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Abstract: Pre-industrial emission levels can serve as a basis to set emission requirements in current
conditions to approximate natural circulation of resources and protect the environment. In Denmark,
the year 1900 has been set as a reference for water regulation purposes. Reliable measurements from
this time are not available. To define reference conditions, we estimate point source emissions of
nutrients from Danish towns in 1900 based on historic documentation and current quantitative data.
The flow of nutrients emitted by humans and animals and in industrial wastewater is quantified
based on the assessment of typical discharge routes in a set of model towns. We find that point source
emissions were significant, with 4261 t nitrogen and 764 t phosphorous emitted from towns in 1900.
The main source were human excrements (61%), followed by excrements of animals held in towns
(32%) and industry (6%). Further, 59% of nutrients were discharged directly to water, 22% were
used as fertilizer on agricultural soil and 19% were emitted to soil via landfills and spills. Current
point source emissions of nutrients to water (6600 t N/year and 900 t P/year) are significantly higher,
revealing a need for radical reductions if historic emission levels should not be exceeded in the future.

Keywords: point source emission; eutrophication; water quality; emission requirements; historical
environmental conditions; sanitation; history of urbanisation

1. Introduction

Water has been used to transport waste and harmful substances away from humans for thousands
of years [1]. Protecting humans from adverse effects leads to a shifting of burdens towards ecosystems,
where discharges of nutrients and harmful substances negatively affect life on land and under water.
Simultaneously, water pollution endangers drinking water resources. The United Nations define the
access to clean water and sanitation, the protection of life on land and below water as central goals
for sustainable development [2]. In order to meet these goals, targeted wastewater management and
treatment is necessary.

Even though the collection, treatment and discharge of wastewater are regulated in large parts
of the world, it is not a trivial task to set emission requirements. In this paper, we focus on nutrient
emissions, which potentially cause freshwater and marine eutrophication and a degraded oxygen
saturation levels. Extensive agriculture, animal husbandry, industrialisation, large scale urbanisation
and other human activities have changed the natural nutrient circle to a level that exceeds the planetary
boundaries [3,4]. Major reductions in nutrient emissions are necessary to prevent severe environmental
damage. However, human life is (currently) only possible if nutrients are used as fertilizer to produce
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food. We therefore need to define emission requirements that do not negatively affect human life,
while at the same time approximating the natural nutrient cycle as closely as possible.

The EU Water Framework Directive proposes using historical data for defining acceptable reference
conditions, if no undisturbed site is available [5,6]. The aim is to reinstate pre-industry emission
levels in order to approximate an undisturbed nutrient cycle and limit adverse environmental impacts.
In Denmark, the year 1900 has been defined as the reference year for determining a high ecological
status of coastal waters due to data availability [7]. However, it is questionable if the condition of
surface waters can be described as undisturbed at that point in time (Figure 1).
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on [11,12]. Milestones are marked with vertical lines and based on [11–13].

The year 1900 is characterized by rapid societal and technological changes in Denmark. Large
parts of the population migrated to towns in the second half of the 19th century and by 1901, 39% of the
Danish population lived in towns [8]. Industries centred around towns were growing, while agriculture
remained the predominant income source in more rural areas [14,15]. Emissions from industries were
largely unregulated, and wastewater treatment did not exist [16]. An increasing population implied a
higher focus on sanitation by installing hygienic barriers between humans and excrements and other
waste [17,18]. However, the rate of technology uptake varied significantly between towns. While
underground sewers were widely installed in Copenhagen by 1900, smaller towns still used bucket
latrines for human excrements (faeces and urine) and wastewater was discharged in open gutters or
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collected in dumpsites. Simple septic tanks were first introduced around 1900 and the first wastewater
treatment plants were constructed in the 1920s [13]. Although no national assessments based on reliable
measurements are available before 1989, a steady increase of nitrogen and phosphorous emissions
can be assumed due to industrialisation and population growth [11]. This development only ended
due to the introduction of nutrient removal at the wastewater treatment plants, stricter regulations
for wastewater discharges in the 1970s and regulation of agricultural discharges from 1985 (Figure 1).
Measurements show substantial decreases in nutrient loads to receiving waters from both diffuse and
point sources after 1990 [11,12]. This estimated trend is in line with published data from European
lakes, where long-term historical measurements or paleolimnological records are available, e.g., Lake
Constance in Germany [19] and Loch Leven in the UK [20].

The evolution of water use and sanitation has been described qualitatively on global and national
level, e.g., from a technical [1] or societal viewpoint [21]. Only rarely, environmental effects have
been considered [22]. Qualitative descriptions of hygienic conditions and technological development
in Denmark can be found in historical sources, e.g., in town chronicles [23] or public speeches and
discussions [24,25]. In the past decades, these sources have been collected in reviews, often with a
focus on the Danish capital Copenhagen [18,26,27]. However, if historical conditions should be used
as a quantitative reference for present regulation, it is necessary to estimate emissions at a point in time
with no or only insufficient measurements. Quantitative descriptions and assessments are rare, mainly
focusing on economic parameters only indirectly linked to emissions, e.g., the number of buckets for
human excrements or the fraction of towns using open gutters [28,29]. Historic emissions in Denmark
have only been quantified for diffuse sources, using agricultural, land use, climate and hydrologic
data [7]. A similar approach was chosen by Muhammed et al. [30] to model the effect of agricultural
land use to the nutrient balance in the UK from 1800 until 2010. Bouraoui et al. [31] included both
diffuse and point sources into their assessment of nutrient emissions to European coastal waters, but
only covered more recent decades, where measurements are available. They concluded that point
source emissions have contributed significantly to overall nutrient loads to receiving waters in the
assessed period from 1985 to 2005. Historical point source emissions from 1800 until today were only
quantified by Naden et al. [32], who estimated nutrient emissions from domestic wastewater based on
population data and milestones, e.g., the introduction of the water closet or phosphorous regulations.
They assumed that nutrients from human waste were emitted to receiving water only via sewers,
with sewer connectivity being estimated rather than calculated based on historical documentation.
Alternative discharge paths, e.g., ditches and gutters, and wastewater from animal husbandry and
industry were not included. Furthermore, only direct emissions to water and no emissions to soil
were considered.

For the first time, we quantify pre-industrial nutrient point source emissions from Danish towns to
water and soil to serve as a reference for emission requirements. Emissions from humans, animals and
industries in towns are included and the uncertainty is assessed. Novel elements of the study include the
development of a method to calculate pre-industrial nutrient flows based on qualitative historical and
quantitative present data. We base our estimate on the upscaling of the assessment of representative
towns for which we have collected detailed data, instead of national averages. We evaluate the
magnitude of calculated emissions from human activities to determine the appropriateness of the year
1900 as a reference. Further, we compare historical emissions to present day conditions to evaluate
necessary changes in current practices and regulation.

2. Materials and Methods

The assessment of emissions from towns first requires a definition of the term “town”. In historic
sources, settlements with as little as 200 inhabitants are listed as towns [8]. We assumed that small
settlements were less developed and closer to rural settlements, recirculating human and animal
excrements directly as fertilizer on fields and in gardens. These emissions are considered non-urban,
diffuse sources of nutrient emissions and are hence not included in this study. We defined a population
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threshold of 5000 as a minimum to be included in the assessment. We tested this cut-off criterion by
analyzing two parameters, which are well-documented and reflect the transformation of Danish towns
around the turn of the century: The population growth in individual towns and the fraction of the
population working in agriculture, i.e., the occupation pattern. Both parameters were evaluated for
towns (more than 5000 inhabitants) and settlements (less than 5000 inhabitants) to identify correlations
and trends.

An individual assessment of nutrient cycles for each town was impossible due to limited or
missing documentation for large parts of the country. Instead, we selected a set of model towns
with representative characteristics and analysed these in more detail to conclude typical conditions.
The selection of the model towns was based on (a) proximity to median population growth and
occupation pattern; (b) data availability and (c) geographical distribution.

Animals and industries were also considered as sources of nutrient emissions. Their potential
significance was evaluated qualitatively based on historic data, and relevant sources were included in
the assessment.

Data regarding the infrastructure, regulations and processes to collect and dispose waste from
humans, animals and industry were collected from historical documents for the model towns and
complemented with documentation of other towns. Quantitative data are scarce and often only provide
limited information, e.g., the total length of the sewer pipes in a town, which does not allow conclusions
regarding the sewer connectivity. The collected quantitative data were combined with qualitative
information and then translated into quantitative flow charts specifying the flow of emissions from
humans, animals and industry. Separate flow charts were developed for coastal and inland towns
and Copenhagen.

The discharge of nutrients N from a person, animal or industry was termed initial nutrient
emission. When possible, we used historic data records of initial nutrient emissions from animals,
humans, dairies and slaughterhouses (Table 1). Where no historic data sources were available, we
adjusted present day emissions by a reduction factor fred, representing the assumed ratio between
historic and current emission loads.

Table 1. Quantitative parameters collected for the calculation of initial nutrient loads (both nitrogen
and phosphorous) from humans, animals and industries. For values and references for each parameter,
please refer to the results section and Supplementary Table S1.

Parameter Unit Description Source

Ptotal (pers) Total population in Denmark in 1900 Historical data
Pi (pers) Population in town i in 1900 Historical data

Ai,j (animalj) Number of animal j in town i in 1900 Historical data
nslaughter (-) Number of slaughterhouses in 1900 Historical data
Ihuman (kg/pers/year) Nutrient load in human excrements per year Current data

Ianimal,j (kg/animalj/year) Nutrient load per animal j (pigs, cattle, horses,
sheep and goats) per year Current data

fred (-) Reduction factor to account for differences in
nutrition and feed

Estimate based on historical
and current data

WWdairy (LWW/Lproc) Wastewater volume generated per volume of
processed milk Current data

WWslaughter (LWW/kgproc) Wastewater volume generated per mass of
processed animals Current data

IWW,dairy (kg/LWW) Nutrient load in wastewater from dairies Current data

IWW,slaughter (kg/LWW) Nutrient load in wastewater from
slaughterhouses Current data

Procdairy, total (lproc/year) Volume of milk processed per year * Historical data
Procslaughter,total (kgproc/year) Mass of processed animals per year * Historical data

* It is assumed that the processed volume (mass) is approximately equal the produced volume (mass).

The initial nutrient load from human excrements in town i was calculated using

Nhuman,i = Ihuman × fred × Pi (1)
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The initial nutrient load from animal excrements in town i was calculated using:

Nanimal,i =
∑

j

Ianimal, j × fred ×Ai, j (2)

Wastewater generated at slaughterhouses and dairies was limited, as piped systems were
not yet implemented. We therefore used the lowest wastewater production reported for current
slaughterhouses and dairies reported in literature, and combined it with the highest reported nutrient
concentration [33,34].

We assumed that in every large town, there was a dairy to provide milk products for all its
inhabitants [35]. To calculate emissions from dairies, we calculated the average consumption of milk
per person by dividing the total dairy production by the total population [8,36]. The initial nutrient
load from dairy processing in town i was calculated using:

Ndairy,i = WWdairy × IWW.dairy × Pi ×
Procdairy,total

Ptotal
(3)

Due to a lack of detailed data, it was assumed that each slaughterhouse processes the same amount
of animals per year [36,37]. The initial nutrient loads from slaughterhouse k was calculated using:

Nslaughter,k = WWslaughter × IWW,slaughter ×
Procslaughter,total

nslaughter
(4)

Emissions to water, agricultural soil, and soil were calculated for each town based on the developed
flow paths and calculated initial loads. Emissions to water included discharges from pipes and gutters.
Excrements used as fertilizer outside of the towns were considered emissions to agricultural soil.
All losses along transport routes, infiltration and disposal of waste in pits and landfills were counted
as emissions to soil.

We identified three main sources of uncertainty: the flow paths of nutrients (Supplementary
Figure S1), the initial load of nutrients from human and animal excrements, and the minimum
population for inclusion of towns in the assessment. For each source, we tested alternative values for
significant parameters and compared resulting nutrient emissions to the baseline scenario (Table 2).

Table 2. Tested alternative scenarios for selected parameters, characterized by a high uncertainty.

Source of Uncertainty Parameter Baseline Alternative

1. Flow paths of
nutrients

1.a Fraction of buckets
from Copenhagen sold to

farmers
10% 80%

1.b Fraction of waste
disposed to pipes

10–20% of human
excrements

10% of industrial
wastewater

50% decrease

1.c Same as 1.b Same as 1.b 50% increase

2. Initial load of
nutrients from human
and animal excrements

2.a Initial load of
nutrients from human
and animal excrements

75% of present values 50% of present values

2.b Same as 2.a Same as 2.a 100% of present values

3. Minimum population
for inclusion of towns in

the assessment

3.a Towns with less than
5000 inhabitants Excluded Included as inland towns

3.b Same as 3.a Same as 3.a Included as coastal
towns
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3. Results

3.1. Cut-Off Criteria and Model Towns

In 1900, 29 towns had 5000 or more inhabitants, which in total accounts for 34% of the total Danish
population in 1900 [8]. These towns showed widely varying characteristics, with population growth
ranging between −6% and +773% between 1880 and 1901 (median: +58%) and the fraction of the town
population working in agriculture ranging between 1% to 18% in 1890 (median: 6%) [8,38]. Analysing
these parameters for smaller settlements with less than 5000 inhabitants reveals a difference between
settlements and towns: The population growth of settlements is distinctively lower, with a median
increase of only 29%, compared to 58% for towns. Furthermore, occupation patterns dominated by
agriculture only occur in smaller towns, with up to 62% of the population working in farming or
fishing (Figure 2). The cut-off criteria, excluding all smaller settlements due to their rural characteristics,
is therefore considered valid for a nation-wide assessment. However, there is no clear correlation
between population size and population growth or occupation patterns. This is reflecting the extremely
dynamic development of towns around the turn of the century, with some settlements exploding in
size, while others rapidly diminishing [38]. Industrialisation and societal changes have not developed
evenly throughout the country, making generalisations difficult.
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Figure 2. Box plots showing (a) the population growth between 1880 and 1901 [8]; (b) the fraction
of agricultural workers in 1890 [38]; in 25 towns (>5000 inhabitants) and 55 smaller settlements
(<5000 inhabitants). The points represent the values for single towns, with red points representing
model towns. The boxes show the 25% and 75% quantiles and points outside of the whiskers and are
considered outliers. The vertical lines within the boxes show the median.

To approximate typical conditions, three model towns with representative characteristics were
analysed in more detail. Svendborg, Helsingør, and Randers were selected as their population growth
and occupation patterns were close to median values (Figure 2). Furthermore, they are geographically
distributed over Denmark (Zealand, Funen and Jutland) and historic data was available. All model
towns, like most larger towns at the time, were connected to the railway, which enabled trade and
industrial growth [39,40]. Svendborg and Helsingør have direct access to the sea, which most often
was an important factor for growth and industrialisation. Randers is connected to the sea by the river
Gudenå, entering Randers Fjord, and is therefore considered to have the characteristics of a coastal
town. Five inland towns not located at the coast or at a major water body with direct connection to
the sea were assessed separately. We also analysed Copenhagen individually, since its size and level
of industrialisation was distinctively different from all other Danish towns. In 1900, roughly 500,000
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people lived in Copenhagen, which accounted for 45% of the Danish town population and 19% of the
total population [8].

Even with agriculture not being the main source of income for the majority of town population,
animals were often held for self-supply in the beginning of the 20th century [36,41,42]. In total, more
than 40,000 animals were held in towns in 1900, with horses and cattle each accounting for one third
of animals, followed by pigs, sheep and goats [43]. Excrements of these animals were included as a
source of nutrient emissions in the assessment.

Slaughterhouses, dairies and tanneries were present in all model towns. We made a general
assumption that resources were used as efficiently as possible and by-products were often reused in
industry. The organic waste of breweries was fed to cows, and the skimmed milk was redistributed
from dairies to farms as feed for animals [36,44]. This limited the nutrient emissions of industry in 1900.
Tanneries were assumed to mainly emit toxic substances, especially chromium, and were therefore not
considered as a significant nutrient source. While big dairies were primarily found in towns with more
than 5000 inhabitants, large slaughterhouses were also located in smaller towns [37]. To include every
significant industrial source of nutrient emissions, all large slaughterhouses (also outside towns) and
large dairies (in towns) were included in this assessment.

3.2. Discharge Paths for Excrements and Wastewater

In the 19th century, most Danish towns changed from having simple pits for human waste towards
a bucket system [26,28,45]. In 1899, 44 out of 72 Danish towns had a bucket system and 29, at least
partially, had pits for human waste [29]. All three model towns had almost completely shifted towards
a bucket system in the year 1900. However, only some towns, e.g., Randers, had organized collection
and disposal of these buckets by private companies, which sold the buckets to surrounding farmers [46].
Excrements of humans and animals were the main source for fertilizer used in agriculture in 1900,
with artificial fertilizer only accounting for 7% [47]. In many cases, small dumpsites inside or on
the border of the town were used to discharge both human and animal waste, often with significant
spill during the transport from the individual households [48]. These dumpsites were emptied by
surrounding farmers only one to two times per year [28]. The resulting stench and hygienic problems
were perceived as annoyances, e.g., in Svendborg [23]. We therefore suspect that the preferred way of
disposal was by direct discharge to water and that dumpsites were mainly used in towns with limited
access to water, i.e., in inland towns (Figure 3).

Water closets (WC) were very rarely installed in 1900. Only 44 WCs were reported in Helsingør [49]
and approximately 100 in Randers, which were connected to septic tanks which often overflowed [46].
WCs were slowly implemented in Copenhagen (around 5000 in 1900), where it was legalised to connect
WCs to the subsurface sewer system in 1897 [50]. A resistance against connecting WCs to sewers
was mainly based on economic reasons: The estimated 30,000 buckets in Copenhagen were collected
at night and transported to four dumpsites outside of Copenhagen, from which they were sold to
farmers [44]. The fraction of sold buckets decreased steadily during the 19th century, and in 1900 it
was less than 10% (Supplementary Table S1) [28]. Industrial discharges were largely unregulated not
only in smaller towns, but also in Copenhagen, and direct discharges to nearby surface waters were
very common in the 19th century, which is e.g., documented for tanneries and slaughterhouses [44,51].

Gutters largely replaced ditches in the 19th century, which decreased, but could not completely
prevent infiltration of wastewater [26,46]. The installation of sewer and water distribution pipes began
in the end of the 19th century in all three model towns [23,26,46]. The development of sewers often
focused on the town centre and specific problematic areas like slaughterhouses, as e.g., reported for
Esbjerg [52]. While some towns, e.g., Roskilde, already were completely connected to sewers in 1900,
others still only had gutters [26,53]. Wastewater from pipes and gutters was often discharged directly
to the nearest surface water body, e.g., to Gudenåen in Randers [54]. If a direct connection to surface
water was not possible or feasible, we presumed that wastewater was discharged to dumpsites outside
the town, as reported e.g., for parts of Svendborg [23] (Figure 3).
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Danish coastal and inland towns and in Copenhagen in 1900.

Around 250,000 people moved to Copenhagen around the change of the century because of rapidly
growing industries and connected job possibilities. There was a severe lack of housing and families
were often forced to live in basements or one-room apartments [55]. This development accelerated
the installation of pipes and gutters, leading to an extensive sewer system already in 1900 [18,27,56].
The system was initially designed for industrial wastewater, but it is estimated that 75% of human
excrements were discharged to sewers illegally by either disposing excrements through the kitchen
pipes or by throwing them on the streets, even before it was legalised in 1897 [18,44]. Pipes and gutters
discharged to canals, lakes, and the harbour with a direct connection to the open sea [28], which lead
to a high level of pollution in surface water bodies. Sources of the time described the canals and lakes
malodorous and portrayed the sea between Køge and Copenhagen as brown [57,58].
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3.3. Initial Emissions

Reported emissions of nutrients in human excrements are around 4 kg N/pers/year and
0.7 kg P/pers/year [31,32,59–62]. The relative consumption of carbohydrates like grains and potatoes
was higher and vegetables, fruit and protein rich food sources like dairy products and meat were less
available in 1900 compared to current conditions [63]. A lower intake of these food groups leads to lower
nutrient emissions [31]. Furthermore, the total calorie intake was around 25% lower than today [55,64].
We therefore estimated 25% less nutrient emissions per person in 1900 than current emissions, which
using Equation (1) leads to initial emissions of 3.0 kg N/pers/year and 0.5 kg P/pers/year (Table 3 and
Supplementary Table S1).

Table 3. Estimated intial emission of nutrients from humans, animals and industry in 1900, based
on values reported in current literature reduced by 25% to account for differences in nutrition and
animal feed.

Source Nitrogen Phosphorous

Human excrements 3.0 kg/pers/year 0.5 kg/pers/year
Animal excrements
Cattle and horses 45.0 kg/animal/year 7.5 kg/animal/year

Pigs 6.8 kg/animal/year 2.3 kg/animal/year
Sheep and goats 6.5 kg/animal/year 1.3 kg/animal/year

Industry
Dairies 0.3 kg/pers/year 0.1 kg/pers/year

Slaughterhouses 27 kg/slaughterhouse/year 2 kg/slaughterhouse/year

The excretion of nutrients from animals depends on the ability to process nutrients and the
feed. Pigs, e.g., cannot process phosphorous, and therefore excrete a large fraction of the intake [65].
Protein rich feed reduces the nitrogen demand and excretion, which was not known in 1900 [65].
We therefore assumed a 25% decrease in addition to using minimum emissions reported for present
conditions [66]. Using Equation (2), initial emissions were calculated as 6.5 to 45 kg N/animal/year and
1.3 to 7.5 kg P/animal/year (Table 3). Numbers of animals were available for 26 out of 29 towns [43].
For the remaining three towns, the median number of animals in all other towns was used to calculate
total emissions.

Modern dairies produce a minimum of 0.5 L of wastewater per produced litre of dairy products,
which contains a maximum of 663 mg N/L and 154 mg P/L [34]. In 1900, a total of 2,460,000 t of
dairy products were produced [36]. Initial emissions from dairy production of 0.3 kg N/pers/year and
9.1 kg P/pers/year were calculated using Equation (3) (Table 3).

A total of 72,800 t of cattle, 3000 t of horses, 116,600 t of pigs and 17,000 t of sheep were processed
in large Danish slaughterhouses [36]. Modern slaughterhouses produce a minimum of 3000 L of
wastewater per t of throughput, with maximum concentrations of 1.4 mg N/L and 0.1 mg P/L [33].
Using Equation (4), this leads to initial emissions of 27 kg N/year and 2 kg P/year per slaughterhouse.
Randers, Esbjerg, and Odense had larger productions due to their position and importance for trade [37].
For these three towns, we assumed twice the calculated initial emissions from slaughterhouses.

3.4. Emissions from Towns to Water, Soil and Agricultural Soil

Emissions from humans, animals and industry were calculated for each town individually
(Figure 4). A total of 4261 t nitrogen and 764 t of phosphorous were emitted from towns and
slaughterhouses in 1900. The largest share of emissions was discharged to water (2531 t N/year, and
462 t P/year). Emissions to soil (811 t N/year and 143 t P/year) and agricultural soil (919 t N/year
and 159 t P/year) were also significant. Copenhagen was the largest single point source of nitrogen
and phosphorous (53%). Coastal towns contributed with 47% and less than 1% of the total nutrient
emissions stemmed from inland towns (Table 4).
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Figure 4. Danish towns with more than 5000 inhabitants in 1900. The pie chart for each city illustrates
the fraction of nutrients that was emitted to water, soil or agricultural soil. The pie charts areas are
sized relative to each other to illustrate the magnitude of total emissions. The population size and total
nitrogen emissions from each town are listed in the table to the right. Background map from Agency
for Data Supply and Efficiency [67].

Table 4. Nutrient emissions to water, landfill or soil and agricultural soil from coastal towns, inland
towns, Copenhagen and slaughterhouses in 1900. Emissions to landfill or soil include spill during
transport and overflows.

Source Emission to Water
(t/year)

Emission to Landfill
or Soil (t/year)

Emission to Agricultural
Soil (t/year) Total (t/year)

N P N P N P N P
Coastal towns 1182 218 309 54 600 102 2091 374
Inland towns 13 2 114 21 280 50 407 73
Copenhagen 1336 242 388 68 40 7 1764 317

SUM 2531 462 811 143 919 159 4261 764

Further, 61% of nutrients emitted from towns stemmed from human excrements (2615 t N/year
and 449 t P/year). The second most important emission source in towns were animals (1382 t N/year
and 243 t P/year). Initial emissions from industry were one order of magnitude lower than emissions
from humans or animals (264 t N/year and 72 t P/year). The majority of nutrients from all three
sources was discharged directly to receiving water bodies (60%). Moreover, 21% of nutrients were
used as fertilizer on agricultural soil, stemming to almost equal parts from humans (482 t N/year
and 81 t P/year) and animals (437 t N/year and 77 t P/year). Industrial wastewater was not used as
fertilizer on agricultural soil. Nutrients emitted to soil via landfills, pits, and transport spills significant
stemmed from human excrements (533 t N/year and 92 t P/year), which were often transported in
buckets (Figure 5 and Supplementary Figure S1).
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Figure 5. Fraction of total nutrient emissions stemming from humans and animals in towns with more
than 5000 inhabitants and industry (slaughterhouses and dairies) to water, landfill and agricultural soil
in 1900.

3.5. Main Uncertainties

Nutrient emissions to water were most sensitive to changes in the initial load of nutrients in
animal and human excrements (Figure 6). In the baseline scenario, we estimated a 25% reduction of
values reported for present conditions. Assuming no reduction increases the emissions by 30%, and a
reduction factor of 50% of present values decreases the emissions by 30%. The excretion of nutrients
correlates directly to the nutrient intake, a highly uncertain parameter, as no measured values exist for
1900. A more accurate estimate would require analysing diet and feed in more detail. The inclusion of
smaller towns with less than 5000 inhabitants lead to a maximum increase of 12% in resulting emissions
to freshwater. Similarly, changes in the flow path did not cause significant changes to the resulting
nutrient emissions to water (−4% to +4%). We did not differentiate flow paths for solid and liquid
waste, which carry different fractions of the initial nutrient loads. Urine contains more nitrogen and
infiltrates more easily than faeces, which possibly led to higher emissions of nitrogen than phosphorous
to soil. A detailed assessment of the different paths lies outside the scope of this assessment.

The calculated emissions are based on average conditions in Danish towns in 1900. However,
towns were developing very differently and the source and fate of emissions varied widely. It has
not been the scope of our study to conduct a detailed mapping of nutrient emissions and routing for
each individual town and therefore our results must be interpreted with caution for individual towns.
The values are, as such, a qualified indication of magnitude rather than an exact account of nutrient
loads from point sources in 1900 because the focus has been on obtaining a robust national estimate of
emissions. A more detailed assessment of individual towns and industries, based on a review of local
historic archives, could develop town specific mass balances. This would improve the assessments of
emissions to local surface waters, but would be problematic due to limited data availability and is not
expected to markedly affect the calculated national estimate.
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Figure 6. Relative changes in nutrient emissions to water in seven alternative scenarios, compared to
the baseline scenario: 1.a increased use of buckets from Copenhagen by farmers; 1.b 50% less pipes;
1.c 50% more pipes; 2.a reduction factor of 50% for present nutrient loads from human and animal
excrements; 2.b. no reduction factor for present nutrient loads from human and animal excrements;
3.a inclusion of all small settlements (<5000 inhabitants) as inland towns; 3.b inclusion of all small
settlements (<5000 inhabitants) as coastal towns.

4. Discussion

Nutrient emissions from human activities were significant already in 1900. Historical sources
describe surface waters at that time as brown, foul-smelling sources of diseases. The construction of
sewers was a reaction to the unsanitary conditions in growing towns, aiming to transport waste away
from humans and towards surface waters. These historical observations challenge the choice of the
year 1900 as a reference to describe undisturbed conditions.

When looking at absolute nutrient emissions, we observe a significant increase since 1900. Point
source emission to water increased from 2531 t N/year and 462 t P/year in 1900 to 6600 t N/year and
900 t P/year in 2016 [68] (Figure 7). This is an increase of 161% for nitrogen and 95% for phosphorous
point source emissions, which is mainly caused by a growing population (+121% between 1900 and
2016) [8,69]. However, if we normalize point source emissions to the total population, we see that point
source emissions did not grow proportionally to population. Per capita point source nitrogen emissions
increased more moderately (18%, from 0.97 kg N/pers/year to 1.15 kg N/pers/year), and phosphorous
emissions even slightly decreased (−11%, 0.18 kg P/pers/year to 0.16 kg P/pers/year) between 1900 and
2016 (Figure 7). This is due to technological advances and increased WWTP coverage, where more
than 80% of nutrients are removed [70] (Figure 1). This further questions the suitability of the year
1900 as a reference condition, as per capita emissions were not significantly lower than today.

Besides point source emissions, diffuse sources of nutrients have to be considered when defining
emission requirements. Assuming 1.2 mg N/L and 250 mm national average runoff in 1900, 12,718 t
of nitrogen were discharged from agricultural areas to water in 1900 [7]. Together with point source
emissions, this leads to an estimated 15,249 t N/year emitted to water in 1900. In 2016, a total of
59,000 t N/year was emitted to water [71], of which 6600 t stemmed from point sources [68]. While total
nitrogen emissions increased by 287% between 1900 and 2016, the relative contribution of emissions
from point sources decreased from 17% to 11%. Since no data for phosphorous emissions from diffuse
sources in 1900 are available, we cannot make the same comparison of total emissions.
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We can observe the same trends, but more moderately, when we normalize total emissions to
population. Total per capita emissions increased by 53% (10 kg N/pers/year to 7 kg N/pers/year), with
the contribution of point sources emissions decreasing from 18% to 13% (Figure 7). This shows that
emissions from diffuse sources increased more than point source emissions, indicating a need for
stricter regulation especially for emissions from diffuse sources. This also highlights the importance of
choosing a reference frame. The need to reduce emissions is more pronounced when looking at absolute
emissions, than when we normalize emissions to account for population growth. Achieving emissions
levels as in 1900 would require significant reductions in both diffuse and point source emissions.
However, this would not be sufficient to accomplish undisturbed conditions, which would require
further and more drastic removal of nutrients from both agricultural runoff and urban discharges.
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