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Abstract. Phosphorus (P) surplus in soils significantly contributes to the eutrophication and degradation of water quality in

surface waters worldwide. Despite extensive European regulations, elevated P levels persist in many water bodies across the

continent. Long-term annual data on soil P surplus are essential to understand these levels and guide future management

strategies. This study reconstructs and analyzes the annual long-term P surplus for both agricultural and non-agricultural soils

across Europe at a 5 arcmin (≈ 10 km at the equator) spatial resolution from 1850 to 2019. The dataset includes 48 P surplus5

estimates that account for uncertainties arising from different methodological choices and coefficients in major components

of the P surplus. Our results indicate substantial changes in P surplus magnitude over the past 100 years, underscoring the

importance of understanding a long-term P surplus. Specifically, the total P surplus across the EU-27 has tripled over 170

years, from 1.19 (±0.28) kg ha−1 yr−1 in 1850 to around 2.48 (±0.97) kg ha−1 yr−1 in recent years. We evaluated the plau-

sibility and consistency of our P surplus estimates by comparing them with existing studies and identified potential areas10

for further improvement. Notably, our dataset supports aggregation at various spatial scales, aiding in the development of

targeted strategies to address soil and water quality issues related to P. The P surplus reconstructed dataset is available at

https://doi.org/10.5281/zenodo.11351028.

1 Introduction

Phosphorus (P), an essential nutrient for plant growth, presents a paradox: while agricultural soils contain large P reserves,15

these are largely inaccessible to plants, necessitating external inputs in organic or inorganic forms (Panagos et al., 2022a; Wang

et al., 2015; Zou et al., 2022). Since the 1920s, agricultural intensification in Europe, characterized by increased use of P

mineral fertilizers, has resulted in significant P accumulation in soils (Einarsson et al., 2020). This accumulation exceeds the

immediate needs of plants, leading to excess P or P surplus with significant environmental impacts, including water quality

degradation, harm to human health, and threats to biodiversity (Muntwyler et al., 2024; Wu et al., 2022; Guejjoud et al., 2023;20

Brownlie et al., 2022; Schoumans et al., 2015). Excessive P inputs to the environment are recognized as one of the greatest

threats to planetary boundaries, underlining the urgent need to reduce them (Muntwyler et al., 2023; Steffen et al., 2015).

In response, the European Union (EU) has enacted directives aimed at P surplus mitigation, including the Water Framework

Directive (Directive 2000/60/EC) (European Commission, 2000), the Urban Waste Water Treatment Directive (Bird, 1992),
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and the recent Farm to Fork Strategy (European Commission) as part of the EU Green Deal (European Commission, 2019).25

These initiatives face the challenge of P legacies that is, accumulated P surplus in soil that is not immediately available for

plant uptake and that is responsible for high P levels in the environment despite reductions in P inputs. P legacies not only

increase the risk of eutrophication but also represent a significant untapped secondary P resource that could reduce reliance on

primary P mineral fertilizers (Pratt and El Hanandeh, 2023; Brownlie et al., 2022). The finite and unevenly distributed nature of

geological P deposits, with key producers like China, the USA, Russia, and Morocco generating 60% of global output (Ritchie30

et al., 2022; Schoumans et al., 2015), further underscores the importance of optimizing the use of legacy P resources.

A comprehensive understanding of the long-term P surplus is therefore critical to understanding these P legacies, which

is essential for improving future land and water management practices. Existing databases covering the European domain

provide P budgets (the difference between P inputs and outputs), but are often constrained by limited temporal coverage

or low spatial resolution and focus only on agricultural areas comprising cropland and/or pasture. Specifically, FAOSTAT35

Ludemann et al. (2023) and Zou et al. (2022) offer global annual P budgets for croplands from 1961-2020 across over 200

countries, assessing P budgets as the difference between P inputs (mineral fertilizer, animal manure, seeds) and P outputs (crop

P removal). Ringeval et al. (2024) enhance this analysis by providing a granular global dataset of agricultural P flows from

1900 to 2018 at a 0.5◦ gridded spatial resolution. At the European level, Muntwyler et al. (2023) offer current (2011-2019

average) and future projections (2020-2029 and 2040-2049) of P budgets in agricultural soils at a higher spatial resolution of40

1 km2. Similarly, Panagos et al. (2022a) provide the agricultural P budget for the EU27 and the UK, averaging 2011-2019 data

at NUTS (Nomenclature of Territorial Units for Statistics) 2 (regional scale) and country scale, while Einarsson et al. (2020)

present the agricultural P budget for the EU28 for 2013 at the NUTS-2 level. Additionally, there are subnational P budgets

available for some countries, such as France (Guejjoud et al., 2023), Poland (Kopiński et al., 2006), Sweden (Bergström et al.,

2015), and Turkey (Özbek, 2014). Summaries of P budgets and their components in existing studies are provided in Table 245

and Table 3, which also shows that different databases consider different components of the P surplus budget.

Nutrient budgets tend to have large uncertainties (Zhang et al., 2021; Ludemann et al., 2023). Uncertainties in P budgets

can stem from limited knowledge about the distribution of mineral fertilizers and animal manure on cropland and pasture and

about the P removal coefficients, among other factors (Ludemann et al., 2023). As a result, the difference studies of Table 2 and

Table 3 adopted different schemes to allocate mineral fertilizer and animal manure to cropland and different coefficient values.50

However, uncertainties are generally not considered in past studies (Tables 2 and 3). Additionally, previous studies (Zou et al.,

2022; Ludemann et al., 2023) developing long-term, country-scale nutrient budgets did not consider P inputs from atmospheric

deposition and chemical weathering and excluded fodder crops (e.g., alfalfa, green maize), potentially underestimating nutrient

removal in various European countries (Panagos et al., 2022a).

To address these limitations, we present here a database of yearly long-term phosphorus (P) budgets, termed “P surplus” -55

defined as the difference between P inputs (mineral fertilizer, animal manure, atmospheric deposition and chemical weathering)

and P removals (crop and pasture removals), covering both agricultural (cropland and pastures) and non-agricultural soils at a 5

arcmin (1/12◦; approximately 10 km at the equator) spatial resolution from 1850 to 2019 across Europe. Our dataset quantifies

uncertainties arising from methodological choices in major P surplus components, such as mineral fertilizer and animal manure
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distribution to cropland and pasture and crop removal coefficients. The dataset integrates information at various spatial levels60

(country and grid level) to construct the different P surplus components. The importance of constructing a long-term dataset

is underscored by the large changes in P surplus magnitude over the past 100 years. Additionally, we account for P surplus

in non-agricultural areas, which, although decreased threefold over a century (from 15% around 1850 to 5% in recent years)

across the EU-28 from our estimates, might still play an important role in countries with higher proportions of non-agricultural

areas, such as those in Northern Europe. We therefore specifically integrate atmospheric deposition and chemical weathering65

to provide a more complete picture of P surplus. Our dataset characterizes soil surplus P budget, analogous to the nitrogen (N)

surplus budget at the soil surface (Oenema et al., 2003). With the gridded database provided here, we provide the flexibility to

aggregate the P surplus at any spatial scale relevant to the design of land and water management strategies. We also investigate

the consistency and plausibility of our P surplus estimates by comparing them against existing P budget datasets (Ludemann

et al., 2023; Zou et al., 2022; Lun et al., 2018; Guejjoud et al., 2023; DEFRA, 2022; Verbič and Sušin, 2022; Eurostat, 2024;70

Einarsson et al., 2020). We further discuss possible avenues for a comprehensive characterization of uncertainty in the P surplus,

with our reconstruction methodology paving the way for exploring alternative assumptions in P surplus estimates. Notably, our

P surplus dataset has been developed consistently with the recently published long-term, N surplus dataset (Batool et al., 2022),

enabling joint analysis of N and P budgets across Europe, thereby facilitating holistic nutrient management studies.

2 Methods and Datasets75

Here, we describe our approach to reconstruct a long-term yearly time series for the components of phosphorus (P) surplus

on a 5 arcmin grid from 1850 to 2019 (refer to the detailed workflow in Figure 1). We gathered and standardized a variety

of databases covering different periods (1850–1960, 1961–2019, and the year 2000), at varying intervals (snapshots, decadal,

yearly), and across different spatial scales (gridded data, national averages, global level trends). We ensured that the uncer-

tainties arising from methodological differences and coefficient values were incorporated for key components of P surplus.80

Consequently, we generated 48 gridded datasets of P surplus by combining two fertilizer estimates, six animal manure esti-

mates, and two cropland and two pasture P removal estimates.

We used FAOSTAT (Food and Agriculture Organization Corporate Statistical Database) (FAOSTAT, 2024) country-level

data, which provides a comprehensive dataset for various variables, such as animal manure and mineral fertilizer and covers

the period during 1961-2019 worldwide. Additionally, we incorporated the recent dataset from Ludemann et al. (2023), which85

spans 1961 to 2019 and includes information on the allocation of mineral fertilizer and animal manure to cropland. While

FAOSTAT provides data on total agricultural areas using national statistics, Ludemann et al. (2023) derives cropland estimates

by integrating FAOSTAT with Eurostat and various national datasets specific to European countries. We also considered the

distribution patterns of mineral fertilizer and animal manure to cropland from Zou et al. (2022), which, while using major

datasets from FAOSTAT, offers detailed insights into the application of P fertilizer across different crop types. Additionally,90

we employed the previously reconstructed gridded database by Batool et al. (2022) to account for land use (both agricultural

and non-agricultural), crop-specific harvested areas, and crop production for both fodder and non-fodder crops.
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In the following sections, we first outline the definition of P surplus in both agricultural and non-agricultural soils. Next, we

present a summary of the methodology used to reconstruct land use types, including agricultural land, namely cropland and

pasture, and non-agricultural land, namely non-vegetated areas, semi-natural vegetation, forest and urban, and crop-specific95

harvested areas for non-fodder and fodder crops. We refer to Batool et al. (2022) for the detailed methodologies. Finally,

we describe the steps employed to reconstruct P inputs—including fertilizer, manure, atmospheric deposition, and chemical

weathering—and P outputs, focusing on P removal from cropland and pastures.

2.1 P surplus

We calculated P surplus as the difference between P inputs and outputs (Ludemann et al., 2023; Zou et al., 2022). The to-100

tal P surplus is composed of contributions from both agricultural (cropland and pasture) and non-agricultural areas (semi-

natural vegetation, forest, non-vegetated regions, and urban areas), as described in equation (1) (with all variables expressed in

kg ha−1 yr−1):

Surpsoil(i,y) = Surpagri(i,y) +SurpNonAgri(i,y) (1)

Here, i represents the grid cell; y indicates the year; Surpsoil is the total P surplus; Surpagri is the P surplus from agricultural105

areas; and SurpNonAgri is the P surplus from non-agricultural areas. The following sections elaborate on the components of P

surplus.

2.1.1 P surplus in agricultural soils

P surplus in agricultural soils includes the surplus from cropland (Surpcr) and pasture (Surppast). The surplus in these areas is

determined by the difference between inputs to cropland and pasture (Inpcr and Inppast) from mineral fertilizers (FERTcr and110

FERTpast), animal manure (MANcr and MANpast), chemical weathering (CWcr and CWpast), and atmospheric deposition

(DEPcr and DEPpast), against outputs from harvested crops (Remcr) and animal grazing and cutting of grass(Rempast). These

relationships are represented by equations (2–8) (all variables are in kg ha−1 yr−1):

Surpagri(i,y) = Surpcr(i,y) +Surppast(i,y) (2)

Surpcr(i,y) = Inpcr(i,y)−Outcr(i,y) (3)115

Inpcr(i,y) = FERTcr(i,y) +MANcr(i,y) +DEPcr(i,y) +CWcr(i,y) (4)

Outcr(i,y) = Remcr(i,y) (5)

Surppast(i,y) = Inppast(i,y)−Outpast(i,y) (6)

Inppast(i,y) = FERTpast(i,y) +MANpast(i,y) +DEPpast(i,y) +CWpast(i,y) (7)

Outpast(i,y) = Rempast(i,y) (8)120
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2.1.2 P surplus in non-agricultural soils

P surplus in non-agricultural soils (SurpNonAgri) includes contributions from forests (SurpFor), semi-natural vegetation (SurpNatVeg),

urban areas (SurpUrban), and non-vegetated regions (SurpNonVeg). In forested areas, P surplus is calculated from inputs such

as chemical weathering (CWFor) and atmospheric deposition (DEPFor). For semi-natural vegetation, P surplus is derived from

inputs through atmospheric deposition (DEPNatVeg) and chemical weathering (CWNatVeg). In urban and non-vegetated areas,125

P surplus is determined by inputs from atmospheric deposition and chemical weathering, denoted by (DEPUrban, CWUrban,

DEPNonVeg, and CWNonVeg). These relationships are outlined in equations (9–13) (all variables are in kg ha−1 yr−1):

SurpNonAgri(i,y) = SurpFor(i,y) +SurpNatVeg(i,y) +SurpNonVeg(i,y) +SurpUrban(i,y) (9)

SurpFor(i,y) = DEPFor(i,y) +CWFor(i,y) (10)

SurpNatVeg(i,y) = DEPNatVeg(i,y) +CWNatVeg(i,y) (11)130

SurpNonVeg(i,y) = CWNonVeg(i,y) +CWNonVeg(i,y) (12)

SurpUrban(i,y) = CWUrban(i,y) +CWUrban(i,y) (13)

2.2 Land use types

We gathered a series of datasets to generate annual estimates of agricultural and non-agricultural areas. Within agriculture,

we considered cropland (fodder and non-fodder crops) and pasture land. These estimates are crucial for reconstructing the135

P surplus, particularly in deriving crop-specific fertilizer application rates and the allocation of animal manure and mineral

fertilizer to cropland and pastures. We refer to Batool et al. (2022) for detailed steps and equations for the reconstruction of

land use types. Below, we provide a summary.

2.2.1 Reconstruction of the agriculture area (cropland and pasture)

Cropland is land used for the purpose of growing crops, including arable crops and land under permanent crops (FAOSTAT,140

2021b; Ramankutty et al., 2008). Pasture area is the land under permanent meadow and pasture (FAOSTAT, 2021b). To derive

the spatial distribution at the gridded scale, we used the Ramankutty et al. (2008) dataset, which provides gridded 5-arc minute

estimates of agricultural area (cropland and pasture) for the year 2000. The temporal variation in cropland and pasture area was

derived from the History Database of the Global Environment (HYDE version 3.2) (Goldewijk et al., 2017), which provides

global decadal values from 1700 to 2000 and annual values from 2000 to 2017. We generated annual time series for cropland145

and pasture areas for 1850–2019 utilizing linear interpolation for the decadal estimates. These values were normalized to the

year 2000 to maintain the spatial distribution from Ramankutty et al. (2008) while accounting for annual temporal changes

from HYDE.

We harmonized our reconstructed cropland and pasture areas with FAOSTAT data available at country-level, which provides

consistent information from 1961–2019. To harmonize, we calculated ratios at the country-level to adjust our gridded estimates150

to match FAOSTAT data. Specifically, the ratio for the respective land area (cropland/pasture) was calculated as the land
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area (cropland/pasture) reported by FAOSTAT divided by the sum of our gridded land area (cropland/pasture) estimates for

each country and year. We then applied these ratios to our gridded database to ensure that the country-level totals match the

FAOSTAT data for the period 1961–2019. For years prior to 1961, we used the same ratios as of 1961 to maintain consistency.

In cases where FAOSTAT data were not available before 1992 (e.g., for Estonia, Croatia, Lithuania, Latvia, and Slovenia),155

we used the ratios from the year 1992 for the period 1850–1991. For countries like Luxembourg and Belgium, and Slovakia

and Czech Republic, which were reported as single entities in historical records, we used combined ratios for the respective

periods. Finally, we derived agricultural areas by combining the reconstructed gridded cropland and pasture areas. We ensured

physical consistency by checking that the agriculture area in a grid cell did not exceed the total area of the grid cell.

2.2.2 Reconstruction of the non-agriculture area160

The non-agricultural area in a grid cell was calculated as the remaining area after allocating cropland and pasture areas. We

used the Global Land Cover (GLC) (Bartholomé and Belward, 2005) dataset for the year 2000 to classify land cover into

categories such as semi-natural vegetation, forest, non-vegetation, and urban areas. The proportions of these categories were

then applied to the non-agricultural area to estimate their annual development from 1850 to 2019.

2.2.3 Reconstruction of crop-specific harvested area165

We acquired gridded crop-specific harvested areas from Monfreda et al. (2008) for 175 different crops representing the year

2000. Among these, we selected 17 major non-fodder crops for which mineral fertilizer application rates are available (Heffer,

2013) and which are widely grown across Europe, as well as six fodder crop categories. Below we provide a more detailed

overview on the selected crops (see also Table 4). To generate annual time series of crop-specific harvested areas, we applied

the temporal dynamics of cropland area to the Monfreda et al. (2008) dataset. For non-fodder crops, we then harmonized170

these estimates with FAOSTAT data at the country level. For fodder crops, we utilized country-level data from Einarsson

et al. (2021), available from 1961 to 2019 for 26 European countries. This dataset includes six fodder crop categories namely:

temporary grassland, lucerne, other leguminous plants, green maize, root crops (forage beet, turnip etc.) and other fodder

plants harvested from cropland. For the period 1850–1960, we applied the temporal dynamics of reconstructed cropland areas

to estimate fodder crop areas. We filled data gaps for certain countries by extrapolating ratios from neighboring countries or175

using aggregated ratios from similar regions.

2.3 P Inputs

Our estimates of P inputs include mineral fertilizer, animal manure, atmospheric deposition, and chemical weathering for both

agricultural and non-agricultural soils at a gridded scale between 1850- 2019.
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2.3.1 Mineral fertilizer180

The quantity of fertilizer used on croplands and pastures is generally calculated based on application rates that vary across

specific crops and pastures (West et al., 2014; Lu and Tian, 2017). Sattari et al. (2016) emphasized the need to consider the P

cycle in pastures and its connection to croplands. Phosphorus (P), like nitrogen (N), is a major limiting nutrient in agriculture.

It is taken up by plants from croplands and is also removed from pastures through grazing, requiring replacement through

inputs such as mineral fertilizer and animal manure to sustain crop and grass production (Sattari et al., 2012). Despite this,185

there is considerable uncertainty concerning how fertilizer is distributed between croplands and pastures (Zhang et al., 2021).

To estimate these uncertainties, we generated two gridded estimates for fertilizer application by employing two distinct sets of

application rates for croplands and pastures, which were then used to refine the country-level fertilizer data to a gridded format.

2.3.2 Country-level fertilizer applied to soil

For the period 1961 to 2019, we utilized FAOSTAT (FAOSTAT, 2023b) dataset on fertilizer applied to agricultural soils avail-190

able at country-level. FAOSTAT provides P fertilizer inputs for agricultural use in the form of phosphate (P2O5), which we

converted to elemental phosphorus (P) using a molar mass conversion ratio of 0.436.

For countries without data before 1992, such as Lithuania, Croatia, Latvia, Estonia, Ukraine, and Belarus, we estimated

P fertilizer application (PferMissingEastEU
(kg yr−1)) during 1961–1991 by applying the temporal dynamics of Eastern

European countries with available data (Czechoslovakia, Hungary and Bulgaria), as shown in Equation (14):195

PferMissingEastEU
(u,y1961−1991) =

PferEastEU
(y1961−1991)

PferEastEU
(y1992)

×PferMissingEastEU
(u,y1992) (14)

where u is country; PferEastEU
(kg yr−1) represents the total fertilizer application for Czechoslovakia, Hungary and

Bulgaria. Additionally, Belgium and Luxembourg are reported as a single entity in FAOSTAT from 1961 to 1999, with separate

country estimates available from 2000 onward. Similarly, Czechia and Slovakia are reported together under Czechoslovakia

from 1961 to 1992. Before 2000 for Belgium and Luxembourg, and before 1993 for Czechia and Slovakia, we applied the200

historical dynamics of the combined entities.

For the period 1850–1960, FAOSTAT data were unavailable. Based on previous studies (Lu and Tian, 2017; Holland et al.,

2005), we assumed no fertilizer application to agricultural soils from 1850 to 1920. For 1920–1960, we used temporal changes

from Holland et al. (2005), which provide global fertilizer production estimates from 1925 to 1960. Data for 1920 to 1924

were interpolated linearly, assuming zero fertilizer in 1920 and using estimates from 1925. The global temporal dynamic was205

then applied across all countries in our study domain from 1920 to 1960, proportionally to their 1961 estimates. The completed

annual country-level fertilizer data are referred to as Pfersoil(u,y1850−2019) (kg yr−1).

2.3.3 Allocation of fertilizer to croplands and pastures

To convert the annual fertilizer amounts at the country level to grid-level distributions for croplands and pastures, we em-

ployed two distinct application rate sets to address uncertainties in the spatial patterns of fertilizer distribution within each210
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country. Initially, we determined country-specific fertilizer application rates for various crops and grassland using data from

the International Fertilizer Industry Association (IFA; https://www.ifastat.org). These rates were adjusted using two alternative

methodologies, detailed in the following sections.

We sourced country-level data on fertilizer usage for grassland and different crop types (Pfergrass and Pfercrops, respec-

tively, measured in kg yr−1) from the IFA for 2014-2015 (Heffer, 2013). The IFA provides national-level rates for phosphorus215

fertilizer use in the form of P2O5 across 13 crop categories. For our analysis, we used IFA data corresponding to 17 non-fodder

crops and 6 fodder crops. The non-fodder crops include cereals (wheat, maize grains and silage, rice, millet, rye, oats, sorghum,

barley, triticale, and buckwheat), oil seeds (soybeans, rapeseed, sesame, and sunflower seeds), roots and tubers (potatoes) and

sugar crops (sugar beet). The fodder crops include grasslands, covering temporary and permanent grasslands and pastures

for silage, hay, and grazing. For crops not explicitly specified by the IFA, such as pulses, we assumed fertilizer applications220

equivalent to those for soybeans, as both are leguminous crops. We converted IFA fertilizer application rates to phosphorus

by applying a conversion factor of 0.436, as per equation 15. It is important to note that the IFA provides data on phosphorus

fertilizer usage at the EU-28 level rather than for individual European countries, alongside figures for Belarus, Russia and

Ukraine.

We calculated fertilizer application rates by combining IFA fertilizer usage data with FAOSTAT’s crop and grassland harvest225

area figures (Acrops and Agrass in hectares), respectively. Grassland areas encompass temporary grasslands, which fall under

the six fodder crop categories we examined, as well as permanent pastures. This enabled us to derive country-specific fertilizer

application rates for individual non-fodder crops (PfercropsRate
(kg ha−1 of crop harvested areas yr−1)) and grasslands

(PfergrassRate
(kg ha−1 of grassland areas yr−1)), as illustrated in equations (16–17):

Pfercrops(u,c,y2015) = P2O5fercrops(u,c,y2015)× 0.436 (15)230

PfercropsRate
(u,c,y2015) =

Pfercrops(u,c,y2015)
Acrops(u,c,y2015)

(16)

PfergrassRate
(u,y2015) =

Pfergrass(u,y2015)
Agrass(u,y2015)

(17)

where u is country; c is non-fodder crop; y2015 is the base year 2015.

For pastures and all six fodder crops, the fertilizer application rates were set to match those of grasslands, as indicated in

equation (17). For countries not included in the IFA dataset, we used the EU-28 average fertilizer application rates for individual235

crops and pastures similar to Batool et al. (2022).

To capture spatial variations, we applied the country-level fertilizer rates for non-fodder crops (PfercropsRate
) and grass-

lands (PfergrassRate
) (kg ha−1 yr−1) to gridded areas of non-fodder crops, pastures, and fodder crops (CAcrops , CApast , and

Afodder respectively, (ha)) over the period from 1850 to 2019. This approach provided annual fertilizer application amounts for

each crop type (non-fodder and fodder), pastures, and the overall total (Pfercrops, Pferfodder, Pferpast, Pfersoil, respectively240
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(kg yr−1)) for each grid cell, as summarized in equations (18–21):

Pfercrops(i,c,y1850−2019) = PfercropsRate
(u,c,y2015)×CAcrops(i,c,y1850−2019) (18)

Pferpast(i,y1850−2019) = PfergrassRate
(u,y2015)×CApast(i,y1850−2019) (19)

Pferfodder(i,c,y1850−2019) = PfergrassRate
(u,y2015)×Afodder(i,c,y1850−2019) (20)

Pfersoil(i,y1850−2019) =
nc∑

c=1

Pfercrops(i,c,y1850−2019) +Pferpast(i,y1850−2019) +
nc∑

c=1

Pferfodder(i,c,y1850−2019)

(21)

245

Next, the fertilizer application totals (as computed in equation (21)) were adjusted to ensure consistency with the country-

level fertilizer amounts applied to soil during 1850 – 2019, as reconstructed in earlier steps (Pfersoil (kg yr−1)). This involved

calculating an adjustment factor (a ratio) of the country-level fertilizer amount to the aggregated gridded fertilizer amount. The

derived ratio was then applied to the fertilizer application rates of individual crops and grasslands (PfercropsRate
(kg ha−1 of

crop harvested areas yr−1) and PfergrassRate
(kg ha−1 of grassland areas yr−1), respectively), leading to adjusted fertilizer250

application rates for crops and grasslands (CPfercropsRate
(kg ha−1 of crop harvested areas yr−1) and CPfergrassRate

(kg ha−1

of grassland areas yr−1), respectively), as given by equations (22–23):

CPfercropsRate
(u,c,y1850−2019) = PfercropsRate

(u,c,y2015)×
Pfersoil(u,y1850−2019)∑nu

i=1 Pfersoil(i,y1850−2019)
(22)

CPfergrassRate
(u,y1850−2019) = PfergrassRate

(u,y2015)×
Pfersoil(u,y1850−2019)∑nu

i=1 Pfersoil(i,y1850−2019)
(23)

To distribute the fertilizer application amounts between croplands and pastures, we employed two distinct sets of appli-255

cation rates to address methodological uncertainties. The first approach utilized IFA-derived application rates, which were

subsequently adjusted using equations (22) and (23). The second approach involved further refining these rates to reflect the

partitioning data provided by (Ludemann et al., 2023). According to Ludemann et al. (2023) data, a majority of the countries

apply 100% of their fertilizer to croplands. This percentage differs for a few European countries, the proportions are as follows:

90% for Austria, Finland, France, Germany, the Netherlands, and Poland; 70% for Slovenia, Switzerland, the United Kingdom,260

and Luxembourg; and 30% for Ireland.

Ultimately, using both sets of fertilizer application rates, we calculated the gridded fertilizer quantities applied to croplands

and pastures (Pfercr and Pferpast in kg yr−1, respectively), using the gridded areas of non-fodder crops, fodder crops, and

pastures. In the first method, employing the application rates from equations (22) and (23), the equations are formulated as

follows:265

Pfercr(i,y1850−2019) =
nc∑

c=1

(CPfercropsRate
(u,c,y1850−2019)×CAcrops(i,c,y1850−2019))

+
nc∑

c=1

(CPfergrassRate
(u,y1850−2019)×Afodder(i,c,y1850−2019)) (24)

Pferpast(i,y1850−2019) = CPfergrassRate
(u,y1850−2019)×CApast(i,y1850−2019) (25)

9

https://doi.org/10.5194/essd-2024-294
Preprint. Discussion started: 9 August 2024
c© Author(s) 2024. CC BY 4.0 License.



In the second method, the fertilizer application rates in equations (24) and (25) (CPfercropsRate
and CPfergrassRate

) were

replaced with adjusted rates derived from Ludemann et al. (2023).270

For each method, the total gridded fertilizer amount applied to the soil was calculated by summing the fertilizer used

for croplands and pastures. This process yielded two distinct datasets reflecting methodological uncertainties in the spatial

distribution within a country, while maintaining consistent country-level totals across both datasets.

2.3.4 Animal manure

Phosphorus (P) excretion by livestock, commonly referred to as manure production, is typically estimated using both P excre-275

tion rates and livestock number data. In the following, a detailed methodology of livestock numbers construction in the period

1850-2019 is first explained, which is then used to derive P manure production using P excretion coefficients based on previous

studies (Sheldrick et al., 2003; Lun et al., 2018) (see Table 1). The resulting manure can be managed in various ways, such as

being left on pasture or collected, stored, and subsequently applied to cropland and pasture soils. Given the absence of specific

phosphorus (P) data, we used nitrogen (N) data from FAOSTAT (FAOSTAT, 2022) and Einarsson et al. (2021) as proxies280

for estimating P manure applied to soil. From these two datasets, we employed three different methodologies for distributing

animal manure to cropland and pastures, resulting in a total of six estimates of P inputs from animal manure.

2.3.5 Country-level livestock counts

Initially, we utilized the FAOSTAT dataset to obtain country-level data on livestock counts (numbers) for eleven animal cate-

gories (asses, camels, cattle, chickens, goats, mules, sheep, pigs, buffaloes, ducks, and horses) from 1961 to 2019 (FAOSTAT,285

2022). To extend this dataset back to 1850, we referred to historical data from Mitchell (1998), which provided livestock counts

for different animal categories in East and West Europe from 1890 to 1998 at ten-year intervals. We combined these continental

datasets to form a comprehensive European dataset. We then generated the annual time series of the livestock counts for Europe

for the period 1890 – 1960 using linear interpolation between every two ten-year estimates.

For the pre-1890 period (1850–1889), we inferred livestock numbers by associating them with the animal manure produc-290

tion dataset of (Zhang et al., 2017). This dataset is derived using the spatial distribution of livestock counts from the Global

Livestock Impact Mapping System (GLIMS) (Robinson et al., 2014) and IPCC N excretion coefficients at a 5 arcmin spatial

resolution for the time period 1860 – 2014. Since Zhang et al. (2017) dataset does not provide information before 1860 or after

2015, we extrapolated the 1860 data backward to 1850 and assumed constant manure production for this decade. Specifically,

we calculated the ratio of animal manure production (Rman (-)) for 1850-1889 relative to 1890 and applied this to estimate295

livestock numbers:

Rman(u,y1850−1889) =
man(u,y1850−1889)

man(u,y1890)
(26)

L(u, l,y1850−1889) = Rman(u,y1850−1889)×L(u, l,y1890) (27)
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Here, l is the livestock category. Rman(-) represents the ratio of animal manure production between 1850–1889 and the

base year 1890. L(u, l,y1850−1889) is the estimated livestock number, adjusting earlier data to align with known values from300

1890. For unaccounted three animal categories in Mitchell (1998) (chickens, camels, and ducks), we calculated the manure

production ratio (Rman(-)) relative to the first year with available data from FAOSTAT i.e. for the year 1961 instead of 1890.

This process allowed us to create a comprehensive time series of all eleven livestock categories across Europe from 1850 to

2019.

2.3.6 Spatial distribution of livestock counts305

To spatially distribute livestock numbers, we employed the Gridded Livestock of the World database (GLW3) for the year

2010, which offers global livestock density data at a 5 arcminute resolution (Gilbert et al., 2018). For species like mules, not

directly covered in GLW3, we proportionally allocated their numbers based on the distribution of similar animals (sheep or

goats), a method supported by previous studies (Vermeulen et al., 2017). We then aggregated this gridded data to the country

level, establishing a weighted ratio (Wratio) (-) for each livestock category within each grid cell as given in equation 28.310

Subsequently, we applied these weighted ratios to disaggregate the country-level livestock time-series, yielding annual, gridded

dataset of livestock numbers during 1850-2019 as in equation 29:

Wratio(i, l,y2010) =
LGLW (i, l,y2010)∑nu

i=1 LGLW (i, l,y2010)
(28)

L(i, l,y1850−2019) = L(u, l,y1850−2019)×Wratio(i, l,y2010) (29)

where LGLW is livestock number provided by GLW3; i is grid cell; y2010 is the base year 2010; Wratio(i,y2010) is the315

weighted ratio of livestock numbers per grid cell to total country (u) level.

2.3.7 P manure production

After deriving the gridded livestock counts during 1850-2019, we estimated P manure production (Pman) (kg head−1 yr−1)

for each individual animal categories by multiplying the livestock count (L) (head) calculated in equation 29 with the P manure

excretion coefficient (see Table1) (Pcoeff ) (kg head−1 yr−1) as expressed in equation 30.320

Pman(i, l,y1850−2019) = L(i, l,y1850−2019)×Pcoeff (l) (30)

In the next step, we adjusted the P manure produced (calculated in equation 30) for each livestock category to ensure that

it is consistent with FAOSTAT data (FAOSTAT, 2022). We used the FAOSTAT dataset as reference database for country-

level information, due to its consistent availability for the period 1961 – 2019 and global coverage across a range of variables

required to estimate the P surplus. To match our estimate of P manure produced, we first derived the amount of nitrogen (N)325

excreted in manure from FAOSTAT for the time period 1961 – 2019 for each livestock category (FAOSTAT, 2022). Then, we
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converted these N content to P content using a P/N ratio (see Table1). Afterwards, for each year (y), country (u) and livestock

category (l), we calculated country-level correction factor (as ratios) for P manure produced (RPman
(-)) between those given

in FAOSTAT (PmanF AO
) (kg head−1 yr−1) and those estimated in our study (Pman) (kg head−1 yr−1), as summarized in

equations 31:330

RPman
(u, l,y1961−2019) =

PmanF AO
(u, l,y1961−2019)∑nu

i=1 Pman(i, l,y1961−2019)
(31)

where y1961 is the year 1961; y1961−2019 is the year (in the period 1961 – 2019). u is country; nu is the number of grid cell in

the u-th country.

Then, we applied these calculated ratio to our gridded estimates of P manure produced of equation 30. The resulting gridded

P manure produced (CPman
) (kg head−1 yr−1) can be given in equation 32 as:335

CPman
(i, l,y1961−2019) = RPman

(u, l,y1961−2019)×Pman(i, l,y1961−2019) (32)

As FAOSTAT does not provide estimates before 1961, we applied the same ratio as of 1961 for the time period 1850 – 1960

as given in equation 33:

CPman
(i, l,y1850−1960) = RPman

(u,y1961)×Pman(i, l,y1850−1960) (33)

For the countries for which FAOSTAT data are missing before 1992, such as Croatia, Estonia, Latvia, Lithuania and Slovenia,340

we applied the same ratio as of the year 1992 for the period 1850 – 1991. Furthermore, for the countries like Belgium and

Luxembourg, Czech Republic and Slovakia, FAOSTAT maintains single (combined) values of reported variables for the past

records (prior to 1993 for Czechoslovakia and before 2000 for Belgium-Luxembourg). In our estimation of country-specific

ratios we took care of these details, and accordingly applied a single ratio factor for the adjoining countries and records.

Finally, the total P manure (Pman) (kg yr−1) was derived as a sum of the FAOTSTAT harmonized P manure produced for each345

livestock category as mentioned in equation 34:

Pman(i,y1850−2019) =
nl∑

l=1

Pman(i, l,y1850−2019) (34)

where y1961 is the year 1961; y1850−1960 is the year (in the period 1850 – 1960)

We accounted for different fates of P manure including those left on pasture by grazing animals, can be collected, stored and

then applied to soils (cropland and pasture). Given the absence of specific phosphorus (P) data, we derived these contributions350

based on proxy information of N manure given by FAOSTAT (FAOSTAT, 2022) and the European study of Einarsson et al.

(2021). The FAOSTAT dataset calculates N excretion based on country-level livestock counts and regional-level values of

typical animal mass and N excretion rates from the Intergovernmental Panel on Climate Change (IPCC) (Dong et al., 2020).

In contrast, Einarsson et al. (2021) estimates N excretion by assuming proportionality to slaughter weights, following the
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methodology of Lassaletta et al. (2014). Specifically, from FAOSTAT, we used the ’Treated manure N’ estimates, which355

represents the quantity of manure prior to N loss in the manure management systems. Since phosphorus losses in these systems

are minimal (FAOSTAT, 2023c), we considered that the entire amount of treated P manure is applied to soil. We then calculated

the country-level ratios of ’Treated manure’ to ’Total excreted manure’ and ’Manure left on pasture’ to ’Total excreted manure’

for the years 1961-2019. These ratios, denoted as RNmantreat/prod and RNmanleft/prod (-), respectively, were determined as

follows:360

RNmantreat/prod(u,y1961−2019) =
Nmantreat(u,y1961−2019)
Nmanprod(u,y1961−2019)

, (35)

RNmanleft/prod(u,y1961−2019) =
Nmanleft(u,y1961−2019)
Nmanprod(u,y1961−2019)

. (36)

From Einarsson et al. (2021), we calculated ’Treated manure’ by summing ’Applied to cropland’, ’Applied to permanent

grassland’, and ’Lost from houses and storage’. Similar to FAOSTAT, we derived ratios of ’Treated manure’ to ’Excreted

total’ and ’Excreted grazing on permanent grassland’ to ’Excreted total’ for every European country for the period 1961-2019.365

Utilizing these ratios from two datasets, we estimated the spatial distribution of treated manure (that is applied to croplands and

pastures) and manure left on pastures across the different grid cells. The treated manure (Mantreat) and manure left (Manleft)

on pastures, expressed in kg ha−1 per grid physical area yr−1, were calculated by applying the above ratios to the gridded P

manure production data (Pman (kg yr−1)), as shown below:

Mantreat(i,y1961−2019) = RNmantreat/prod(u,y1961−2019)×Pman(i,y1961−2019), (37)370

Manleft(i,y1961−2019) = RNmanleft/prod(u,y1961−2019)×Pman(i,y1961−2019). (38)

For the historical period of 1850–1960, we applied the 1961 ratios to the earlier manure production data to estimate both

treated and left manure, assuming that these management practices remained consistent over time:

Mantreat(i,y1850−1960) = RNmantreat/prod(u,y1961)×Pman(i,y1850−1960), (39)

Manleft(i,y1850−1960) = RNmanleft/prod(u,y1961)×Pman(i,y1850−1960). (40)375

We thus reconstructed the annual time series of two gridded datasets comprising of treated manure (Mantreat) and manure

left on pasture (Manleft) across Europe for the period 1850–2019.

2.3.8 Distribution of treated manure between cropland and pasture

To allocate the manure applied to soil (derived from equations 37 and 40) from FAOSTAT and Einarsson et al. (2021) datasets

between cropland and pasture, we employed three distinct methodologies to account for uncertainties. First, based on ap-380

proaches from previous studies on the distribution of manure (Tian et al., 2018; Batool et al., 2022), we assumed equal distri-

bution rates for cropland and pasture within each grid cell. Consequently, the manure applied to cropland (Mancr in kg yr−1)
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is calculated by multiplying the treated manure (Mantreat in kg ha−1 yr−1) with the cropland area (CAcr (ha)) within the

grid cell, as outlined in equation 41. Similarly, the manure designated for pasture application (Manapppast
in kg yr−1) is

determined by multiplying the treated manure (Mantreat in kg ha−1 yr−1) with the pasture area (CApast (ha)), as detailed in385

equation 42. The total manure allocated to pastures (Manpast in kg yr−1) is then calculated by adding the manure applied to

pastures and the manure left on pastures by grazing animals, as expressed in equation 43.

Mancr(i,y1850−2019) = Mantreat(i,y1850−2019)×CAcr(i,y1850−2019), (41)

Manapppast(i,y1850−2019) = Mantreat(i,y1850−2019)×CApast(i,y1850−2019), (42)

Manpast(i,y1850−2019) = Manapppast(i,y1850−2019) +Manleft(i,y1850−2019). (43)390

Second, we distributed the manure applied to soil based on country-level data on manure application proportions to cropland

and pasture, as reported by Ludemann et al. (2023). Accordingly, a majority of the countries apply nearly 100% of their manure

to croplands, with particular values for European nations such as 90% for Austria, Finland, France, Germany, the Netherlands,

and Poland, and 70% for Slovenia, Switzerland, the United Kingdom, and Luxembourg, while Ireland applies 30%. Using

this information, we calculated the country-level ratios of manure applied to cropland and pasture relative to the total manure395

application. Subsequently, we adjusted the gridded manure application rates to cropland and pasture (equations 41 and 42,

respectively) using the respective country-scale ratios. In the third method for manure application, we allocated the manure

applied to soil (as calculated in equations 37 and 39) using the time-varying national proportions of nitrogen (N) manure

applied to both cropland and pasture, as provided by Einarsson et al. (2021). This study (Einarsson et al., 2021) used national-

level information specific to each country to assign stored manure across cropland and pasture for different animal types.400

We modified our gridded manure applications for cropland and pasture (equations 41 and 42) to align with the proportions

estimated by Einarsson et al. (2021).

Overall, by integrating two distinct data sources ((FAOSTAT, 2022) and Einarsson et al. (2021)) alongside three manure

distribution methods between croplands and pastures, we developed six separate gridded manure estimates for our database.

These estimates reflect the uncertainties in our reconstruction, which are due to the different selections of the underlying data405

sets and methods.

2.3.9 Atmospheric deposition

In our study, we assessed phosphorus inputs from atmospheric deposition for different land types, including agricultural land

(cropland and pastures) and non-agricultural land. To estimate P deposition for agricultural soils, we used the dataset provided

by Ringeval et al. (2024) which represents global atmospheric deposition rates of phosphorus to cropland and pasture from410

1900 to 2018 at a spatial resolution of 0.5 degrees. We adjusted this dataset to the spatial resolution of 5 arc minutes required

for our study using nearest neighbour interpolation. For the historical period from 1850 to 1899, we projected the deposition

rates backwards from 1900, assuming that they are constant across this period. Similarly, for 2019, we extrapolated the data
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from 2018. Then, the P deposition rates were multiplied by the corresponding land use areas for cropland and pastureland to

quantify the P inputs from atmospheric deposition on these land types.415

For non-agricultural land, we used the dataset from Wang et al. (2017), which provides the global total (for both agricultural

and non-agricultural areas) atmospheric deposition of nitrogen (N) and phosphorus (P) from various deposition processes for

the years between 1980 and 2013. This dataset, which contains snapshots for specific years (1980, 1990, 1997, followed by

an annual series until 2013), was linearly interpolated to create an annual series for the period 1980-2013. For earlier years

(1850-1979) we used 1980 deposition rates, while for the most recent period (2014-2019) we used 2013 data. We recognise420

that assuming constant P deposition rates over the past years is an oversimplification, partly due to lack of observations and

reliable datasets. To determine the P deposition rates on non-agricultural soils, we calculated the difference between the total

atmospheric P deposition rates from Wang et al. (2017) and the agricultural soil deposition rates from Ringeval et al. (2024).

2.3.10 Chemical weathering

Phosphorus (P) inputs from chemical weathering refer to the natural release of P from rocks and minerals into the soil. This425

process is influenced by factors such as the type of rock (lithology), temperature, and soil properties (Panagos et al., 2022a).

Hartmann and Moosdorf (2011); Hartmann et al. (2014) developed a global database of P release from chemical weathering

by incorporating lithological and runoff information. The dataset allows for understanding of how P is released from various

types of rocks under different environmental conditions.

For our study, we used the European-specific rates of P release from chemical weathering in kg ha−1 taken from the global430

dataset of Hartmann et al. (2014). These P release rates were combined with the GLiM (Global Lithological Map) (Hartmann

and Moosdorf, 2012) lithographic maps to obtain their spatial distribution across European landscapes. We then multiplied

these rates kg ha−1 by the respective gridded land use areas ha yr−1 within our study region to estimate the P inputs kg yr−1

from chemical weathering on a gridded scale, as given in equations 44-48.

CWcr(i,y1850−2019) = CAcr(i,y1850−2019)×CWRate(i) (44)435

CWpast(i,y1850−2019) = CApast(i,y1850−2019)×CWRate(i) (45)

CWFor(i,y1850−2019) = AFor(i,y1850−2019)×CWRate(i) (46)

CWNatV eg(i,y1850−2019) = ANatVeg(i,y1850−2019)×CWRate(i) (47)

CWUrban(i,y1850−2019) = AUrban(i,y1850−2019)×CWRate(i) (48)

Finally, the total P from chemical weathering is obtained by summing above individual estimates (equations 44-48).440
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2.4 P outputs

This section outlines the reconstruction steps for estimating P removal from croplands and pastures. Additionally, we provide a

summary of the approach used to estimate gridded crop production, which is essential for calculating P removal from harvested

crops (for detailed methodology, see Batool et al. (2022)).

2.4.1 P removal from cropland445

The P removal from cropland (Remcr (kg yr−1)) is calculated by summing the P removal across all crop types. This is achieved

by multiplying the crop production (Procrops (t yr−1)) by the specific P content of each crop (Pcontent(c) (kg t−1)), as described

in equation (49).

Remcr(i,y1850−2019) =
nc∑

i=1

(Procrops(i,c,y1850−2019)×Pcontent(c)) (49)

Given the variability of Pcontent for crops in different studies (Ludemann et al., 2023; Hong et al., 2012; Guejjoud et al., 2023;450

Panagos et al., 2022a; Einarsson et al., 2020; Lun et al., 2018; Zou et al., 2022; Antikainen et al., 2008), we considered the

resulting uncertainty by creating two scenarios. The first scenario applies the minimum values of P content from the literature

to estimate the lower bound of P removal, while the second scenario uses the maximum values to estimate the upper bound.

Table 4 lists the specific P content values for each crop used in our analysis.

2.4.2 Crop production455

We compiled country-level crop production data from FAOSTAT for 1961–2019 (FAOSTAT, 2021a), covering 17 crops ex-

cluding fodder crops (as mentioned above; see Table 4). Fodder crop data were obtained from Einarsson et al. (2021) for 26

European countries during 1961–2019. We followed the methodology of Batool et al. (2022) for reconstructing the crop pro-

duction development across Europe. We provide here a brief overview of the basics of these reconstructions, and interested

readers can refer to Batool et al. (2022) for more details.460

For the period 1850–1960, we compiled wheat production data from OWD (2021) at country-level, which provided wheat

yields for selected years. The annual wheat yield data was determined by linear interpolation, whereby wheat production was

calculated as the product of wheat yield and harvested area. For other crops during 1850–1960, we used the temporal dynamics

of wheat production referenced to the base year 1961. Specifically, the country-level ratio of wheat production from Bayliss-

Smith and Wanmali (1984) as cited in Our World in Data (OWD) (OWD, 2021) during the period 1850–1960 relative to465

wheat production from FAOSTAT (FAOSTAT, 2021a) for the base year (1961) was applied to estimate the crop production of

other considered crops from FAOSTAT. Similar methodology was applied to reconstruct the annual production of fodder crops

using the country-level estimates provided by Einarsson et al. (2021). We downscaled country-level crop production (Procrops)

using the gridded Monfreda et al. (2008) dataset (ProcropsMonfreda
) (as given in equation 50 (all units are in kg yr−1)), which

provides the respective crop production data at 5 arcmin spatial resolution for the base year around 2000. This approach470
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maintained spatial heterogeneity and consistency in crop production estimates.

Procrops(i,c,y1850,−,2019) =
ProcropsMonfreda(i,c,y2000)∑nu

i=1 ProcropsMonfreda(i,c,y2000)
×Procrops(u,c,y1850,−,2019) (50)

Here, u refers to a given country and nu to the total number of grid cells within a country.

2.4.3 P removal from pasture

For pastures, P removal (Rempast in kg ha−1 yr−1) was calculated as the amount of grass harvested and grazed, utilizing a475

method from prior studies (Bouwman et al., 2005, 2009). This approach relies on phosphorus use efficiency (PUE), where P

removal from pastures is determined by multiplying a P removal coefficient CRempast (-) by the P inputs to pastures (Inppast in

kg ha−1 yr−1), as described in equation (51):

Rempast(i,y1850−2019) = CRempast × Inppast(i,y1850−2019) (51)

Since PUE values can vary among studies, similar to nitrogen use efficiency (NUE), we accounted for this uncertainty480

by considering different P removal coefficients. To address these uncertainties, we considered two approaches. In the first

approach, we assumed a value of 0.6 for CRempast based on (Bouwman et al., 2005, 2009). In the second approach, we used NUE

values provided by (Kaltenegger et al., 2021) as a proxy for PUE. Accordingly, we assumed CRempast values of 0.4 and 0.5 for

countries located in Eastern and Western Europe, respectively. By applying these approaches, we derived two distinct datasets

for P removal from pastures, each reflecting different assumptions about PUE to account for the associated uncertainties. Many485

studies have generally focused on the cropland P surplus budget (Table 3) and accordingly they do not consider P removal from

pasture areas. Therefore, our dataset allows for a more comprehensive view of P dynamics in agricultural landscapes.

3 Results

3.1 Spatio-temporal variation in P surplus

In our study, we developed 48 estimates of phosphorus (P) surplus across Europe with a spatial resolution of 5 arc minutes490

(1/12◦), accounting for uncertainties within the main P surplus components. Specifically, we analyzed two separate datasets

for fertilizer, six datasets for animal manure, two datasets for P removal from croplands and two datasets for P removal from

pasture. The average values of the 48 P surplus estimates during the period from 1850 to 2019 are presented at the gridded

level in Fig 2 and at various aggregation levels in Fig 3. Uncertainties are shown in Fig 4.

The spatio-temporal variations in our total P surplus at the gridded level is illustrated in Fig 2. We present snapshots of495

selected years for illustration: 1900, 1930, 1960, 1990, 2000, and 2015. These snapshots show that, while Northern Europe

consistently exhibits a positive P surplus, most of Central and Western Europe experiences variable P surplus dynamics over

time. For example, in 1900 and 1930, there are notable areas in Central and Western Europe with negative P surplus (P deficit),

where P outputs exceeds P inputs, particularly in agricultural regions. As time progresses, the pattern shifts. By 1960 and 1990,
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the P surplus becomes more positive across these regions, indicating increased P inputs likely due to the intensification of500

agriculture and increased use of fertilizers. During this time periods, Northern Europe continues to show a positive P surplus,

with values ranging from approximately 0 to 4 kg ha−1 yr−1. Conversely, the mid-latitude areas, particularly in Central and

Western Europe, exhibit higher P surplus, from 10 to over 20 kg ha−1 yr−1, whereas Southern Europe presents moderate P

surplus, between 4 and 8 kg ha−1 yr−1. Over the period from 1850 to 2019, our analysis identifies large temporal fluctuations

in P surplus across most European regions, except for the north, where P surplus levels have remained stable at a low level.505

This underscores the importance of long-term datasets in capturing such variations. Between 1900 and 1930, P surplus in most

grid cells remained below 8 kg ha−1 yr−1. From 1960 to 1990, about 70% of the grid cells experienced a 2-3 fold increase in P

surplus, reaching 16-20 kg ha−1 yr−1 by 1990. Notably, in industrialized countries like Germany, France, and the Netherlands,

P surplus peaked around 1990 but generally declined in subsequent years, except for the Netherlands, where it continued to

rise, exceeding 20 kg ha−1 yr−1. By 2015, an increase in grid cells with negative P surplus (P deficit) was observed, reflecting510

a situation where P removal by crops exceeds P inputs, similar to a century ago.

The availability of gridded P surplus data enables detailed analysis at sub-national-scale within the European "Nomenclature

of Territorial Units for Statistics" (NUTS), as illustrated in Fig 3. This figure underscores the importance of breaking down the

P surplus data to the sub national level. Such a breakdown is crucial as it reveals spatial heterogeneity that are otherwise masked

by country level averages. For example, our 2015 analysis shows that France’s national P surplus (NUTS0) appears moderate515

at 1 kg ha−1 yr−1; however, at NUTS 1 and NUTS 2 levels, regional disparities become evident. Specifically, Brittany in

northwest France emerges as a hotspot with a P surplus exceeding 15 kg ha−1 yr−1, significantly above the national average.

Furthermore, our gridded data allows for tracking P surplus changes over time in river basins that span multiple countries. This

possibility is particularly valuable as river basins represent a crucial spatial unit for water quality modelling and land-water

management. Our results, shown in the right panel of Fig 3, illustrate the temporal dynamics of P surplus in different river520

basins. From 1930 to 1960, a steady increase in P surplus was observed in most of these river basins. This trend was followed

by a significant increase around 1990, after which there was a marked decline. In the Danube river basins, for instance, which

covers numerous Southeastern and Central European countries, the P surplus increased from 3 kg ha−1 yr−1 in 1930 to 5

kg ha−1 yr−1 in 1960, representing a 1.5-fold increase. This trend continued from 1960 to 1990, with P surplus values rising

from 5 kg ha−1 yr−1 in 1960 to 8 kg ha−1 yr−1 in 1990. After 1990, however, there was a sharp decline, with the P surplus525

decreasing fourfold to 2 kg ha−1 yr−1 by 2015

Figure 4 illustrates the variation in the uncertainty range (defined as the difference between the maximum and minimum of

our 48 P surplus estimates) for agricultural and total P surplus across time and regions. Specifically, we analyze P surplus data

for the EU-27, Germany, and the Danube River Basin. Generally, for agricultural P surplus during the period from 1850 to 1930,

the uncertainty intervals (represented by grey ribbons in Fig 4a-c) were comparable in size to the mean estimates (depicted530

by red lines) for both the EU-27 and the Danube River Basin. In Germany, however, the uncertainty intervals were more than

double the mean values, reflecting high variability in P surplus estimates. Between 1930 and 1950, the uncertainty intervals

increased at a moderate rate. From 1950 to 1990, the relative size of the uncertainty intervals compared to the mean estimates

decreased by approximately 2.5 times in all three regions. By 1990, it was approximately 39% of the mean for both the EU-27
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and the Danube River Basin, and 44% for Germany. After 1990 and until 2010, the uncertainty range began to stabilize in all535

three regions, indicating a more consistent level of variability in the later years. In the last decade, however, the uncertainty

interval showed a two-fold increase compared to the mean value for Germany, an increase by a factor of around 3.5 for the

Danube River Basin, while for the EU-27, there was a relatively slight increase. Regarding the absolute differences between

the maximum and minimum P surplus estimates, the uncertainty intervals (represented by grey ribbons) showed a consistent

increase from 1850 to 1950, ranging between 2-4 kg ha−1 yr−1 for the EU-27 and 3-4 kg ha−1 yr−1 for the Danube River540

Basin (see Fig 4a,c). In Germany, the disparity nearly tripled, rising from 3 kg ha−1 yr−1 in 1850 to 8 kg ha−1 yr−1 by 1950.

From 1950 to 1990, these values continued to grow for Germany, the EU-27, and the Danube River Basin, peaking at nearly 14

kg ha−1 yr−1 in Germany during the 1980s and about 9 kg ha−1 yr−1 for both the EU-27 and the Danube River Basin. Post-

1990, the uncertainty levels stabilized at approximately 7 kg ha−1 yr−1 for the EU-27 and the Danube River Basin and around

11 kg ha−1 yr−1 for Germany. A similar temporal pattern in uncertainty ranges was observed for total P surplus across the545

EU-27, Germany, and the Danube River Basin (Fig 4d-f). These findings underscore the importance of our ensemble P surplus

dataset, highlighting the considerable uncertainty in P surplus estimates and the critical need for comprehensive long-term data

for improving land and water management strategies.

3.2 Technical evaluation of reconstructed P surplus

To evaluate the spatial and temporal consistency and plausibility of our phosphorus (P) surplus dataset, we conducted a compar-550

ison of our 48 P surplus estimates with existing datasets, acknowledging the absence of direct P surplus observations. Initially,

we utilized global databases available at the country level, including those from the Food and Agricultural Organization of the

United Nations (FAOSTAT) (Ludemann et al., 2023), Zou et al. (2022) for the period 1961–2019, and Lun et al. (2018) for

the period 2002–2010. The dataset of FAOSTAT (Ludemann et al., 2023) is taken as a global reference dataset that provides

nutrient budgets on cropland for 205 countries and territories. The second dataset of Zou et al. (2022) provides P budget and P555

use efficiency (PUE) by country and crop type, using multiple variables from FAOSTAT such as crop yield to estimate P crop

removal, animal N manure database to estimate P inputs from animal manure. The estimates from FAOSTAT (Ludemann et al.,

2023) and Zou et al. (2022) differ in terms of distribution of mineral fertilizer and animal manure to cropland and pasture. Fi-

nally, the third evaluation dataset is based on Lun et al. (2018) who provides P inputs and P outputs of agriculture systems from

2002 to 2010, based on which we estimated the corresponding country-wise P surplus estimates. A second level assessment was560

conducted to check the country-level consistency. Here we compared our P-budget with country specific estimates for France

(Guejjoud et al., 2023)(1920 – 2019), the United Kingdom (DEFRA (2022)) (1990, 1995 and 2000 – 2019), Slovenia (Verbič

and Sušin, 2022) (1992 – 2019); and individual EU27 countries and UK were compared to estimates given by (Einarsson et al.,

2020) for 2013 and by Eurostat (2024) for 2010 – 2019, respectively. Lastly, we also compared our estimates at sub-national

level of NUTS 2 with the dataset provided by (Einarsson et al., 2020).565

At continental-level, the uncertainty intervals for our P surplus (assessed as one standard deviation around the mean of the

48 estimates) agrees well with values derived from FAOSTAT (Ludemann et al., 2023) and Zou et al. (2022). Specifically,

our average cropland P surplus for EU-27 countries over the period 1961 – 2019 is equal to 1.70 ± 0.49 Tg of P, whereas
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FAOSTAT (Ludemann et al., 2023) provides a value of 1.85 Tg of P and Zou et al. (2022) reports 2.06 Tg of P. For the period

2002 – 2010, our estimated cropland P surplus for the EU-27 is 0.82± 0.46 Tg of P, Lun et al. (2018) reports a value of 0.76 Tg570

of P. Regarding country-specific studies, DEFRA for UK (DEFRA, 2022) reported an average value (during 1990, 1995, and

2000–2019) of 7.13 kg ha−1 yr−1 for agricultural P surplus for the United Kingdom, which falls within our uncertainty bound

of 5.82 ± 2.11 kg ha−1 yr−1. Further, Senthilkumar et al. (2012) reported a declining trend in France during 1990–2006, with

agricultural P surplus reduced by almost 75% in 2006 compared to the estimate in 1990 (from 17.5 kg ha−1 in 1990 to 4.4 kg

ha−1 in 2006). Our estimates show a similar decline, with P surplus decreasing by 66% (from 17 kg ha−1 in 1990 to 5.71 kg575

ha−1 in 2006).

To assess the discrepancies between the P surplus from our study and the FAOSTAT data (Ludemann et al., 2023) (as well

as those from Zou et al. (2022) and Lun et al. (2018)), we calculated the country-specific relative difference Diff (%), as

follows: equation 52:

Diff = (
ReferencePsur −StudyPsur

ReferencePsur
)× 100 (52)580

Here, ReferencePsur represents the average P budget reported by FAOSTAT (Ludemann et al., 2023) during the time

period 1961 – 2019 (in kg ha−1 of cropland area yr−1) (respectively, Zou et al. (2022) between 1961 – 2019 in kg ha−1 of

cropland area yr−1 and Lun et al. (2018) between 2002 – 2010 in tonne) and StudyPsur denotes one of our 48 P surplus

estimates averaged over the relevant time period.

We provide here the mean and standard deviation (SD) for the 48 values of Diff (%) calculated for each of our 48 P surplus585

datasets. We also show the full range (minimum-maximum) of the 48 values of Diff (%), highlighting the full extent of discrep-

ancies between different estimates. We found that, in about 68% of the countries, the mean Diff between our estimates and

FAOSTAT was contained in the range ±30% (see Figure 5c). The differences in P surplus across these countries ranged from

a minimum of -160% to a maximum of 112%. This broad range of discrepancies underscores the variability in our estimates

compared to FAOSTAT data. Notable deviations of more than ±50% in mean estimates were found in several countries. For590

instance, Slovakia (SK) exhibited the relative Diff of -238% ± 159% (mean ± std. dev.), with a range varying from -485%

to 45%. Norway (NO) showed a mean Diff of -131%( ± 24%), ranging from -178% to -90%. Similarly, Lithuania (LT) had

a mean Diff of -84% ± 118%, with a range from -275% to 114%. Croatia’s (EL) mean Diff was -84% ± 50%, with a range

from -145% to 26%. Czechia (CZ) displayed a mean Diff of -61% ± 199%, with a range from -395% to 250%. While the

mean estimates show large differences between our and FAOSTAT (Ludemann et al., 2023) dataset, the ensemble realisations595

(48 estimates) show a large uncertainty ranging from negative to positive values of Diff. This indicates that the uncertainty esti-

mates in our data sets can capture the values given by FAOSTAT (Ludemann et al., 2023) for almost all EU countries analysed.

Here, the differences identified reflect the importance of taking uncertainty into account when reconstructing the P-surplus.

Our datasets – in contrast to those of FAOSTAT (Ludemann et al., 2023) – use different approaches to account for uncertainties

in the main components of the P surplus, e.g. in the application of manure and fertilisers on cropland and in the P removal600

coefficients, while uncertainties are not accounted for in FAOSTAT. In addition, FAOSTAT does not take into account P inputs
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from atmospheric deposition and chemical weathering (Ludemann et al., 2023), which are minor components of the P surplus

but could still lead to differences.

With respect to Zou et al. (2022), around 56% of the EU countries show a mean Diff in the range ± 30% (see Fig-

ure 6c), with a full range of -131% to 98%. Some countries, such as Czechia (CZ; Diff = 291% ± 218), and Slovakia605

(SK; Diff = 314% ± 93), presented higher discrepancies on average but also exhibited larger uncertainties. Specifically, the

range of minimum and maximum Diff for Czechia is from -34% to 672%, while for Slovakia it ranges from 156% to 469%.

This indicates substantial variability and highlights the challenges in achieving consistent P surplus estimates across differ-

ent datasets and methodologies. These discrepancies might be due, among other factors, to differences in the distribution of

mineral fertilisers and animal manure on cropland and pastures. Further, in Lun et al. (2018), only 37% of countries showed610

the mean Diff in the range ± 30% (see Figure 7c), with a full range of -212% to 231%. The discrepancies between our P

surplus estimates and those provided by Lun et al. (2018) can be partly attributed to their inclusion of P removal from leaching,

considered as 12.5% of P inputs to cropland, which is not accounted for in our estimates. This additional removal component

leads to difference, where around 50% of the European countries show a negative Diff, suggesting that the higher P surplus

in our estimates may be related to the exclusion of leaching, among other factors. Furthermore, the considerable spread in the615

data again underscores the variability introduced by methodological choices used in reconstructing the P surplus budget.

To evaluate how well the temporal patterns of our P budget align with existing datasets, we calculated the correlation

coefficient (r). We report the mean and standard deviation of 48 r values derived from each of our 48 P surplus estimates. We

observed a strong, positive correlation with different available datasets, particularly with FAOSTAT Ludemann et al. (2023)

for the period 1961–2019, where the mean r value was 0.89 ±0.11 (mean ± std. dev.) (see Figure 5b). Notably, approximately620

70% of the countries exhibited high correlation coefficients, ranging from 0.90 to 1.0, with none recording values below 0.4

(Figure 5a). Similarly, the dynamics of our cropland P budgets were strongly aligned with findings from Zou et al. (2022)

during the same period, achieving a mean r of 0.76 ±0.11 (see Figure 6b). Approximately 75% of the countries showed

good consistency with Zou et al. (2022), with mean r values between 0.80 and 1.0 (Figure 6a). However, lower correlations

were observed for Lithuania (LT; 0.37 ± 0.15), Bosnia and Herzegovina (BA; 0.39 ± 0.13), and Belgium (BE; 0.49 ± 0.11),625

with Ireland (IE) recording the lowest at 0.10 ± 0.19. The discrepancy for Ireland is likely due to different assumptions and

methodologies used in the distribution of mineral fertilizer and animal manure on cropland. Zou et al. (2022), for example,

assumes that 66% of the animal manure is applied to cropland in Ireland, leading to higher P input estimates. In contrast, one of

our estimates, based on FAOSTAT (Ludemann et al., 2023), assumes only 30% of the animal manure and mineral fertilizer is

applied to cropland, with our other two approaches showing a range between 10–25%. Additionally, comparison with Lun et al.630

(2018) over the period 2002–2010 revealed a high correlation (r = 0.80 ± 0.09; see Figure 7b), with approximately 75% of the

countries having r values between 0.70 and 1.0 (Figure 7a). Notable outliers were Bosnia and Herzegovina (BA) and Finland

(FI) with the lowest mean r values of -0.10 ± 0.18 and 0.01 ± 0.14, respectively. Among other things (mineral fertilisers and

manure distributions), variations in data sources and crop removal coefficients could explain the differences between our and

previous estimates (Lun et al., 2018; Zou et al., 2022; Ludemann et al., 2023).635
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Overall, the narrow spread of the r values (Figure 5 – Figure 6) across different studies — Ludemann et al. (2023), Zou et al.

(2022), and Lun et al. (2018) — suggests consistent temporal dynamics in our P surplus estimates. The standard deviations

(SD) of r were less than 0.20 for the majority of countries (84% for FAOSTAT; Ludemann et al. (2023), 78% for Zou et al.

(2022), and 71% for Lun et al. (2018)). Similarly, we observed a strong and positive correlation between our P budget estimates

and those of country-specific estimates. Notably, France showed an r of 0.95± 0.01 (see Figure 8a), while the United Kingdom640

(UK) recorded an r of 0.98 ± 0.00 for the period 1990–2018 (Figure 8b). Slovenia also demonstrated a high correlation with

an r of 0.92 ± 0.01 for the period 1992–2019 (Figure 8c). For broader regions, the combined EU27 and UK showed an r

of 0.91 ± 0.06 in 2013 (Figure 8d), while the European countries covered by Eurostat exhibited an r of 0.68 ± 0.08 during

2010–2019 (Figure 8e). Additionally, a comparison at the sub-national (NUTS 2) level within the EU for 2013, using estimates

from Einarsson et al. (2020), revealed an r value of 0.91 ± 0.03 (see Figure 8f). This strong positive association between the645

sub-national scale dataset and ours underscores the consistency of our reconstructed datasets.

Overall, our 48 estimates of phosphorus (P) surplus at both continental and country levels align well with existing estimates

in terms of spatio-temporal patterns and relative differences. Although there are discrepancies in the mean P surplus estimates,

the full range of our uncertainty estimates captures well the values provided by previous studies (Lun et al., 2018; Einarsson

et al., 2020; Zou et al., 2022; Ludemann et al., 2023, ; among others). This underscores the need for a more comprehensive650

characterization of uncertainties in future studies to improve the accuracy of P surplus estimations. In our analysis, we ad-

dressed only a subset of these uncertainties, but it is crucial to acknowledge additional sources that might explain the variations

between our results and those from previous studies. For instance, differences in the input data sources for different P surplus

components, such as fertilizers and manure applications, can greatly influence the P estimates. The IFA (Heffer, 2013) database

is primarily based on sales data from fertilizer companies, whereas FAOSTAT (FAOSTAT, 2023a) gathers data through ques-655

tionnaires from member countries, and Eurostat (2024) relies on country-specific statistics and United Nations Framework

Convention on Climate Change (UNFCCC) data (Eurostat, 2023) for gaps. Another contributing factor could be the exclusion

or inclusion of minor components such as P inputs from atmospheric deposition, chemical weathering, seed and planting ma-

terials and P removal via crop residues. FAOSTAT, for instance, does not account for P inputs from atmospheric deposition

and chemical weathering, while our study includes them, which might lead to some differences, especially in regions with660

higher atmospheric P deposition or weathering components, such as areas with high industrial activity or regions with specific

geological formations (Hartmann et al., 2014).

Despite the challenges described above, our dataset represents a substantial advance as it provides 48 different uncertainty

estimates for key components of P surplus. In contrast, previous datasets (Ludemann et al., 2023; Zou et al., 2022; Lun et al.,

2018; Einarsson et al., 2020; DEFRA, 2022; Verbič and Sušin, 2022) typically lack detailed uncertainty reporting for P surplus.665

Our comparison of P surplus estimates with existing datasets underscores the importance of further addressing uncertainties in

future updates of the P surplus dataset. This also requires further refinement of our datasets to narrow down the uncertainty, for

example, by considering region specific mineral fertilisers, manure applications or crop removal rates.
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4 Code and data availability

The dataset (version 1.0) is available at the Zenodo repository: https://doi.org/10.5281/zenodo.11351028 (Batool et al., 2024).670

The dataset consists of 48 distinct estimates of phosphorus (P) surplus from 1850 to 2019, provided in Network Common Data

Form (NetCDF) format. Each NetCDF file includes an annual variable for P surplus, expressed in kg ha−1 of grid area yr−1,

with a spatial resolution of 5 arcminutes (1/12◦) over the entire period. In addition, P surplus data is available at aggregated

spatial scales, including NUTS1, NUTS2, and specific river basins in and around Europe, in comma-separated values (.csv)

format. These datasets are stored in the Zenodo repositoryBatool et al. (2024). The organization of the files is as follows:675

– 48 NetCDF files named “P_sur_total_kg_ha_grid_1850_2019_method_xx_v1.0”, each representing a

unique method (1 through 48) and covering 170 years (1850-2019) of gridded P surplus data.

– 3 CSV files labeled as“P_sur_total_kg_ha_NUTS_xx ” containing P surplus data at various aggregated spatial

levels. Here, xx represents NUTS 1, 2, or 3, and each file includes the mean and standard deviation of the 48 P surplus

estimates.680

– 1 CSV file called “P_sur_total_kg_ha_river_basin ” which provides P surplus information for selected river

basins, including the mean and standard deviation of the 48 estimates.

Additional readme files accompany the datasets, detailing the NUTS and river basin IDs.

We used the RStudio version (2023.12.1+402) for data processing. The R scripts to assists the data analysis are provided on

the Zenodo repository: https://doi.org/10.5281/zenodo.11351028 (Batool et al., 2024)685

5 Conclusions

This study presents a comprehensive dataset of long-term annual phosphorus (P) surplus estimates for Europe, covering both

agricultural and non-agricultural soils from 1850 to 2019. The dataset, with a high spatial resolution of 5 arcmin (approximately

10 km at the equator), includes 48 different estimates that account for uncertainties arising from varying methodological choices

and coefficients in major components of the P surplus. These components include fertilizer and animal manure distribution to690

cropland and pastures, and P removal from cropland and pasture, which are recognized for their considerable uncertainties. Our

data construction is the result of extensive data collection and integration from a multitude of sources to ensure the reliability

of the estimates.

Overall, the magnitude of P surplus shows significant variability over time and space, emphasizing the need for careful

consideration in water quality and land management studies. Specifically, the total P surplus across EU-27 has tripled within695

170 years, from 1.19 ±0.28 kg ha−1 yr−1 in 1850 to around 2.48 ±0.97 kg ha−1 yr−1 in recent years. This highlights the

importance of understanding long-term P surplus evolution to address persistent P-related environmental issues. Despite the

inherent uncertainties in P surplus estimation, our dataset supports robust long-term P surplus assessment and management

practices.
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The reliability of our P surplus estimates is notably higher after 1961 due to better availability of P surplus components700

at the country level, and particularly less uncertain from the mid-1990s onward, owing to the utilization of detailed spatial

datasets. Importantly, our dataset has been developed consistently with our N surplus dataset (Batool et al., 2022), enabling

joint analysis of N and P budgets across Europe. This integrated approach facilitates comprehensive nutrient management

studies and supports the development of more effective land and water management strategies. Furthermore, our P surplus

estimates, while representing potential environmental P-related problems, allow users to identify areas where P management705

can be optimized to reduce environmental impacts and enhance agricultural sustainability. Further, to allow for reproducibility,

we provide methodology and code used in this study to reconstruct P surplus, which builds on existing methodological ap-

proaches, enhances the reproduciblity of the estimates. This approach can be adopted by other researchers to develop similar

datasets for other regions, contributing to a more comprehensive understanding of nutrient dynamics and their environmental

impacts. Our findings underscore the need for continued efforts to refine P management practices and mitigate the environ-710

mental consequences of P surplus, supporting sustainable agricultural practices and improving water and soil quality across

Europe.

Future research should focus on refining P surplus estimates by incorporating additional data sources and addressing unac-

counted uncertainties such as variations in fertiliser data sources. Efforts should also be directed toward exploring and integrat-

ing additional uncertain data and refining methodological choices, particularly in disaggregation schemes and their associated715

uncertainties. By updating and improving this dataset, we can better support sustainable agricultural practices and enhance

water quality across Europe. This refinement will also involve narrowing down uncertainties by considering region-specific

factors, such as mineral fertilizer types, manure applications, and crop removal rates, to provide more precise and actionable

insights.
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Table 1. Phosphorus (P) excretion coefficients and P/N ratios for various livestock categories as utilized in this study. The P excretion values

are predominantly adapted from Sheldrick et al. (2003). For animal categories not listed in Sheldrick et al. (2003), (P) excretion coefficients

are estimated based on the values of the P/N ratios as reported byLun et al. (2018).

Livestock Category
P Excretion coefficients

(kg head−1 yr−1)
P/N Ratio

Cattle 10 0.18

Pigs 4 0.28

Sheep 2 0.15

Goats 2 0.19

Horses 8 0.19

Chickens 0.19a 0.24b

Ducks 0.09c 0.25

Mules 8d 0.19

Buffaloes 10e 0.18

Asses 8f 0.19

Camels 8g 0.19

a The value for chickens is adopted from the “Poultry” category

in Sheldrick et al. (2003).
b The P/N ratio for chickens is consistent for both layers and

broilers, as per Lun et al. (2018), hence a single value is uti-

lized.
c The excretion value for ducks is sourced from OECD 1997.
d The P/N ratio for mules, as per Lun et al. (2018), aligns with

that of horses, justifying the identical P excretion rate adopted

for mules in the absence of specific data from Sheldrick et al.

(2003).
e Given the matching P/N ratios for buffaloes and cattle in Lun

et al. (2018), the P excretion rate for buffaloes is inferred to be

the same as that for cattle.
f The P excretion rate for asses is estimated to be equivalent to

that of horses due to the lack of specific data.
g For camels, the P excretion rate is presumed to be the same as

that for horses, based on identical P/N ratios found in Lun et al.

(2018), compensating for the missing values in Sheldrick et al.

(2003).

30

https://doi.org/10.5194/essd-2024-294
Preprint. Discussion started: 9 August 2024
c© Author(s) 2024. CC BY 4.0 License.



Table 2. Existing studies for P surplus

Studies Land type
Temporal feature Spatial feature

Extent Resolution Extent Level Resolution

Ludemann et al. (2023) Cropland 1961 – 2020 Annual Global Country -

Zou et al. (2022) Cropland 1961 – 2019 Annual Global Country -

Panagos et al. (2022b) Agriculture 2011 – 2019 Mean EU and UK Grid 500 m

Eurostat (2024) Agriculture 2004 – 2019 Annual EU27, Norway, and

Switzerland

Country -

Einarsson et al. (2020) Agriculture 2013 Snapshot EU28 NUTS 2 (except

Germany which is

at NUTS1)

-

Guejjoud et al. (2023) Agriculture 1990-2020 Annual France NUTS 3 (90 geo-

graphic entities)

-

DEFRA (2022) Agriculture 1990, 1995 and 2000 –

2019

Snapshots and An-

nual

United Kingdom Country -

Verbič and Sušin (2022) Agriculture 1992 – 2019 Annual Slovenia Country -

Antikainen et al. (2008) Agriculture and Forest

sectors

1910 – 2000 Annual Finland Country -

Senthilkumar et al. (2012) Agriculture 1990-2006 Annual France 21 regions -

Lun et al. (2018) Agriculture 2002-2010 Annual Global Country, regional,

national

-

Muntwyler et al. (2023) Agriculture 1980-2019, 2019-2050 Annual EU27 and UK Grid 1 km2

Kopiński et al. (2006) Agriculture 2002-2004 Annual Poland Regional and coun-

try level

-

Bergström et al. (2015) Agriculture 1960-2011 Annual Sweden Country -

Laruelle et al. (2014) Agriculture soils, river

basin

1961-2009 Annual EU-27 and Seine

River

Country, river basin -

Özbek (2014) Agriculture 2011 Snapshot Turkey NUTS2 -

Ringeval et al. (2024) Agriculture 1900 - 2018 Annual Global Grid 0.5 degree

This study Agriculture and non-

agriculture

1850 - 2019 Annual Europe Grid 0.083 degree
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Table 3. Components of P surplus in existing studies

Studies
P inputs P outputs

Fertilizer Manure Deposition Weathering Others Non-fodder

crop re-

moval

Erosion Leaching Others

Ludemann et al. (2023) ✓ ✓ ✓
Zou et al. (2022) ✓ ✓ ✓
Panagos et al. (2022b) ✓ ✓ ✓ ✓ ✓ ✓ ✓a

Kremer (2013) ✓ ✓ ✓ ✓b ✓ ✓c

Einarsson et al. (2020) ✓ ✓ ✓
Guejjoud et al. (2023) ✓ ✓ ✓ ✓
DEFRA (2022) ✓ ✓ ✓ ✓d ✓ ✓e

Verbič and Sušin (2022) ✓ ✓ ✓ ✓d ✓
Antikainen et al. (2008) ✓ ✓ ✓ ✓ ✓ ✓f

Senthilkumar et al. (2012) ✓ ✓ ✓ ✓g ✓ ✓ ✓
Lun et al. (2018) ✓ ✓ ✓ ✓ ✓h

Muntwyler et al. (2023) ✓ ✓ ✓ ✓ ✓ ✓
Kopiński et al. (2006) ✓ ✓ ✓i ✓
Bergström et al. (2015) ✓ ✓ ✓j ✓ ✓e

Laruelle et al. (2014) ✓ ✓ ✓ ✓k ✓
Özbek (2014) ✓ ✓ ✓ ✓k ✓ ✓c

Ringeval et al. (2024) ✓ ✓ ✓ ✓l ✓ ✓a

This study ✓ ✓ ✓ ✓ ✓ ✓ ✓m

a Crop residues
b Net manure import/export, Other organic fertilizers (compost, sewage sludge, residues from biogas plants using crops, crop residues or grassland silage, industrial waste

etc), Seed and planting material
c P removal from fodder crops, crop residues
d Seed and planting material
e Crop residues
f Round wood harvest (forest), Net import of P embedded in internationally traded agricultural commodities, P in the human diet, detergent consumption
g Crop residues, compost, sludge, seed
h P emission from agriculture fires, P from household, bio energy
i Seed and tuber
j Seed, and sewage sludge
k Net import/export, withdrawal, stocks, other organic fertilizers
l P inputs from sludge
m P removal from fodder crops and pasture
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Table 4. The range (minimum–maximum) of Phosphorus (P) content coefficients for the crops derived based on previous studies (Ludemann

et al., 2023; Hong et al., 2012; Guejjoud et al., 2023; Panagos et al., 2022a; Einarsson et al., 2020; Lun et al., 2018; Zou et al., 2022;

Antikainen et al., 2008).

Crops P content (kg t−1 of product)

(min. - max.)

Barley 2.80 - 4.06

Buckwheat 1.60 - 3.90

Maize 1.80 - 3.40

Millet 2.60 - 4.20

Oats 3.10 - 4.39

Potatoes 0.54 - 3.30

Pulses (total) 3.53 - 4.97

Rapeseed 5.50 - 7.30

Rice 2.07 - 3.90

Rye 2.80 - 3.60

Sesame Seed 2.60 - 6.34

Sorghum 3.10 - 4.50

Soybean 4.40 - 8.10

Sugar Beet 0.40 - 1.74

Sunflower Seed 2.30 - 6.08

Triticale 2.80 - 4.20

Wheat 2.80 - 4.20
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ferent countries and corresponding linear fits. The circles in each panel denote the average of 48 P surplus
reconstructed in this study, whereas the bars show the standard deviation. (a) France for each year in 1920 –
2019 at country level (Guejjoud et al., 2023) (b) United Kingdom (UK) for 1990, 1995 and each year in935
2000 – 2018 at country level (DEFRA, 2022) (c) Slovenia for each year in 1992 – 2019 at country level (Verbič
and Sušin, 2022) (d) European countries in 2013 (each point in this plot represent one country (Einarsson et al.,
2020)) (e) Each European country for each year in 2010 – 2019 (Eurostat, 2024) (f) Sub-national level (NUTS
2) for the year 2013 (Einarsson et al., 2020) (each point in this plot represent NUTS 2 unit) . . . . . . . . . . . 43
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Figure 1. Workflow for constructing the long-term annual dataset of P surplus during the period 1850 – 2019. The number in brackets with
red colors present different combination of datasets that we used to account for the uncertainties, resulting in 48 P surplus estimates.

36

https://doi.org/10.5194/essd-2024-294
Preprint. Discussion started: 9 August 2024
c© Author(s) 2024. CC BY 4.0 License.



37°N

44°N

51°N

58°N

65°N

72°N

−10°W 0°W 10°W 20°W 30°W 40°W
37°N

44°N

51°N

58°N

65°N

72°N

−10°W 0°W 10°W 20°W 30°W 40°W
37°N

44°N

51°N

58°N

65°N

72°N

−10°W 0°W 10°W 20°W 30°W 40°W

37°N

44°N

51°N

58°N

65°N

72°N

37°N

44°N

51°N

58°N

65°N

72°N

37°N

44°N

51°N

58°N

65°N

72°N

P surplus (kg ha-1 yr-1)

1900 1930 1960

1990 2000 2015

40

45

50

55

60

65

70

−10   0  10  20  30  40
Lon

La
t

P surplus (kg ha−1)
0 2 4 6 8 10 12 14 16 18

Figure 2. Snapshots of P surplus (kg ha−1 of grid area yr−1) across Europe. The figure shows the annual spatial variation in P surplus given
as the mean of our 48 P surplus estimates for the selected years.
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Figure 3. Total P surplus (kg ha−1 of physical area yr−1) at multiple spatial levels for four years (1930, 1960, 1990, 2015). P surplus is
given as the mean of our 48 P surplus estimates. NUTS: Nomenclature of Territorial units for statistics
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Figure 4. Agricultural P surplus (kg ha−1 of agricultural area yr−1) and total P surplus (kg ha−1 of physical area yr−1) for EU-28, Germany
and the Danube river basin (5 years moving average during 1850 – 2019). The grey color ribbon in each panel shows the ranges (minimum
and maximum values) of the 48 P surplus estimates reconstructed in this study, whereas the average value is presented by a red line. (a-c)
Agricultural P surplus for EU-28, Germany and Danube river, (d-f) Total P surplus for EU-28, Germany and Danube river
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Figure 5. Country level comparison between P surplus for cropland estimated by Ludemann et al. (2023) and this study for the period
1961 – 2019. The circles in panels b) and c) denote the average of the 48 P surplus estimates reconstructed in this study, whereas the bars
show the standard deviation. (a) Pearson correlations coefficients (r) values for every country. Countries with white color are excluded from
the comparison because they are not part of the our dataset.b) Linear fit between the P surplus values for all countries and all years in
the two studies: x-axis shows the P surplus calculated in this study and y-axis presents the P surplus given by Ludemann et al. (2023) (c)
Relative difference (defined in equation 52) in P surplus in this study with respect to FAOSTAT against correlation coefficient for each
country. Norway (NO) and Slovakia (SK) are not shown in this graph as they present an outlier value of -131% and -239% for the mean
relative difference and an SD of 24% and 159% around the mean, respectively. However, the correlation for both Norway and Slovakia is
high (0.99±0 for Norway and 0.97±0.02 for Slovakia).
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Figure 6. Country level comparison between P surplus for cropland estimated by Zou et al. (2022) and this study for the period 1961 – 2019.
The circles in panels b) and c) denote the average of the 48 P surplus estimates reconstructed in this study, whereas the bars show the standard
deviation. (a) Pearson correlations coefficients (r) values for every country. Countries with white color are excluded from the comparison
because they are not part of the our dataset.b) Linear fit between the P surplus values for all countries and all years in the two studies:
x-axis shows the P surplus calculated in this study and y-axis presents the P surplus given by Zou et al. (2022). The areas highlighted in red
show the estimates for Ireland, which are relatively high compared to our estimates and represent outliers. (c) Relative difference (defined in
equation 52) in P surplus in this study with respect to Zou et al. (2022) against correlation coefficient for each country. Serbia and Montenegro
are not shown in this graph as they present an outlier value of -100% for the mean relative difference and an SD of 186% around the mean.
However, the correlation for Serbia and Montenegro is moderate (0.53±0.31).
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Figure 7. Country level comparison between P surplus for cropland estimated by Lun et al. (2018) and this study for the period 2002 – 2010.
The circles in panels b) and c) denote the average of the 48 P surplus estimates reconstructed in this study, whereas the bars show the standard
deviation. (a) Pearson correlations coefficients (r) values for every country. Countries with white color are excluded from the comparison
because they are not part of the our dataset.b) Linear fit between the P surplus values for all countries and all years in the two studies: x-axis
shows the P surplus calculated in this study and y-axis presents the P surplus given Lun et al. (2018). (c) Relative difference (defined in
equation 52) in P surplus in this study with respect to Lu and Tian (2017) against correlation coefficient for each country. Countries with
values below -100% are not listed as they present an outlier value, which includes France, Finland, Sweden and Bulgaria with a relative
difference and SD around the mean of -271%±497, -184%±82, -169%±216 and -114%±126 respectively. However, the correlation for
these countries is very high with a value of 0.95±0.02 for France, 0.97±0.02 for Sweden and 0.99 for Bulgaria, with the exception of
Finland, which has an r-value of 0.110±0.34
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Figure 8. Scatter plots between the P surplus for agricultural soil from various previous studies and our study for different countries and
corresponding linear fits. The circles in each panel denote the average of 48 P surplus reconstructed in this study, whereas the bars show the
standard deviation. (a) France for each year in 1920 – 2019 at country level (Guejjoud et al., 2023) (b) United Kingdom (UK) for 1990, 1995
and each year in 2000 – 2018 at country level (DEFRA, 2022) (c) Slovenia for each year in 1992 – 2019 at country level (Verbič and Sušin,
2022) (d) European countries in 2013 (each point in this plot represent one country (Einarsson et al., 2020)) (e) Each European country for
each year in 2010 – 2019 (Eurostat, 2024) (f) Sub-national level (NUTS 2) for the year 2013 (Einarsson et al., 2020) (each point in this plot
represent NUTS 2 unit)
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