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TEXTE Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea — 1880 scenario
modelled with MoRE

Abstract: Historical nutrient emissions and loads in German river basins of the North Sea and Baltic
Sea

Historical nutrient emissions from inland waters into the sea are often considered as marine reference
conditions. However, the application of different models resulted in significant uncertainties of these
reference conditions and resulting reduction requirements in marine environments. Thus, the MoRE
model was used for a more consistent revised historical nutrient emission scenario for 1880 for all river
basins of the German North Sea and Baltic Sea. The approach is further improved by using e.g. the water
balance model LARSIM-ME, which provided the necessary runoff components of the 1880 period as model
input for MoRE in a consistent way.

Recently published datasets for historical conditions as well as historical literature were used to derive
suitable input data for modelling. Currently implemented model approaches in MoRE were adapted and
partly simplified to reflect 1880 conditions.

Nitrogen and phosphorus emissions into surface waters as well as transported riverine loads and surface
water concentrations were modelled. Model results represent an early-industrial state with distinct
anthropogenic impact before intensification of agricultural production. Comparison of results to reported
concentrations from historical literature showed an overall good agreement of magnitude. Comparison of
results to further historical modelling studies revealed more similarities with previous MONERIS
modelling than with regional and global estimations, although, e.g., the importance of individual emission
pathways differed.

The results from this study can contribute to revise target values for nutrients at the limnic-marine
transition points as well as for coastal and marine waters of Germany.

Kurzbeschreibung: Modellierung historischer Nahrstoffeintrage und -frachten in deutsche Nord-
und Ostseeeinzugsgebiete

Historische Nahrstoffeintrage aus Binnengewdassern ins Meer werden haufig als marine
Referenzbedingungen angesehen. Die Anwendung unterschiedlicher Modelle fiihrte jedoch zu erheblichen
Unsicherheiten hinsichtlich dieser Referenzbedingungen und der sich daraus ergebenden
Minderungsanforderungen fiir die Meeresumwelt. Deshalb wurde das Modell MoRE genutzt, um ein
konsistenteres, liberarbeitetes historisches Nahrstoffeintragsszenario fiir das Jahr 1880 darzustellen, das
alle Flussgebiete der deutschen Nord- und Ostsee abdeckt. Die fiir die Modellierung notwendigen
Abflusskomponenten fiir den Zeitraum um 1880 wurden in konsistenter Weise mit dem
Wasserhaushaltsmodell LARSIM-ME ermittelt.

Kirzlich veroffentlichte Datensatze zu historischen Bedingungen sowie historische Literatur wurden
genutzt, um Eingangsdaten fiir die Modellierung abzuleiten. Die derzeit in MoRE implementierten
Modellansitze wurden angepasst und teilweise vereinfacht um die Bedingungen um 1880 darzustellen.

Die Stickstoff- und Phosphor-Eintrage in Oberflaichengewasser sowie die transportierten Frachten und
resultierenden Konzentrationen wurden modelliert. Die Ergebnisse reprisentieren einen
frithindustriellen Zustand mit deutlich anthropogenen Einfliissen vor der Intensivierung der
landwirtschaftlichen Produktion. Vergleiche der Ergebnisse mit Konzentrationen aus historischen
Literaturquellen zeigten eine insgesamt gute Ubereinstimmung der Gréfenordnung. Vergleiche der
Ergebnisse mit weiteren historischen Modellszenarien ergaben mehr Ubereinstimmungen mit fritheren
MONERIS-Modellierungen als mit regionalen und globalen Abschitzungen. Trotz der Ahnlichkeit zu
fritheren Gesamtergebnissen aus MONERIS unterschieden sich die mit MoRE ermittelten Teilergebnisse
wie der Anteil einzelner Eintragspfade.

Die Ergebnisse dieser Studie konnen dazu beitragen, die Zielwerte fiir Nahrstoffe an den limnisch-marinen
Ubergangspunkten und in den Kiisten- und Meeresgewissern Deutschlands zu iiberpriifen.
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Summary

Despite decreasing nutrient emissions since the 1990s, marine waters fail to achieve the good status with
regard to eutrophication according to the Water Framework Directive (WFD) and Marine Strategy
Framework Directive (MSFD). Most nutrient emissions originate from terrestrial sources and enter the
sea via rivers.

Target values are a legal prerequisite to achieve the good environmental status and are fundamental for
river basin management. For Germany, target annual average riverine concentrations have been derived
in the past to achieve the good environmental status according to WFD and MSFD with respect to
nutrients and chlorophyll-a concentrations in coastal and marine water bodies of the North Sea and Baltic
Sea (BLANO 2015; BLMP 2011; Schernewski et al. 2015). For total nitrogen, annual average target
concentrations of 2.8 mg N/L and 2.6 mg N/L were derived for North Sea and Baltic Sea tributaries,
respectively. These targets have been laid down in the German Surface Water Ordinance (OGewV). The
target for North Sea tributaries was originally derived for the Rhine River at the German-Dutch border
from a Dutch threshold value for dissolved inorganic nitrogen (ICPR 2010) and was later transferred to
other German North Sea tributaries (BLMP 2011). The target value for Baltic Sea tributaries was based on
modelling historical nutrient emissions in 1880 and a permitted deviation of 50 % (Schernewski et al.
2015). There are no corresponding target concentrations for total phosphorus. Instead, riverine type-
specific orientation values according to the 0GewV (Annex 7) currently apply.

Historical nutrient emissions for 1880 were derived using the MONERIS model for German Baltic Sea (Hirt
et al. 2014) and North Sea basins (Gadegast & Venohr 2015). Additional assumptions and extended input
data were used for modelling of the North Sea basins, leading to inconsistent approaches between North
and Baltic Sea basins. For instance, mean nitrogen surplus was estimated without considering nitrogen
fixation for Baltic Sea basins (Hirt et al. 2014), while it was included for the modelling of North Sea basins
(Gadegast & Venohr 2015). A harmonized modelling for 1900 conditions of North Sea basins was pursued
using the model E-HYPE (Blauw et al. 2019). Historical total phosphorus loads obtained by E-HYPE are
five times larger than the ones estimated by MONERIS. Differing results of both models led to significant
uncertainties for ecosystem modelling and reduction requirements in marine environments (Stegert et al.
2021). These uncertainties raise the question how reliable the estimated reference conditions for
Germany are in comparison to that of neighboring countries, but also how robust the former model
assumptions have been.

The objective of this study was to model a historical nutrient emission scenario representing 1880
conditions for all river basins of the North Sea and Baltic Sea, which Germany shares with its neighbours.
Further, the modelling should foster the consistency between North Sea and Baltic Sea basins as well as
enable a plausibility assessment of previous historical modelling results. The new results for 1880 may
also allow for a critical revision of currently implemented target values for nutrients at the limnic-marine
transition points as well as for coastal and marine waters of Germany.

Modelling tools

The substance emission model MoRE (Modelling of Regionalized Emissions) was used to calculate
nitrogen and phosphorus emissions via different pathways into surface waters and their resulting
transported riverine loads. MoRE was derived in 2009 from the MONERIS model (Behrendt et al. 2000;
Venohr et al. 2011) and has been continuously developed since then e.g. on behalf of the German
Environment Agency (UBA). The UBA application of the MoRE model covers all river basins in Germany
and their foreign parts.

In contrast to the previous historical modelling, MoRE considers a historical water balance which was
provided by the hydrological model LARSIM-ME (Large Area Runoff Simulation Model - Middle Europe).
Runoff components were derived by applying climate change vectors as well as considering historical land
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use and imperviousness. Yearly precipitation and land use specific runoff components from LARSIM-ME
were transferred to the MoRE analytical units following Morling et al. (2024).

Input data and adaptation of modelling approaches

Basic input data on land use, imperviousness and population in 1880 were obtained from a dataset
covering Europe (Paprotny & Mengel 2023). Most land was dedicated to agricultural activities. Arable
land and pastures made up 65 % and 66 % of land use in the basins of the North Sea and Baltic Sea,
respectively. Naturally covered areas accounted for 29 %.

For river basins of the North Sea, the total population accounted to 44.1 million inhabitants.
Approximately 9.8 million inhabitants were obtained for the Baltic Sea basins, which cover less densely
populated areas.

The 20CRv3 re-analysis data of the US National Oceanic and Atmospheric Administration (NOAA) cover
the time span 1836 - 2015 and contain all parameters needed for meteorological forcing of the water
balance model LARSIM-ME. These re-analysis data were used to derive climate change vectors (ccv)
based on the differences between the historic period 1873 - 1887 (representing average conditions in
1880) and the present period 2001 - 2015. For sake of simplicity, for each parameter one single ccv was
derived for the whole study area. The most pronounced change was observed for air temperature, which
was almost 1.5 K lower in 1880 compared to present.

Model runs were performed with LARSIM-ME with measured meteorological data of the present and with
ccv applied to these measured input data to represent the historic climatic conditions of 1880. The
impacts of 1880 land use and imperviousness were taken into account in the post-processing of the model
results. According to the model results, mean yearly runoff would on average have been approximately

50 mm/a higher under 1880 climate conditions than nowadays for unsealed areas. Since precipitation has
hardly changed, this is mainly owing to the lower air temperatures in 1880, thus leading to lower
evapotranspiration and an increase of runoff. In contrast, for areas having a much higher degree of
imperviousness today than in 1880, runoff used to be much lower in 1880 than it is today.

For modelling nutrient emissions via the pathway of urban systems, population density was used as a
proxy for estimating the amount of population connected to sewers, since cities were growing
tremendously in the late 19th century and massive construction of sewers started. For North Sea basins,
covering more large cities and industrial centres, 14 % of the total population was connected to sewers. In
Baltic Sea basins, only 8 % of the population was connected to sewers. Water consumption was set to

97 L/(inh-d) for urban population and to 55 L/(inh-d) for the population in rural areas (Franzius et al.
1893). Daily nutrient excretion rates currently implemented in MoRE [12 g N/(inh-d) and 1.9 g P/(inh-d)]
were not adapted as they fall into the range of values reported in historical literature. Local wastewater
treatment in form of sewage farms could only be considered for the Berlin area, assuming 65 % and 90 %
retention in soils for nitrogen and phosphorus, respectively.

For modelling atmospheric deposition onto water surfaces, a global dataset covering historical
conditions (Hegglin et al. 2016) was used for nitrogen. For phosphorus, a deposition rate of 75 g/(ha-a)
was used following the estimation of Ruoho-Airola et al. (2012).

The dataset on nitrogen deposition was also used for modelling emissions via surface runoff. For
phosphorus, concentration in surface runoff from all vegetated areas were set to 0.0125 mg P/L, based on
average phosphorus leaching from unproductive vegetation (Prasuhn et al. 1996).

For modelling erosion, different approaches were used for present Germany and foreign territories of the
river basins. For present Germany, the input data based on the universal soil loss equation (USLE) were
adapted from results of a recent erosion modelling covering only Germany (Fuchs et al. 2022). The crop
factor (C factor) on arable land was increased by around 41 %, assuming no conservation tillage took
place in the past. The rainfall erosivity factor (R factor) was recalculated using the mean annual

17



TEXTE Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea — 1880 scenario
modelled with MoRE

precipitation of the derived historical water balance according to DIN 19708 (2017), assuming that the
relationship between annual rainfall and rainfall erosivity in the late 19t century matches the one in the
late 20t century. The remaining USLE factors were not adapted. As adjustments of watercourse distance
and connection probability involves too much uncertainty, the sediment delivery ratios were kept as
obtained by Fuchs et al. (2022). For foreign territories, a dataset on historical soil loss in Europe (Fendrich
et al. 2022) was used and sediment inputs calculated following the original MONERIS approach of Venohr
etal. (2011).

For both present Germany and foreign territories, the currently implemented nitrogen topsoil contents
(Morling et al. 2024) were used for modelling 1880 emissions via erosion. The currently implemented
phosphorus contents of naturally covered areas (Fuchs et al. 2022) were used as P contents for
agriculturally used land (arable land, fruits, vineyards, pasture), assuming that soils were not over-
fertilized in 1880.

For modelling interflow and base flow emissions, currently implemented nitrogen concentrations were
adapted according to an upper limit of 2.257 mg N/L (10 mg/L of nitrate), representing unaffected
groundwater conditions. For phosphorus, the currently implemented input data by Fuchs et al. (2022)
were kept for modelling 1880, assuming that P concentrations in groundwater are predominantly
depending on geological properties instead of agricultural practices.

Due to the lack of reliable data, currently used percentages of drained agricultural land (arable land and
pasture) were reduced to meet a total drained area of the entire MoRE model area of 6 % for the year
1880, following the approach of Gadegast & Venohr (2015). A constant nitrate concentration of 10 mg/L
(2.257 mg N/L) was assumed for modelling emissions via tile drainage. Fuchs et al. (2022) derived P
concentrations in groundwater from recent phosphate measurements, averaging to 0.022 mg P/L for
Germany. These were also used for modelling tile drainage P emissions in 1880.

For modelling retention in river basins, the THL approach by Venohr (2006) is used for nitrogen in MoRE,
which considers water temperature (T) and hydraulic load (HL). Currently implemented average water
temperatures were reduced by 1 K to reflect generally cooler climate conditions of the past. For
phosphorus, retention is modelled as a function of hydraulic load following Venohr et al. (2011).

Results of historical emission modelling

Total emission for nitrogen amounted to roughly 257 kt N/a and 36 kt N/a for North Sea and Baltic Sea
basins in 1880, respectively (Table 1). Interflow and base flow were the most important pathways for
nitrogen (Figure 1), contributing 77 % - 82 % of total emissions. Total phosphorus emissions amounted to
8.2kt P/a and 1 kt P/a for North Sea and Baltic Sea basins in 1880, respectively (Table 1). Erosion was the
most important emission pathway for phosphorus (Figure 1), making up 49 % and 38 % of the modelled
emissions for the North Sea and Baltic Sea basins, respectively. Urban systems were the second largest
emission pathway for phosphorus (23 % - 25 %).

Rivers transported nutrient loads of around 180 kt N/a and 4.2 kt P/a into the North Sea (Table 1, Figure
1). This corresponds to a retention of total emissions of 30 % and 49 % for nitrogen and phosphorus,
respectively. The Baltic Sea received around 22 kt N/a and 0.46 kt P/a of riverine loads, which equals an
in-stream retention of 38 % and 58 % for nitrogen and phosphorus, respectively (Table 1, Figure 1).

Nutrient concentrations in water bodies were calculated by dividing transported loads by total runoff. For
both nitrogen and phosphorus, modelled concentrations followed partly the spatial pattern of
emissions. The highest nutrient concentrations were modelled in densely populated urban areas. Also,
mountainous areas showed higher concentrations for phosphorus due to higher emissions via erosion.
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Table 1: Summarized modelling results for North Sea and Baltic Sea basins in 1880.
Nutrient parameter unit North Sea basins | Baltic Sea basins
Total nitrogen emission [kt/a] 257 36
Total nitrogen load [kt/a] 180 22
Nitrogen retention [%] 30 38
Average nitrogen concentration [mg/L] 1.37 1.11
Total phosphorus emission [t/a] 8208 1065
Total phosphorus load [t/a] 4204 446
Phosphorus retention [%] 49 58
Average phosphorus concentration [mg/L] 0.032 0.022

Figure 1:

to the North Sea (left) and Baltic Sea (right) in 1880.

Nitrogen (top, green) and phosphorus (blue, bottom) flows within the river basins
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Model validation

Discharge measurements at river gauges in the study area are available for only a few locations since 1873
at the Global Runoff Data Centre (BfG 2024). These were used for an evaluation of the modelled water
balance. Average annual runoff was calculated from original measurements for 11 gauging stations. This

observed runoff was compared to the modelled total runoff of the MoRE analytical units covering the
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location of the corresponding gauging stations. Even though the limited number of observations hampers
a thorough validation, the comparison revealed a good agreement with historical records.

The validation of modelled concentrations is hampered by a lack of suitable data as only a few
measurements are reported in historical literature. A comparison was conducted mainly to assure
modelled concentrations are in the same order of magnitude rather than fitting individual data. Nutrient
concentrations showed an overall good agreement to historical literature data. Modelled concentrations
are also on average in good agreement with results of further historical modelling studies (Gadegast &
Venohr 2015; Hirt et al. 2014; Jensen 2017).

Comparison to further historical modelling scenarios

Results of MoRE and MONERIS modelling were more alike compared to results from regional E-HYPE and
global modelling (Beusen et al. 2016) for all parameters considered (emissions, loads as well as retention
and surface water concentrations). Differences between MoRE and MONERIS modelling still exist in the
importance of individual emission pathways. For instance, surface runoff and tile drainage are
proportionally less important, while the sum of interflow and base flow is more important for nitrogen
emissions in the MoRE modelling. For phosphorus, the sum of interflow and base flow is less important;
while the pathways of erosion and urban systems are proportionally more important in this study
compared to previous MONERIS results.

In comparison to the limited measurements of nutrient concentrations reported in literature,
concentrations predicted by MoRE and MONERIS models fit historical conditions best for all models
considered. The 1880 scenario in MoRE provided generally the lowest nutrient concentrations in this
model comparison, implying also the highest reduction needs for marine and coastal environments.

Limitations and uncertainties in historical modelling

Modelling is generally subject to many uncertainties. Reproducing past conditions is additionally
challenged by availability of historical data, necessary model assumptions and simplifications as well as
very limited validation options. The choice of input data highly influences model results and might lead to
over- or underestimation of emissions and loads. Each emission pathway depends on specific input data
and variables. Thus, the contributions of individual emission pathways to the total emissions differs and
their relative importance varies spatially as well. Therefore, a full assessment of the uncertainty in the
great number of input data and adjustments of modelling approaches is not feasible. Instead, we point out
some important aspects.

A simple approach was used and currently implemented groundwater concentrations adapted
according to an upper limit of 2.257 mg N/L (10 mg/L of nitrate) based on a drinking water analysis in
1915 reported in literature (UBA 1994). This assumption is associated with a high degree of uncertainty
as the exact distribution and representativeness of the samples is unknown. Groundwater concentrations
are unknown for 1880 and thus could be over- or underestimated in the modelling scenario in different
regions of the study area.

Topsoil content is one main variable affecting the resulting emissions via erosion. The real situation of
topsoil contents of arable land and pastures in 1880 for the whole study area remains unknown. We
assumed that current topsoil P contents of naturally covered areas are representative for agricultural soils
as these were not over-fertilized in 1880. Phosphorus emissions via erosion were 2.5-fold higher for the
Rhine basin compared to previous MONERIS results. This deviation is due to differing model assumptions
on soil loss and delivery for alpine areas, for which we assumed that all eroded material is entering
surface waters. This example highlights the importance of land use specific assumptions for river basin
modeling.

Emissions from urban sources are likely underestimated, as no commercial and industrial wastewaters
potentially delivering nutrients to surface waters were included in the modelling. The composition of
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these wastewaters is only roughly known from single observations reported in historical literature.
Wastewaters from different production stages and processes were typically discharged together and
therefore its exact composition remained mostly unknown (Biischenfeld 1997). This hampers the
derivation of reliable substance concentrations besides the quantification of emitted volumes. Further, it
can be expected that industrial emissions were much more decentralized compared to today.

Retention in surface water bodies was modelled with currently implemented approaches in this study,
neglecting changes due to the many hydraulic engineering measures carried out since 1880. Nutrient
retention might have been higher in the past due to less flow regulations by hydraulic measures and
historically presence of more wetlands (Jensen 2017). A reconstruction of the water network and coastal
morphology around 1880 was not possible and would have required extensive adaptations and
calibrations in both MoRE and LARSIM-ME models.

Conclusions

In comparison to previous works, the historical scenario developed here comprises modelling nutrient
emissions and loads more consistently for all river basins of the German North Sea and Baltic Sea
tributaries. Further, a consistent albeit simplified historical water balance was developed with the
hydrological model LARSIM-ME for the study area using climate change vectors and accounting for
historical land use and imperviousness.

The comparison to other historical modelling studies revealed that the 1880 results of the MoRE model
are more similar to that of previous MONERIS (Gadegast et al. 2012; Gadegast & Venohr 2015; Hirt et al.
2014) than regional (Blauw et al. 2019) and global applications (Beusen et al. 2016). Despite all the
differences in input data and modelling approaches between MoRE and MONERIS, the total nutrient
emissions and loads changed hardly - at least on the level of river basins. However, individual pathways
differed in their importance between the two models.

Despite the overall similarities of MORE and MONERIS results, average nutrient concentrations at the
outlet of the river basins modelled with MoRE are on average lower. In fact, lower nutrient concentrations
imply stronger requirements for reduction needs to protect marine and coastal waters. In this sense, our
work supports the need for a critical revision (Gericke et al. 2025) of currently implemented annual
average target values for total nitrogen and total phosphorus for North Sea and Baltic Sea tributaries of
Germany concerning their validity.

The results of this project are visualized for the area of present Germany in the MoRE toolbox, which
allows to interactively explore selected input data and results in more detail: https://stoffeintraege-

more.de/

The model results of the 1880 scenario presented here as well as the geometry of the modeling units can
be downloaded from the ZENODO repository: https://doi.org/10.5281 /zenodo.15227585.

21


https://stoffeintraege-more.de/
https://stoffeintraege-more.de/
https://doi.org/10.5281/zenodo.15227585

TEXTE Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea — 1880 scenario
modelled with MoRE

Zusammenfassung

Trotz riicklaufiger Nahrstoffeintrége seit den 1990er Jahren erreichen die Meeresgewasser nicht den
guten Zustand in Bezug auf Eutrophierung gemaf} der Wasserrahmenrichtlinie (WRRL) und der
Meeresstrategie-Rahmenrichtlinie (MSRL). Die meisten Nahrstoffemissionen stammen aus terrestrischen
Quellen und gelangen iiber Fliisse in die Meere.

Zielwerte sind eine rechtliche Voraussetzung fiir das Erreichen des guten Umweltzustands und eine
wichtige Grundlage fiir das Flussgebietsmanagement. Fiir Deutschland wurden in der Vergangenheit zur
Erreichung des guten Umweltzustands geméafd MSRL Zielwerte fiir die Jahresmittelkonzentrationen von
Néahrstoffen und Chlorophyll-a in den Kiisten- und Meereswasserkdrpern von Nord- und Ostsee abgeleitet
(BLANO 2015; BLMP 2011; Schernewski et al. 2015). Fiir Gesamtstickstoff wurden jahrliche
durchschnittliche Zielkonzentrationen von 2,8 mg N/L bzw. 2,6 mg N/L fiir die Zufliisse der Nord- und
Ostsee abgeleitet. Diese sind in der deutschen Oberflichengewidsserverordnung (OGewV) festgeschrieben.
Der Zielwert fiir die Nordseezufliisse wurde urspriinglich fiir den Rhein an der deutsch-niederlandischen
Grenze aus einem niederlandischen Grenzwert fiir gel6sten anorganischen Stickstoff abgeleitet (IKSR
2010) und spéter auf andere deutsche Nordseezufliisse libertragen (BLMP 2011). Der Zielwert fiir die
Ostseezufliisse basiert auf der Modellierung historischer Nahrstoffemissionen im Jahr 1880 und einer
zuldssigen Abweichung von 50 % (Schernewski et al. 2015). Fiir Gesamtphosphor gibt es keine
entsprechenden Zielkonzentrationen. Stattdessen gelten derzeit flusstypspezifische Orientierungswerte
gemafd 0GewV (Anhang 7).

Historische Nahrstoffeintrage fiir 1880 wurden mit dem MONERIS-Modell fiir die deutschen Ostsee- (Hirt
etal. 2014) und Nordseezufliisse (Gadegast & Venohr 2015) abgebildet. Fiir die Modellierung der
Nordseegebiete wurden zusatzliche Modellannahmen und erweiterte Eingangsdaten verwendet, wodurch
inkonsistente Ansatze fiir Nord- und Ostseegebiete vorliegen. So wurden beispielsweise mittlere
Stickstoffiiberschiisse fiir die Ostseegebiete ohne Berticksichtigung der Stickstofffixierung abgeschatzt
(Hirt et al. 2014), wahrend diese bei der Modellierung der Nordseegebiete einbezogen wurde (Gadegast &
Venohr 2015). Mit dem Modell E-HYPE (Blauw et al. 2019) wurde eine einheitliche Modellierung fiir die
Bedingungen in 1900 fiir die Einzugsgebiete der Nordsee vorgenommen. Die mit E-HYPE ermittelten
historischen Gesamtphosphorfrachten sind fiinfmal héher als die mit MONERIS modellierten. Die
unterschiedlichen Ergebnisse der beiden Modelle fiihrten zu erheblichen Unsicherheiten bei der
Okosystem-Modellierung und den Reduktionsanforderungen (Stegert et al. 2021). Diese Unsicherheiten
werfen die Frage auf, wie verldsslich die geschitzten Referenzbedingungen fiir Deutschland im Vergleich
zu denen der Nachbarlander sind, aber auch, wie robust die bisherigen Modellannahmen waren.

Ziel dieser Studie war die Modellierung eines historischen Szenarios fiir Ndhrstoffeintrage, das die
Bedingungen von 1880 fiir alle Flusseinzugsgebiete der Nord- und Ostsee, die Deutschland mit seinen
Nachbarn teilt, widerspiegelt. Dies ermdglichte eine konsistente Darstellung der Einzugsgebiete von Nord-
und Ostsee und eine Plausibilitdtsbewertung der bisherigen historischen Modellierungsergebnisse. Die
neuen Modellergebnisse fiir 1880 ermoglichen ebenfalls eine kritische Uberpriifung der derzeit geltenden
Zielwerte fiir Gesamtstickstoff und Gesamtphosphor an den limnisch-marinen Ubergangspunkten
Deutschlands hinsichtlich ihrer Giiltigkeit.

Modellwerkzeuge

Das Stoffeintragsmodell MoRE (Modelling of Regionalized Emissions) wurde verwendet, um die
Stickstoff- und Phosphoreintrage iiber verschiedene Pfade in die Oberflichengewdasser und die daraus
resultierenden transportierten Frachten zu berechnen. MoRE wurde 2009 auf Basis des Modells MONERIS
(Behrendt et al. 2000; Venohr et al. 2011) erweitert und wird seither u.a. im Auftrag des
Umweltbundesamtes (UBA) kontinuierlich weiterentwickelt. Die UBA-Anwendung des MoRE-Modells
deckt alle Einzugsgebiete in Deutschland und deren auslidndische Teile ab.
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Im Gegensatz zu fritheren historischen Modellierungen wurde in MoRE eine historische Wasserbilanz
beriicksichtigt, die durch das hydrologische Modell LARSIM-ME (Large Area Runoff SImulation Model -
Middle Europe) bereitgestellt wurde. Die Abflusskomponenten wurden unter Beriicksichtigung von
Klimadnderungsvektoren sowie der historischen Landnutzung und Versiegelung abgeleitet. Die jahrlichen
Niederschlags- und landnutzungsspezifischen Abflusskomponenten aus LARSIM-ME wurden auf die
Analysegebiete von MoRE tlibertragen (Morling et al. 2024).

Eingangsdaten und Modellansatze

Die grundlegenden Eingangsdaten zur Landnutzung, Versiegelung und Bevolkerung in 1880 wurden aus
einem europdischen Datensatz (Paprotny & Mengel 2023) entnommen. Die meisten Flachen wurden
landwirtschaftlich genutzt. Acker- und Weideflaichen machten 65 % bzw. 66 % der Landnutzung in den
Einzugsgebieten der Nord- und Ostsee aus. Der Anteil der natiirlich bedeckten Flachen lag bei 29 %.

Fiir die Nordseeeinzugsgebiete wurde eine Gesamtbevoélkerung von 44,1 Millionen Einwohnern
ermittelt. Fiir die Einzugsgebiete der Ostsee, die weniger dicht besiedelt sind, wurden rund 9,8 Millionen
Einwohner ermittelt.

Die 20CRv3 Re-Analyse-Daten der US National Oceanic and Atmospheric Administration (NOAA) decken
die Zeitspanne 1836 - 2015 ab und enthalten alle meteorologischen Parameter, die als Eingangsdaten fiir
die Simulation der Wasserbilanz mit LARSIM-ME benétigt wurden. Aus diesen Re-Analysedaten wurden
Klimadnderungsvektoren abgeleitet, die auf der Differenz des historischen Zeitraums 1873 - 1887
(reprasentiert durchschnittliche Bedingungen im Jahr 1880) und des gegenwartigen Zeitraums

2001 - 2015 basieren. Zur Vereinfachung wurde fiir jeden Parameter ein einheitlicher
Klimaidnderungsvektor fiir das gesamte Modellgebiet abgeleitet. Die starkste Anderung zeigte sich bei der
Lufttemperatur, die 1880 um fast 1,5 K niedriger war als heute.

Mit LARSIM-ME wurden Modelllaufe mit den gemessenen meteorologischen Eingangsdaten der
Gegenwart und fiir die historischen klimatischen Bedingungen von 1880 (unter Verwendung der
Klimadnderungsvektoren) durchgefiihrt. Die Einfliisse von veranderter Landnutzung und verandertem
Versiegelungsgrad im Jahr 1880 wurden im Post-Processing der simulierten Abflusshohen mit
einbezogen. Nach den Modellergebnissen war der mittlere jahrliche Abfluss in Bereichen mit heute
weiterhin unversiegelten Boden um 1880 bis zu 50 mm/a hoher als heute. Da sich die Niederschlige
kaum verandert haben, ist dies hauptsachlich auf die niedrigeren Lufttemperaturen im Zeitraum um 1880
zurlickzufithren, die eine geringere Evapotranspiration und damit verbunden einen héheren Abfluss
bedingen. In Bereichen, die heute wesentlich starker versiegelt sind als in der Vergangenheit, traten um
1880 hingegen erwartungsgemafs deutlich geringere Abfliisse auf als heute.

Fiir die Modellierung der Nahrstoffeintrage iiber Kanalisationssysteme wurde die Bevolkerungsdichte
verwendet um die an die Kanalisation angeschlossenen Bevolkerung abzuschitzen, da die Stadte im
spaten 19. Jahrhundert enorm wuchsen und der massive Bau von Abwasserkanalen begann. In den
Nordseeeinzugsgebieten, die mehr Grofdstddte und Industriezentren umfassen, waren 14 % der
Gesamtbevolkerung an die Kanalisation angeschlossen. In den Ostseegebieten waren nur 8 % der
Bevolkerung an die Kanalisation angeschlossen. Der Wasserverbrauch wurde fiir die Stadtbevoélkerung
auf971/(E-d) und fiir die Bevolkerung in landlichen Gebieten auf 55 1/(E-d) festgelegt (Franzius et al.
1893). Die derzeit in MoRE angewandten taglichen Nahrstoffabgaben [12 g N/(E-d) und 1,9 g P/(E-d)]
wurden nicht angepasst, da sie im Wertebereich historischer Literaturquellen liegen. Eine lokale
Abwasserbehandlung in Form von Rieselfeldern wurde nur fiir Berlin berticksichtigt, wobei fiir Stickstoff
und Phosphor ein Riickhalt von 65 % bzw. 90 % in den Bden angenommen wurde.

Fir die Modellierung der atmosphdérischen Deposition auf Wasserfladchen wurde fiir Stickstoff ein
globaler Datensatz zu historischen Bedingungen (Hegglin et al. 2016) verwendet. Fiir Phosphor wurde
eine Depositionsrate von 75 g/(ha-a) nach der Schatzung von Ruoho-Airola et al. (2012) verwendet.
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Der Datensatz zur Stickstoffdeposition wurde auch fiir die Modellierung der Eintrage iiber
Oberflichenabfluss verwendet. Fiir Phosphor wurde die Konzentration im Oberflachenabfluss von allen
bewachsenen Flachen auf 0,0125 mg P/L festgelegt, basierend auf der Phosphorauswaschung von
unproduktiver Vegetation (Prasuhn et al. 1996).

Fiir die Modellierung der Erosion wurden unterschiedliche Ansatze fiir das heutige Deutschland und die
ausladndischen Gebiete der Flusseinzugsgebiete verwendet. Fiir das heutige Deutschland wurden die
Eingangsdaten auf Grundlage der allgemeinen Bodenabtragsgleichung (ABAG) angepasst, die aus einer
kiirzlich vorgenommene Erosionsmodellierung fiir Deutschland stammen (Fuchs et al. 2022). Der
Bodenbedeckungs- und -bearbeitungsfaktor (C-Faktor) auf Ackerland wurde um etwa 41 % erhoht, um zu
berticksichtigen, dass in der Vergangenheit keine konservierende Bodenbearbeitung stattgefunden hat.
Der Niederschlagserosivitatsfaktor (R-Faktor) wurde anhand des mittleren Jahresniederschlags aus der
historischen Wasserbilanz nach DIN 19708 (2017) neu berechnet, wobei davon ausgegangen wurde, dass
das Verhaltnis zwischen Jahresniederschlag und Niederschlagserosivitat im spaten 20. Jahrhundert dem
im spaten 19. Jahrhundert entsprach. Die librigen ABAG-Faktoren wurden nicht angepasst. Da
Anpassungen der Gewasserdistanz und Anbindungswahrscheinlichkeit mit zu grofden Unsicherheiten
behaftet sind, wurde fiir die Berechnung der Sedimenteintrige die von Fuchs et al. (2022) ermittelten
Sedimenteintragsverhaltnisse beibehalten. Fiir die ausldndischen Gebiete wurde ein Datensatz zu
historischem Bodenabtrag in Europa (Fendrich et al. 2022) verwendet und die Sedimenteintrige nach
dem originalen MONERIS-Ansatz von Venohr et al. (2011) berechnet.

Sowohl fiir das heutige Deutschland als auch fiir das Ausland wurden die aktuell implementierten
Stickstoff-Oberbodengehalte (Morling et al. 2024) fiir die Modellierung der Eintréage iiber Erosion im Jahr
1880 verwendet. Als Phosphorgehalte fiir landwirtschaftlich genutzte Flachen (Ackerland, Obstbau,
Weinbau, Griinland) wurden die aktuell implementierten Gehalte natiirlicher Flachen (Fuchs et al. 2022)
verwendet, unter der Annahme, dass die B6den im Jahr 1880 nicht {iberdiingt waren.

Fir die Modellierung der Eintrage liber Zwischenabfluss und Basisabfluss wurden die derzeit
implementierten Stickstoffkonzentrationen entsprechend einer Obergrenze von 2,257 mg N/L (10 mg/L
Nitrat) angepasst, die unbeeinflusste Grundwasserbedingungen darstellt. Fiir Phosphor wurden die
derzeit implementierten Eingangsdaten von Fuchs et al. (2022) fiir die Modellierung von 1880
beibehalten. Dabei wird davon ausgegangen, dass die P-Konzentrationen im Grundwasser in erster Linie
von geologischen Eigenschaften und nicht von landwirtschaftlicher Bewirtschaftung abhangen.

Da keine verlasslichen Daten vorliegen, wurden die derzeit verwendeten Anteile dranierter
landwirtschaftlicher Flachen (Ackerland und Griinland) in Anlehnung an den Ansatz von Gadegast und
Venohr (2015) soweit reduziert, dass die gesamte dréanierte Flache des MoRE-Modellgebietes 6 % fiir das
Jahr 1880 entspricht. Fiir die Modellierung der Eintrage liber Drianagen wurde eine konstante
Nitratkonzentration von 10 mg/L (2,257 mg N/L) angenommen. Fuchs et al. (2022) leiteten aus aktuellen
Messungen P-Konzentrationen im Grundwasser ab, die im Mittel 0,022 mg P/L fiir Deutschland betragen.
Diese wurden auch fiir die Modellierung der P-Eintrage tiber Dranagen fiir 1880 verwendet.

Fiir die Modellierung der Retention in den Flusseinzugsgebieten wurde der THL-Ansatz von Venohr
(2006) fiir Stickstoff in MoRE verwendet, der die Wassertemperatur (T) und die hydraulische Belastung
(HL) beriicksichtigt. Fiir das historische Szenario wurden die aktuell implementierten durchschnittlichen
Wassertemperaturen um 1 K reduziert, um die allgemein kiithleren Klimabedingungen der Vergangenheit
widerzuspiegeln. Flir Phosphor wird die Retention als Funktion der hydraulischen Belastung nach Venohr
etal. (2011) modelliert.

Ergebnisse der historischen Eintragsmodellierung

Die Gesamteintrage fiir Stickstoff im Jahr 1880 belaufen sich auf rund 257 kt N/a und 36 kt N/a fiir die
Nord- und Ostseeeinzugsgebiete (Table 2). Zwischenabfluss und Basisabfluss sind mit 77 % - 82 % der
gesamten Eintrage die wichtigsten Pfade fiir Stickstoff (Figure 2). Die gesamten Phosphor-Eintrage
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belaufen sich auf 8,2 kt P/a bzw. 1 kt P/a fiir die Einzugsgebiete von Nord- und Ostsee (Tabelle 2). Die
Erosion ist der wichtigste Eintragspfad fiir Phosphor (Figure 2) und macht 49 % bzw. 38 % der

modellierten Eintrage fiir die Einzugsgebiete der Nord- und Ostsee aus. Kanalisationssysteme sind der

zweitwichtigste Eintragspfad fiir Phosphor (23 % - 25 %).
Table 2: Zusammengefasste Modellergebnisse fiir die Einzugsgebiete der Nord- und Ostsee
im Jahr 1880.
Parameter Einheit Nordsee- Ostsee-
Einzugsgebiete Einzugsgebiete

Gesamtstickstoff-Eintrag [kt/a] 257 36
Gesamtstickstoff-Fracht [kt/a] 180 22
Stickstoffretention [%] 30 38
Durchschnittliche Stickstoffkonzentration [mg/L] 1,37 1,11
Gesamtphosphor-Eintrag [t/a] 8208 1065
Gesamtphosphor-Fracht [t/a] 4204 446
Phosphorretention [%] 49 58
Durchschnittliche Phosphorkonzentration [mg/L] 0,032 0,022

Figure 2: Stickstoff- (obere Reihe) und Phosphorfliisse (untere Reihe) in den Flussgebieten

zur Nordsee (links) und Ostsee (rechts) um 1880.
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Die Einzugsgebiete der Nordsee transportieren rund 180 kt N/a und 4,2 kt P/a an Stofffrachten ins Meer
(Table 2, Figure 2). Das entspricht einer Retention der gesamten Eintrdge von 30 % fiir Stickstoff und

49 % fiir Phosphor. In die Ostsee wurden rund 22 kt N/a und 0,46 kt P/a an Frachten eingetragen, was
einer Retention der Eintrage von 38 % fiir Stickstoff und 58 % fiir Phosphor entspricht (Table 2, Figure 2).

Die Nahrstoffkonzentrationen in den Gewassern wurden aus den transportierten Frachten und dem
Gesamtabfluss berechnet. Sowohl fiir Stickstoff als auch fiir Phosphor folgten die modellierten
Konzentrationen teilweise dem raumlichen Muster der Eintrage. Die hochsten Nahrstoffkonzentrationen
wurden in dicht besiedelten stadtischen Gebieten modelliert. Auch in Gebirgsregionen waren die
Phosphorkonzentrationen hoher, was auf die hoheren Eintrage durch Erosion zuriickzufiihren ist.

Modellvalidierung

Abflussmessungen an Pegeln im Modellgebiet sind fiir wenige Standorte seit 1873 beim Global Runoff
Data Centre verfiigbar (BfG 2024). Diese wurden fiir eine Bewertung der modellierten Wasserbilanz
verwendet. Fiir 11 Pegelstationen wurde der durchschnittliche jahrliche Abfluss aus Originalmessungen
berechnet. Dieser beobachtete Abfluss wurde mit dem modellierten Gesamtabfluss der MoRE-
Analysegebiete verglichen, in denen die Pegelstationen verortet sind. Obwohl die begrenzte Anzahl von
verfligbaren Pegeln eine eingehende Validierung erschwert, ergab der Vergleich eine gute
Ubereinstimmung des simulierten Abflusses mit historischen Aufzeichnungen.

Die Validierung der modellierten Konzentrationen wird durch einen Mangel an geeigneten Daten
erschwert, da in der historischen Literatur nur wenige Messungen verzeichnet sind. Ein Vergleich wurde
hauptsachlich durchgefiihrt, um sicherzustellen, dass die modellierten Konzentrationen in der gleichen
Groflenordnung liegen. Dabei zeigte sich insgesamt eine gute Ubereinstimmung der Nahrstoff-
konzentrationen mit den historischen Literaturdaten. Die modellierten Konzentrationen stimmen im
Schnitt auch gut mit den Ergebnissen weiterer historischer Modellierungsstudien {iberein (Gadegast &
Venohr 2015; Hirt et al. 2014; Jensen 2017).

Vergleich mit anderen historischen Modellszenarien

Die Ergebnisse der MoRE- und MONERIS-Modellierung sind im Vergleich zu den Ergebnissen der
regionalen E-HYPE-Modellierung und den globalen Daten von Beusen et al. (2016) fiir alle betrachteten
Parameter (Eintrage, Frachten, Retention und Konzentrationen) sehr dhnlich. Unterschiede zwischen der
MoRE- und der MONERIS-Modellierung bestehen vor allem in der Bedeutung einzelner Eintragspfade. So
sind beispielsweise fiir die Stickstoff-Eintrdge in der MoRE-Modellierung Oberflachenabfluss und
Dranagen verhaltnismaflig geringer, wahrend die Summe aus Zwischenabfluss und Basisabfluss grofier
ist. Fiir Phosphor ist die Summe aus Zwischenabfluss und Basisabfluss geringer, wahrend die Pfade
Erosion und Kanalisationssysteme im Vergleich zu fritheren MONERIS-Ergebnissen verhéaltnismafiig
wichtiger sind.

Fir historische Nahrstoffkonzentrationen in Oberflichengewéassern gibt es nur wenige Messungen. Im
Vergleich zu diesen stimmen die von den Modellen MoRE und MONERIS vorhergesagten Konzentrationen
von allen betrachteten Modellierungen am besten mit den historischen Bedingungen iiberein. Das 1880-
Szenario in MoRE lieferte in diesem Modellvergleich generell die niedrigsten Nahrstoftkonzentrationen,
was auch den hochsten Reduktionsbedarf fiir die Kiisten- und Meeresumwelt impliziert.

Einschrankungen und Unsicherheiten in der historischen Modellierung

Modellierung ist im Allgemeinen mit vielen Unsicherheiten behaftet. Die Abbildung historischer
Bedingungen wird zusatzlich durch die Verfiigbarkeit historischer Daten, die notwendigen
Modellannahmen und Vereinfachungen sowie die sehr begrenzten Validierungsmoglichkeiten erschwert.
Die Wahl der Eingangsdaten hat grof3en Einfluss auf die Modellergebnisse und kann zu einer Uber- oder
Unterschatzung von Eintragen und Frachten fithren. Jeder Eintragspfad hangt von spezifischen
Eingangsdaten und Variablen ab. Daher ist der Beitrag einzelner Eintragspfade zu den Gesamteintragen
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unterschiedlich und variiert auch raumlich. Eine vollstindige Bewertung der Unsicherheit ist aufgrund
der grof3en Zahl von Eingangsdaten und Anpassungen der Modellierungsansatze nicht moglich.
Stattdessen wird auf einige wichtige Aspekte eingegangen.

Die derzeit angewandten Grundwasserkonzentrationen wurden entsprechend einer Obergrenze von
2,257 mg N/L (10 mg/L Nitrat) angepasst, die auf einer Analyse von Trinkwasserproben aus dem Jahr
1915 beruht (UBA 1994). Diese Annahme ist mit einer hohen Unsicherheit behaftet, da die Verteilung und
Reprasentativitat der Proben nicht bekannt sind. Die tatsachlichen Grundwasserkonzentrationen fiir das
Jahr 1880 sind nicht bekannt, daher werden diese im Modellszenario in verschiedenen Regionen des
Untersuchungsgebiets sicherlich iiber- oder unterschétzt.

Der Oberbodengehalt ist eine der Hauptvariablen, die die Eintrage durch Erosion beeinflusst. Die
Oberbodengehalte von Acker- und Weideland im Jahr 1880 sind fiir das gesamte Modellgebiet unbekannt.
Es wurde davon ausgegangen, dass die heutigen Phosphor-Oberbodengehalte der natiirlich bedeckten
Flachen reprasentativ fiir die landwirtschaftlichen Béden sind, da diese 1880 nicht iiberdiingt waren. Die
Phosphor-Eintrdge durch Erosion waren fiir das Rheineinzugsgebiet im Vergleich zu fritheren MONERIS-
Ergebnissen um das 2,5-fache hoher. Dies ist auf abweichende Modellannahmen zum Bodenabtrag fiir
alpine Gebiete zuriickzufiihren, bei denen davon ausgegangen wurde, dass das gesamte erodierte Material
in die Oberflaichengewasser gelangt. Dieses Beispiel unterstreicht die Bedeutung von
landnutzungsspezifischen Annahmen fiir die Modellierung von Flusseinzugsgebieten.

Die Eintrage der Kanalisationssysteme wurden in diesem Projekt wahrscheinlich unterschatzt, da keine
gewerblichen und industriellen Abwisser, die ebenfalls Nahrstoffe in Oberflaichengewdsser liefern
koénnen, in die Modellierung einbezogen wurden. Die Zusammensetzung dieser Abwasser ist nur grob aus
Einzelbeobachtungen in der historischen Literatur bekannt. Abwasser aus verschiedenen
Produktionsstufen und -prozessen wurden in der Regel gemeinsam eingeleitet, so dass ihre genaue
Zusammensetzung weitgehend unbekannt blieb (Biischenfeld 1997). Dies erschwert die Ableitung von
zuverldssigen Stoffkonzentrationen zusatzlich zur Quantifizierung der Abwasservolumina. Aufierdem ist
davon auszugehen, dass die industriellen Eintrage im Vergleich zu heute sehr viel dezentraler erfolgten.

Die Retention in Oberflichengewassern wurde mit den derzeit in MoRE implementierten Ansatzen
modelliert, wobei Veranderungen aufgrund der vielen wasserbaulichen Mafinahmen seit 1880
vernachldssigt wurden. Der Nahrstoffriickhalt konnte in der Vergangenheit hoher gewesen sein, da der
Abfluss durch hydraulische Mafnahmen weniger reguliert wurde und es historisch mehr Feuchtgebiete
gab (Jensen 2017). Eine Rekonstruktion des Gewassernetzes und der Kiistenmorphologie um 1880 war
nicht mdglich und wiirde umfangreiche Anpassungen und Kalibrierungen in den beiden Modellen MoRE
und LARSIM-ME erfordern.

Schlussfolgerung

Im Vergleich zu fritheren Arbeiten umfasst das hier erstellte historische Szenario eine konsistente
Modellierung der Nahrstoffeintrage und -frachten fiir alle Flusseinzugsgebiete der deutschen Nord- und
Ostseezufliisse. Dafiir wurde mit dem hydrologischen Modell LARSIM-ME eine konsistente, wenn auch
vereinfachte historische Wasserbilanz fiir das Untersuchungsgebiet abgeleitet, die sowohl die
klimatischen Bedingungen wie auch die Landnutzung und den Versiegelungsgrad um 1880 berticksichtigt.

Der Vergleich mit weiteren historischen Modellierungsstudien ergab, dass die 1880 Ergebnisse aus MoRE
den fritheren Ergebnissen von MONERIS (Gadegast et al. 2012; Gadegast & Venohr 2015; Hirt et al. 2014)
dhnlicher sind als regionale (Blauw et al. 2019) und globale Modell-Anwendungen (Beusen et al. 2016).
Unterschiede in den Eingabedaten und Modellierungsansatzen zwischen MoRE und MONERIS hatten nur
geringe Auswirkungen auf die Ergebnisse der gesamten Nahrstoffeintrage und -frachten auf der Ebene der
Flusseinzugsgebiete. Allerdings unterscheiden sich die einzelnen Pfade in ihrer Bedeutung zwischen den
beiden Modellen.
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Obwohl sich die Ergebnisse von MoRE und MONERIS insgesamt dhneln, sind die mit MoRE modellierten
Nahrstoffkonzentrationen an den Auslassen der Flusseinzugsgebiete im Durchschnitt niedriger. Diese
niedrigeren Nahrstoffkonzentrationen implizieren einen starkeren Reduktionsbedarf zum Schutz der
Meeres- und Kiistengewdisser. Somit kénnen die Modellergebnisse auch zu einer kritischen Uberpriifung
der derzeit geltenden durchschnittlichen jahrlichen Zielwerte fiir Gesamtstickstoff und Gesamtphosphor
fiir die deutschen Zufliisse der Nord- und Ostsee hinsichtlich ihrer Giiltigkeit beitragen.

Die Ergebnisse dieses Projekts werden fiir das Gebiet des heutigen Deutschlands in der MoRE-Toolbox
visualisiert, die es erlaubt, ausgewahlte Eingangsdaten und Ergebnisse interaktiv zu erkunden:
https://stoffeintraege-more.de

Die Modellergebnisse des 1880-Szenarios sowie die Geometrien der Analysegebiete konnen tiber
ZENODO heruntergeladen werden: https://doi.org/10.5281/zenodo.15227585.
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1 Introduction

Despite decreasing nutrient emissions since the 1990s, marine waters fail to achieve good status with
regard to eutrophication according to the Water Framework Directive (WFD) and Marine Strategy
Framework Directive (MSFD). Most nutrient emissions originate from terrestrial sources and enter the
sea via rivers.

Target values are a legal prerequisite to achieve the good environmental status and are fundamental for
river basin management. For Germany, target annual average concentrations have been derived in the
past to achieve the good environmental status according to MSFD with respect to nutrient and
chlorophyll-a concentrations in coastal and marine water bodies of the North Sea and Baltic Sea (BLANO
2015; BLMP 2011; Schernewski et al. 2015). For total nitrogen, annual average target concentrations of
2.8 mg N/L and 2.6 mg N/L were derived for North Sea and Baltic Sea tributaries, respectively. These
targets have been laid down in the German Surface Water Ordinance (OGewV). The target for North Sea
tributaries was originally derived for the Rhine River at the German-Dutch border from a Dutch threshold
value for dissolved inorganic nitrogen (ICPR 2010) and was later transferred to other German North Sea
tributaries (BLMP 2011). The target value for Baltic Sea tributaries was based on modelling historical
nutrient emissions in 1880 and a permitted deviation of 50 % (Schernewski et al. 2015). There are no
corresponding target concentrations for total phosphorus. Instead, riverine type-specific orientation
values according to the OGewV (Annex 7) currently apply.

Historical nutrient emissions for 1880 were derived using the MONERIS model for German Baltic Sea (Hirt
et al. 2014) and North Sea basins (Gadegast & Venohr 2015). Additional assumptions and extended input
data were used for the North Sea basins, leading to inconsistent approaches between North Sea and Baltic
Sea basins. For instance, mean nitrogen surplus was estimated without considering nitrogen fixation for
Baltic Sea basins (Hirt et al. 2014), while it was included for the modelling of North Sea basins (Gadegast &
Venohr 2015). A harmonized modelling for 1900 conditions of North Sea basins was pursued using the
model E-HYPE (Blauw et al. 2019). Historical total phosphorus loads obtained by E-HYPE are five times
larger than the ones estimated by MONERIS. Differing results of both models led to significant
uncertainties for ecosystem modelling and reduction requirements in marine environments (Stegert et al.
2021). These uncertainties raise the question how reliable the estimated reference conditions for
Germany are in comparison to that of neighboring countries, but also how robust the former model
assumptions have been.

In recent years, new historical data sets were published or existing ones improved (Batool et al. 2022;
Fendrich et al. 2022; Klein Goldewijk et al. 2017; Paprotny & Mengel 2023), differing in their spatial
resolution and methodological approaches. The substance emission model MoRE (Modelling of
Regionalized Emissions) is used as tool for national reporting and is subject to continuous model
developments (Morling et al. 2024, Fuchs et al. 2022, Morling & Fuchs 2021). Thus, previous input data
and results on historical nutrient emissions have to be revised using newly available datasets and
improved modelling approaches.

The objectives of this study were the modelling of a historical nutrient emission scenario representing
1880 conditions for all river basins of the North Sea and Baltic Sea, which Germany shares with its
neighbours. This fosters the consistency between North Sea and Baltic Sea basins as well as enables a
plausibility assessment of previous historical modelling results. In this study, the national reporting tool
MoRE was used to compute historical nutrient emissions into surface waters and transported loads. The
hydrological model LARSIM-ME provided a revised historical water balance, which was incorporated into
the MoRE model. This collaboration has been successfully demonstrated before (Morling et al. 2024). The
use of a water balance model allowed consideration of past conditions of climate, land use and
imperviousness for runoff simulation in contrast to previous historical emission modelling applications of
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MONERIS and E-HYPE, which made use of average hydrological conditions of 1983 - 2005 (MONERIS) and
1979 - 2013 (E-HYPE).

The new modelling of historical nutrient emissions for 1880 could also enable a critical revision of
currently implemented target values at the limnic-marine border for total nitrogen and total phosphorus
in riverine waters of Germany for their validity.

The results of this project are visualized for the area of present Germany in the MoRE toolbox, which
allows to interactively explore selected input data and results in more detail: https://stoffeintraege-

more.de/

The model results of the 1880 scenario presented here as well as the geometry of the modeling units can
be downloaded from the ZENODO repository: https://doi.org/10.5281 /zenodo.15227585
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2 Modelling tools

2.1 MoRE

The German Environment Agency (UBA) uses the substance emission model MoRE for the nationwide
estimation of a wide range of substances emitted into surface waters (UBA 2024). The substance
emissions into water bodies are modelled via various emission pathways (Figure 3). The MoRE model
includes pathways linked to point sources (e.g. municipal wastewater treatment plants, industrial direct
dischargers) and diffuse sources (e.g. erosion, groundwater, tile drainage). It was extended in 2009 based
on the nutrient emission model MONERIS (Modelling Nutrient Emissions in River Systems; Behrendt et al.
2000; Venohr et al. 2011) to consider further inorganic and organic pollutants (metals, PAHs,
pharmaceuticals, pesticides) and has been continuously developed since then on behalf of the UBA, among
others (Fuchs et al. 2010; Fuchs et al. 2017a; Fuchs et al. 2017b; Fuchs et al. 2022; Morling & Fuchs 2021).
Recent developments include a revised erosion modelling for Germany (Fuchs et al. 2022) and an
improved water balance, for which runoff components obtained by the hydrological model LARSIM-ME
(see next section) were integrated as input data in MoRE (Morling et al. 2024).

Figure 3: General scheme of emission pathways in the MoRE model.
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The UBA application of the MoRE model covers all river basins in Germany and their foreign parts (Figure
4). In total, the area under consideration amounts to roughly 660,000 km?. The smallest spatial modelling
units in MoRE are referred to as analytical units (AU). They uniquely represent hydrological catchments
as well as administrative units. Present Germany is represented by 2,759 analytical units with an average
area of 130 km? (Figure 4). The foreign AU (n = 697) are generally larger in size with an average area of
433 km?. The temporal resolution is currently one year. Thus, MoRE is providing annual average
substance emissions and loads (Fuchs et al. 2017b), from which riverine average concentrations can be
derived.
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Figure 4: River basins and analytical units of the MoRE model.
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For historical modelling, the point source pathways of municipal wastewater treatment plants (MWWTP)
and industrial direct dischargers are not modelled. MWWTP were not relevant for the 1880 scenario
(refer to chapter 5.3). Data on industrial emissions were unavailable (for uncertainties and limitations see
chapter 8).

All river basins covered in MoRE were included in the 1880 scenario. This included the Upper Danube
basin as well, even though it is not contributing to North Sea and Baltic Sea and is thus not in the focus of
this study. For the Danube basin, the same input data sets were prepared as described in the main text and
in Appendix A. The model results of the Upper Danube basin are shown in Appendix D.

2.2 LARSIM-ME

The process-oriented water balance model LARSIM (Large Area Runoff Simulation Model) was developed
by Bremicker (2000) and has been continuously improved since then on behalf of the LARSIM Developer
Group (LEG), which comprises the flood forecast centres of the German federal states of Baden-
Wiirttemberg, Bavaria, Hesse, North Rhine-Westphalia and Rhineland-Palatinate as well as the Swiss
Federal Office for the Environment (e.g. Bremicker et al. 2004; Luce et al. 2006; Haag & Luce 2008; Haag et
al. 2016; Haag et al. 2019; Haag et al. 2022; Haag et al. 2023; Krumm et al. in press; LEG 2024). LARSIM
improvements also include developments to generate the hydrological input for the emission model MoRE
in various applications in Germany, Luxembourg and Brazil (Fuchs et al. 2019; Morling et al. 2024).
LARSIM is a well-established hydrological model, which is widely used in Germany, Switzerland,
Luxembourg, Austria and parts of France for flood forecasting and various other hydrological tasks (e.g.
Bremicker et al. 2013; LEG 2024).
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LARSIM-ME (LARSIM - Middle Europe) is a specific LARSIM model set up on behalf of the Federal Institute
of Hydrology (BfG; Meifner et al. 2017). With a total size of approx. 800,000 km?, it covers all river basins
that Germany shares with its neighbouring countries. LARSIM-ME consists of six separate models for
distinct watersheds (Figure 5). The spatial resolution of LARSIM-ME is much coarser than the spatial
resolution of the LARSIM models used by the federal states. The sub-basins are based on grid cells with a
resolution of 5 km - 5 km (25 km?). The hydrological response units of LARSIM-ME are discriminated by
land use only, whereas information on soil properties is averaged for each land use class within a grid cell.
The original LARSIM-ME model was amended for improving the separation of total runoff into different
runoff components for nutrient emission modelling (Morling et al. 2024).

Figure 5: Watershed models of LARSIM-ME model system.
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3 Historical land use and population

3.1 Landuse

For land use, the HANZE 2.0 dataset (Paprotny & Mengel 2023) was used. The dataset is freely available
and contains land use information as well as information on imperviousness and population (refer to the
next two chapters). The land use raster for the year 1880 was selected for further processing. The
provided Corine land cover (CLC) classification of the HANZE 2.0 was used to assign the individual land
use categories to the classes used in the MoRE model (see Appendix A.2 for classification details). The land
use dataset was intersected with the MoRE analytical units to obtain the areas for each land use class in
the sub-basins.

For the considered year 1880, most land was dedicated to agriculture as arable land and pastures made
up 65 % and 66 % of land use in the North Sea and Baltic Sea basins, respectively (Table 3, Figure 6).
Naturally covered areas (mostly forest) accounted for 29 %, while all other land use classes were
represented with less than 6 % (Table 3, Figure 6).

Figure 6: Land use in 1880 aggregated to land use classes of the MoRE model.
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Table 3: Land use in 1880 aggregated to MoRE land use classes for North Sea and Baltic Sea
basins, values rounded.

North Sea basins Baltic Sea basins

Land use category [km?] [%] [km?] [%]

Arable land 221600 51 82500 57
Pastures 59 600 14 13 700 9
Naturally covered areas 127 500 29 42 000 29
Urban areas 13 000 3 3100 2
Open areas 3300 1 100 <1
Open pit mining 1200 <1 400 <1
Wetlands 2300 1 500 <1
Water surfaces 8 800 2 2000 1
Total 437 300 100 144 300 100

3.2 Imperviousness

Impervious (sealed) surfaces are a crucial part of the urban water cycle. To estimate their area, the
imperviousness raster for the year 1880 from the HANZE 2.0 dataset by Paprotny & Mengel (2023) was
used. Urban areas from the corresponding land use data of this dataset (see chapter 3.1) were used to
select the impervious raster cells. Imperviousness, given in percent, was converted to impervious area per
raster cell and subsequently aggregated to the analytical units of MoRE. On average, 40 % and 29 % of the
urban areas were sealed in 1880 in the North Sea and Baltic Sea basins, respectively (Table 4).

Table 4: Imperviousness in 1880 aggregated to MoRE analytical units for North Sea and
Baltic Sea basins, values rounded.

Land use parameter | Unit North Sea basins Baltic Sea basins

Urban areas?® [km?] 13 000 3100
Impervious areas [km?] 5200 900
Sealing degree [%] 40 29

a—see Table 3

3.3 Population

Population was taken from HANZE 2.0 dataset by Paprotny & Mengel (2023). The population raster for
the year 1880 provides population in inhabitants per hectare. Total population was obtained for the
analytical units of MoRE. For most of the study area, population density was low. However, analytical units
covering larger cities such as Berlin or Hamburg showed clearly much higher population densities (Figure
7.

For North Sea basins, the total population accounts to 44.1 million inhabitants. In comparison,
approximately 9.8 million inhabitants were obtained for the Baltic Sea basins, which cover less densely
populated areas.
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Figure 7: Population density per MoRE analytical unit in 1880.

Population density for
North Sea and Baltic Sea
river basins in 1880

Data source:
HANZE 2.0 population in 1880
(Paprotny & Mengel 2023)

Legend

inhabitants/km?2

1-50

> 50 - 100

> 100 - 150

> 150 - 200
[ > 200 - 300
B > 300 - 500
I - 500 - 1000
> 000
|:| river basins

4} 50 100 200 Institute for Water and Environment
— e— Kilometers Watter Quality Management

Source: own illustration, IWU-WG

36



TEXTE Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea — 1880 scenario
modelled with MoRE

4 Historical water balance

The hydrological model LARSIM-ME was used to derive natural runoff components for different land use
categories for a 15-year period representing 1880 (chapter 4.1). To build a final water balance for
emission modelling, mean values of the runoff components from LARSIM-ME were integrated in MoRE
considering the wastewater from urban areas (chapter 4.2). Finally, results of the water balance of the
1880 scenario are presented and validated (chapter 4.3).

4.1 Deriving natural runoff components with LARSIM-ME

The hydrological model LARSIM-ME, including the improvements described in Morling et al. (2024), was
used to simulate the natural runoff components for the historical water balance of 1880 (1880 scenario).
This includes the following working steps:

» Deriving the climatological conditions of the period around 1880 as external meteorological forcing
for the hydrological model using climate change vectors (chapter 4.1.1)

» Deriving the spatial distribution of land use and the degree of imperviousness for 1880 as internal
forcing of the hydrological processes (chapter 4.1.2)

» Applying the model and deriving the spatial and land use specific distribution of the runoff
components from the model results (post-processing) as input for MoRE (chapter 4.1.3)

4.1.1 Meteorological forcing using climate change vectors

41.1.1 Deriving climate change vectors for the 1880 scenario

LARSIM-ME needs the following meteorological parameters as input (external forcing):
Precipitation [mm]

Air temperature [°C]

Relative humidity [%]

Incoming short-wave radiation [W/m?]

Wind speed [m/s]

vV vV v v v Vv

Atmospheric pressure [hPa]

These parameters have to be provided as daily data in an adequate spatial resolution throughout the
complete model domain, either as station data or as raster data.

Due to climate change, it is not adequate to simply use measurements of a recent time span to represent
historical conditions. Thus, to account for the different climate in the water balance modelling, it is
necessary to have consistent daily time series of the above-mentioned meteorological parameters for
hundreds of stations or as spatially distributed raster data for the time span around 1880. For the time
before 1900, no meteorological data sets are available meeting the requirements with respect to temporal
and spatial resolution as well as quality and homogeneity (e.g. Lundstad et al. 2023). In addition, results of
hydrological models partly depend on the spatial distribution of the meteorological input data. Using
input data of different spatial resolution may therefore cause unintended artefacts. Given these
circumstances, we decided to work with climate change vectors (ccv) instead of directly using measured
meteorological data.
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Climate change vectors (ccv) are defined as the difference between a parameters value (e.g. air
temperature) under 1880 climatic conditions and the value under present climatic conditions. They can
either be expressed in an additive way (for temperature) or a multiplicative way (for all other
meteorological parameters):

For air temperature (Ta): Taigg0 = TApresent + CCVrq ()]

For all other parameters (Par): Pariggo = PaTyresent X CCVpqr (2)

Consequently, mean climatological conditions for the 1880 scenario are characterized by measurements
from the present and the corresponding ccv for a parameter. However, because of climate fluctuations, ccv
cannot be derived from a single year. It is rather necessary to use a longer time span, in order to capture
mean climatological conditions. Therefore, a 15-year time span (1873 - 1887) was chosen to represent
mean conditions around 1880. Based on the evaluation of the sparse meteorological and discharge data
from that time (BfG 2024; Lundstad et al. 2023; Slivinski et al. 2019), the selected period does not include
extreme outliers and can thus be viewed as representative for mean meteorological and hydrological
conditions for the 1880 scenario.

Hence, gaining ccv needs an internally consistent meteorological data set covering the whole model
domain and the period around 1880 as well as the present. Since homogenous (internally consistent)
measurements are not available for 1873 - 1887, the second-best choice to derive ccv is using re-analysis
data. Fortunately, the 20CRv3 re-analysis data of the US National Oceanic and Atmospheric
Administration (NOAA) cover the time span 1836 - 2015 and contain all meteorological parameters
needed (Slivinski et al. 2019). 20CRv3 data were derived by combining historical weather data with
modern data assimilation techniques using information from old weather maps and reports, as well as
historical weather observations from various sources such as weather stations, ships and buoys. The data
is available as a 0.703° - 0.702° grid in daily resolution (Slivinski et al. 2019). Slivinski et al. (2021) showed
that these data compared well with various independent data (i.e. measurements, other re-analyses). In
particular, they capture observed long-term trends well, fostering their applicability to derive ccv.

Since the 20CRv3 data end in 2015, the 15-year period 2001 - 2015 was defined as reference period for
present conditions. Based on our analysis of the data (cf. section 4.1.1.2), we decided to use one single ccv
for the complete year and the complete model region. The additive ccv for air temperature (Ta) is thus
defined as follows:

12-31-1887 12-31-2015

(3)
CCVpq =;- Z Ta—;- Z Ta
01-01-1873 01-01-2001
Likewise, the multiplicative ccv for all other meteorological parameters (Par) are defined as follows:
1 12-31-1887 4
= Xoi-o1-1873 Par (4)
€CVpar =T 1 12-31-2015
n’ Yo1-01-2001 Par
whereby
Ta Air temperature
Par All other meteorological parameters
n Number of daily values available for the two 15-year periods (1873 - 1887 and 2001 - 2015)
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Note, however, that historical climatic conditions derived with ccv do not reflect the actual meteorological
time series for 1873 - 1887. Nevertheless, they represent the meteorological conditions of that period in a
statistical way as required for the emission modelling of the 1880 scenario.

4.1.1.2 Evaluation and final definition of climate change vectors

Climate change vectors derived from 20CRv3 data were compared to ccv derived from an independent
dataset of the German Meteorological Service (DWD) for evaluation. As a comparison, we used monthly
gridded data for precipitation and air temperature starting in 1881 (DWD 2023). DWD data for that early
period are also associated with errors, but valid for comparison (F. Imbery, personal comm.). From DWD
data, ccv were derived for air temperature and precipitation considering the period 1881 - 1895 for
historical conditions and 2001 - 2015 for present meteorological conditions and for the area of present
Germany only. Note, that the historical 15-year period 1881 - 1895 used for this evaluation differs from
the one used to derive the original ccv (1873 - 1887), because DWD data are not available before 1881.

Mean yearly precipitation derived from 20CRv3 data is consistently higher than precipitation from DWD
data by 192 mm/a. Mean air temperature derived from 20CRv3 is 0.3 K higher than air temperature
derived from DWD data. However, based on mean yearly values, the differences between the two data
sources are almost constant throughout the whole period of investigation (Appendix A.4). Consequently,
the ccv resulting from the two different data sources are similar, indicating minor changes for
precipitation of -67.6 and -45.5 mm/a, but significant changes for air temperature of -1.61 and -1.54 K for
DWD and 20CRv3, respectively. These small deviations imply that yearly, spatially constant ccv from
20CRv3 are in good accordance with ccv derived from DWD data. With higher temporal resolution of
quarters or months, considerable differences emerge. Moreover, also the spatial distribution of ccv
derived from DWD and 20CRv3 data differ. For the sake of simplicity and to avoid additional uncertainties,
we chose constant (yearly) and spatially homogenous ccv.

The final ccv are based on the differences between 1873 - 1887 and 2001 - 2015 for the complete model
domain, and therefore, differ from the ccv derived for evaluation. For atmospheric pressure and relative
humidity, the ccv barely deviated from 1.0 and were thus set to 1.0. As expected, the most pronounced
change emerges for air temperature, which was almost 1.5 Klower in 1880 compared to present. This
temperature change equals a decrease in saturation vapour pressure of roughly 11 %. In comparison all
other parameters considered showed relatively small changes (Table 5).

Table 5: Climate change vectors (ccv) used to model the water balance for 1873 — 1887.
Meteorological forcing parameter unit type of ccv ccv
Air temperature [K] additive -1.466
Precipitation [mm/a] multiplicative 0.9986
Relative humidity [%] multiplicative 1.0
Global radiation [W/m?] multiplicative 0.9669
Wind speed [m/s] multiplicative 0.9413
Atmospheric pressure [hPa] multiplicative 1.0
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4.1.2 Land use and imperviousness

In line with MoRE, land use and imperviousness of the water balance are also based on the HANZE 2.0
dataset by Paprotny & Mengel (2023) as described in chapter 3. Accordingly, we used the data given for
1880 for the 1880 scenario. For reasons of consistency and comparability with the previous application
(Morling et al. 2024), we used the data provided for 2018 to represent the present state. Note however,
that land use and imperviousness were not directly implemented into LARSIM-ME, but they were rather
used to post-process the model results as described in the next chapter.

4.1.3 Model application and deriving the input for MoRE (model runs and post-
processing)

We used LARSIM-ME with the model settings described in Morling et al. (2024), without changing the
calibration of the model, which was originally provided by BfG. To represent the climatic conditions of the
present state we ran the model with measured meteorological data provided by BfG, for 2001 - 2015.

We applied the climate change vectors (ccv) from Table 5 to these measured input data of the period

2001 - 2015 and thereby adjusted the measurements to values representative for the climatic conditions
of the period 1873 - 1887. We then re-ran LARSIM-ME with this adjusted meteorological forcing. This
second model run represents the historic climatic conditions of the 1880 scenario. However, note that
land use and imperviousness has not been adjusted to the 1880 conditions within LARSIM-ME. The impact
of these changes is considered in the post-processing, as described below.

The land use and imperviousness considered in LARSIM-ME approximately represent the status of 2006
and do not originate from HANZE 2.0, but mainly from CORINE (cf. Morling et al. 2024 for details).
Therefore, the modelling results for the 1880 scenario and the present-state-scenario both have to be
modified in the post-processing in order to account for land use and imperviousness of the corresponding
time. The post-processing consists of the following steps (cf. Morling et al 2024 for more details):

» LARSIM-ME results are converted to represent the runoff for each land use class within a
5 km - 5 km grid-cell in units of [mm/a]. The impervious areas within a grid-cell are thereby
considered as a separate land use class.

» Runoffin [mm/a] is converted to water volume in [m3/a] by multiplying runoff of each land use
by its corresponding area.

» Changes in land use (including the land use class impervious area) were accounted for by
adjusting the area of each land use class according to the respective scenario.

In a final step, we separated the land use-specific discharge volumes of each grid-cell into three different
discharge components:

> Base flow, representing discharge that mainly originates from groundwater
» Interflow, representing subsurface runoff from the vadose zone

» Overland flow, representing surface runoff

The derivation of the runoff components and can be summarised as follows (cf. Morling et al. 2024 for
more details):

» Within Germany, surface runoff from agricultural fields is a model result. The proportion of
surface runoff from agricultural grassland and forest are reduced by factors of 0.82 and 0.42,
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respectively. Outside Germany, we used the original approach from MONERIS to determine
overland flow.

» Within Germany, base flow is determined with the spatially distributed long-term base flow
index (BFl), as defined in the Hydrological Atlas of Germany (BMU 2003; Jankiewicz et al.
2005). Outside Germany, base flow is directly taken from the model results.

» Interflow is the residual of the total discharge, neither classified as overland flow nor base flow.

4.2 Integrating LARSIM-ME runoff components in MoRE

Yearly precipitation and land use specific runoff components from LARSIM-ME were transferred to the
MoRE analytical units following the pragmatic way of Morling et al. (2024).

Urban runoff components differ in both models. In MoRE, the runoff from impervious areas connected to
sewer systems as well as the wastewater produced by inhabitants connected to the sewer systems are
considered for the 1880 scenario (Figure 8). However, LARSIM-ME provides the runoff from impervious
surfaces only, which is larger than the MoRE components for the 1880 scenario (Figure 8). The urban
runoff from LARSIM-ME was transferred to MoRE analytical units as well and was then used for an
internal correction of the water balance to maintain total runoff. The difference between the urban runoff
components is added proportionally to the slow-flowing components (base flow, interflow and tile
drainage flow) for each analytical unit (Morling et al. 2024).

Figure 8: Scheme comparing urban runoff components in both LARSIM-ME and MoRE model.

Urban discharge LARSIM-ME Urban discharge MoRE

Surface runoff via connected
impervious areas

direct runoff from impervious Waste water from connected
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Source: own illustration, IWU-WG

Water usage by population

Water consumed by population and thus the amount of wastewater produced are essential parts of the
urban water balance in MoRE (Figure 8). Thus, the amount of water used by population needs to be
estimated for historical conditions.

Centralized (drinking) water supply was available in 52 % of the cities of the German Empire with
> 10,000 inhabitants in 1876 (Biischenfeld 1997), the total number of people having a water connection
being unknown.

Franzius et al. (1893) compiled daily water needs for different purposes such as households (cleaning,
cooking, etc.), commercial and public use. They estimated the water consumption for urban population to
97 L/(inh-d) and for population in rural areas to 55 L/(inh-d). These values were used for modelling
purposes and assigned to the population density raster of HANZE 2.0 dataset (Paprotny & Mengel 2023,
chapter 3.3) as given in Table 6. For a population density of < 9 inh/ha, no water consumption was
assigned. The inhabitants of these rural areas were considered as not to be connected to sewers. Instead,
wastewater is assumed to percolate into the ground and thus not contributing to urban runoff via sewer
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systems. Water consumption was transferred from the derived raster to the level of analytical units by

averaging all raster cells located in an analytical unit.

Table 6:

Daily per capita water consumption of population used for modelling 1880.

Population density?
[inh/ha]

<9
10-35

>36

Water consumption
[L/(inh-d)]

55

97

a— For choosing the population density classes, refer to Appendix A.3

A literature review on daily water consumption and wastewater volumes (Figure 9, see also Appendix
A.5) revealed that these volumes differed in a wide range for German cities from less than 50 L/(inh-d) to
areported exceptional high consumption of more than 300 L/(inh-d) for the city of Freiburg (Dunbar
1998; Korn 1898). Even for individual cities, the range of reported values was high. For instance, the daily
water consumption in the city of Brunswick dropped from approximately 161 L/(inh-d) to 73 L/(inh-d)
after water meters were introduced in 1886/1887 (Lange 2002). The median water consumption of

99.6 L/(inh-d) for the collected literature data (Figure 9) agrees with the estimation of 97 L/(inh-d) by
Franzius et al. (1893). The on average higher volumes of wastewater compared to water consumed
(Figure 9) can be explained with additional private water suppliers discharging into sewers (Dunbar
1998, Mohajeri 2005) and higher estimations of wastewater volumes taking into account storm water
runoff for dimensioning of the new sewer systems built in this period. The water volumes were found to
be unrelated to the reported year and number of inhabitants (see Appendix A.5).

Figure 9: Historical daily per capita water usage for 36 German cities as taken from literature

(see Appendix A.5 for details).
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4.3 Results of the water balance modelling

4.3.1 Impact of climate on total runoff

We performed model runs with measured meteorological data of 2001 - 2015 and with climatic
conditions representing 1873 - 1887 with LARSIM-ME. Therefore, directly comparing the results of the
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two model runs (without post-processing them) indicates the impact of different climate conditions on
runoff and discharge in 1880.

Figure 10 illustrates the differences of total mean yearly runoff under 1880 climate conditions as
compared to today (neglecting the changes of land use and imperviousness). According to our results,
mean yearly runoff would have been approximately 50 mm/a higher under 1880 climate conditions than
nowadays in most regions. Since precipitation has barely changed, this is mainly owing to lower air
temperatures in 1880, leading to a lower saturation vapour pressure and thus lower evapotranspiration,
which resulted in an increase of runoff.

The exceptions in high altitude alpine regions are also due to the lower air temperatures. The lower
temperatures led to larger amounts of snow in high altitudes, which were not melting during summer.
Thus, the prevailing snow does not contribute to runoff generation in these high altitudes, but is rather
transported to lower regions via glaciers, snowdrift and avalanches and contributes to increased runoff in
the lower regions. Note, that these processes are simulated in a strongly simplified way in LARSIM-ME,
since it does not include the glacier module of LARSIM (Haag et al. 2019).

Figure 10: Simulated differences of mean yearly runoff due to changes in climatic conditions
only, neglecting changes of land use and imperviousness.
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4.3.2 Overall impact of climate, imperviousness and land use on total runoff

The model results with climatic conditions of 1873 - 1887 were post-processed with the land use and
imperviousness of 1880 and model results with climatic conditions of 2001 - 2015 were post-processed
with the land use and imperviousness of 2018 (see chapter 4.1.3). This leads to hydrological results for
the 1880 scenario and the present, including the influences of climate, land use and imperviousness.

The differences between the 1880 scenario and the present indicate the combined effect of changes in
climate and land use (including imperviousness) on runoff (Figure 11). According to our results, the
impact of imperviousness is inverse to that of climate. In today’s urban agglomerations, the degree of
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imperviousness was much lower in 1880. Therefore, total runoff used to be much lower in these urban
areas back in 1880. On the other hand, in rural areas, changes in runoff are dominated by the inverse
influence of the cooler climate (Figure 11). All other changes of land use apart from urbanization, i.e.
changes between forest and agricultural land, are much less significant.

Thus, the overall change of runoff between 1880 and the present seems to be dominated by the
counteracting influences of less evapotranspiration (owing to lower temperatures) and a lower degree of
imperviousness in 1880.

Figure 11: Simulated differences of mean yearly runoff due to changes in climatic conditions,
land use and imperviousness.
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4.3.3 Mean annual runoff for the 1880 scenario

Figure 12 shows the simulated spatial distribution of the mean annual runoff for the 1880 scenario. This
result reflects climatic conditions of 1873 - 1887 along with land use and degree of imperviousness of
1880. Simulated total runoff varies between less than 100 mm/a for the dry continental climate in the
eastern part of the model domain and more than 1,500 mm/a in particularly wet regions of the Alps and
the northern Black Forest. The overall values and the spatial distribution mainly reflect the large-scale
climatology and orography, and were considered as plausible.

However, as discussed above, runoff is generally higher than today in rural areas, because of less
evapotranspiration associated with lower air temperatures. In contrast, within nowadays highly
urbanized areas, total runoff used to be lower in 1880, due to a lower degree of imperviousness.

44




TEXTE Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea — 1880 scenario
modelled with MoRE

Figure 12: Simulated mean yearly runoff of the 1880 scenario.
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Table 7 summarises the modelled water volumes of the 1880 scenario in MoRE and its distribution into
different runoff components. About 80 % of the total runoff is runoff via base flow and interflow. Since
urban areas and tile drained areas are small, the corresponding runoff via these pathways make up only a
small proportion.

Table 7: Runoff in 1880 from North Sea and Baltic Sea basins. Values are derived from
LARSIM-ME results and are rounded.

Runoff from North Sea basins | Runoff from Baltic Sea basins
Runoff component [hm3/a] [%] [hm3/a] [%]
Surface runoff 20470 15 2480 12
Direct runoff onto water surfaces 4360 3 580 3
Runoff via urban systems 560 <1 60 <1
Runoff via tile drainages 2 600 2 1100 6
Interflow 43 840 33 5720 29
Base flow 60 250 46 10 000 50
Total 132 080 100 19 940 100
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4.3.4 Validation of the 1880 water balance

Discharge measurement at river gauges in the study area are only available for a few locations since 1873
at the GRDC (BfG 2024). These were used for a validation of the modelled water balance. Average annual
runoff was calculated from original measurements for 11 gauging stations (refer also to Appendix A.6),
covering at least 13 years of the considered 15 years span (1873 - 1887). This observed average annual
runoff was compared to the modelled total runoff of the MoRE analytical units covering the location of the
corresponding gauging stations (Figure 13). The average bias was 1.9 % with deviations ranging from -
16 % to 12 %. Even though the limited number of observations hampers a thorough validation, the
comparison revealed a good agreement with historical records.

We additionally used the differences of discharges reported for 1873 - 1887 and 2001 - 2015 to verify
qualitatively our results: The mean runoff of the watershed of Intschede /Weser (37,370 km?) used to be
280 mm/a for the period 1873 - 1887 and reduced to 254 mm/a for 2001 - 2015. Thus, total runoff used
to be 26 mm/a (10 %) higher around 1880 than it is today. Since, the influence of urbanization (less
imperviousness in 1880) is only moderate within the Weser watershed, this corresponds well with our
results (cf. Figure 11). Similarly, the mean annual runoff of the moderately urbanized watershed of
Cologne/Rhine (144,232 km?) used to be 24 mm/a (5 %) higher in 1873 - 1887 than it was in

2001 - 2015. Note, that the gauge Cologne is just upstream of the nowadays heavily urbanized Ruhr
agglomeration. In contrast, the mean runoff of the watershed of the gauge Rees/Rhine (159,300 km?2), just
downstream of the Ruhr agglomeration, was only 5 mm (1 %) higher in 1873 - 1887 than in 2001 - 2015.
This shows that the counteracting influences of climate and imperviousness, derived from our results, can
also be deduced from river gauge measurements.

In summary, our results for the water balance of the 1880 scenario are in good agreement with the scarce
measurement data available for validation.

Figure 13: Comparison of observed and modelled runoff. Observed runoff was obtained from
GRDC data (BfG 2024) and averaged for the period 1873 — 1887 (refer to
Appendix A.6).
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5 Modelling of individual emission pathways

A wide spectrum of substance-specific input data is required for modelling historical conditions, which
might differ significantly from present ones and thus cannot easily derived from current data. Since
historical observation data are often scarce, other model results on historical conditions are an inevitable
source next to the adaptation of modelling approaches.

Note, that the point sources pathways of municipal wastewater treatment plants (MWWTP) and industrial
direct dischargers are not modelled in the 1880 scenario. While MWWTP were not relevant at that time
(chapter 5.3.3), no data on industrial emissions were available (for uncertainties and limitations refer to
chapter 8).

The following chapters are grouped according to the individual emission pathways modelled for the 1880
scenario in MoRE. Each chapter provides insight in the derivation of corresponding input data and model
approaches for the individual nutrient-related emission pathways of MoRE followed by the in-stream
retention.

5.1 Atmospheric deposition onto water surfaces

5.1.1 Nitrogen deposition rates

Spatial data on historical nitrogen deposition (CCMI v2.0 for input4MIPs, Hegglin et al. 2016) are freely
available within the framework of the Coupled Model Intercomparison Project (CMIP6, v6.2.43). Nitrogen
(N) deposition is available as wet and dry deposition rates for NHx and NOy for the years 1850 - 2014 in
monthly resolution on a grid (2.5° - 1.9°) of global extent.

The period 1873 - 1887 (15 years) was extracted from the dataset to be in line with the considered
historical water balance period. For each month, deposition rates were averaged over the selected period.
Monthly averages were summed up to represent a yearly average over this period. As there is no
distinction between dry and wet deposition in the MoRE model systems, these were summed up for both
N species. These modified grid data were intersected with the analytical units of MoRE to obtain the
relevant input data for modelling.

In general, low deposition rates can be found at coastal and mountainous areas, while slightly higher rates
were obtained for parts of Central and Western Germany (Figure 14 and Figure 15). For the study area,
the average NHx and NOy deposition rates accounted to 1.96 kg/(ha-a) and 1.50 kg/(ha-a), respectively.
Thus, our NOy deposition rates are on average 77 % to 88 % higher than the values of 0.8 and

0.85 kg/(ha-a) as reported for the previous historical modelling of the Oder basin (Gadegast et al. 2012)
and the North Sea river basins (Gadegast & Venohr 2015), respectively. In contrast, the NHx deposition
rates are on average 57 % lower than the 4.5 kg/(ha-a) used for modelling the Oder river basin by
Gadegast et al. (2012). Ruoho-Airola et al. (2012) reported deposition rates of nitrate-N below 2 kg/(ha-a)
and ammonium-N ranging from 2 - 4 kg/(ha-a) based on a collection of observations in precipitation from
Rothamsted Experimental Station in southern England for the period 1880 - 1920.

Jensen (2017) found N deposition in Denmark in 1900 was 26 - 30 % of that in 2000 while Ruoho-Airola
etal. (2012) reported that N deposition in the Baltic Sea in 1880 was 35 % compared to 2000. This
corresponds well to the N deposition rates obtained from CCMI v2.0 dataset, which are on average 25 % of
the values for the year 2018 in MoRE (data not shown), considering that air pollution and thus deposition
decreased generally in Europe since 2000 (Aas et al. 2024).
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Figure 14: Yearly NHy deposition rates per MoRE analytical unit as obtained from input4MIPs
dataset, averaged for the period 1873 — 1887.
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Figure 15: Yearly NO, deposition rates per MoRE analytical unit as obtained from input4MIPs
dataset, averaged for the period 1873 — 1887.
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5.1.2 Phosphorus deposition rates

For phosphorus (P), no comparable data on historic atmospheric deposition are available. Centennial
changes in phosphorus deposition have been less pronounced compared to nitrogen (Mahowald et al.
2008). For modelling purposes, the assumption of Ruoho-Airola et al. (2012) is used, who estimated a
phosphorus deposition rate of 75 g/(ha-a) for the Baltic Sea region in 1850. This is 66% higher than the
deposition rate of 45 g/(ha-a) used by Gadegast & Venohr (2015).

5.1.3 Modelled emissions via atmospheric deposition onto water surfaces

Emissions via atmospheric deposition onto water surfaces are quantified by multiplying the area of water
surfaces with the deposition rate specific for each substance. Modelled N emissions were roughly four
times higher for North Sea basins than for Baltic Sea basins (Table 8). In addition to higher N deposition
rates (Figure 14 and Figure 15), North Sea basins cover a larger area of inland waters such as Lake
Constance and Mecklenburg Lake District. Accordingly, P emissions via atmospheric deposition are also
higher for North Sea basins (Table 8).

Table 8: Modelled emissions via atmospheric deposition onto water surfaces for North and
Baltic Sea basins in 1880.

Atmospheric deposition North Sea basins | Baltic Sea basins
onto water surfaces [t/a] [t/a]

Nitrogen 2 894 529
Phosphorus 66 15

5.2 Erosion

Erosion by water is an important pathway for substances transported as particles. The universal soil loss
equation (USLE) forms the basis of the erosion pathway in MoRE. The USLE does not depict soil erosion by
individual rain events but describes the long-term average soil erosion to be expected due to rainfall,
which is in line with the MoRE approach of providing annual average substance emissions and loads. Not
all of the eroded soil material is transported into surface waters but is deposited and retained on nearby
areas along the transportation path. The sediment delivery ratio (SDR) refers to the relation of soil loss
and the actual amount of sediment received by water bodies. Substance emissions via erosion are
calculated by combining the sediment inputs with spatially and land use-differentiated topsoil contents
and enrichment ratios (Fuchs et al. 2022; Morling et al. 2024).

5.2.1 Soil loss and sediment inputs

To determine the soil loss and sediment inputs for the historic scenario, different approaches were used
for present Germany and foreign territories. The approach for Germany (see below) is derived from Fuchs
etal. (2022) and could not extrapolated to the foreign parts as underlying data are not available in the
same extent and resolution.

For foreign territories, a gridded dataset on historical soil loss in Europe (Fendrich et al. 2022) was used,
which adapted the C and R factors for historical conditions. The dataset comprises soil loss rasters
[t/(ha-a)] in different temporal resolution. We selected the decadal averages for the periods 1870 - 1879
and 1880 - 1889, both periods were averaged to obtain the long-term average erosion. Land use from
HANZE 2.0 dataset (Paprotny & Mengel 2023, chapter 3.1) was used to obtain specific soil loss rates for
each analytical unit and land use class.
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For present Germany, the input data were adapted from results of a recent erosion modelling (Fuchs et
al. 2022), for which up-to-date data and methodological approaches were used for calculating soil erosion
and sediment inputs. These improved model statements and results for the erosion pathway were
integrated into the modelling tool MoRE (Fuchs et al. 2022). The erosion modelling is based on the
universal soil loss equation (USLE):

A=R-K-C-L-S-P (5)

whereby

A [t/(ha-a)] Average annual soil loss

R [N/(ha-a)] Rainfall erosivity factor

K [(t-h)/(ha-N)] Soil erodibility factor

C [-] Crop factor

L [-] Length factor

S [-1 Slope factor

P [-1 Management factor

Soil loss was calculated on the level of analytical units for different land use classes (arable land, pasture,
fruits, wine and naturally covered areas) after adapting the individual USLE factors as described below.
Therefore, changes in soil losses and sediment inputs essentially result not only from the adjusted USLE
factors, but also from the historically different distribution of land use.

5.2.1.1 C factor

In 1880, roughly three quarters of the agricultural land were particularly erosive arable land compared to
around two thirds today (proportion of arable land on agriculturally used land) (Paprotny & Mengel 2023;
Rahlf 2022). Regarding crop types, approximately 50 % were winterised for both the period around 1880
and the period 2010 - 2017 (Kaiserliches Statistisches Amt 1884; Roder et al. 2022). Thus, no substantial
changes in crop rotation and soil coverage by plants were assumed for the historical scenario. However, it
is assumed that no conservation tillage took place, while the current proportion is 40 % (Haufiermann et
al. 2023) which leads to an average C factor of 0.12 (Fuchs et al. 2022). Wurbs & Steininger (2011)
calculated an average C factor of 0.17 for recent conditions but with 100 % conventional tillage. For the
1880 scenario, the C factors on arable land were increased by around 41 % (ratio of C factors 0.17/0.12).

5.2.1.2 L and S factors

In 1883, farms of less than 20 ha controlled about 58 % of the total utilised area, while currently farms of
more than 100 ha control almost the entire utilised area (93 %) (Kopsidis 2022). Overall, progressive
mechanisation and land consolidation can be observed since 1880. Arable land in Germany has decreased
from 50 % to 35 % since then due to the conversion of arable land into grassland, forest or settlements. In
many cases, unprofitable hillside areas have been converted. This led us to the conclusion that the average
S factor is lower today than in the past. At the same time, it can be assumed that the average L factor is
higher today than it used to be due to increasing field sizes. Currently, the average slope on arable land is
2.24° (3.9 %) (Fuchs et al. 2022). The average erosive slope length corresponds to approx. 100 m
according to an estimation based on the approach by Moore & Nieber (1989). If the erosive slope length is
assumed to be halved, the LS factor is reduced by approx. 25 %. If we assume that the slope was
historically 25 % higher, as more slopes were cultivated, the effect of halving the slope length would be
equalised. Due to these contrary effects, the LS factor was not adjusted and adopted from Fuchs et al.
(2022).
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5.2.13 R factor

The R factor was recalculated at the level of the analytical units using the mean annual precipitation used
for the historical water balance (refer to chapter 4.1). It was assumed that the relationship between
annual rainfall and rainfall erosivity does not differ between the late 19t century and the late 20t century.
The R factor was calculated according to DIN 19708 (2017):

R =0.0788 - N; — 2.82 (6)
whereby

N;j [mm/a] Mean annual precipitation for the period 1873 - 1887

5.2.1.4 P and K factors

The P factor is not taken into account and is left at one according to Fuchs et al. (2022) as no information
is available. The K factor was determined on the basis of DIN 19708 (2017) as described in Fuchs et al.
(2022) and was not changed for the 1880 scenario.

5.2.1.5 Sediment delivery ratio

The sediment delivery ratio (SDR) is the ratio of sediment delivered into surface waters to the total
amount of eroded soil. For present Germany, the SDR is a function of crop management, slope,
watercourse distance and connection probability (Fuchs et al. 2022). There are no digital elevation models
available with a sufficiently high resolution for historical conditions. The changes due to settlements and
measures for drainage or land consolidation etc. could not be reconstructed. Thus, adjustments of
watercourse distance and connection probability involves too much uncertainty. For these reasons, the
average SDR per analytical unit and land use class were kept as obtained by Fuchs et al. (2022) for
calculating the sediment inputs in the analytical units of present Germany.

For foreign territories, a different approach for depicting the erosion pathway was used based on a
dataset on historical soil loss (Fendrich et al. 2022). SDR was calculated from soil loss rates following the
original MOENRIS approach of Venohr et al. (2011). SDR depends on the average slope (obtained from
current digital elevation model, Appendix A.1) and the proportion of arable land per analytical unit.

5.2.1.6 Alpine areas and glaciers

For alpine open areas and glaciers, it is assumed that all eroded material (SDR = 100 %) is entering
surface waters (Fuchs et al. 2022). A sediment input of 5.39 t/(ha-a) and of 26.9 t/(ha-a) is assumed for
alpine open areas and glaciers, respectively.

5.2.2 Enrichment ratios

The ratio of nutrient content in suspended sediments to that in the bulk soil is referred to as enrichment
ratio. For the 1880 scenario, the approach of Fuchs et al. (2022) for the enrichment ratio was kept to
calculate both nitrogen and phosphorus emissions via erosion. Enrichment ratios depend on the clay and
silt content of the topsoil material (Appendix A.1). For 1880, it is assumed that these soil properties did
not change over time.

5.2.3 Topsoil contents

Long-term agricultural experiments are a valuable source of information and some of them run for more
than 100 years. However, they provide only site-specific results depending on the local soil characteristics,
fertilization treatment and variation of crops. Changes in topsoil contents are usually not in the focus of
these experiments and show even opposing results. For instance, total N increased by 52 % and 181 % in
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upper soil (0 - 23 cm) depending on treatment with farmyard manure in Rothamsted experiments in
southern England (Rothamsted Research 2018). Nitrogen contents also increased by 11 - 24 % in the
period 1949 - 1961 at the Halle experimental site in central Germany (Stumpe 1967). Decreasing N
concentrations were observed regardless of fertilizer regime over a 56-year period (1940 - 1998) in the
Danish Sandmarken long-term experiment (Hu et al. 2019). Thereby, changes in soil N are highly coupled
to changes in organic carbon content in soils (Hu et al. 2019; Rothamsted Research 2018, 2021; Stumpe
1967).

C:N ratios in soils are likely to have changed from past to present due to different cultivation methods and
fertilizer applications. Thus, highly complex processes, involving local soil properties, crop rotation,
fertilization and soil tillage, affect nitrogen topsoil contents. Data on these are not available in detail for
the whole study area. Thus, input data for nitrogen were not adapted. For both present Germany and
foreign territories, the currently implemented nitrogen topsoil contents (Morling et al. 2024) were used
for modelling 1880 emissions via erosion.

For phosphorus, a 20 % - 106 % increase was found in upper soil (0 - 23 cm) in Rothamsted experiments
(Rothamsted Research 2016). Likewise, up to two times higher soil P contents were found after 110 years
of fertilization in German Bad Lauchstadt experiment (Medinski et al. 2018). At the same experimental
site, the P content decreased continuously without fertilization in upper soil (0 - 20 cm) in a 42-year
period (1949 - 1991, Stumpe et al. 1994). Similar to nitrogen, only a few observations with highly variable
results are available. Modelling studies intended to depict changes for soil phosphorus considering
different P pools. Zhang et al. (2017) modelled a 31 % increase of the total P per hectare between 1900
and 2010 in soils of Europe. Similarly, Ringeval et al. (2024) reconstructed past and present distributions
of P in cropland and grassland soils on the global scale assuming recent P contents in (semi-)natural soils
(He etal. 2021) as initial conditions in 1900 agricultural soils for their modelling. However, data of He et
al. (2021) are on average higher than the currently implemented P contents of natural areas derived from
recent soil measurements by Fuchs et al. (2022) for the model area. For the 1880 scenario, it was assumed
that P contents in agriculturally used soils are predominantly regulated by background conditions and no
over-fertilization due to cultivation occurred. The currently implemented P content of naturally covered
areas (Fuchs et al. 2022) was used as P contents for agriculturally used land (arable land, fruits, vineyards,
pasture) in 1880.

5.24 Modelled sediment inputs and nutrient emissions via erosion

Modelled sediment inputs are clearly linked to topography and land use. Higher sediment inputs can be
found in the low mountain ranges of the study area, the highest ones in the alpine areas of the Rhine basin
(Figure 16).

Most sediment input is delivered from arable land (Table 9) as the dominant land use in both North Sea
and Baltic Sea basins. Sediment input from open areas (mountains and glaciers) occurs only in North Sea
basins, where they make up roughly 36 % of the total sediment input into surface waters. This is due to
the model settings with very high soil loss for mountains and glaciers in combination with a SDR of 100 %
(refer to chapter 5.2.1.6). Thus, open areas show also the highest area-specific values for sediment inputs
(Table 9).

Differences in area-specific sediment inputs between arable land and other land use categories (Table 9,
Figure 17) reflect soil cover (assumptions on C factor) and spatial patterns of land use. Special crops
(fruits and wine) show higher specific sediment inputs as they are typically grown on slopes. In contrast,
area-specific sediment inputs from pasture and naturally covered areas tend towards zero in the flat
North German Plain.

Modelled nutrient emissions via erosion partly reflect the sediment inputs. Most of the emissions are
delivered from arable lands for both nitrogen and phosphorus in North Sea and Baltic Sea basins (Table
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10, Table 11). Special crops show high area-specific sediment inputs but cover much less area than other
land use classes, thus contributing < 2 % of nutrient emissions via erosion. Open areas contribute 42 % of
P emissions via erosion, but only 2 % of N emissions in North Sea basins (Table 10, Table 11). P emissions
are approximately five times larger than N emissions for open areas, which can be attributed to the
comparably higher P content of 660 mg P/kg for mountains and glaciers (Fuchs et al. 2022) compared to
N contents of 150 mg N/kg and 100 mg N/kg for mountains and glaciers, respectively, in the model
settings (Morling et al. 2024).

Figure 16: Modelled total area-specific sediment inputs into surface waters per MoRE
analytical unit in 1880.
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Table 9: Modelled sediment inputs into surface water bodies for North and Baltic Sea basins
in 1880, values rounded.
North Sea basins Baltic Sea basins
Erosion via [t/a] [t/(ha-a)] [t/a] [t/(ha-a)]
Arable land 3489 300 0.160 474 500 0.058
Pasture 698 900 0.117 57 900 0.042
Special crops (fruits and wine) 112 200 0.324 600 0.048
Naturally covered areas 65 400 0.005 57 900 0.007
Open areas 2 508 200 8.030 0 0
Total 6 874 000 0.167 560 600 0.041
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Figure 17: Land use and area-specific sediment inputs into surface waters per river basin in
1880.7
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Table 10: Modelled nitrogen emissions via erosion for North and Baltic Sea basins in 1880.
North Sea basins Baltic Sea basins

Erosion [t N/a] [%] [t N/a] [%]

Arable land 9134 62 1577 77
Pasture 4597 31 306 15
Special crops (fruits and wine) 266 2 2 <1
Naturally covered areas 327 2 169 8
Open areas 335 2 0 0
Total 14 660 100 2054 100
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Table 11: Modelled phosphorus emissions via erosion for North and Baltic Sea basins in 1880.
North Sea basins Baltic Sea basins

Erosion [t P/a] [%] [t P/a] [%]

Arable land 1924 48 318 79
Pasture 332 8 43 11
Special crops (fruits and wine) 90 2 1 <1
Naturally covered areas 36 <1 39 10
Open areas 1655 41 0 0
Total 4038 100 401 100

5.3 Urban systems

Several input data are required for modelling emissions via urban systems. Information on total
population, urban areas and impervious surfaces was taken from HANZE 2.0 dataset (refer to chapters 3.1
and 3.2). Precipitation and water consumed by population are parts of the water balance (see chapter 4).

To estimate the emissions via wastewater disposal, the following approach was considered (Figure 18):
total population is divided into urban population connected to sewers and population not connected (both
urban and rural). The approach for deriving the connection rate is explained in chapter 5.3.1. Nutrient
amounts were calculated from total population and daily inhabitant excretion rates (chapter 5.3.2).
These nutrient amounts are collected and treated in form of wastewater and were divided onto the sub-
pathways of sewer systems, cesspit soil infiltration and cesspit cleanout (chapter 5.3.3).

Figure 18: Scheme for wastewater disposal and nutrient removal via urban systems in 1880.
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Runoff from impervious areas connected to sewers contributes to nutrient emissions via urban systems as
well. For impervious areas, the same connection rate as for population was assumed. To quantify
emissions from street runoff, surface loads are needed as input data (chapter 5.3.4) and are multiplied
with the connected impervious area.

Both rainwater runoff from connected impervious areas as well as wastewater by the connected
population, contribute to the water volumes transported via sewers. These volumes were used to
calculate nutrient concentrations in the sewers and compared to reported observed ones from
historical literature (chapter 5.3.5).

5.3.1 Population connected to sewers

In many cities, gutters existed in the streets to collect kitchen swills and cleaning waters. Channels had
been built for decades in an unsystematic manner in order to reach water bodies by the shortest route
(Barthel 2003; Biischenfeld 1997; Dunbar 1998; Evans 1990; Franzius et al. 1893; Gordon; Hobrecht
1868; Hotte 1992; Lange 2002; Mittermaier 1870; Mohajeri 2005; Salomon 1906, 1907; Soyka 1885; Weyl
1894; Architekten- und Ingenieur-Verein zu Hannover 1891). Ditches, streams and smaller rivers flowing
through urban areas served as open sewer channels and were progressively built over in the late 19t
century (Gordon 1874; Ladd 1990; Lange 2002). The new discipline of city planning emerging in the
1870s in Germany relied largely on sanitation needs (Ladd 1990). The construction of sewer systems
according to consistent plans were indispensable for any city and started in the 1880 - 1890s and
afterwards for the majority of German cities (Brix et al. 1934; Ladd 1990; Salomon 1906, 1907).

The need for urban drainage and wastewater disposal becomes stronger the more inhabitants live in a
city. Accordingly, population density has been used for estimating population connected to sewer systems
in historical scenarios before (Blauw et al. 2019; Naden et al. 2016). For instance, Blauw et al. (2019),
assumed that 100 % of the urban population is connected to a sewer at a population density of > 5 inh/ha
for their 1900 scenario. This estimation appears to be not applicable for 1880 conditions in Germany, as
cities were tremendously growing and showed much higher population densities (Schott 1912, refer to
Appendix A.3).

Table 12: Percentage of urban population connected to any kind of sewer used for modelling
purposes.
Population density? | Urban population connected to sewers
[inh/ha] [%]
<9 0
10-35 30
>36 80

a—For choosing the population density classes, refer to Appendix A.3

The population connected to sewers was estimated as follows: Present administrative boundaries for
cities (ACT 2024; BKG 2020; CBS 2024a, b; DINUM 2024; GAPD 2023; Gtéwny Urzad Geodezji i Kartografii
2024; Lacko 2023; Statbel 2023; Statistik Austria 2024; swisstopo 2024) with more than 20,000
inhabitants were used as a template to separate urban and rural areas of the HANZE 2.0 population
density raster for the year 1880 (Paprotny & Mengel 2023). Further, areas of < 1 km? were eliminated
from the selection of urban areas to exclude small settlements detached from larger urban centres. The
percentages in Table 12 were multiplied with the selected urban areas of the population density raster. In
contrast to Blauw et al. (2019), a maximum of 80 % instead of 100 % connection was assumed as most
urban areas were not likely to meet a complete sewer connection at that time. Consequently, the
population connected to sewers was summarized for each analytical unit. As a result, around 13 % of the
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total population was connected to any kind of urban sewer (Table 13). A higher amount of the population
was connected in the North Sea basins, which corresponds well with the distribution of larger cities and
industrial centres in these river basins (Figure 19).

This approach resulted in a slightly higher percentage of connected population (Table 13) than the
estimated 9 % for the North Sea basins of Gadegast & Venohr (2015), who estimated the population
connected to urban sewers according to the year of construction as given by Salomon (1906, 1907) and
Brix et al. (1934).

Table 13: Total population and population connected to any kind of urban sewer in 1880 as
obtained from the HANZE 2.0 dataset North and Baltic Sea basins, values rounded.

Population connected Population connected
Total population to sewers to sewers
[inh] [inh] [%]
North Sea basins 44 107 000 6011 000 14
Baltic Sea basins 9 786 000 769 000 8
Total 53 893 000 6 780 000 13
Figure 19: Percent population connected to any kind of sewers in the 1880 scenario for the

MoRE analytical units.

Population connected
to any kind of sewers for
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Data source:
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Source: own illustration, IWU-WG

Validation of historical connection rates is hampered by a lack of reliable data. Hardly any quantitative
information was available about older channel systems before the construction of new sewers according
to consistent plans started. Even after the new sewers were constructed, information for individual cities
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refer often not to the amount of people connected, but to the number of water connections or the number
of connected properties within city borders. Inhabitants per water connection were around 60 for the
largest German city of Berlin in the period 1882 - 1886 (Mohajeri 2005) and ranged from 20 to 30 for
Munich (Soyka 1885). Cities were growing tremendously at that time, whereby inhabitants doubled or
even tripled during a few years. For instance, the number of inhabitants of Hamburg city increased more
than 3-fold from roughly 290,000 in 1880 to 931,000 in 1910 (Preiksch 2021).

An exemplary assessment revealed that estimated connection rates are in adequate agreement to
literature information (Table 14). A very good agreement between the derived values and literature
sources was achieved for the cities of Berlin (69 % compared to 70 % of population connected) and
Munich (52 % compared to 54 % of population connected). For other cities, the derived percentages of
connected inhabitants were lower than the ones given in literature. One reason is that these literature
references refer to years after the construction of sewers in the 1880s, e.g. for the cities of Wroctaw and
Brunswick. Although the approach might not accurately reflect the situation for individual cities in 1880,
it was assumed to provide a good agreement on the average situation on population connected to any kind

of sewer.

Table 14: Estimated population connected to any kind of urban sewer for exemplary cities
compared to literature data (year of reference for the connected population is
given in brackets according to the literature references).

Estimated Population
. populat|0|:| con:mected Building time of
City connected in | by literature References
sewer system
1880
[%] [%] (year)
Berlin 69 70 (1880) 1852 -1874 Mohajeri (2005)

Salomon (1907),
Wroctaw 66 93 (1888) 1874 — 1881 Statistisches Amt der Stadt
Breslau (1889/91)

Older sewers since Soyka (1885),
Munich 52 54 (1880) | 1811, combined sewer | Landeshauptstadt Miinchen
system since 1890 (2024)

Salomon (1906), Bauer

Frankfurt/Main 46 63 (1880) 1867 (1998)
Blasius (1894),

Brunswick 45 76 (1894) 1886 braunschweiger forum e.V.
(2022)

Wiirzburg 50 79 (1880) 1860 el (feltls), [

(1886)

5.3.2 Daily inhabitant excretion rates

Data were collected for daily excretion rates of nitrogen and phosphorus from literature (Figure 20; see
also Appendix A.7). As the ranges of literature values cover the values already implemented in MoRE

[12 g N/(inh-d) and 1.9 g P/(inh-d) for the sum of faeces and urine], these were used for the historical
modelling. These input data also lie between the assumptions of other historical scenarios. Jensen (2017)
assumed 4 kg N/(inh-a), which corresponds to ~11 g N/(inh-d), for Denmark in 1900. Gadegast & Venohr
(2015) used a higher value of 14.2 g N/(inh-d) for modelling North Sea basins in 1880 but reduced the
excretion rate for phosphorus to 1.09 g P/(inh-d).
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Figure 20: Daily inhabitant excretion rates for nitrogen (top) and phosphorus (bottom) taken
from literature (refer to Appendix A.7).
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5.3.3 Wastewater collection and treatment

Although the discharge of faeces into sewers was prohibited in many cities, these were partly disposed in
this way (Lange 2002). In the city of Berlin, women earned their living by carrying buckets nightly from
latrines to the Spree River (Ladd 1990). For the cities of Dresden and Stuttgart, it was assumed that only
roughly 50 % and 75 % of total faeces were removed from cesspits, respectively, the rest getting into
sewers and soils (Architekten- und Ingenieur-Verein zu Hannover 1891). Mohajeri (2005) reported that
29 % of the flats in Berlin were equipped with a WC in 1880. Similar, Plate (1998) refers to 25 % of urban
households in Germany being equipped with a WC in 1880. Once a household had a W(, it is most likely
that faeces were introduced into sewers and no longer collected separately. For modelling purposes, it
was assumed that 25 % of the connected population discharged both urine and faeces into sewers. For the
remaining connected population, it was assumed that one third of urine and the total faeces were
collected in cesspits (Konig 1887).

The dissolved fraction of nutrient amounts entering cesspits was considered to infiltrate the soil and reach
the groundwater (Figure 18). For soil retention, the settings already implemented in the MoRE model
system were used (Fuchs et al. 2010), whereby soil retention varies from 50 - 90 % depending on
permeability. Cesspit cleanout describes the amount of nutrients from collected faeces and was not
considered to be discharged into surface waters but used for fertilizer production. Note that emissions via
cesspit soil infiltration consider soil retention, while no retention was considered for cesspit cleanout.
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The first wastewater treatment plant in Germany operated from 1887 in Frankfurt-Niederrad and covered
mechanical treatment only (SEF 2024). Hence, point sources of municipal wastewater treatment plants
were not modelled in the 1880 scenario. However, local wastewater treatment existed in terms of sewage
farms. Many of these were implemented in the 1890s and afterwards in the German Empire (Salomon
1906, 1907). Only few of these facilities existed earlier than 1880 e.g. in Berlin and Gdansk. Also, the small
city of Bolestawiec in Lower Silesia was known for its use of wastewater for irrigation purposes since the
mid of the 16th century (Dunbar 1998; Salomon 1907).

Sewage farms could usually not treat the total amount of wastewater of the connected inhabitants as the
fields had to be running dry occasionally (Salomon 1906, 1907). In contrast to the British approach,
sewage farms in Germany were based on soil infiltration with artificial drainage by default (Dunbar 1998).
The drainage assured fast infiltration and allowed oxygen to enter the soil for mineralization of organic
compounds. Further, swamp formation on the fields was prevented by discharging the drainage waters
into the receiving water bodies. The performance of sewage farms depended on many factors, e.g. local
soil characteristics, operation modes, crop types, which makes quantitative assessments of their efficiency
difficult (Dunbar 1998).

The sewage farms of Berlin were implemented in the 1870s and expanded in the 1880s (Mohajeri 2005,
Barthel 2003, Dunbar 1998). In 1885, the fields received roughly 22.5 hm?3/a of wastewater (Mohajeri
2005). It was the largest facility of this kind at that time in the study area, acting as a role model for
implementation in many other German cities in the following decades (Salomon 1906, 1907; Dunbar
1998). Thus, a local wastewater treatment of emissions via sewer systems was considered in the
modelling for the analytical units covering Berlin. The few available comparisons of inflowing sewage and
drained water at the sewage farms in Berlin and Wroctaw revealed around 64 - 68 % retention of total
nitrogen and 90 - 98 % retention of phosphoric acid (Kénig 1887, 1899; Mohajeri 2005). For modelling
1880, a retention of 65 % was assumed for nitrogen. For phosphorus, the same retention as for soil
infiltration was used (90 % for analytical units covering Berlin).

5.3.4 Surface loads

Substance loads from impervious surfaces contribute to the runoff from urban areas and to urban
emissions into water bodies. Litter contained 0.472 % of nitrogen and 0.173 % of phosphorus (Weyl
1893). Using the per capita litter amount of 80 kg/(inh-a) (Weyl 1894) and applying this value to the
population and urban area from HANZE 2.0 dataset (see chapters 3.1 and 3.3), resulted in surface loads
for nitrogen and phosphorus of 4.49 kg N/(ha-a) and 1.64 kg P/(ha-a), respectively. The obtained nitrogen
surface load for historical conditions is close to the 4.6 kg N/(ha-a) by Gadegast & Venohr (2015).

5.3.5 Modelled emissions via urban systems and concentrations in sewer systems

As much more connected population was located in North Sea basins compared to the Baltic Sea basins
(Table 13, Figure 19), modelled nutrient emissions via urban sewers were generally higher for North Sea
basins than for Baltic Sea basins (Table 15, Table 16). Most of the nutrient emissions can be attributed to
cesspits.

Based on modelled nutrient inputs into sewers and water volumes, nutrient concentrations of the
transported wastewater in the sewer systems were calculated for each analytical unit. Modelled
concentrations were compared with concentrations reported in historical literature for some German
cities (Baumeister 1890; Konig 1887, 1899; refer to Appendix A.1), showing an overall acceptable
agreement of the concentration ranges (Figure 21). Modelled concentrations also matched the range of
observed concentrations in untreated wastewater today.
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Figure 21: Comparison of modelled nitrogen (top) and phosphorus (bottom) concentrations in
urban sewer systems per analytical unit with concentrations reported in literature
(refer to Appendix A.1).
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Table 15: Nitrogen emissions via urban systems for North Sea and Baltic Sea basins in 1880.
North Sea basins Baltic Sea basins
Urban system [t N/a] [%] [t N/a] [%]
Sewer systems 14 973 26 2 166 19
Cesspit soil infiltration 11179 19 1722 15
Cesspit cleanout 31292 54 7 399 66
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Table 16: Phosphorus emissions via urban systems for North Sea and Baltic Sea basins in 1880.
North Sea basins Baltic Sea basins
Urban system [t P/a] [%] [t P/a] [%]
Sewer systems 1851 17 263 12
Cesspit soil infiltration 1241 11 170 7
Cesspit cleanout 7 823 72 1850 81

5.4 Surface runoff

Unlike erosion, surface runoff comprises the transport of dissolved substances from non-built-up areas.
Emissions via surface runoff are calculated by multiplying nutrient concentrations with surface runoff (as
obtained from the water balance, refer to chapter 4). Concentrations are obtained differently for nitrogen
and phosphorus and were adapted separately to 1880 conditions.

54.1 Nitrogen

Concentrations in surface runoff are usually dominated by atmospheric nitrogen deposition on arable
land, pasture, naturally covered areas and open areas. For the 1880 scenario, the CCMI v2.0 dataset for
input4MIPs on nitrogen deposition was implemented in MoRE (refer to chapter 5.1.1).

In addition to deposition, a nitrogen concentration of 0.3 mg N/L is assumed for arable land in current
MoRE modelling to represent leaching from fertilizer additions. This was reduced to 0.1 mg N/L in 1880
to represent historical agriculture. We assumed that soils were not over-fertilized to the same extent they
are nowadays. Further, mainly manure and human excreta were used as fertilizers in 1880, which are less
soluble than mineral fertilizers. For alpine areas, the currently implemented N concentration of

0.1 mg N/L was kept.

5.4.2 Phosphorus

Fuchs et al. (2022) derived phosphorus concentrations in surface runoff from agricultural land depending
on soil phosphate contents. This approach cannot be applied for the 1880 scenario as phosphate contents
in agricultural soils most likely changed due to cultivation and fertilizer practice. Instead, the phosphorus
concentration in surface runoff from all vegetated areas was set to 0.0125 mg P/L based on average
phosphorus leaching from unproductive vegetation (Prasuhn et al. 1996), assuming that surface runoff
concentrations differ not much from leaching concentrations due to the high soil phosphorus sorption
capacity.

5.4.3 Modelled emissions via surface runoff

Table 17 summarises the modelled emissions for North Sea and Baltic Sea basins. Since North Sea basins
cover a larger area, they have higher emissions for both nitrogen and phosphorus.

Table 17: Modelled emissions via surface runoff for North Sea and Baltic Sea basins in 1880.

North Sea basins Baltic Sea basins

Surface runoff [t/a] [t/a]
Nitrogen 8210 1058
Phosphorus 254 31
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5.5 Tile drainage

Emissions via tile drainage are calculated by multiplying the drainage concentrations with the runoff via
tile drainage for each substance. Runoff via tile drainage is obtained by using the drained agricultural area
and the runoff heights provided from LARSIM-ME water balance for arable land and pasture as described
in Morling et al. (2024). Nutrient concentrations are derived differently for nitrogen and phosphorus and
were adapted for the historical scenario.

5.5.1 Drained agricultural land and runoff via tile drainage

In the recent version of MoRE, the proportions of drained areas derived by Behrendt et al. (2000) are
used. Information on drained areas is barely available for the period of the German Empire. In their
modelling of historic nitrogen emissions into the Oder River, Gadegast et al. (2012) stated that
approximately 9 % of the agricultural land was artificially drained in 1880. However, Gadegast & Venohr
(2015) mention that 8 % of arable land and 6 % of agriculturally used areas were drained around 1880.

Due to a lack of reliable data, we adopted the approach of Gadegast & Venohr (2015) to derive the
historical proportion of drained agricultural land (arable land and pasture) based on the currently
implemented input data used in MoRE. By retaining the proportion of drained area for each AU to the total
drained area, the current values were reduced to meet a total drained area of the entire MoRE model area
of 6 % for the year 1880. This implies that areas with a currently high proportion of drainage also have
comparatively high values in the year 1880.

5.5.2 Drainage concentrations

5.5.2.1 Nitrogen

In the current MoRE version, nitrogen concentrations via tile drainage are derived from nitrogen balance
(Venohr et al. 2011). According to Batool et al. (2022), N balances in 1880 were mostly negative in the
study area. Gadegast & Venohr (2015) estimated an average N surplus of 2 kg N/(ha-a) without nitrogen
fixation and an average of 22 kg N/(ha-a) with nitrogen fixation for their 1880 scenario of the North Sea
basins. Hirt et al. (2014) and Gadegast et al. (2012) estimated a mean N surplus without considering N
fixation fluctuating around 5 kg N/(ha-a) before 1893 for Baltic Sea basins, but negative N surpluses for
the following period, which were scaled up to a low positive N surplus (0.1 kg N/(ha-a)). Similar,
Muhammed et al. (2018) obtained an overall mean average N balance of 0.5 kg N/(ha-a) for arable land
and 0.98 kg N/(ha-a) for grass land in the United Kingdom considering the period 1800 - 1950.

Such low and even negative N surpluses cannot be used with the currently implemented approach of
Venohr et al. (2011) in MoRE. Negative N surpluses would result in negative concentrations. Low N
surpluses (< 1 kg N/(ha-a)) would lead to drainage N concentrations < 0.5 mg N/L, which is similar or
even less than what can be assumed to leach from natural vegetation.

Therefore, a simple approach was chosen for modelling 1880: A nitrate concentration of 10 mg/L
(2.257 mg N/L) was assumed as tile drainage concentration. This corresponds to the assumed unaffected
conditions for groundwater concentrations (refer to chapter 5.6.1).

5.5.2.2 Phosphorus

In the current MoRE version, the P concentrations in tile drainage are differentiated according to four
different soil structures following the approach of Venohr et al. (2011). For 2016 - 2018, the average
concentration is 0.36 mg P/L.

Gadegast & Venohr (2015) and Hirt et al. (2014) adapted the P concentration in tile drainage and
groundwater to 0.02 mg P/L to reflect undisturbed conditions in 1880. Fuchs et al. (2022) derived P
concentrations in groundwater from recent phosphate measurements, averaging to 0.022 mg P/L for
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Germany. Similar to nitrogen, these groundwater concentrations were also used for modelling tile
drainage P emissions in 1880 (refer also to chapter 5.6.2).

5.5.3 Modelled emissions via tile drainage

Table 18 summarises the modelled tile drainage emissions for North Sea and Baltic Sea basins. Since
North Sea basins cover a larger area, they have higher emissions for both nitrogen and phosphorus.

Table 18: Modelled emissions via tile drainage for North and Baltic Sea basins in 1880.

North Sea basins Baltic Sea basins

Tile drainage [t/a] [t/a]
Nitrogen 5863 2476
Phosphorus 53 24

5.6 Interflow and Base flow

Emissions via interflow and base flow are quantified by multiplying the corresponding concentrations and
runoff components (from historical water balance, chapter 4).

5.6.1 Nitrogen concentrations

In current MoRE modelling, interflow concentrations for nitrogen are derived depending on N surpluses
and retention in soils according to their properties (Morling et al. 2024). For base flow, the N
concentrations derived by Knoll et al. (2020) are used for Germany in MoRE.

A drinking water analysis in 1915 in Germany revealed nitrate concentrations below 10 mg/L in 91 % of
samples (n = 278, UBA 1994). However, the exact distribution and representativeness of the samples are
unknown. Groundwater being the most common source of raw water in Germany and a nitrate
concentration of 10 mg/L (2.257 mg N/L) is typically considered to represent groundwater conditions
unaffected by human activity (by current standards). The upper class boundary of 2.257 mg N/L was
chosen as upper limit of N concentration in interflow and base flow for modelling purposes. For the
currently implemented base flow concentrations per analytical unit in MoRE (Knoll et al. 2020; Morling et
al. 2024), all concentrations below 2.257 mg N/L were kept as is and all concentrations above

2.257 mg N/L were replaced with this value. These adapted concentrations were transferred to the
analytical units outside present Germany using the average N concentration per aquifer type of the
International Hydrogeological Map of Europe (IHME1500 v1.2, BGR & UNESCO 2019). Hydrogeological
units were identified as one of the most important predictors of N concentrations in groundwater (Knoll
etal. 2020).

N concentrations lower than 2.257 mg N/L are typically found in the North German Plains and large parts
of Eastern Germany due to strongly anaerobic conditions and long residence times in these groundwater
bodies (Knoll et al. 2020). This pattern is transferred to N concentrations used for 1880 modelling of
interflow and base flow emission pathways (Figure 22).

Historical N surpluses were found to be mostly negative (Batool et al. 2022) which cannot directly used
with current modelling approaches (refer also to chapter 5.5.2.1). Therefore, we used the nitrogen base
flow concentration for the interflow as well.
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Figure 22: Nitrogen concentrations in interflow and base flow per MoRE analytical unit in
1880.
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Figure 23: Phosphorus concentrations in interflow and base flow per MoRE analytical unit in
1880.
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5.6.2 Phosphorus concentrations

For both interflow and base flow, P concentrations derived from recent phosphate measurements are
currently used for modelling in MoRE (Fuchs et al. 2022). For Germany, these P concentrations are on
average 0.022 mg P/L, which is close to the 0.02 mg P/L previously used for historical modelling
(Gadegast et al. 2012; Gadegast & Venohr 2015; Hirt et al. 2014). It is assumed that P concentrations in
groundwater are predominantly depending on geological properties instead of agricultural practices since
P is immobile and remains in the soils instead of leaching into the groundwater unlike nitrogen. Thus, the
currently implemented input data by Fuchs et al. (2022) were kept for the 1880 scenario (Figure 23). Like
nitrogen, phosphorus concentrations were extrapolated to the analytical units outside present Germany
using the average P concentration per aquifer type (BGR & UNESCO 2019).

5.6.3 Modelled emissions via interflow and base flow

As base flow runoff is generally larger than interflow runoff (chapter 4.3), also modelled emissions via
base flow are larger for both nitrogen and phosphorus (Table 19, Table 20). Baltic Sea basins show a
higher share of base flow runoff (Table 7) and thus nutrient emissions via base flow are also larger than
via interflow for Baltic Sea basins (Table 19, Table 20).

Table 19: Nitrogen emissions via interflow and base flow for North Sea and Baltic Sea basins
in 1880.
North Sea basins Baltic Sea basins
[tN/a] [%] [t N/a] [%]
Interflow 90 456 43 10023 36
Base flow 119939 57 17 532 64
Total 210 395 100 27 555 100
Table 20: Phosphorus emissions via interflow and base flow for North Sea and Baltic Sea
basins in 1880.
North Sea basins Baltic Sea basins
[t P/a] [%] [t P/a] [%]
Interflow 835 43 121 37
Base flow 1111 57 210 63
Total 1946 100 331 100

5.7 Retention in surface water bodies

In-stream retention is needed to transfer modelled emissions into surface water loads and concentrations.
For nitrogen, the THL approach by Venohr (2006) is used in MoRE, which considers water temperature
(T) and hydraulic load (HL). For the historical scenario, currently implemented average water

temperatures were reduced by 1 K to reflect the generally cooler climate conditions of the past (see
chapter 4.1.1). Phosphorus retention is modelled as a function of hydraulic load following Venohr et al.

(2011).

66



TEXTE Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea — 1880 scenario
modelled with MoRE

Average surface water concentrations are obtained for each analytical unit by dividing the transported
load by the total runoff, cumulated according to the runoff routing. The currently used runoff routing was
not changed in the MoRE model.
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6 Results of historical nutrient emission modelling

This chapter summarizes the model results on nutrient emissions, transported loads and concentrations
in surface waters in 1880. For details on general and specific input data, historical water balance as well as
model settings of the individual emission pathways refer to chapters 3 to 5 as well as Appendix A and B.

The results of this project are visualized for North Sea and Baltic Sea basins of present Germany in the
MoRE toolbox (https://stoffeintraege-more.de/), which allows to interactively explore selected input data
and results in more detail. The model results of the 1880 scenario as well as the geometry of the modeling
units can be downloaded from the ZENODO repository: https://doi.org/10.5281 /zenodo.15227585

6.1 Total emissions into surface waters

Total nitrogen emissions amount to roughly 257 kt N/a and 36 kt N/a for North Sea and Baltic Sea basins
in 1880, respectively (Table 21). Almost half of the emissions originate from base flow, interflow being the
second largest emission pathway for nitrogen. Even though the pathways erosion and urban systems
together contribute to only 12 % of total nitrogen emissions (Table 21), they are locally of great
importance. Mountainous areas as well as densely populated areas such as the cities of Berlin, Hamburg or
Prague reach high area-specific emissions (Figure 24). In contrast, the lowest area-specific emissions can
be found in the Oder basin and in large parts of the Elbe and Warnow/Peene basins (Figure 24). These
areas combine a low population density (Figure 7) with low groundwater concentrations (Figure 22).

Total phosphorus emissions amount to 8.2 kt P/a and 1 kt P/a for North Sea and Baltic Sea basins in 1880,
respectively (Table 22). Erosion is the most important emission pathway for phosphorus, making up
almost half of the modelled emissions for the North Sea basins (Table 22). Urban systems contribute with
23 - 25 % as the second largest emission pathway for phosphorus. Similar to nitrogen, mountainous areas
and densely populated areas show high area-specific phosphorus emissions (Figure 25). The lowest area-
specific emissions occur in sparsely populated lowland regions.

6.2 Surface water loads and concentrations

River basins emit around 180 kt N/a and 4.2 kt P/a into the North Sea (Table 23). This corresponds to a
retention of total emissions of 30 % and 49 % for nitrogen and phosphorus, respectively. The Baltic Sea
basins emit around 22 kt N/a and 0.46 kt P/a into the sea (Table 23), which equals an emission retention
of 38 % and 58 % for nitrogen and phosphorus, respectively. The higher retention in the Baltic Sea basins
is related to the generally drier conditions with lower runoff compared to the North Sea basins (Table 23,
refer also to chapter 4) leading to lower hydraulic loads and higher residence times.

The nutrient concentration in analytical units was calculated by dividing the transported load by total
runoff. For both nitrogen and phosphorus, the modelled concentrations follow only partly the pattern of
emissions. The highest concentrations were modelled in densely populated urban areas (Figure 26, Figure
27). For nitrogen, wide areas reflect the groundwater concentrations used as input data. Regions with the
lowest groundwater concentrations in the Northeastern basins show the lowest modelled concentrations
(Figure 26). As 2.257 mg N/L was set the upper limit of nitrogen concentration in groundwater (chapter
5.6.1), large parts of the study area show modelled surface water concentrations between 1.5 mg N/L and
2 mg N/L (Figure 26). For phosphorus, the modelled concentrations are mostly below 0.05 mg P/L (Figure
27). Higher concentrations can be found in urban areas and in mountainous areas, which have higher
emissions via erosions.

Modelled concentrations per analytical units vary between river basins. Baltic Sea basins show on average
lower nitrogen concentrations in surface waters (Figure 28, Table 23). For phosphorus, differences are
less pronounced. On average, lowest P concentrations were modelled for Eider basin (Figure 29, Table
23).
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Table 21: Total and pathway-specific nitrogen emissions for the North Sea and Baltic Sea
basins in 1880.
North Sea basins Baltic Sea basins

Pathway [t N/a] [%] [t N/a] [%]
Atmospheric deposition onto water surfaces 2894 1 529 2
Erosion 14 660 6 2054 6
Urban systems 14 973 6 2 166 6
Surface runoff 8210 3 1058 3
Tile drainage 5863 2 2476 7
Interflow 90 456 35 10023 28
Base flow 119939 47 17 532 49
Total 256 994 100 35838 100

Figure 24: Total area-specific nitrogen emissions into surface waters in 1880.
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Table 22: Total and pathway-specific phosphorus emissions for North Sea and Baltic Sea
basins in 1880.
North Sea basins Baltic Sea basins
Pathway [t P/a] [%] [t P/a] [%]
Atmospheric deposition onto water surfaces 66 <1 15 1
Erosion 4038 49 401 38
Urban systems 1851 23 263 25
Surface runoff 254 3 31 3
Tile drainage 53 <1 24 2
Interflow 835 10 121 11
Base flow 1111 14 210 20
Total 8 208 100 1065 100
Figure 25: Total area-specific phosphorus emissions into surface waters in 1880.
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Table 23: Nutrient surface water loads and outlet concentrations for North Sea and Baltic Sea
basins in 1880.
P Nitrogen Phosphorus

River basin [m3/s] [t N/a] [%] [mg/L]? [t P/a] [%] [mg/L]?

Eider 53 2501 1 1.51 23 <1 0.014
Elbe 841 37339 18 1.41 839 18 0.032
Ems 133 6421 3 1.54 99 2 0.024
Meuse 331 16 915 8 1.62 272 6 0.026
Rhine 2417 95970 47 1.26 2 546 55 0.033
Weser 414 21244 10 1.63 426 9 0.033
Oder 487 17 955 9 1.17 320 7 0.021
Schlei/Trave 60 2 000 <1 1.05 56 1 0.029
Warnow/Peene 85 2098 1 0.78 70 2 0.026
Total 4 820 202 443 100 1.33 4678 100 0.031

a—average concentrations were calculated from surface water loads and total runoff per river basin

Figure 26: Total nitrogen concentrations in surface waters in 1880.
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Figure 27: Total phosphorus concentrations in surface waters in 1880.
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Figure 28: Distribution of total nitrogen concentrations in surface waters per analytical unit in
river basins in 1880.
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Figure 29: Distribution of total phosphorus concentrations in surface waters per analytical
unit in river basins in 1880. Note, that the y axis is displayed on a logarithmic scale.
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The validation of modelled concentrations was hampered by a lack of suitable data. Only a few
measurements have been reported in historical literature. They represent mostly individual records or
averages over short time periods (< 1 - 2 years) and/or are valid for specific sites only, making them
hardly suitable for deriving conditions of whole river basins. Analytical procedures differed in the past
from present ones and might not have been standardized in the same way as today. It is often unclear if
and how samples were treated (e.g. filtered) before analysis. Thus, it is not always clear if reported values
refer to total or partial nutrient concentrations. For these reasons, a comparison to reported data from
literature was conducted mainly to assure that modelled concentrations are in the same order of
magnitude rather than fitting individual data.

Reported measurements of riverine samples within the study area were obtained from literature (Fischer
1914; Hirt et al. 2014; Konig 1887). Most of the collected records (n = 125) were available for nitrogen
species (n = 113), the majority of these being located within the river basins of Elbe, Rhine and Oder

(n =81). These are compared to modelled concentrations per analytical unit (Figure 30), showing an
overall good agreement of magnitude. Higher nitrogen concentrations were observed in urban areas
especially downstream of sewer inflows or tributaries used for wastewater discharges (Fischer 1914;
Konig 1887).

The modelled concentrations are on average in good agreement with results of further historical
modelling approaches. For instance, Jensen (2017) found 1 - 2 mg N/L plausible for Danish rivers in 1900.
Gadegast & Venohr (2015) obtained 1.41 - 2.5 mg N/L for their 1880 scenario of North Sea basins. Hirt et
al. (2014) modelled concentrations ranging from 0.1 - 3 mg N/L for German Baltic Sea tributaries, which
is similar to the ones obtained in this project (Figure 26, Figure 28).
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Figure 30: Observed historical nitrate-N and nitrogen concentrations obtained from literature
compared to modelled total nitrogen concentrations in surface waters in 1880
(Figure 28). Single values of the literature data overlay the boxplots as grey dots.
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Only a few measurements on phosphorus or phosphate concentrations are reported in historic literature
(Fischer 1914; Hirt et al. 2014; Konig 1887). Most of them refer to sites with distinct urban influence or
flood conditions showing concentrations above 0.07 mg P/L. For undisturbed or pristine conditions,

concentrations below 0.05 mg P/L are typically considered for temperate rivers (Hirt et al. 2014; Topcu et
al. 2011).

Gadegast & Venohr (2015) modelled average concentrations ranging from 0.02 - 0.05 mg P/L for North
Sea basins in 1880, which are higher than the ones (0.01 - 0.03 mg P/L) obtained in this study (Table 23).
Hirt et al. (2014) estimated for Baltic Sea tributaries 0.01 - 0.2 mg P/L, which is in the same range of
concentrations modelled in this study (Figure 27, Figure 29), although differences most likely exist locally
due to different input data.
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7 Comparison to further historical modelling scenarios

The results of the 1880 MoRE modelling were compared to other historical scenarios on the level of river
basins. This includes the previous 1880 MONERIS modelling of North Sea and Baltic Sea areas (Gadegast
etal. 2012; Gadegast & Venohr 2015; Hirt et al. 2014), for which data on emissions, loads, and
concentrations were kindly provided by M. Venohr (IGB Berlin). Further, loads and concentrations for
some German North Sea basins were available from the regional E-HYPE 1900 modelling scenario (Blauw
etal. 2019). Beusen et al. (2016) provided data of their global modelling study on riverine N and P
transport to oceans in 1900. Further aspects of historical modelling comparison are discussed in Gericke
etal. (2025).

Individual modelled nutrient emission pathways vary between the MoRE and MONERIS applications
which provides some insight into differences (refer to Appendix C.1 for details). Total nitrogen emissions
obtained with MoRE are consistently lower for all basins (Figure 31 upper panel). In general, lower
emissions in tile drainage and surface runoff are modelled with MoRE. The sum of interflow and base flow
showed slightly lower N emissions than the groundwater pathway of MONERIS for most of the basins.
However, these two pathways (interflow and base flow) were proportionally more significant for total
nitrogen emissions than tile drainage in the MoRE 1880 scenario compared to MONERIS (Appendix C.1).

Differences in total phosphorus emissions are more pronounced. While most basins exhibit similar or
lower total phosphorus emissions in the MoRE modelling, there are 29 % more total phosphorus
emissions for the Rhine basin compared to MONERIS (Figure 31 lower panel). Erosion is contributing the
most to the overall higher emissions of the Rhine basin (Appendix C.1). Since the Rhine basin is covering
alpine areas, the differences are most likely due to different model assumptions on nutrient emissions
from these areas. The individual pathways differ in their relative importance between MoRE and
MONERIS results. Phosphorus emissions via urban systems are higher for the MoRE modelling in the
larger and more populated river basins. In contrast, phosphorus emissions via interflow and base flow are
generally lower for the MoRE modelling than MONERIS results of the groundwater pathway for almost all
river basins (Appendix C.1).

A comparison of MoRE and MONERIS results for the Upper Danube basin can be found in appendix D.3.

Differences in modelled surface water loads of MoRE and MONERIS applications are less prominent
compared to the results of the regional and global modelling studies (Blauw et al. 2019, Beusen et al.
2016). Total nitrogen loads modelled with MoRE are the lowest ones in this comparison (Figure 32 upper
panel). The largest differences exist for Rhine and Elbe basins. The reported nitrogen load for the Rhine
River from the global modelling (Beusen et al. 2016) is almost double that obtained in MoRE and
MONERIS modelling. Further, the results of the regional E-HYPE model show a 72 % higher nitrogen load
for the Elbe basin compared to our study.

Total phosphorus loads modelled with MoRE are mostly lower compared to MONERIS results (Figure 32
lower panel). Similar to nitrogen, the largest differences exist for Elbe, Rhine and Oder basins compared to
the global model data (Beusen et al. 2016). Especially for the Rhine basin, Beusen et al. (2016) estimated
phosphorus loads almost 10 times higher. In fact, their 1900 phosphorus load of 21,035 t/a is almost
equal to that reported for 2000 in their dataset (20,920 t/a; Beusen et al. 2016).
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Figure 31: Comparison of total nitrogen (upper panel) and total phosphorus (lower panel)
emissions for individual river basins between MoRE and MONERIS model in 1880.
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Figure 32: Comparison of total nitrogen (upper panel) and total phosphorus (lower panel)
surface water loads for individual river basins between different historical model
scenarios.
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Retention of emissions was calculated for MoRE and MONERIS results considering each river basin. It
was also available for river mouths from Beusen et al. (2016). For nitrogen, the MoRE and MONERIS
results are in the same order of magnitude, but do not show a consistent pattern (Figure 33 upper panel).
The global data from Beusen et al. (2016) show generally lower nitrogen retention except for the Meuse
basin. The lowest retention is given for the Rhine basin (Figure 33 upper panel), which might be one
reason for the observed higher loads (Figure 32). For phosphorus, the retention modelled with MoRE is
mostly higher than MONERIS results (Figure 33 lower panel), which also relates to the generally lower
phosphorus loads modelled with MoRE compared to MONERIS (Figure 32 lower panel). Like nitrogen, the
phosphorus retention from Beusen et al. (2016) dataset is generally lower than MoRE results except for
Meuse basin.

Average nutrient concentrations were calculated for each river basin by dividing the total transported
nutrient load by total runoff (see also Appendix C.3). MoRE results show generally the lowest nitrogen
concentrations (Figure 34 upper panel). However, they are close to MONERIS results, ranging consistently
between 0.8 - 2.5 mg N/L (Figure 34 upper panel). This corresponds well with the range of reported
historical measurements (chapter 6.2). Resulting nitrogen concentrations of the regional E-HYPE model
are generally higher, between 2 - 3 mg N/L for Elbe, Ems and Weser basin. Nitrogen concentrations
obtained from the global modelling of Beusen et al. (2016) are partly in the same range. However, Oder
and Elbe basins show the highest concentrations (Figure 34 upper panel), exceeding 4 mg N/L and even

5 mg N/L, respectively. One reason for such high concentrations is certainly the ~50 % lower total runoff
for these river basins in the Beusen et al. (2016) data compared to the other model studies (Appendix C.3).
Such high average concentrations contradict our assumptions of historically less eutrophic conditions in
surface waters and available observations from historical literature (chapter 6.2). Indeed, concentrations
obtained from Beusen et al. (2016) data exceed present water quality measurements in Oder and Elbe
Rivers (refer to Appendix E). For Oder River, yearly average concentrations of total nitrogen are recently
below 3 mg N/L. For Elbe River, present yearly average total nitrogen concentrations range from 3 to

4 mg N/L.

Phosphorus concentrations for MoRE and MONERIS results are generally similar but do not show such a
consistent pattern as for nitrogen (Figure 34 lower panel). Both models predicted concentrations of total
phosphorus below 0.05 mg P/L, which corresponds to non-eutrophic and rather pristine conditions. In
contrast, the E-HYPE model application resulted in already higher phosphorus concentrations (Figure 34
lower panel), which are comparable to recently observed riverine concentrations (refer to Appendix E).
The major river basins of Elbe, Rhine and Oder show extremely high concentrations (Figure 34 lower
panel) for the global modelling of Beusen et al. (2016). In the case of the Elbe basin, the phosphorus
concentration is even 10 times higher than MoRE and MONERIS results. The estimated concentrations
from Beusen et al. (2016) data even exceed measurements of total phosphorus in recent years (yearly
averages < 0.20 mg P/L; see also Appendix E). For phosphorus, less historical measurements are available
compared to nitrogen and higher concentrations could be expected in sites with distinct urban influence
(Hirt et al. 2014). However, it seems very unlikely that average concentrations per river basin would meet
the ones obtained by Beusen et al. (2016).
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Figure 33: Comparison of total nitrogen (upper panel) and total phosphorus (lower panel)
retention for individual river basins between different historical model scenarios.
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Figure 34: Comparison of average total nitrogen (upper panel) and total phosphorus (lower
panel) concentration for individual river basins between different historical model
scenarios.

6
5
—
e
=1]
E 4
£
=
=]
m
s 3
=
g
c
g
= 2
Q
(1]
=]
=
‘=
1 sl
D
A & ) @ 2 A A 2 Z
Q}be’ &L & By o & Obe' & 2
N < ® AN L
g )
{:S‘ (8]
o &
River basins -
™ MoRE 1880 B MONERIS 1880 M Beusen et al. 2016 Blauw et al. 2019
0.60
0.50
-
S
[+T]
E
£
= 0.40
g
"
=
=4
¥ 0.30
£
Q
L%}
o
£
g 020
o
o
Q
=
[=%
0.10
0.00 il ] |
s 2 S 2 & S A @ 2
3 3¢ & > S & S & 2
< © < Q¢ & 2 8} .\(\ﬁ \Se
N )
o &
& A
River basins 2
B MoRE 1880 B MOMNERIS 1880 M Beusen et al. 2016 Blauw et al. 2019

Source: own illustration, IWU-WG

80



TEXTE Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea — 1880 scenario
modelled with MoRE

The comparison revealed significant discrepancies between different historical scenarios. Results of MoRE
and MONERIS modelling are much more alike compared to results from regional E-HYPE and global
modelling (Beusen et al. 2016) for all parameters considered (emissions, loads, retention and surface
water concentrations). Input data and modelling approaches differ for all four of these modelling studies
and further evaluation is needed to detangle the reasons behind such varying results. Only limited
measurements exist for historical nutrient concentrations in surface waters. In comparison to these,
concentrations predicted by MoRE and MONERIS models fit historical conditions the best.
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8 Limitations and uncertainties in historical nutrient
emission modelling

Modelling is generally subject to many uncertainties. Reproducing past conditions is additionally
challenged by lack of historical data, necessary model assumptions and simplifications as well as very
limited validation options. The choice of input data highly influences model results and might lead to over-
or underestimation of emissions and loads. Especially the most basic input data for land use, population
and climate affect model results in the first place and already induce regional patterns throughout the
study area. Each emission pathway depends on specific input data and variables. Thus, the contributions
of individual emission pathways to the total emissions differ and their relative importance varies spatially
as well. Therefore, a full uncertainty assessment from the great number of input data and adjustments of
modelling approaches is not feasible. Instead, we focus on some important aspects.

Uncertainties of the water balance are mainly owing to model inadequacies as well as uncertainties of
meteorological forcing and imperviousness of the 1880 scenario. The most prominent limitation of
LARSIM-ME is an oversimplification of snow and ice processes in high altitude alpine regions, which leads
to noticeable errors of the water balance in the highest parts of the Swiss Alps (chapter 4.3.1). This
particular source of uncertainty could be mitigated by using the LARSIM glacier module in future versions
of LARSIM-ME. The meteorological forcing for the 1880 scenario is based on climate change vectors ccv,
which were derived from NOAA re-analysis data. The overall mean of the ccv agreed well with data of the
German Meteorological Service DWD. However, the spatial pattern and seasonal distribution of the NOAA
re-analysis data could not be confirmed by independent data. Therefore, temporarily and spatially
constant ccv were used, which is surely an oversimplification (chapter 4.1.1.2). Furthermore, the
unknown uncertainty of the HANZE 2.0 land use and imperviousness data for 1880 directly contribute to
uncertainties of the water balance. Despite these limitations, the water balance for 1880, can be viewed as
a reliable foundation for emission modelling (cf. chapter 4.3.4).

For nitrogen, interflow and base flow are the major emission pathways (chapter 6.1). Next to the water
volumes, nitrogen concentration is the main driver for these pathways. A simple approach was used and
currently implemented groundwater concentrations adapted according to an upper limit of 2.257 mg
N/L (10 mg/L of nitrate, see chapter 5.6.1) based on a drinking water analysis in 1915 reported in
literature (UBA 1994). This assumption is associated with a high degree of uncertainty as the exact
distribution and representativeness of the samples is unknown. Groundwater concentrations are not
known for 1880 and thus are certainly over- or underestimated in the modelling scenario in different
regions of the study area.

Erosion is the main emission pathway for phosphorus (chapter 6.1), affected by assumptions on
topography, soil types, land cover and management as well as connection probability. Topsoil P content is
one main variable affecting the resulting emissions via this pathway. The real situation of topsoil contents
of arable land and pastures in 1880 for the whole study area remains unknown. We assumed that current
topsoil P contents of naturally covered areas are representative for agricultural soils as these were not over-
fertilized in 1880 (refer to chapter 5.2.3). Phosphorus emissions via erosion are 2.5-fold higher for the Rhine
basin compared to MONERIS results (Figure 40 in Appendix C.1). This is most likely due to differing model
assumptions on soil loss and delivery for alpine areas, for which we assumed that all eroded material is
entering surface waters (chapter 5.2.1.6). This example highlights the importance of land use specific
assumptions for river basin modelling.

Urban systems contribute as the second largest emission pathway for phosphorus. High area-specific
emissions are modelled in densely populated areas for both nitrogen and phosphorus (chapter 6.1). While
it is known where cities already existed at that time, it is mostly uncertain how many inhabitants were
actually connected to a sewer system. We chose a population density approach for deriving input data on
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connected population (chapter 5.3.1). Due to the overlapping developments of urban population and
sewer constructions, literature referring to the 1890s or 1900s likely does not well reflect the conditions
in 1880 for a given city. The sparse data from different years highlight local characteristics of the
individual cities. The chosen approach is simple and might not accurately reflect the situation for each
individual city in 1880, but is conceptually in line with previous model applications (Blauw et al. 2019;
Naden et al. 2016) and offers simple adjustments if necessary.

Emissions from urban areas are likely underestimated in this study as no commercial and industrial
wastewaters potentially delivering nutrients to surface waters were included in the modelling due to a
lack of suitable data on wastewater volumes and nutrient concentrations.

Lange (2002) estimated industrial wastewaters along the High and Upper Rhine around 1900 to more
than 371,000 m®/d. BASF Company in Ludwigshafen was known as the largest direct discharger in the
1880s at Upper Rhine, releasing ~75,000 m*/d of wastewater into the river (Berhorst 2017; Lange 2002).
Besides such single observations, quantification of wastewater amounts is complicated due to water
extraction from headwaters or upstream areas and return to rivers after processing.

The composition of commercial and industrial wastewaters is only roughly known for the considered
historical period. Kénig (1887) and Fischer (1914) gathered measurements of different types of industrial
wastewaters before and after various treatments. Typically, wastewater rich in organic matter also
contained high concentrations of (organic) nitrogen. These originate predominantly from breweries, malt
houses, slaughterhouses, dairy and starch factories as well as sugar refineries. Further, wastewater
related to textile industry, e.g. from (wool) laundries, tanneries and wool/cloth factories, contained high
amounts of nitrogen. Less reported data are available for phosphorus. Although these sources provide
valuable insights into historical conditions, they report usually single measurements of a limited number
of sites. Further, they refer to different treatments whose general efficacy, dissemination and application
in the study area are unknown. Wastewater from different production stages and processes were
discharged together and therefore its exact composition remained mostly unknown (Biischenfeld 1997).
This hampers the derivation of reliable substance concentrations for commercial and industrial
wastewaters besides the quantification of emitted volumes. Further, it can be expected that industrial
emissions were much more decentralized compared to today.

Brudler et al. (2020) estimated urban nutrient emissions in Denmark in 1900 via flow path analyses,
which included also industrial wastewaters. They assumed for 29 towns with more than 5,000 inhabitants
to have dairies and slaughterhouses. Wastewater volumes and nutrient loads for these towns were based
on a combination of historical and current data. They estimated that this industry contributed to 6 % and
9 % of urban nitrogen and phosphorus emissions, respectively. They also assumed that coastal cities
delivered 95 % - 100 % of the industrial wastewater to surface water bodies; while this proportion was
only 10 % for inland cities (assuming the majority of wastewater infiltrated the soil via landfills). While
this kind of analysis provides a general idea of historical industrial nutrient emissions, it includes only two
sources of very different types of industrial wastewater. A similar analysis of estimating industrial
nutrient emissions for the study area considered here was not possible as specific operation modes and
the dissemination of wastewater treatments (infiltration or direct discharge into water bodies) are not
known.

Around 1880, industrialization was in full swing in the German Empire. Coal and ore mining allowed for
growing iron and steel industry, promoting also metallurgy (Andersen 1996) as important industrial
sectors. Potassium mining led to salination of rivers in Elbe and Weser basins (Biischenfeld 1997; Weyl
1894). German chemical producers held a 50 % share of the global market (North 2000) and produced
worldwide half of all synthetic dyes at the beginning of the 1880s (Berhorst 2017). Bleaching agents and
dyes were required by textile industry, being prominent in different parts of the study area (Biischenfeld
1997; North 2000). Operators of sugar, paper and textile factories discharged untreated wastewater but
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complained about the water pollution of upstream municipalities or industrial plants leading to several
local conflicts (Biischenfeld 1997; Lange 2002). Consequently, agreements on time limits for
contamination and precisely defined usage rights arose (Lange 2002). The discussion about river
pollution centred mainly on direct discharges from industry and ultimately led to the development of
first water acts in Germany in the late 19t and early 20t century (Biischenfeld 1997; Dunbar 1998; Lange
2002).

Retention in surface water bodies was modelled with currently implemented approaches in this study
(chapter 5.7), neglecting changes due to the many hydraulic engineering measures carried out over the
last one and a half centuries. They mainly include the regulation of watercourses (e.g. straightening and
deepening), canalisation, drainage and land reclamation. Such measures might have led not only to
changes in discharge conditions but also affected the nutrient retention capacity of rivers and estuaries.
Nutrient retention might have been higher in the past due to less flow regulations by hydraulic measures
and more wetlands in the past (Jensen 2017). A reconstruction of the water network and coastal
morphology around 1880 was not possible in this study and would have required extensive adaptations
and calibrations in both MoRE and LARSIM-ME models. Similar to previous MONERIS modelling (Gadegast
et al. 2012; Gadegast & Venohr 2015; Hirt et al. 2014), settings on hydraulic load were not adapted in
MoRE for modelling 1880 retention in surface waters (chapter 5.7).

Further, retention depends on biological processes, being also impaired by potentially toxic untreated
wastewater emissions from industry and saline mine waters in the 1880s (see above), whose effects
cannot be quantified. For the 1880 scenario, temperature was decreased in the model settings (refer to
chapter 5.7). However, temperature is of minor importance for nitrogen retention compared to hydraulic
load.
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9 Conclusions

To reduce water pollution, substance emissions must be quantified related to their sources in spatially
sufficient resolution. Models used for this purpose should provide plausible results, reflecting regional
differences. The German Environment Agency (UBA) uses the MoRE model for estimating substance
emissions into surface waters. MoRE is continuously developed (Fuchs et al. 2010; Fuchs et al. 2017a;
Fuchs et al. 2017b; Fuchs et al. 2018; Fuchs et al. 2022; Morling & Fuchs 2021) and was lately extended to
integrate runoff components from the hydrological model LARSIM-ME (Morling et al. 2024). Building on
this existing cooperation, we modelled the historical conditions for nitrogen and phosphorus emissions as
well as their loads and concentrations in 1880.

In comparison to previous work, the 1880 scenario is more consistent across the North Sea and Baltic Sea
basins, more consistent with the recent datasets as well as the modelling approaches used by UBA for the
national reporting. In contrast to previous historical modelling studies, a historical water balance was
developed with LARSIM-ME model accounting for changes in climate, land use and imperviousness.

The model results represent a pre-industrial state with distinct anthropogenic impacts before the
intensification of agricultural production by use of mineral fertilizers. Calculated nutrient concentrations
in surface waters in 1880 are thus higher than those for an undisturbed (pristine) state (Hirt et al. 2014;
Topcu etal. 2011), and are lower than presently observed ones. The modelled concentrations are in the
same order of magnitude as observed historical measurements for the considered period.

The comparison to further historical modelling studies revealed that the 1880 results of the MoRE model
are more similar to that of previous MONERIS (Gadegast et al. 2012; Gadegast & Venohr 2015; Hirt et al.
2014) than to regional (Blauw et al. 2019) and global applications (Beusen et al. 2016). Despite all the
differences in input data and modelling approaches between MoRE and MONERIS, the total nutrient
emissions and loads changed hardly - at least on the level of river basins. However, individual pathways
differed in their importance and spatial representation between the two models. For nitrogen, the sum of
interflow and base flow pathways of MoRE contributed proportionally more to total emissions than the
groundwater pathway in MONERIS. For phosphorus, the importance of emissions via erosion varied
among the river basins between the two models, which reflects differences in land use specific modelling
assumptions.

Despite the overall similarities of MoRE and MONERIS results, average nutrient concentrations at the
outlet of the river basins modelled with MoRE are on average lower. In fact, lower nutrient concentrations
imply stronger requirements for reduction needs to protect marine and coastal waters. In this sense, our
work may also enable a critical revision of currently implemented target values for total nitrogen and total
phosphorus for North Sea and Baltic Sea tributaries of Germany for their validity.

The results of this project are visualized for the area of present Germany in the MoRE toolbox, which
allows to interactively explore selected input data and results in more detail: https://stoffeintraege-

more.de/

The model results of the 1880 scenario presented here as well as the geometry of the modeling units can
be downloaded from the ZENODO repository: https://doi.org/10.5281 /zenodo.15227585.
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A Details on data sources for the 1880 scenario

A.1 Overview of general and substance-specific input data

Table 24: General input data and their references for modelling 1880.
Input data Present Germany Foreign territory
Land use HANZE 2.0 (Paprotny & Mengel 2023)

Imperviousness of sealed
surfaces

Soil loss and sediment
inputs

Digital elevation model®

Fine content (clay and silt)
in topsoil®

Proportion of drained
agricultural land

Population

Water consumption of
inhabitants

Inhabitants connected to
sewers

Meteorological parameters
for hydrological modelling

(chapter 3.1)

HANZE 2.0 (Paprotny & Mengel 2023)
(chapter 3.2)

ESDAC dataset on historical
reconstruction of soil erosion
(Fendrich et al. 2022)
(chapter 5.2)

Adaptation of USLE factors based
on Fuchs et al. (2022)
(chapter 5.2)

DGM10 (BKG 2019)
(chapter 5.2.1.5)

SRTM DEM (NASA 2005)
(chapter 5.2.1.5)

Soil Map of Germany BUEK200
(BGR 2020)
(chapter 5.2.2)

LUCAS database (Ballabio et al. 2016)

(chapter 5.2.2)

Adapted from current input data based on the approach of Gadegast &
Venohr (2015)
(chapter 5.5.1)

HANZE 2.0 (Paprotny & Mengel 2023)
(chapter 3.3)

55 L/(inh-d) for rural areas, 97 L/(inh-d) for urban areas
based on Franzius et al. (1893)
(chapter 4.2)

Based on population density using HANZE 2.0 (Paprotny & Mengel 2023)
(chapter 5.3.1)

Input data for hydrological modelling with LARSIM-ME were derived using
climate change vectors (ccv) and 20CRv3 re-analysis data (Slivinski et al.
2019)

(chapter 4)

2 — Input data identical to current MoRE settings
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Table 25: Substance-specific input data for modelling conditions in 1880.
Input data Present Germany Foreign territory
Atmospheric nitrogen input4MIPs dataset (Hegglin et al. in preparation)
deposition (chapter 5.1.1)
Nitrogen surface load 4.49 kg/(ha-a)
(chapter 5.3.4)
Nitrogen inhabitant 12.0 g/(inh-d)
excretion (chapter 5.3.2)
Nitrogen concentration in Adapted based on current input data by Knoll et al. (2020)
interflow and base flow (chapter 5.6.1)
Nitrogen topsoil content Current input data as described in Morling et al. (2024)

(chapter 5.2.3)

Atmospheric phosphorus 75 g/(ha-a)
deposition (chapter 5.1.2)
Phosphorus surface load 1.64 kg/(ha-a)
(chapter 5.3.4)
Phosphorus inhabitant 1.9 g/(inh-d)
excretion (chapter 5.3.2)
Phosphorus concentration Current input data as described in Fuchs et al. (2022)
in groundwater (chapter 5.6.2)

Phosphorus topsoil content Current input data on naturally covered areas (Fuchs et al. 2022) were used
for agricultural soils
(chapter 5.2.3)
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A.2 Land use classification

HANZE 2.0 dataset (Paprotny & Mengel 2023) was used for deriving input data on land use in 1880 (refer
to chapter 3.1). The land use in the dataset is coded with Corine land cover (CLC) classification (Kosztra et
al. 2017). The translation table below lists the CLC codes and the assigned land use categories of the MoRE
model.

Table 26: List of Corine land cover (CLC) classification and assigned land use categories used
in the MoRE model.

CLC code | Description of CLC class® MoRE land use class
211 Non-irrigated arable land Arable land
221 Vineyards Arable land
222 Fruit trees and berry plantations Arable land
241 Annual crops associated with permanent crops Arable land
242 Complex cultivation patterns Arable land
243 (I;?Cr:]itzrri;ci/peaglle{;cicc):pied by agriculture, with significant areas Arable land
244 Agro-forestry areas Arable land
323 Sclerophyllous vegetation Naturally covered area
324 Transitional woodland/shrub Naturally covered area
311 Broad-leaved forest Naturally covered area
312 Coniferous forest Naturally covered area
313 Mixed forest Naturally covered area
321 Natural grassland Naturally covered area
322 Moors and heathland Naturally covered area
141 Green urban areas Urban areas
111 Continuous urban fabric Urban areas
112 Discontinuous urban fabric Urban areas
142 Sport and leisure facilities Urban areas
121 Industrial or commercial units Urban areas
122 Road and rail networks and associated land Urban areas
123 Port areas Urban areas
124 Airports Urban areas
231 Pastures Pasture
131 Mineral extraction sites Open pit mine
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CLC code | Description of CLC class® MOoRE land use class
132 Dump sites Open pit mine
133 Construction sites Open pit mine
331 Beaches, dunes, sands Open areas
332 Bare rock Open areas
333 Sparsely vegetated areas Open areas
334 Burnt areas Open areas
335 Glaciers and perpetual snow Open areas
411 Inland marshes Wetland
412 Peatbogs Wetland
421 Salt marshes Wetland
423 Intertidal flats Wetland
511 Water courses Water surface
512 Water bodies Water surface
521 Coastal lagoons Water surface
522 Estuaries Water surface
523 Sea and ocean Water surface

a—The description was taken from the CLC nomenclature guidelines: https://land.copernicus.eu/content/corine-land-

cover-nomenclature-guidelines/html/ (last access on 25.04.2025)
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A.3 Input data based on population density

Schott (1912) collected statistical data on areas and inhabitants of urban agglomerations in the German
Empire (1871 - 1910). For these data, the median population density of 37 cities accounted to 35.6 inh/ha
in 1880 (Figure 35). The lowest population densities in this dataset range from 8 to 12 inh/ha. Based on
this analysis, the HANZE 2.0 population raster of 1880 (Paprotny & Mengel 2023) was used to derive
input data for modelling in MoRE. The integer raster has a spatial resolution of 1 ha and population
density was attributed with water consumption and percentage of urban population connected to sewers
according to Table 27. A population density of <9 inh/ha was considered to reflect rural conditions. This
population is assumed to be not connected to any sewer, thus consumed water is expected to percolate
into the ground. A range of 10 - 35 inh/ha was considered as less densely populated urban areas that did
not yet all have a water supply and therefore typically had low connection rates to sewers. A population
density of = 36 inh/ha was assumed to represent well-developed urban areas with water supply and high
connection to sewer systems. A maximum of 80 % connection was assumed as most urban areas were not
likely to meet a complete sewer connection at that time. Water consumption was averaged for analytical
units considering all raster cells located in an analytical unit. The population connected to sewers were
obtained by multiplying the original population raster with the connection rate and adding up the number
of connected inhabitants per analytical unit.

Figure 35: Population density in urban agglomerations of the German Empire in 1880 based
on data by Schott (1912).
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Table 27: Population density classes and attributed water consumption as well as percentage
of urban population connected to sewers.

Population density | Water consumption® Urban population connected to sewers®
[inh/ha] [L/(inh-d)] [%]
<9 - 0
10-35 55 30
>36 97 80

a—based on Franzius et al. (1893), refer to chapter 4.2
b— refer to chapter 5.3.1
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A.4 Validation of climate change vectors based on 20CRv3

Figure 36: Mean yearly precipitation and mean air temperature for the area of present
Germany derived from DWD (2023) and 20CRv3 (Slivinski et al. 2019).
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A.5 Urban water consumption and wastewater

A literature review was conducted to obtain daily water consumption and wastewater volumes (Table
28). The assumptions that population in larger cities used more water or that per capita water
consumption increased over time due to improved water supply and on-going sewer constructions was
not confirmed by the gathered literature data (Figure 37 and Figure 38). Thus, a simple approach was
used for modelling based on daily water need separated for urban and rural population (chapter 4.2).

Note that some cities have different names nowadays or have been incorporated into others (e.g. Steglitz
and Weifiensee belong to Berlin today).

Table 28: Historical daily per capita water usage [L/(inh-d)] for different German cities as
taken from literature.

No. City Water usage [:ZII: Z] year® Reference
1 Berlin Water supply 62 1880 Mohajeri (2005)
2 Berlin Water supply 64 1887 Becker (1887)
3 Berlin Water supply 88 1912 Dunbar (1998)
4 Berlin Water supply 65 1888 Franzius et al. (1893)
5 Berlin Water supply 49 1888 Franzius et al. (1893)
6 Berlin Water supply 70 1889 Anonymus (1889a)
7 Bochum Water supply 137 1888 Franzius et al. (1893)
8 Brunswick Water supply 1612 1886 Lange (2002)
9 Brunswick Water supply 732 1886 Lange (2002)
10 | Brunswick Water supply 113 1894 Blasius (1894)
11 | Bremen Water supply 109 1912 Dunbar (1998)
12 | Cologne Water supply 119 1912 Dunbar (1998)
3 [clome | watersuy| 150 | s | er st acmeseran i
14 | Dortmund Water supply 200 1888 Franzius et al. (1893)
15 | Dresden Water supply 99 1912 Dunbar (1998)
16 | Dresden Water supply 81 1889 Franzius et al. (1893)
17 | Duisburg Water supply 117 1888 Franzius et al. (1893)
18 | Frankfurt/Main Water supply 172 1912 Dunbar (1998)
19 | Frankfurt/Main Water supply 85 1885 Franzius et al. (1893)
20 | Freiburg/Breisgau | Water supply 332 1912 Dunbar (1998)
21 | Gottingen Water supply 54 1912 Dunbar (1998)
22 | Hamburg Water supply 139 1912 Dunbar (1998)
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No.

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

City

Hamburg
Hannover
Kaiserslautern
Strasbourg
Strasbourg
Wiesbaden

Worms

Wroctaw

Wroctaw

Wroctaw
Wroctaw
Wiirzburg
Berlin

Berlin

Berlin

Berlin

Berlin

Berlin

Berlin

Berlin
Brunswick
Brunswick
Charlottenburg
Charlottenburg
Chemnitz
Cologne
Dortmund
Dusseldorf
Elberfeld

Emden

Water usage

Water supply
Water supply
Water supply
Water supply
Water supply
Water supply

Water supply

Water supply

Water supply

Water supply
Water supply
Water supply
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater

Wastewater

value

[L/(E-d]
204
92
120
127°
73°
71

150

74

100

70
72
130
97
114
103?
106
100
852
127
99
137°
49
136
188
100
140
135
127
200

80

107

year®

1885

1912

1889

1880

1885

1887

1889

1888

1888

1887

1886

1886

1885

1896

1888

1899

1887

1888

1890

1890

1894

1894

1912

1903

1890

1890

1890

1890

1912

1890

Reference

Franzius et al. (1893)
Dunbar (1998)
Frings (1889)
Krieger (1885)
Krieger (1885)
Becker (1887)
Frings (1889)

Statistisches Amt der Stadt Breslau
(1889/91)

Statistisches Amt der Stadt Breslau
(1889/91)

Becker (1887)
Franzius et al. (1893)
Hugel (1886)
Mohajeri (2005)
Konig (1899)
Konig (1899)
Konig (1899)
Lubberger (1889)
Anonymus (1889b)
Baumeister (1890)
Weyl (1894)
Blasius (1894)
Weyl (1894)
Dunbar (1998)
Salomon (1907)
Baumeister (1890)
Baumeister (1890)
Baumeister (1890)
Baumeister (1890)
Dunbar (1998)

Baumeister (1890)
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No.

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

City

Frankfurt/Main
Frankfurt/Main
Frankfurt/Main
Frankfurt/Main
Frankfurt/Main
Freiburg/Breisgau
Freiburg/Breisgau
Guben

Hamburg

Hannover

Hannover

Karlsruhe
Legnica
Leipzig
Leipzig
Mannheim
Mannheim
Munich
Munich
Nuremburg
Steglitz
Stuttgart
Stuttgart
Szczecin
WeiBensee
Wiesbaden
Wiesbaden
Witten
Wroctaw
Wroctaw

Wroctaw

Water usage

Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater

Wastewater

Wastewater

Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater
Wastewater

Wastewater

value

[L/(E-d]
166
200
138
150
120°
250
380
272
140

1078

144

150
1067
216
253
160
100
93°
150
90
49°
150
90
150
422
100
1167
120
105
132

118

108

year®

1899
1899
1900
1890
1886
1899
1898
1912
1890

1913
1891

1890
1900
1899
1899
1890
1890
1880
1890
1890
1896
1874
1874
1868
1902
1890
1886
1873
1887-1894
1887-1894

1896

Reference

Konig (1899)
Konig (1899)
Glasauer & Arndt (1995)
Baumeister (1890)
Bauer (1998)
Konig (1899)

Korn (1898)
Dunbar (1998)
Baumeister (1890)
Grohmann (2005)

Architekten- und Ingenieur-Verein zu
Hannover (1891)

Baumeister (1890)
Salomon (1907)
Konig (1899)
Konig (1899)
Baumeister (1890)
Baumeister (1890)
Soyka (1885)
Baumeister (1890)
Baumeister (1890)
Salomon (1907)
Gordon (1874)
Gordon (1874)
Hobrecht 1868
Salomon (1907)
Baumeister (1890)
Bauer (1998)
Freudenberg (1873)
Frihwirth (1896)
Frihwirth (1896)

Kénig (1899)
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No. City
84 | Wroctaw
85 Wroctaw
86 | Wroctaw
87 | Wirzburg

value
Water usage ear®
€ wieda | Y
Wastewater 123 1888
Wastewater 126 1899
Wastewater 124 1890
Wastewater 110 1886

Reference

Statistisches Amt der Stadt Breslau
(1889/91)

Konig (1899)
Baumeister (1890)

Hiigel (1886)

a —value was calculated from information given within the reference (if no population was given, the number of inhabitants
of the cities in 1880 was used as taken from Kaiserliches Statistisches Amt (1884)).
b —if no year was mentioned within the reference, the publication year was used

Figure 37:

Historical daily per capita water usage [L/(inh-d)] for different German cities as

taken from literature according to number of inhabitants in these cities in 1880
(Kaiserliches Statistisches Amt 1884).
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Figure 38:

Historical daily per capita water usage [L/(inh-d)] for different German cities as

taken from literature according to the reference year (publication year of the
reference in case no specific year was mentioned in the source).
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A.6 Gauging stations for evaluation of historical water balance

Historical discharge measurements summarised in Table 29 were originally taken from the Global Runoff
Data Centre (GRDC, BfG 2024). These data were used for Figure 13.

Table 29: Selected gauging stations from GRDC (BfG 2024) for evaluation of historical water
balance (Figure 13).

Catchment size Observed annual average Modelled annual
Gauging station / river of gauge runoff (1873 — 1887) runoff 1800
[km?] [mm/a] [mm/a]
Basel, Rheinhalle / Rhine 35 897 883 777
Bodenwerder / Weser 15924 303 315
Dresden / Elbe 53 096 175 179
Hannoversch Munden / Weser 12 442 279 312
Intschede / Weser 37720 280 287
Cologne / Rhine 144 232 483 427
Neu Darchau / Elbe 131 950 172 172
Rees / Rhine 159 300 456 423
Schweinfurt Neuer Hafen / Main 12 715 276 302
Vlotho / Weser 17 618 323 323
Wiirzburg / Main 14 031 253 292
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A.7 Daily inhabitant excretion rates

The tables below list the nitrogen (Table 30) and phosphorus (Table 31) values for daily inhabitant
excretion rates obtained from literature. These data were used to produce Figure 20.

Table 30: Reported daily inhabitant excretion rates for nitrogen obtained from literature.
No. Sample type e /‘;:::? ) year® reference
1 faeces 1.252 1889 Koénig 1899
2 faeces 1.75° 1889 Kénig 1899
3 faeces 2.10 1882 Koénig 1887
4 faeces 0.64 1882 Konig 1887
5 faeces 1.34 1894 Weyl 1894
6 faeces 1.10 1894 Weyl 1894
7 faeces 1.78 1894 Weyl 1894
8 faeces 1.87 1894 Weyl 1894
9 faeces 6.26 1894 Weyl 1894
10 faeces 1.10 1894 Weyl 1894
11 faeces 1.78 1894 Weyl 1894
12 faeces 1.34 1894 Weyl 1894
13 urine 6.30° 1889 Konig 1899
14 urine 12.90° 1889 Konig 1899
15 urine 12.10 1882 Konig 1887
16 urine 14.08 1882 Konig 1887
17 urine 9.54 1894 Weyl 1894
18 urine 13.70 1894 Weyl 1894
19 urine 16.44 1894 Weyl 1894
20 urine 18.74 1894 Weyl 1894
21 urine 13.70 1894 Weyl 1894
22 urine 16.44 1894 Weyl 1894
23 urine 10.57 1894 Weyl 1894
24 faeces and urine 7.55 1889 Konig 1899
25 faeces and urine 14.65 1889 Konig 189
26 faeces and urine 14.20 1882 Konig 1887
27 faeces and urine 14.72 1882 Konig 1887
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No. Sample type i /‘;iat:l: d)l year reference
28 faeces and urine 10.88 1894 Weyl 1894
29 faeces and urine 20.62 1894 Weyl 1894
30 faeces and urine 25.01 1894 Weyl 1894
31 faeces and urine 14.79 1894 Weyl 1894
32 faeces and urine 18.22 1894 Weyl 1894
33 faeces and urine 11.91 1894 Weyl 1894
34 faeces and urine 12 1890 Franzius et al. 1893
35 faeces and urine 16 1893 Franzius et al. 1893
36 faeces and urine 15 1893 Franzius et al. 1893
37 faeces and urine 11 1893 Franzius et al. 1893
38 faeces and urine 7 1893 Franzius et al. 1893
39 faeces and urine 12 1893 Franzius et al. 1893
40 faeces and urine 12.50 1893 Franzius et al. 1893
41 faeces and urine 10 1893 Franzius et al. 1893
42 faeces and urine 10 1853 Barles 2007
43 faeces and urine 13.67 1869 Barles & Lestel 2007
44 faeces and urine 9.90 1980 Garcier 2007
45 faeces and urine 9.04 1850 | Gustafsson et al. 2012
46 faeces and urine 15 1900 Kopacek et al. 2013
47 faeces and urine 8.22 2002 Lange 2002
48 faeces and urine 10.96 1880 Naden et al. 2016

a—given as minimum value
b — given as maximum value
¢ —if no year was mentioned within the reference, the publication year was used
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Table 31: Reported daily inhabitant excretion rates for phosphorus obtained from literature.
No. Sample type [n:lga;;'; d] year® reference
1 faeces 0.43q 1889 Koénig 1899
2 faeces 1.74° 1889 Kénig 1899
3 faeces 0.51 1882 Koénig 1887
4 faeces 0.16 1882 Konig 1887
5 faeces 0.61 1894 Weyl 1894
6 faeces 0.61 1894 Weyl 1894
7 urine 0.56° 1889 Konig 1899
8 urine 1.14° 1889 Konig 1899
9 urine 0.56 1882 Konig 1887
10 urine 0.84 1882 Konig 1887
11 urine 1.541 1894 Weyl 1894
12 urine 1.540 1894 Weyl 1894
13 faeces and urine 0.98 1889 Konig 1899
14 faeces and urine 1.74 1889 Konig 1899
15 faeces and urine 1.08 1882 Koénig 1887
16 faeces and urine 1.01 1882 Konig 1887
17 faeces and urine 2.16 1894 Weyl 1894
18 faeces and urine 2.15 1894 Weyl 1894
19 faeces and urine 1.35 1893 Franzius et al. 1893
20 faeces and urine 0.94 1893 Franzius et al. 1893
21 faeces and urine 1.25 1893 Franzius et al. 1893
22 faeces and urine 3.50 1980 Garcier 2007
23 faeces and urine 1.10 1850 | Gustafsson et al. 2012
24 faeces and urine 1.92 2002 Lange 2002
25 faeces and urine 1.44 1950 Naden et al. 2016

2 —given as minimum value
b —given as maximum value
¢—if no year was mentioned within the reference, the publication year was used
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A.8 Nutrient concentrations in sewers

The tables below list nitrogen (Table 32) and phosphorus (Table 33) concentrations in sewers (untreated
wastewaters) gathered from literature. These data were used to produce Figure 21.

Table 32: Reported nitrogen concentrations in sewers obtained from literature.

No. City Sample type [‘:::;i] year reference

1 Ottensen sewer water® 95.8 1887 Kénig 1887

2 Wroctaw sewer water 40.5 1884 Konig 1887

3 Wroctaw sewer water 94.6 1885 Konig 1887

4 Berlin sewer water 63 | 1894 -1896 Kénig 1899

5 Berlin sewer water 74 | 1894 —1896 Koénig 1899

6 Berlin sewer water 87 | 1894 -1896 Koénig 1899

7 Berlin sewer water 87.3 1883 Kénig 1899

8 Berlin sewer water 98 | 1894 —-1896 Kénig 1899

9 Berlin sewers with WC 108.8 | 1889 — 1892 Koénig 1899

10 | Berlin sewer water 127 | 1894 —-1896 Konig 1899

11 Berlin sewer water 168 | 1894 — 1896 Kénig 1899

12 | Brunswick sewers without WC 147 1899 Konig 1899

13 | Dortmund sewers without WC 73.5 1899 Koénig 1899

14 | Essen sewers without WC 69.6 1899 Koénig 1899

15 Frankfurt/Main sewers with WC 119 1899 Konig 1899
16 | Halle/Saale sewers without WC 112.9 1899 Koénig 1899

17 | Halle/Saale Sewers with WC 182.9 1899 Konig 1899
18 | Kronenberg (Essen) | sewers without WC 90.4 1899 Konig 1899

19 | Wroctaw sewers with WC 91.8 | 1890-1898 Koénig 1899
20 | Berlin sewer water 70 1890 Baumeister 1890
21 | Bremen sewer water 60 1890 Baumeister 1890
22 | Essen sewer water 106 1890 Baumeister 1890
23 Frankfurt/Main sewer water® 47 1890 Baumeister 1890
24 | Frankfurt/Main sewer water 67 1890 Baumeister 1890
25 Halle/Saale sewer water 140 1890 Baumeister 1890
26 | Wiesbaden urban river used as sewer 23 1890 Baumeister 1890

2 —dissolved fraction

b — dry weather conditions
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¢ —if no year was mentioned within the reference, the publication year was used

Table 33: Reported phosphorus concentrations in sewers obtained from literature.

No. City Sample location [‘:::;i] year® reference
1 Essen sewer water? 4.1 1885 Konig 1887
2 Essen sewer water? 8.2 1886 Konig 1887
3 Essen sewer water® 8.8 1886 Kénig 1887
4 Essen sewer water? 13.1 1885 Konig 1887
5 Halle/Saale sewer water® 11.4 1886 Konig 1887
6 Ottensen sewer water? 7.2 1885 Konig 1887
7 Ottensen sewer water? 8.0 1887 Konig 1887
8 Berlin sewer water 5.8 1883 Kénig 1899
9 Berlin sewer water 8.1 1873 Kénig 1899
10 | Berlin sewers with WC 9.9 | 1889-1892 Koénig 1899
11 | Brunswik sewers without WC 13.2 1899 Konig 1899
12 | Dortmund sewers without WC 4.1 1899 Konig 1899
13 | Halle/Saale sewers without WC 8.6 1899 Koénig 1899
14 | Halle/Saale sewers with WC 13.6 1899 Koénig 1899
15 | Kronenberg (Essen) | sewers without WC 6.4 1899 Konig 1899
16 | Wroctaw sewers with WC 6.1 | 1890 -1898 Konig 1899
17 | Wroctaw sewer water 7.2 1885 Konig 1899

2 —dissolved fraction
b —if no year was mentioned within the reference, the publication year was used
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B Model results on nutrient emissions per river basin
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Table 34: Modelled total nitrogen emissions per river basin and emission pathway in 1880.
Atmospheric Surface Tile Urban Total emissions
River basin deposition Erosion | Base flow | Interflow runoff drainage systems (sum of
area onto water surface pathways)

River basin [km?] [t N/a] [t N/a] [t N/a] [t N/a] [t N/a] [t N/a] [t N/a] [t N/a]
Eider 5862 15 108 1258 1157 40 606 1 3184
Elbe 147 532 597 2474 26 251 16 577 1490 2317 5398 55105
Ems 16 349 29 264 3 846 3499 201 252 106 8198
Meuse 32561 89 706 10 136 5989 806 33 1199 18 959
Rhine 187 754 2099 | 10317 66 441 51269 4831 2087 7453 144 498
Weser 47 215 65 791 12 007 11964 842 566 815 27 050
Oder 124 863 418 1915 14 461 8044 898 1843 1899 29477
Schlei/Trave 6 104 51 84 1458 1033 92 221 143 3083
Warnow/Peene 13 646 60 55 1613 946 67 412 124 3278
Sum 581 886 3423 | 16714 137 472 100 479 9 267 8338 17 139 292 832
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Table 35: Modelled total phosphorus emissions per river basin and emission pathway in 1880.
Atmospheric Surface Tile Urban Total emissions
River basin deposition Erosion | Base flow | Interflow runoff drainage systems (sum of
area onto water surface pathways)

River basin [km?] [t P/a] [t P/a] [t P/a] [t P/a] [t P/a] [t P/a] [t P/a] [t P/a]
Eider 5862 <1 15 10 10 1 5 <1 42
Elbe 147 532 14 446 262 163 41 22 621 1570
Ems 16 349 1 47 52 46 6 3 14 169
Meuse 32561 2 88 76 45 23 <1 137 372
Rhine 187 754 48 3201 553 420 161 15 959 5359
Weser 47 215 1 240 158 151 22 7 119 697
Oder 124 863 12 357 132 73 26 14 224 837
Schlei/Trave 6 104 1 31 18 13 3 2 21 90
Warnow/Peene 13 646 2 13 60 36 2 8 18 138
Sum 581 886 81 4438 1322 956 285 77 2114 9273
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C Comparison to further historical modelling scenarios

C.1 Modelled nutrient emissions per river basin

This section compares the results for 1880 using the models MoRE (this study) and MONERIS (data kindly
provided by M. Venohr, IGB Berlin). Table 36 summarizes total nutrient emissions. Information on
individual emission pathways for nitrogen and phosphorus are summarized in Figure 39 and in Figure 40,
respectively, in absolute (upper panel) and percent (lower panel) values. The left column for each river
basins presents MoRE results from this study, while the right column for each basin shows MONERIS
results. Note, that MONERIS did not differentiate between interflow and base flow and both emission
pathways are displayed here by base the flow pathway.

Table 36: Total nutrient emission for river basins in 1880 modelled with MoRE (this study)
and MONERIS.
Total nitrogen [t N/a] Total phosphorus [t P/a]
MoRE MONERIS MoRE MONERIS

River basin (this study) (this study)

Eider 3184 4964 42 55
Elbe 55105 75 085 1570 2022
Ems 8198 10 137 169 196
Meuse 18 959 21 867 372 555
Rhine 144 498 160 990 5359 4152
Weser 27 050 29 833 697 628
Oder 29477 43 434 837 1238
Schlei/Trave 3083 3877 90 73
Warnow/Peene 3278 3687 138 95
Total 292 832 353 874 9273 9016
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Figure 39: Comparison of absolute (upper panel) and percent (lower panel) nitrogen
emissions per pathway for individual river basins between MoRE (left columns) and
MONERIS (right columns) modelling of 1880.
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Figure 40: Comparison of absolute (upper panel) and percent (lower panel) phosphorus

emissions per pathway for individual river basins between MoRE (left columns) and

MONERIS (right columns) modelling of 1880.
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C.2 Modelled surface water loads and concentrations

Table 37: Total nitrogen surface water loads and outlet concentrations for MoRE and
MONERIS in 1880.

MoRE MONERIS

River basin® Total TN load TN Total TN load TN

runoff [t N/a] concentration runoff [t N/a] concentration

[m3/s] [mg/L]® [m?/s] [mg/L]®
Eider 53 2501 151 67 4067 1.91
Elbe 841 37339 1.41 768 46 671 1.93
Ems 133 6421 1.54 143 8362 1.85
Meuse 331 16 915 1.62 239 18 806 2.50
Rhine 24177 95970 1.26 2515 111943 1.41
Weser 414 21244 1.63 408 23320 1.81
Oder 487 17 955 1.17 557 27 905 1.59
Schlei/Trave 60 2 000 1.05 55 2399 1.39
Warnow/Peene 85 2098 0.78 69 2393 1.10
Total 4 820 202 443 1.33 4821 245 864 1.62

2 —the area of the river basins can be found in Table 34
b — average concentrations were calculated by dividing total surface water loads by total runoff for each river basin

Table 38: Total phosphorus surface water loads and outlet concentrations for MoRE and
MONERIS in 1880.

MoRE MONERIS

River basin® Total TP load TP Total TP load TP

runoff [t P/a] concentration runoff [t P/a] concentration

[m3/s] [mg/L]® [m?/s] [mg/L]®
Eider 53 23 0.014 67 37 0.017
Elbe 841 839 0.032 768 1118 0.046
Ems 133 99 0.024 143 131 0.029
Meuse 331 272 0.026 239 403 0.054
Rhine 2417 2 546 0.033 2515 2742 0.035
Weser 414 426 0.033 408 418 0.032
Oder 487 320 0.021 557 680 0.039
Schlei/Trave 60 56 0.029 55 39 0.023
Warnow/Peene 85 70 0.026 69 46 0.021
Total 4 820 4678 0.031 4821 5615 0.037

2 —the area of the river basins can be found in Table 35
b — average concentrations were calculated by dividing total surface water loads by total runoff for each river basin
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C.3 Modelled discharge per river basin

Figure 41 compares the results for modelled historical runoff per river basin from this study (MoRE
1880), MONERIS model (Gadegast & Venohr 2015; Hirt et al. 2014), regional E-HYPE modelling (Blauw et
al. 2019) and the global modelling of Beusen et al. (2016).

Figure 41: Comparison of total runoff for individual river basins from different historical
modelling studies.
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D Historical modelling of the Upper Danube basin

The Upper Danube basin is part of both MoRE and LARSIM-ME models (Figure 4, Figure 5) and was
included in the 1880 scenario even though it was not in the focus of this project. For the Danube basin, the
same input data sets were prepared as described in the main text and in Appendix A. The following
sections provide details on land use and population in 1880 for the Upper Danube basin as well as model
results and a comparison to previous MONERIS results.

D.1 Land use and population

For the considered part of the Danube basin, most land was occupied by naturally covered areas (mostly
forests, Table 39, Figure 42). Compared to the North Sea and Baltic Sea basins, a lower proportion of the
area was dedicated to arable land (cf. Table 39 and Table 3). Further, there is a higher proportion of open
(alpine) areas within the Danube basin (cf. Table 39 and Table 3, Figure 42). The impervious area
accounted to approximately 390 km?, which corresponds to an average sealing degree of 35 % for urban
areas. A total of 3.96 million inhabitants were obtained for the Danube basin, of which 7 % (0.28 million
inhabitants) were connected to a sewer system.

Figure 42: Land use in 1880 aggregated to land use classes of the MoRE model.

Land use for
river basins in 1880

Data source:
HANZE 2.0 land use in 1880
(Paprotny & Mengel 2023)

Legend

MoRE land use classes
arable land

- pasture

- naturally covered area

- urban areas
open areas

- open pit mine

- wetland

I water surface

|:| river basins

Institute for Water and Environment

0 50 100 200
e K ometers Water Qualiy Management

Source: own illustration, IWU-WG

123



TEXTE Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea — 1880 scenario
modelled with MoRE

Table 39: Land use in 1880 aggregated to MoRE land use classes for the Upper Danube basin,
values rounded.

Upper Danube basin
Land use category [km?] [%]
Arable land 28 900 37
Pastures 12 100 16
Naturally covered areas 29 800 39
Urban areas 1100 1
Open areas 4 600 6
Open pit mining 100 <1
Wetlands 200 <1
Water surfaces 600 1
Total 77 400 100

D.2 Model results

D.2.1 Total emissions into surface waters

Total nitrogen emissions amount to roughly 78 kt N/a (Table 40). Base flow and interflow are the most
important emission pathways, together making up 90 % of the total emissions. Compared to North Sea
and Baltic Sea basins, many other emission pathways are accordingly less important (especially tile
drainage and urban systems, cf. Table 21 and Table 40). The highest area-specific nitrogen emissions
occur in the mountainous areas (Figure 43).

Total phosphorus emissions amount to 3.3 kt P/a for the Danube basin (Table 40). Emissions via erosion
deliver 80 % of the total phosphorus emissions, making this pathway proportionally even more important
than for North Sea and Baltic Sea basins (cf. Table 22 and Table 40). This can be also seen by the higher
area-specific emissions in the mountainous areas of the Danube basin (Figure 44). In contrast, urban
systems are proportionally less important for the total phosphorus emissions (cf. Table 22 and Table 40),
which can be attributed to smaller cities located in this basin and a lower percentage of population
connected to sewers.
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Table 40: Nutrient emissions for the Upper Danube basin in 1880.
Nitrogen Phosphorus

Emission pathway [t N/a] [%] [t P/a] [%]
Atmospheric deposition onto water surfaces 194 <1 5 <1
Erosion 2 609 3 2654 80
Urban systems 800 1 115 3
Surface runoff 1985 3 97 3
Tile drainage 836 1 4 <1
Interflow 30677 39 178 5
Base flow 40710 52 250 8
Total 77 812 100 3303 100

Figure 43: Total area-specific nitrogen emissions into surface waters in 1880.
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Figure 44: Total area-specific phosphorus emissions into surface waters in 1880.
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D.2.2 Surface water loads and concentrations

Approximately 66 kt N/a and 2.4 kt P/a of nutrient loads (Table 41) were transported to the outlet of the
considered part of the Danube basin. This corresponds to a retention of total emissions of 15 % and 28 %
for nitrogen and phosphorus, respectively. The nutrient retention is lower compared to North Sea and
Baltic Sea basins (refer to chapter 6.2), which is caused by higher runoff (i.e. higher hydraulic load in the
retention modelling) in the mountainous areas of the Danube basin.

Table 41: Nutrient surface water loads and outlet concentrations for the Upper Danube basin
in 1880.
Nitrogen Phosphorus
Total runoff
River basin [m3/s] [t N/a] [mg/L] [t P/a] [mg/L]
Danube 1408 66 061 1.492 2371 0.053?

2 — average concentrations were calculated by dividing surface water loads by total runoff

Nitrogen concentrations in surface waters of the Danube basin ranged from 0.42 mg/L to 2.40 mg/L, thus
being in a similar range to the other river basins (Figure 45). Phosphorus concentrations ranged from
roughly 0.01 mg/L up to 0.40 mg/L. The highest phosphorus concentrations can be found in the alpine
areas of the Danube basin which show higher emissions via erosion. This can be also observed for the
alpine parts of the Rhine basin (Figure 46).
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Figure 45: Total nitrogen concentrations in surface waters in 1880.
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Figure 46: Total phosphorus concentrations in surface waters in 1880.
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D.3 Comparison to historical MONERIS modelling

Results of the previous MONERIS modelling of 1880 were kindly provided by M. Venohr (IGB Berlin) and
contained also information on the Danube basin. They agree well with our results regarding total runoff
and nutrient retention (Table 42). However, total emissions and transported loads in the MoRE modelling
are higher compared to MONERIS results for both nitrogen and phosphorus, respectively. Consequently,
also the obtained average nutrient concentrations were higher in this study compared to the previous
MONERIS results (Table 42).

Table 42: Comparison of nutrients modelled with MoRE (this study) and MONERIS for the
Upper Danube basin in 1880.

Parameter Unit MORE (this study) MONERIS

Total runoff [m3/s] 1408 1408
Total nitrogen emission [t N/a] 77 812 60 467
Transported total nitrogen load [t N/a] 66 061 48 920
Nitrogen retention [%] 15 19
Average nitrogen concentration® [mg/L] 1.49 1.10
Total phosphorus emission [t N/a] 3303 1594
Transported total phosphorus load [t N/a] 2371 1168
Phosphorus retention [%] 28 27
Average phosphorus concentration® | [mg/L] 0.053 0.026

2 — average concentrations were calculated by dividing surface water loads by total runoff
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E Recent water quality measurements

Data on recent water quality were compared to modelled concentrations of different historical scenarios
(refer to chapter 7). Water quality measurements from riverine monitoring stations in Germany are
routinely stored with beginning of 2006 in the MoRE database for model validation. Single measurements
for total nitrogen and total phosphorus for the period 2006 - 2020 were selected. In case, at least 10
measurements were available for a monitoring station per year, a yearly average concentration
(arithmetic mean) was calculated. Data are shown for the following monitoring stations:

» Hohenwutzen, Oder River (ID BB09) at river kilometer 661
» Seemanshoft, Elbe River (ID HHO011) at river kilometer 628.9 (downstream the German-Czech border)

» Kleve-Bimmen, Rhine River (ID NW02) at river kilometer 865

Figure 47: Total nitrogen measurements (above) and calculated yearly average concentrations
(below) at monitoring station Hohenwutzen in Oder River (1D BB09).
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TEXTE Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea — 1880 scenario

modelled with MoRE

Figure 48: Total nitrogen measurements (above) and calculated yearly average concentrations
(below) at monitoring station Seemannshoéft in Elbe River (ID HH011).
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modelled with MoRE

Figure 49: Total nitrogen measurements (above) and calculated yearly average concentrations
(below) at monitoring station Kleve-Bimmen in Rhine River (ID NW02).
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modelled with MoRE

Figure 50: Total phosphorus measurements (above) and calculated yearly average concen-
trations (below) at monitoring station Hohenwutzen in Oder River (ID BB09).
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modelled with MoRE

Figure 51: Total phosphorus measurements (above) and calculated yearly average concen-
trations (below) at monitoring station Seemannshoft in Elbe River (ID BB09).
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modelled with MoRE

Figure 52: Total phosphorus measurements (above) and calculated yearly average concen-
trations (below) at monitoring station Kleve-Bimmen in Rhine River (ID NWO02).

1.0
® 2006 ® 2009 ® 2012 ® 2015 2018

® 2007 ® 2010 ® 2013 © 2016 = 2019
08— ® 2008 ® 2011 ® 2014 © 2017 2020

0.6

total phosphorus [mg/L]

0 100 200 300
day of year

0.25

0.20 —

0.15

0.10 —

0.05

yearly average phosphorus concentration [mg/L]

0.00 —

I I I I I I I I
2006 2008 2010 2012 2014 2016 2018 2020

year

Source: own illustration, IWU-WG

134



	Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea
	Imprint
	Abstract: Historical nutrient emissions and loads in German river basins of the North Sea and Baltic Sea
	Kurzbeschreibung: Modellierung historischer Nährstoffeinträge und -frachten in deutsche Nord- und Ostseeeinzugsgebiete
	Table of content
	List of figures
	List of tables
	List of abbreviations
	Summary
	Zusammenfassung
	1 Introduction
	2 Modelling tools
	2.1 MoRE
	2.2 LARSIM-ME

	3 Historical land use and population
	3.1 Land use
	3.2 Imperviousness
	3.3 Population

	4 Historical water balance
	4.1 Deriving natural runoff components with LARSIM-ME
	4.1.1 Meteorological forcing using climate change vectors
	4.1.1.1 Deriving climate change vectors for the 1880 scenario
	4.1.1.2 Evaluation and final definition of climate change vectors

	4.1.2 Land use and imperviousness
	4.1.3 Model application and deriving the input for MoRE (model runs and post-processing)

	4.2 Integrating LARSIM-ME runoff components in MoRE
	4.3 Results of the water balance modelling
	4.3.1 Impact of climate on total runoff
	4.3.2 Overall impact of climate, imperviousness and land use on total runoff
	4.3.3 Mean annual runoff for the 1880 scenario
	4.3.4 Validation of the 1880 water balance


	5 Modelling of individual emission pathways
	5.1 Atmospheric deposition onto water surfaces
	5.1.1 Nitrogen deposition rates
	5.1.2 Phosphorus deposition rates
	5.1.3 Modelled emissions via atmospheric deposition onto water surfaces

	5.2 Erosion
	5.2.1 Soil loss and sediment inputs
	5.2.1.1 C factor
	5.2.1.2 L and S factors
	5.2.1.3 R factor
	5.2.1.4 P and K factors
	5.2.1.5 Sediment delivery ratio
	5.2.1.6 Alpine areas and glaciers

	5.2.2 Enrichment ratios
	5.2.3 Topsoil contents
	5.2.4 Modelled sediment inputs and nutrient emissions via erosion

	5.3 Urban systems
	5.3.1 Population connected to sewers
	5.3.2 Daily inhabitant excretion rates
	5.3.3 Wastewater collection and treatment
	5.3.4 Surface loads
	5.3.5 Modelled emissions via urban systems and concentrations in sewer systems

	5.4 Surface runoff
	5.4.1 Nitrogen
	5.4.2 Phosphorus
	5.4.3 Modelled emissions via surface runoff

	5.5 Tile drainage
	5.5.1 Drained agricultural land and runoff via tile drainage
	5.5.2 Drainage concentrations
	5.5.2.1 Nitrogen
	5.5.2.2 Phosphorus

	5.5.3 Modelled emissions via tile drainage

	5.6 Interflow and Base flow
	5.6.1 Nitrogen concentrations
	5.6.2 Phosphorus concentrations
	5.6.3 Modelled emissions via interflow and base flow

	5.7 Retention in surface water bodies

	6 Results of historical nutrient emission modelling
	6.1 Total emissions into surface waters
	6.2 Surface water loads and concentrations

	7 Comparison to further historical modelling scenarios
	8 Limitations and uncertainties in historical nutrient emission modelling
	9 Conclusions
	10 Acknowledgements
	11 List of references
	A Details on data sources for the 1880 scenario
	A.1 Overview of general and substance-specific input data
	A.2 Land use classification
	A.3 Input data based on population density
	A.4 Validation of climate change vectors based on 20CRv3
	A.5 Urban water consumption and wastewater
	A.6 Gauging stations for evaluation of historical water balance
	A.7 Daily inhabitant excretion rates
	A.8 Nutrient concentrations in sewers

	B Model results on nutrient emissions per river basin
	C Comparison to further historical modelling scenarios
	C.1 Modelled nutrient emissions per river basin
	C.2 Modelled surface water loads and concentrations
	C.3 Modelled discharge per river basin

	D Historical modelling of the Upper Danube basin
	D.1 Land use and population
	D.2 Model results
	D.2.1 Total emissions into surface waters
	D.2.2 Surface water loads and concentrations

	D.3 Comparison to historical MONERIS modelling

	E Recent water quality measurements




