
Reviewer 2

Overall comment: This study developed a dataset of annual P surplus across Europe at a spatial resolution of 5 arcmin during
1850-2019. The uncertainties of P surplus estimation were considered by using two fertilizer estimates, six animal manure
estimates, and two cropland and two pasture P removal estimates. Country-level survey data and multiple spatial maps were
used to develop this dataset. The manuscript provided a very detailed description of the methodology and was easily understood.5
However, I still have several concerns regarding the novelty of the dataset and the reliability of the methods.

Reply: We thank the reviewer for their careful review of the manuscript and their useful comments. We reply below to the
points raised by the Reviewer.

1.1 — The published 48 P surplus estimates were not very useful, since most users may only use the ensemble mean. I
suggest authors publish data of all P input and output variables instead of only publishing P surplus data.10

Reply:

Thank you for your insightful comments regarding the publication of the 48 P surplus estimates. We acknowledge the
reviewer’s concern about the potential over-reliance on ensemble mean estimates by some users and the suggestion to
publish additional datasets. In response, we now provide not only the 48 P surplus estimates but also detailed datasets
on P inputs and P outputs, which will allow users to carry out more targeted analyses based on specific input and output15
variables.

The objective of our study is to focus on long-term P surplus dynamics across Europe. Therefore, publishing the P
surplus estimates remains crucial for understanding the broader environmental implications. However, we agree that pro-
viding access to the underlying input and output data significantly enhances the dataset’s utility for the broader research
community. Importantly, the inclusion of all 48 estimates is a key strength of our study, as it accounts for uncer-20
tainties inherent in P surplus estimation—an aspect often overlooked in the majority of previous studies. The
uncertainty in P surplus estimates arises from various factors, including different assumptions about fertilizer and manure
distribution to cropland and pasture, crop uptake coefficients, and historical data quality. The importance of accounting
for uncertainty is increasingly emphasized in nutrient research, as demonstrated by recent work, such as Guejjoud et al.
(2023); Ringeval et al. (2024), Sarrazin et al. (2024) and Zhang et al. (2021), which underscores how datasets incor-25
porating uncertainty provide a stronger foundation for robust assessment of underlying nutrient dynamics. Indeed, in a
recent comprehensive analysis of nitrogen budget compilation, Zhang et al. (2021) emphasizes that “To improve nitro-
gen budget estimates, current uncertainties in concepts, data, and methods need to be addressed . . . ”. While the study
focused on the nitrogen budget, similar recommendations can be applied to phosphorus budget estimates, as the main
underlying components such as crop removal, mineral fertilizer and manure, are consistent among both nutrients. Our30
study contributes to this direction and takes a step toward uncertainty assessment in the P surplus budget.

While it may happen that many users may rely on the ensemble mean, we believe that providing uncertainty estimates
is a good scientific practice, as it offers a more comprehensive understanding of reconstructed datasets. This is true
especially in our case for reconstructing the past nutrient budgets where many methodological aspects and underlying
components remain uncertain (e.g., fertilizer or manure applications on different land-use types) (Zhang et al., 2021).35
To this end, by including the uncertainty estimates alongside the ensemble mean P surplus estimates allows users
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to assess the range of variability. Although we cannot control how users choose to utilize the data, we have provided
recommendations and made all the datasets available to facilitate informed selections/choices.

To reflected these points, we have further emphasized about the importance of accounting for uncertainty in the intro-
duction of the revised manuscript in line 51-60.40

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 different
studies of Table 2 and Table 3 adopted different schemes to allocate mineral fertilizer and animal manure to cropland and
different coefficient values. While some studies explicitly consider uncertainties (e.g., Guejjoud et al. (2023); Antikainen45
et al. (2008); Lun et al. (2018); Muntwyler et al. (2024); Ringeval et al. (2024); Ludemann et al. (2023); Panagos et al.
(2022), listed in Tables 2 and 3), the majority do not. Ignoring this uncertainty could lead to inaccurate assessments of P
dynamics and, consequently, flawed policy recommendations (Oenema et al., 2003). Recent studies, such as Guejjoud
et al. (2023); Ringeval et al. (2024), Sarrazin et al. (2024) and Zhang et al. (2021) underscore the need for uncertainty-
aware nutrient datasets to support quantification of nutrient budgets and robust water quality assessments.50

In addition to publishing the data for P inputs and P outputs, we have also enhanced the manuscript with new visu-
alizations. Figure R1 (which corresponds to Figure 2 in the revised manuscript) now includes gridded maps of P inputs
and outputs (alongside P surplus), offering a more detailed spatial overview. We have also updated Figure R2 (which
corresponds to Figure 5 in the revised manuscript), which now illustrates the decadal trajectories of agricultural and total
P inputs (shown in orange) and P outputs (in blue), while the P surplus is represented by a red line for each decade.55
Figure R3 and Figure R4 (which corresponds to Supplementary Figure S8 and S9, respectively) further shows decadal
trajectories of agricultural and total P inputs for different European countries. This provides a clearer illustration of how
inputs and outputs have evolved over time and contributed to changing P surplus levels.

In summary, while the focus of our study is on P surplus, the additional datasets of P inputs and outputs, along with
the ensemble of 48 estimates, offer a comprehensive tool for researchers interested in exploring P dynamics in greater60
depth. We believe that this expanded data access addresses the reviewer’s concerns and enhances the dataset’s utility,
offering researchers a broader set of resources for studying P dynamics in greater depth. Thank you for your constructive
feedback on this aspect.
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1.2 — The authors claimed that the novelty of this data is considering P surplus on non-agricultural land. First, it is very
weird to identify P inputs (atmospheric deposition and weathering) on non-agricultural land as “surplus”. Second, there are no65
figures showing the results of P surplus on non-agricultural land. The inputs of deposition and weathering puts of P are very
low compared to fertilizer and manure inputs, and that is one of the reasons the results in this study are very close to Zou et
al. and Ludemann et al. Third, the calculation of P weathering in urban is uncommon. Hartmann’s data was developed on soil,
and it cannot be directly used on impervious land. Fourth, aside from forests, semi-natural vegetation, and urban areas, what
about shrubland and other land use types? Overall, calculating P surplus on non-agricultural land does not make this dataset70
distinct from other previous datasets.

Reply:

Thank you for your valuable feedback and for raising important points regarding the calculation and importance of P
surplus budget over non-agricultural areas. We have carefully considered each aspect you highlighted, and below, we
provide detailed responses and clarifications for each of your points.75

– Terminology for P surplus on non-agricultural land: We have chosen to use the term P surplus across all
land types (both agricultural and non-agricultural) to ensure consistency throughout the manuscript. This unified
terminology aligns with our broader aim of analyzing phosphorus dynamics across all diverse land use types. It
highlights the importance of understanding both inputs and outputs in various land types, including in areas where
agriculture P sources are not dominant. P inputs from other sources may still contribute to long-term environmental80
challenges. Furthermore, studies on water quality assessment (e.g. Van Meter et al., 2021), requires P surplus data
not just from agricultural areas but also from other areas/sources to quantify and analyze total catchment P export.
We acknowledge the reviewer’s concern regarding the potential confusion in referring to P inputs as P surplus over
non-agricultural areas. To address this, we have provided a clarification where this term first appears in the revised
manuscript at line 63 in Section 1.85

– Non-agricultural P surplus contributions: We would like to clarify and explain the relevance of providing P surplus
on non-agricultural soils. Our analysis shows that the northern European countries (Norway, Sweden, Finland)
have a higher contribution of non-agricultural P surplus, mainly over the forests and semi-natural vegetation, com-
pared to other regions. In Norway, non-agricultural areas accounted for approximately 28–40% of the total P surplus
in the 1850s, and though this decreased to around 13% in recent decades, it remains notable compared to other90
regions. Similarly, Finland exhibited a non-agricultural P surplus contribution of 36–42% in the 1850s, declining to
19–31% by 2000–2019. We also have added Figures R5 (Figure 3) and R6-R7 (Supplementary Figures S6 and
S7) to illustrate this contribution. Although the non-agricultural P surplus is modest compared to the agricultural P
surplus in these countries, it is nevertheless important for understanding the overall P budget, especially in regions
with substantial forested and semi-natural landscapes. By accounting for different sources of P inputs and outputs95
across all considered landscapes, our dataset can support further environmental assessments, such as analyzing
the fate of P surplus in catchment-wide water quality studies. Other sources of P inputs to river systems, such
as point sources (e.g., wastewater treatment plants), are not considered here. However, our group has worked on
reconstructing point source nutrient inputs in a separate study (see (Sarrazin et al., 2024)).

– Comparison with previous studies: We also would like to clarify that the datasets of Zou et al. (2022) and100
Ludemann et al. (2023) mentioned by the Reviewer provide P surplus for cropland only (as reported for instance
in Table 2, Section 3.2 and in the captions of Figures 6 and 7 of our manuscript). Therefore, the comparison
between the datasets of Zou et al. (2022) and Ludemann et al. (2023) and our dataset is limited to croplands and
cannot be extended to the relevance of P surplus budgets for other areas, including pasture-dominated lands within
agricultural regions and non-agricultural areas.105

– P weathering in urban areas: We recognize the uncommon application of Hartmann’s soil-based weathering data
to impervious urban areas. In response to your comment, we have excluded P weathering from urban areas in our
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revised estimates. While urban P surplus remains a relatively minor contributor, this adjustment ensures that our
calculations align more closely with realistic land use characteristics.

– Clarification on shrubland and other land types: In response to your query on shrublands and other land types,110
we clarify that semi-natural vegetation in our dataset includes shrubland. Specifically, for non-agricultural areas
in our dataset, we used the classification of land cover categories from global land cover (GLC) (Bartholomé and
Belward, 2005) that is available at a spatial resolution of 300 m and includes 23 land cover classes. From these
classes, we selected all relevant land types representing non-agricultural land, which we divided into four cate-
gories, namely semi-natural-vegetation (tree, shrub-land, herbaceous cover), forest (broad-leaved, evergreen and115
deciduous forest), non-vegetation (bare areas, water bodies) and urban areas. This ensures that all non-agricultural
areas contributing to P surplus are represented in our analysis.

– Distinction from previous datasets: Our dataset offers several unique contributions that collectively provide a
more comprehensive view of the phosphorus (P) surplus budget across Europe. While including non-agricultural
land types is crucial for gaining a thorough understanding of the total P surplus budget within a given landscape120
unit (e.g., catchments or administrative units), our approach is further enhanced by additional aspects such as
extended spatial and temporal coverage and the incorporation of uncertainty assessments in the P surplus budgets.
Below, we outline some key features that distinguish our dataset from existing ones or complement them beyond
considering both agricultural and non-agricultural areas:

– As highlighted in our first reply to the reviewer, our dataset includes 48 distinct P surplus estimates, providing125
a comprehensive representation of uncertainty—a critical aspect partially considered in some past studies
reported in Tables 2 and 3. This uncertainty-aware approach is essential for reliably assessing the evolutions
of P dynamics and supporting effective policy recommendations, as highlighted in recent literature on nutrient
budgeting (Guejjoud et al., 2023; Sarrazin et al., 2024; Zhang et al., 2021).

– With a spatio-temporal coverage at gridded scale and extending from 1850 to 2019, our dataset provides a130
long-term, detailed view of P surplus budget across diverse European landscapes. Further, in comparison to
existing global databases, such as those by Zou et al. (2022) and Ludemann et al. (2023), which are limited
to cropland P budgets, our dataset extends further by covering both cropland and pastureland P budgets.
This provides a more comprehensive view of P dynamics across agricultural areas, while covering P budgets
over the non-agricultural areas as well. The spatial and temporal depth enhance the utility of our dataset135
for several studies, ranging from historical agriculture and environmental change to biogeochemical cycling,
nutrient management, legacy store characterizations, and water quality assessments, where understanding
shifts over time is critical.

In response to your feedback, we have incorporated new gridded and country-level visualizations to better emphasis
the contribution of non-agricultural P surplus to total P surplus.140

Figure R5 (Figure 3 in the revised manuscript) displays this contribution at the gridded level, while Figures R6 and R7
(Supplementary Figures S6 and S7) depict contributions by countries and over time. To further elaborate on this point,
we have added the following text in section 3.1 (at line 651) of the revised manuscript:

The importance of non-agricultural P surplus is highlighted in Fig R5, which illustrates its contribution to total P surplus.
Northern European countries, such as Norway, Sweden, and Finland, show a higher contribution of non-agricultural P145
surplus, with 30–60% contribution across 70% of grid cells during the entire period (1850–2019). Central and Western
Europe exhibit more variable contributions over time. For example, in 1900 and 1930, the non-agricultural contribution
in these regions ranged between 10–30%, but it decreased to around 10% by 1990, with further declines in recent
years. Southern Europe, meanwhile, displayed a moderate and stable contribution of up to 20% from 1960 to 2019.
Supplementary Figures S6 and S7 provide additional insights, showing the contribution of non-agricultural P surplus150
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at both the country level and on a decadal scale. Northern and Eastern European countries demonstrate increasing
contributions over time, such as Estonia (from 15% in 1850–60 to 30% in 2010–19) and Sweden (from 35% to 40% over
the same period). Meanwhile, countries like Belgium, the Netherlands, and Switzerland show a consistent decrease in
contribution throughout the period, such as Switzerland dropping from 40% in 1850–60 to 5% in 2010–19.Understanding
these dynamics is critical for devising holistic nutrient management strategies that account for the role of non-agricultural155
P sources. By incorporating non-agricultural P surplus data, our dataset enables a more comprehensive understanding
of P fluxes across Europe.

To clarify the shrubland and other land use category in our dataset and to further explain our approach to constructing
non-agricultural land, we have revised the text in section 2.2.2 at line 206 of the revised manuscript, which now reads as
follows:160

The non-agricultural area in a grid cell was calculated as the remaining area after allocating cropland and pasture areas.
We used the classification of land cover categories from global land cover (GLC) (Bartholomé and Belward, 2005) that is
available at a spatial resolution of 300 m. GLC includes 23 land cover classes that we grouped into 5 categories namely,
cropland, semi-natural-vegetation (i.e. vegetation not planted by humans but influenced by human actions (Di Gregorio,
2005) including tree, shrub-land, herbaceous cover, Lichen and mosses), forest (broad-leaved, evergreen and deciduous165
forest), non-vegetation (bare areas, water bodies) and urban area. The proportions of these categories were then applied
to the non-agricultural area to estimate their annual development from 1850 to 2019.

Moreover, to emphasize the unique aspects of our dataset, we have added a detailed section 4 in the revised manuscript,
in which we highlight the value of our dataset at line 875-923.

1.3 — The fertilizer data before 1960 was calculated by using the temporal changes from Holland et al. However, Holland170
only provides N fertilizer data. The N fertilizer is produced from the Haber-Bosch process while P fertilizer is produced from
mineral rock. These two different technology may not lead to a constant N:P ratio of fertilizer before 1960. Therefore, it is not
a solid method to directly use temporal changes of N fertilizer on P fertilizer.

Reply:

Thank you for your valuable feedback. We fully acknowledge the distinction between the production processes of175
nitrogen (N) fertilizers and phosphorus (P) fertilizers, as N fertilizers are derived from the Haber-Bosch process while P
fertilizers are produced from phosphate rock. Given these technological differences, we recognize that it is not appropriate
to assume a constant N:P ratio for fertilizers before 1960.

In response to your comment, we have revised our methodology. Instead of relying on N fertilizer trends from Holland
et al. (2005) as a proxy for changes in P fertilizer, we have now incorporated a global dataset (Cordell et al., 2009) that180
traces the historical sources of phosphorus fertilizers from phosphate rock (1800–2000). This dataset provides a
more reliable temporal trend for P fertilizer use. For the period before 1961, we applied the temporal trends from this
phosphate rock dataset uniformly across all countries, and adjusted to the country specific 1961 fertilizer estimate. This
improved approach for estimating P fertilizer contribution is detailed in the revised manuscript at line 265 under section
2.3.2 of the revised manuscript which reads as follows:185

Regarding the time period of 1850 – 1960, when country-level P fertilizer data from FAOSTAT were unavailable, we
utilized the temporal dynamics from Cordell et al. (2009) that provides global estimates of phosphate rock production
during 1800 – 2000. These estimated P inputs were normalized to align with FAOSTAT data starting in 1961, using 1961
as a reference year for consistency. The global temporal dynamics was then applied across all countries in our study
domain for 1850–1960, proportionally scaling the values based on each country’s 1961 estimate. This approach allowed190
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us to generate a temporally coherent dataset, using global phosphate rock production as a proxy for P inputs from
fertilizer during the period of limited data availability. The completed annual country-level fertilizer data are referred to as
Pfersoil(u,y1850−2019) (kg yr−1).

We thank the reviewer for bringing this issue to our attention. We believe the new approach and the adjustments we
did have significantly enhances the reliability our P surplus dataset. This revision addresses the concerns you raised, and195
we are confident it strengthens the methodological integrity of our dataset.

1.4 — I also doubt the assumption of equal distribution rates of treated manure on cropland and pasture. Are there any survey
data or studies that can support it?

Reply:

Thank you for your insightful comment. We share the reviewer’s critical perspective on this aspect, particularly regarding200
the broader question of the best approach to estimate distribution rates of treated manure across croplands and pastures.
Indeed, this remains an important area and it has been broadly consider as uncertain (Zhang et al., 2021). Different
approaches have been reported in literature for estimating treated manure application rates in light of lack of detailed
survey data. Accordingly, we applied three different methods – one of them is based on the equal distribution rates of
treated manure between cropland and pasture following (Xu et al., 2019) based on generalized assumptions to account for205
the absence of detailed, consistent data. While such assumptions may not fully reflect actual land management practices,
the inclusion of the equal distribution assumption in our study is intended to offer a complementary perspective within our
ensemble of methodologies rather than asserting it as the most reliable approach. This assumption has the advantage
of dynamically adjusting manure distribution based on changing cropland and pasture areas over time and by country,
providing insights into how shifts in land use patterns might influence P dynamics in the long term. We recognize that this210
approach may carry greater uncertainties than other, more specific country-level methods, and we do not assume that it
is preferable to other distribution methodologies.

To address these uncertainties, we further employed an ensemble of approaches that incorporate more granular,
country-specific data where available. For instance, the national manure distribution ratios from Ludemann et al. (2023)
provide detailed, fixed proportions for each country, while the time-varying national N-based distribution from Einarsson215
et al. (2021) (used as a proxy for P distribution) incorporates animal type-specific data, refining manure allocation further.
These proportions are shown in Figure R8. By integrating these varied methods, our uncertainty-aware approach provides
a range of possible outcomes, ensuring that no single assumption, including the equal distribution approach, dominates
or unduly influences uncertainty estimates. Instead, our aim is to provide multiple scenarios to capture the inherent
uncertainties in manure distribution to cropland and pasture across Europe. We have revised the manuscript at the end220
of section 2.3.8 to clarify this approach, emphasizing that we do not assert one method as definitively more accurate than
another but rather use a suite of methodologies to account for uncertainty comprehensively. The revised text in line 484
reads as follows:

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 our225
database. These estimates reflect the uncertainties in our reconstruction, which arise from the selection of different
underlying datasets and distribution methods. Each method captures distinct aspects of manure allocation: the equal
distribution assumption adjusts dynamically with cropland and pasture area changes over time, while the country-specific
ratios from Ludemann et al. (2023) apply fixed national-level allocations. The third method, based on Einarsson et al.
(2021), utilizes time-varying nitrogen-based proportions as a proxy for P manure distribution. Supplementary Figure S1230
illustrates these proportion of animal manure allocated to cropland and pasture under each method, highlighting the
differences and capturing the uncertainties embedded in our approach. By combining these varied assumptions, our
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estimates provide a comprehensive view of manure distribution across cropland and pasture, supporting a nuanced
analysis of P surplus uncertainty.

Further, in support of our response, we have included the figure R8 (which corresponds to Supplementary Figure S1)235
illustrating the proportion of animal manure allocated to cropland and pasture under each of the three methodologies
applied in our study. This visual comparison highlights the distinct allocation patterns produced by each method.

1.5 — The calculation of P removal from pasture is very simple. Temporal change of PUE can impact results too. Other
impact factors, such as climate, were also not considered.

Reply:240

Thank you for your valuable comment regarding the simplicity of our approach to calculating phosphorus (P) removal
from pasture. We acknowledge the importance of considering temporal changes in phosphorus use efficiency (PUE) and
the potential influence of additional factors like climate on P removal estimates.

Given the inherent complexity of fully estimating P removal from pasture that includes data on changing livestock
intake activities, management activities, and other forage activities, in this study we adopted an approach from prior245
research (Bouwman et al., 2005, 2009; Kaltenegger et al., 2021), utilizing fixed P removal coefficients to approximate
PUE for pasture. To capture uncertainty, we used two assumptions: (1) a general P removal coefficient of 0.6, derived
from Bouwman et al. (2005), and (2) region-specific PUE values as proxies, based on nitrogen use efficiency (NUE) data
from Kaltenegger et al. (2021), with coefficients of 0.4 for Eastern Europe and 0.5 for Western Europe. These approaches
allowed us to develop two distinct datasets for P removal from pasture, each reflecting PUE estimates though constant250
in time. This approach, while simplified, enables an assessment of P removal from pasture in the absence of detailed
historical data.

However, we agree that PUE is not static and can vary over time due to changes in agricultural practices, pasture
management, and environmental factors, all of which can influence the accuracy of P removal estimates. Likewise, climate
factors such as precipitation, temperature, and soil moisture directly affect pasture growth and, consequently, P uptake255
and cycling. To address the reviewer’s comment, we have included a more detailed discussion of these points for further
improvements of our datasets in the manuscript. Specifically, we have emphasized that the temporal variability in PUE
and climate impacts, such as droughts or temperature extremes, could lead to under- or overestimations of P removal in
our dataset. This point under the section 4 at line 870 of the revised manuscript now reads as follows:

Further limitations include the simplification of parameters that likely vary across space and time. While the coefficients260
used were based on prior research (Bouwman et al., 2005; Kaltenegger et al., 2021), PUE can be highly variable across
regions and management practices (Lun et al., 2018; Chowdhury and Zhang, 2021). Our use of fixed coefficients may
not fully capture this variability, especially in countries with varying level of grazing intensities or grassland management
practices. Furthermore, climate-related factors such as changes in precipitation, temperature, and soil moisture directly
affect pasture productivity and thus P uptake and cycling (Martins-Noguerol et al., 2023), which our static approach265
does not fully encompass. This simplification was necessary due to the lack of detailed historical agricultural records but
introduces some degree of uncertainty in our P removal from pasture areas.

Moreover, while dynamic PUE datasets and models, such as those that factor in climate variability (Ijaz et al., 2017) or
region-specific grazing practices (Anderson et al., 2020), provide more accurate P removal estimates, they are limited in
temporal and spatial scope and do not cover the long historical period of this study. Future work can therefore prioritize270
integrating such dynamic models where possible. Incorporating these time-varying factors would undoubtedly improve
the robustness of our estimates, and we appreciate your suggestion as a pathway for future refinement. Regarding this,
we have added the following text in section 5 at line 965 of the revised manuscript:
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Another future enhancement would involve refining parameters to account for temporal and spatial variability. For exam-
ple, crop-specific P uptake rates vary with soil quality, crop variety, and management practices, while pasture P removal275
is influenced by phosphorus use efficiency (PUE) and meteorological and hydrological variables such as precipitation,
temperature, and soil moisture. Future work should incorporate dynamic PUE estimates to better capture time-varying
removal rates driven by regional grazing practices, crop types, and changing weather patterns.

1.6 — Since there are so many weaknesses in the method, I strongly suggest adding one section of the limitation of this data.

Reply: Thank you for your feedback. In response to your suggestion, we have added two dedicated sections — 4. Poten-280
tial use and limitations of the dataset and 5. Directions for future improvement of the dataset — in the revised manuscript.
These sections thoroughly outline the key methodological constraints of our dataset. By explicitly addressing the limita-
tions and identifying directions for future improvement, we aim to enhance transparency about potential uncertainties in
our findings and provide a balanced perspective on the dataset’s strengths and limitations. We believe these additions will
offer readers valuable insights into both the current applicability of the dataset and directions for its continued refinement.285
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Figure R1. Snapshots of P surplus, P inputs and P outputs (kg ha−1 of grid physical area yr−1) across Europe. The figure shows the annual
spatial variation in P surplus, P inputs and P outputs given as the mean of our 48 P surplus, P inputs and P outputs estimates for the selected
years.
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Figure R2. Decadal trajectory of agricultural P surplus (kg ha−1 of agricultural area yr−1) and total P surplus (kg ha−1 of physical area
yr−1) and its contributing components for the EU-27, Germany, and the Danube river basin from 1850 to 2019. Upward orange bars represent
the average of 48 P inputs, while downward blue bars indicate the average of 48 P outputs, showing decadal means. The grey ribbon shows
the range (min and max) of the 48 P surplus estimates, with the red line representing the average value for each decade. (a-c) Agricultural P
surplus for EU-27, Germany and Danube river, (d-f) Total P surplus for EU-27, Germany and Danube river
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Figure R3. Decadal trajectory of agricultural P surplus (kg ha−1 of agricultural area yr−1) and its contributing components for different
European countries from 1850 to 2019. Upward orange bars represent the average of 48 P inputs, while downward blue bars indicate the
average of 48 P outputs, showing decadal means. The grey ribbon shows the range (min and max) of the 48 P surplus estimates, with the red
line representing the average value for each decade.
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Figure R4. Decadal trajectory of total P surplus (kg ha−1 of physical area yr−1) and its contributing components for different European
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Figure R5. Snapshots showing the spatial distribution of the contribution (%) of non-agricultural P surplus to the total P surplus across
Europe for selected years. The figure highlights the annual variation in the proportion of non-agricultural P surplus to the total P surplus
(averaged from 48 P surplus estimates) across different regions, illustrating the evolving role of non-agricultural sources in European P
dynamics over time.
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Figure R6. Heat map showing the temporal evolution of the contribution (%) of non-agricultural P surplus to the total P surplus across
different European countries from 1850-2019. The figure highlights the annual variation in the proportion of non-agricultural P surplus to the
total P surplus (averaged from 48 P surplus estimates) across different European countries, illustrating the evolving role of non-agricultural
sources in European P dynamics over time. In recent years, countries such as Hungary, Bulgaria, Estonia and Croatia have recorded peak
values, which is mainly due to a lower agricultural P surplus, as a result of which the relative share of the non-agricultural P surplus in the
total P surplus has amplified.
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Figure R7. Decadal contribution of non-agricultural P surplus to the total P surplus across different European countries
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Figure R8. Fractions of manure distribution to cropland based on different methods utilized in this study. Method 1 represents the fraction
of distribution of animal manure to cropland based on the equal distribution rates for cropland and pasture within each grid cell. Method 2
shows the fraction using the time-varying national proportions of nitrogen (N) manure applied to both cropland and pasture, as provided by
Einarsson et al. (2021). Method 3 shows the manure distribution based on country-level data on manure application proportions to cropland
and pasture, as reported by Ludemann et al. (2023).
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