that include restrictions on the
quantity, timing, and location of application of fertilizers, setting
a maximum limit of application of manure to 170kg N/ha (or
derogation asked by Member States).

However, the asynchronous timing of these legislations
addressing point and diffuse sources could lead to asynchronicity
in the response of riverine concentration to mitigation measures.
Indeed, there is now strong evidence of the apparent disconnection
across time between management actions and N or P concentration
reduction in aquatic ecosystems (Ascott et al, 2021). This
highlights the need to advocate the integration of legacy storage
dynamics and time lags into policymaking. This is further
exacerbated by the alterations of the N:P ratio in emissions due to
human activities (from point sources and diffuse sources) during
the past 40 years.

Frontiers in Sustainable Food Systems

In this context, the need for a harmonization of nutrient
regulations across continents seems necessary. Indeed, the existing
regulation has halted the increase of nutrient emission in EU27;
however, a similar trend was not observed in non-EU27 countries,
in particular, for countries bordering the Mediterranean Sea. To
be effective, the implementation of the Barcelona Convention
(and other conventions) requires joint efforts across continents
to control nutrient emissions into the seas in order to protect
and restore the ecosystems. For that reason, at the end of
2021, contracting parties to the Barcelona Convention signed a
declaration endorsing a new strategy from 2022 to 2027 to achieve a
healthy, clean, sustainable, and climate-resilient Mediterranean Sea
in line with the European Green Deal.

The harmonization of nutrient regulations should consider
the regional differences in the N and P inputs considering the
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N/P ratio for N inputs by continents. DS: diffuse sources; PS: point
sources.

specific characteristics of the territory (soil type, climate, and
topography), as well as the agriculture practices, fate and efficiency
of N and P inputs, and legacy. The major challenge will be to
control nutrient emissions without affecting crop production, in
particular, in developing countries. However, this challenge is not
unsurmountable, and better use of manure and wastewater could
help maintain or boost agricultural production, reducing pressure
on the environment.

5. Conclusion

The study quantified the impact of EU nutrient policy
implementation analyzing reconstructed time series of nutrient
inputs in the 1979-2019 period. This research expands the previous
work of Malago and Bouraoui (2021) and provides new evidence
for effective nutrient pollution control. The reconstructed high
spatial resolution anthropogenic nutrient pressures include long
time series across 40 years of nitrogen atmospheric deposition,
mineral fertilizers and organic N and P fertilizers, N and P from
sewer connection, and improved and unconnected systems from
the urban and rural populations.
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The study showed the positive effects of the UWWTP
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diffuse sources. However, it also showed the asynchronous
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ensure that all neighboring territories contribute to the effort
of reduction.
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