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The growing demand for food and the increasing costs of cultivation are posing
a challenge for agriculture. Diminishing phosphorus reserves, as well as the energy
intensive method of producing nitrogen fertilisers are drivers for more intensive reuse
of different organic fertilisers, such as manures and excreta. Source separation and
fertilisation with human urine can be one option for nutrient reuse. Urine contains all the
main nutrients as well as micronutrients in soluble form, but it also contains chemicals,
like pharmaceuticals and hormones. The aim of this study was to examine the efficiency
and safety of the use of source separated human urine as a fertiliser for barley (Hordeum
vulgare). The fertiliser efficiency of source-separated urine was examined in field-scale
experiments for the first time in Finland. Two separate cultivation experiments in two fields
and barley varieties were conducted. The efficiency of urine as a fertiliser was compared
to corresponding amount of mineral fertiliser. No fertiliser was applied to one plot in
order to create a reference treatment. The two experiments were conducted using variety
Wolmari with 54 kg N ha=' and variety Harbinger with 100kg N ha~"'. The barley grain
and straw yield grown with urine fertiliser was equivalent to the yield in mineral fertilised
plots. The growth of barley in both fertiliser treatments was slightly faster, compared to
non-fertilised treatment. There were no significant differences between the treatments in
terms of protein content of the grain although the results varied in terms of the thousand
grain weight (TGW) and germination. The urine analyses indicated that there were no
pathogen indicators, nor heavy metal concentrations, exceeding the limit values set by
legislation. The main nutrient concentrations (N, P, K) would also meet the requirements
for a fertiliser product according to Finnish legislation. Pharmaceuticals and hormones
were found from the urine, but apart from progesterone, all of them presented extractable
values in soil below the detection limits, and they were not detected in measurable
amounts in barley grain at the end of the growing season. These results suggest that
source separated urine could be an efficient fertiliser in crop cultivation.
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INTRODUCTION

Phosphorus is an essential nutrient in crop cultivation. It
is estimated, that there are affordable and relatively easily
extractable phosphate rock reserves left for only another 50-100
years. Also, the quality of the phosphorus mineral is diminishing.
Yet there is an ever increasing demand for phosphorus in
agriculture (Cordell et al, 2009, 2011). The production of
nitrogen fertilisers—another crucial element in food production
- in turn is highly energy intensive. Therefore, in the current
need for increasing resource efficiency, we need to look for
more intensive nutrient reuse for agricultural purposes. Source
separation of human urine offers one option for nutrient reuse
from human waste. Urine can be diverted from the solid excreta
and it can be used as a liquid fertiliser as such. This diversion
enables reuse of waste for agriculture purposes and at the same
time protects the natural water bodies from waste pollution and
eutrophication (Vinneras and Jonsson, 2002). Source separated
human urine is a nutrient-rich liquid where the main nutrients
(N, P, K) occur in water-soluble ionic form and are therefore
readily available for plant uptake (Schonning, 2006; Udert et al.,
2006). The use of source separated human urine could be one
option to complete the demand of nitrogen fertilisation and to
close the nutrient cycle.

Source separated urine has been found to be a safe and efficient
fertiliser for many crops and vegetables and has been studied
in many different contexts since the late 1990s (Kirchmann and
Pettersson, 1995; WHO, 2006; Heinonen-Tanski et al., 2007;
Mnkeni et al., 2007; Pradhan et al., 2007; Chowdhury and Islam,
2008; Viskari et al., 2009; Pradhan, 2010). However, in Finland
and in many other European countries, urine is not accepted
as a fertiliser, and there are many institutional constraints in
its use.

Source separated urine has the potential to be used as a
fertiliser because of its nutrient content, availability and easy
application to soils. The main nutrients (nitrogen, phosphorus,
potassium and sulphur) occur in water-soluble ionic form and
are therefore readily available for plant uptake (Schonning, 2006).
The majority of the nutrients are excreted via urine (Schouw
et al, 2002; Rose et al, 2015). From nitrogen about 90%,
phosphorus 50-65% and potassium, 50-80% is excreted in urine
(Lapid, 2008). In addition, urine contains Cl~, Na, Mg, Cu and
other organic and inorganic compounds, which can be utilised
for plant growth. The amount of nitrogen and phosphorus in
urine varies depending on the diet, person and time of the day.
For example, nitrogen present in urine can reach a concentration
of up to 9g N L™, the concentration of phosphorus is around
0.7g P L™! (Winker et al, 2009). In comparison with other
household waste, urine contains considerably more nutrients
than faeces, greywater and biodegradable suspended solids
(Vinnerds and Jonsson, 2002; Pradhan, 2010). Table 1 shows
the estimated amounts of nitrogen, phosphorus and BOD
produced in urine and faeces per capita annually. The estimated
amounts vary, however, depending on the collection and analysis
method. For example, Vinnerds and Jonsson (2002) estimated
that about 3.7 kg of nitrogen, 0.34 kg of phosphorus and 1.2 kg
of potassium per capita/a could be recovered if all urine could

TABLE 1 | The estimated amount of nutrients produced in excreta and greywater
by one person per year (Weckman, 2005; Udert et al., 2006; Ministry of the
Environment Finland, 2017).

N P
(kg/person, year) (kg/person, year)

BOD
(kg/person, year)

Urine 4.13 0.40 1.83
Faeces 0.52 0.21 5.48
Other 0.37 0.15 10.95
Total 5.02 0.75 18.25

be fully separated from other wastewaters. Nitrogen in urine
is mostly in the form of urea and/or ammonium (Kirchmann
and Pettersson, 1995; Richert Stintzing et al., 2001). Phosphorus
(P) and potassium (K) in turn are almost entirely in inorganic,
ionic form (Lentner, 1981), which is directly plant-available
(Kirchmann and Pettersson, 1995), although inorganic P in soil
may be rapidly, and extensively adsorbed to Al, Fe minerals, or
precipitated with Ca.

Concerning the hygienic issues, the urine of a healthy person
contains only a small amount of pathogens, originating mostly
from faecal contamination (Hoglund et al., 1998). Storage is
an easy method for the urine disinfection in case of any
contamination (Hoglund, 2001). The current recommendation
for urine storage is 6 months at a temperature over 22°C (Jonsson
et al., 2004; Schonning, 2006; WHO, 2006). However, research
on the disinfecting effects of urea showed that no E. coli or
Salmonella spp. were found after 5 days of storage. Significant
reduction in phage was observed after 21 days and no viruses
were found after 50 days. The study indicates that the storage
time for safe urine reuse is 2 months at a temperature over 20°C
when the nitrogen concentration in the urine is greater than 2 g
N L~! and pH is over 8.8. (Vinneras et al., 2003, 2008; Winker
et al., 2009).

Concerns about the use of urine as a fertiliser have also
arisen. The potential risks of various pharmaceutical and
hormone residues as well as other potential micro-pollutants
as contaminants are seen as an obstacle. Knowledge of their
presence in urine and their behaviour in the soil is still limited.
Humans are exposed to different contaminants, like heavy
metals, in our environment through skin contact, respiration
and diet and the contaminants are excreted in sweat, urine and
faeces (e.g., Schouw et al., 2002; Genuis et al., 2011). Compared
with animal manure and industrial fertilisers the heavy metal
concentrations of urine are lower (Jonsson et al., 2004; Winker
etal., 2009). On the other hand, on average, 2/3 of the drugs used
by humans are excreted via urine and about 1/3 in the faeces
(Lienert et al., 2007). The potential health risks associated with
the use of urine and faeces as fertilisers have been extensively
studied, and WHO guidelines have been developed for the urine
treatment and use (WHO, 2006).

There are existing technologies for nutrient recovery, such as
separating dry toilets. There are many factors, however, that are
preventing or hindering the nutrient recovery on a larger scale.
These are for example public opinion toward the use of urine as a
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fertiliser, missing storage facilities and logistical chains, as well as
legislative barriers (Magid et al., 2006; Lienert and Larsen, 2010).

The aim of this study was to acquire scientific data on the use
and efficiency of urine in crop cultivation. For the first time in
Finland, field scale experiments using urine as a fertiliser were
conducted using barley as a test crop.

MATERIALS AND METHODS

The feasibility of source separation of urine, management and
potential as a fertiliser was examined in this study. The fertiliser
efficiency of source-separated urine was tested in two field-scale
experiments using barley (Hordeum vulgare, var. Wolmari and
Harbinger) as a test plant. The experiments were implemented
in cooperation with two farms within 80 kilometres from
Tampere (Central Finland). Urine fertilisation was compared
with corresponding levels of mineral fertiliser and non-fertilised
sites were used as a reference within the experimental fields. The
amount of urine spread was defined by farmers, and was based on
the field-specific requirements in terms of nitrogen requirement.
Other environmental requirements, originating from farming
subsidies and environmental regulations were also determining
the fertilisation levels in the fields. Experiments were carried out
in ways that would cause the least disturbance to the farmers.

Ethics Review

According to the guidelines of Finnish National Board on
Research Integrity and statement from the Academic Ethics
Committee of the Tampere Region, the body dealing with ethical
statements of Tampere University of Applied Sciences, ethics
approval and further consent was not required in this kind of
research study. Written and informed consent concerning the
implementation of experiments and publication of the results was
obtained from the farmers that participated this study. The urine
used in the study was collected from thousands of anonymous
participants of a festival in August 2015. No oral or written
consent were asked from them. Anonymity and discretion,
however, was assured at every step in the urine management
during this study. From the private household, that also donated
urine for the project an oral and informed consent was obtained
and the anonymity assured by keeping the detailed information
of the donors only at the attention of the authors.

Urine as Fertiliser

Urine was collected from two different sources. The largest
amount, total of 4.8 m> of urine, was collected from male urinals
of a Weekend Music Festival with about 40,000 participants in
Helsinki in August 2015. Another set of urine (1.5 m>) was
collected with a separating dry toilet from a private household
with a family of four persons. Both of the urine batches were
stored over winter in sealed 1 m® IBC-containers until used in
spring 2016. The storage fulfilled the criteria for safe management
and use of human excreta in agriculture (WHO, 2006). The
microbial quality, nutrient and element content as well as
pharmaceuticals and hormone concentrations were analysed
from the urine. Summary of different analysis methods of urine
is presented in Table 2.

TABLE 2 | Summary of chemical and microbiological analysis methods used in
this study.

Method/Standard/Reference

URINE

pH SFS-EN ISO 10523, 2012, using water

Conductivity SFS-EN 27888, 1994

Total N SFS-EN 16169, 2012

Anions SFS-EN ISO 10304-1, 2009

Elements SFS-EN ISO 11885, 2009 mod., SFS-EN ISO 15587-2, 2002,
SFS-EN ISO 17294-1, 2006, SFS-EN ISO 19294-2, 2005

Pharmaceuticals SPE, UPLC/MS, EPA 1694, EPA 539 mod.

and hormones

E. coli NMKL 125, 2005 mod.

Salmonella ISO 6579, 2002/Amendment 1:2007

SOIL

pH SFS-ISO 10390, 2007

Conductivity SFS-EN 13038, 2011

Loss on Ignition SFS-EN 15935, 2012

Total N Kjeldahl-method, SFS-EN 16169; 2012

Total P SFS-EN ISO 11885, 2009 modif. (HNO3+ICP-OES)
Pharmaceuticals ~ Acetonitrile extraction, SPE, UPLC/MS/MS, EPA 1694, EP
and hormones 539 mod.

BARLEY GRAIN

Protein content SFS-EN ISO 20483, 2014, coefficient 6,25

Germination Ikkala, 2001

Pharmaceuticals Acetonitrile extraction, SPE, UPLC/MS/MS, EPA 1694, EP
and hormones 539 mod.

Field Experiments

The potential of urine as a fertiliser was studied by comparing
it with a corresponding amount of nitrogen in mineral fertiliser
and using non-fertilised plots as a reference. The experimental
fields were divided into three different plots with the different
fertiliser treatments (Figures 1A,B). Monitoring was conducted
in and samples taken from square shaped sampling plots sized
50*50 cm in each fertiliser treatment plot. In Field 1 there were
seven sampling plots per fertiliser treatment, resulting in 21
sampling plots in total and in Field 2 10 sampling plots, resulting
in 30 sampling plots in total. The sampling plots were placed
to the different fertiliser treatment sites using systematic placing
into lines. The soil physico-chemical characteristics and main
nutrient content of the soil in experimental plots were analysed.
The analysis methods are summarised in Table 2 and results are
presented in Table 3.

There were two different barley varieties, Wolmari and
Harbinger, and two nitrogen fertilisation levels (54 kg N ha~! in
the field 1 and 100kg N ha=! in the field 2) were used in the
experiments respectively (Table 4). The urine was spread about
2 weeks after sowing to ensure the efficient uptake and use of
the nutrients in the beginning of the growth. In field 1, urine
was spread using a slurry tanker equipped with a disc injector
while in field 2 urine was spread manually by simulating deep
injection. The simulation was carried out using a sharpened
metal tube attached to a 101 watering can and by pressing the
tip of the tube into the soil while pouring the urine into the
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No
fertilisation

. /Urine
-/ 100 kg N/ha“

ha=1 on July 26th 2016.

Mineral fertilizer
54 kg N/ha

‘fertilisation

FIGURE 1 | Aerial views of the experimental fields. (A) Field 1 with fertiliser treatment 54 kg N ha=' on July 20th 2016. (B) Field 2 with fertiliser treatment 100 kg N

Field 1
July 20th 2016

Field 2
July 26th 2016

Mineral fertilizer
100 kg N/ha™

tube. When injecting urine directly into the soil, nitrogen losses
are reduced and nutrient uptake enhanced (Johansson, 2000).
Mineral fertiliser was amended simultaneously with the seeds.
Table 4 summarises the experimental setup in different fields.
Barley growth and condition was monitored every second
week by recording the growth stages of the stems using Zadoks

cereal development scale with 99 different stages (e.g., Boys
and Geary, 2015), which describes the growth and ripening of
the cereal. At the end of the growing season both the barley
grains and straw were harvested from the sampling plots and
biomass, protein content of the grain, germination and weight of
thousand grains (TGW) measured. These results were compared
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TABLE 3 | Characteristics of soil in the experimental fields.

Field 1 Field 2
Soil type Fine sandy till (HtMr)  Fine sandy till (HtMr)
Loss on ignition (LOI) g kg™ 4.2 5.1
pH 6.1 5.6
Conductivity (uS/cm) 74 138
Total N (g kg™" DM) 1.3 1.5
N = 10/field.

between the different fertiliser treatments. Comparison of the
results were also made with the official variety test results made
by the Natural Resources Institute Finland (Luke). Official variety
tests are implemented cultivating the different crop varieties
“using common cultivation methods” and in areas suitable for
the cultivation of the crop in question (Laine et al., 2016). This
means that fertilisation needed is defined by, for example, the soil
quality, desired yield and the level of nitrogen required. The yield
results from the 10 sampling plots (0.25 m?) were extrapolated
to hectare level. Furthermore, pharmaceutical and hormone
concentrations of the soil and barley grains were analysed at the
end of the growing season to see the possible accumulation of
these micro-pollutants in the soil or yield.

Statistical Analyses

Descriptive statistical analyses of barley yield and characteristics
were carried out using IBM SPSS Statistics software (version
22). Mean values and standard deviations are presented from
the yield data. No comparison or statistical tests were made
between the fields, because of different locations, barley variety
and fertilisation levels used.

RESULTS

Urine as Fertiliser

The urine contained relatively high amounts of nitrogen and
other macro and micro-nutrients (Table5). Overall average
NPK-ratio of all urine collected (20-1.2-4) was almost equivalent
to a commercial mineral fertiliser, for example YaraMila Y1
(27-1.3-4). The NPK ratio of urine in Field 1 with 54kg N
ha=! was 28-1.6-4.9 and Field 2 with 100kg N ha=! 25-2.3-
7.3 respectively. Stored urine contained no pathogen indicators
Salmonella or E. coli and the concentrations of harmful metals
were significantly below the limit values given in the Finnish
legislation (Ministry of Agriculture and Forestry Finland, 2011).

A total of 55 pharmaceuticals and hormones were analysed
and total of 16 drugs, especially anti-inflammatory drugs, were
found in the urine (Table 6). However, none of the analysed
extractable pharmaceuticals were found in soil or barley grains
at the end of the growing season.

All extractable hormone concentrations, except progesterone,
were below the detection limits of the analysis methods both
in the soil and grain sample. Exactly the same amount of
progesterone was found from every grain sample, 3 ug kg™! DM,
regardless of the fertiliser treatment. It was calculated that 3.1 g

TABLE 4 | Summary about the experimental setup and implementation of the
fertilisation test in the two test fields.

Feature Field 1 Field 2

Area of the field About 1 ha 0.57 ha

Barley variety Wolmari Harbinger

Date of sowing 9.5.2016 11.56.2016

Date of urine 23.5.2016 25.5.2016

amendment

Date of sampling 17.8.2016 22.8.2016

Date of harvesting 24.8.2016 3.9.2016

Urine source Weekend festival/August Private household/September
2015 2015

Amount of urine 4.8 m3/2,500 m? 1.5 m3/400 m?

spread/test area

Mineral fertiliser 200kg Ha~" Yara CAN N27 430 kg Ha~" YaraMila Y3

amount + Mg - N 23%, including NOg3z-N
- N 27%, including NO3-N 10%, NHg-N 13%
18.5%, NH4-N 13.5% - P3%
- Mg 2.4% - K8%
- S3%
- B0.02%
- Se 0.0015%
Amount of total N~ 54kg N Ha~" 100kg N Ha~"
in urine and
mineral fertiliser
treatments
Date, amountand  3.6.2016 5.6.2016

type of plant Cantor 0.6/ Ha™1 Primus XL 0,751 Ha™"
protection Premium Classic SX 129
treatment Ha™?

Agrimarket MCPA 0.51 Ha™ "

Karate ZEON 0.4 di Ha™ '

and 195 g progesterone per m? were spread into the test fields 1

and 2 respectively. The detection limit for progesterone was 1 pug
kg~! DM.

Barley Growth, Yield, and Quality

The differences in the barley growth with the different fertiliser
treatments are shown in Figure 2. It demonstrates the late phase
of the growing season in the test fields at the end of July 2016.
Based on the harvest, urine was found to be as efficient as a
mineral fertiliser. The yield with urine was markedly higher
compared with the yield without fertilisation (Figure 2). The
barley yield of variety Wolmari in the 54kg N ha™! treatment
was on average 6,200kg ha=! with urine fertiliser, 6,800kg
ha=! with mineral fertiliser and 4,500kg ha~! for the non-
fertilised treatment. With the variety Harbinger in the 100kg
N ha™! treatment, the yield was 7,600, 7,200, and 4,400kg
ha™! respectively. For straw yield, the trend was exactly the
same as with the grain yield with variety Wolmari. With variety
Harbinger the straw yield was higher in mineral fertilisation than
urine fertilisation (Figure 3). At fertiliser rate 54 kg N ha™!, the
straw yields were on average 2,800, 3,300, and 1,800kg ha~! in
the urine fertilised site, mineral fertilised site and in non-fertilised
site. At fertiliser rate 100 kg N ha™!, the straw yields were 3,900,
4,900, and 2,400 kg ha™!, respectively.
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TABLE 5 | Average pH, conductivity, element, anion and pathogen amounts in
urine used in the fertiliser experiments at different fields and corresponding limit
values for fertiliser products.

Characteristic Field 1 with 54kg  Field 2 with Limit value
N Ha~1 100kgNHa=!  (mgkg~’

treatment'2 treatment? DW)*

pH 9.1 9.2

Conductivity (mS/cm) 18.2 22.4

Total N (g L) 2.8 25

Total P (mg L) 161 234

K(mg L™ 486 730

F~ (mgL™T) 127 55

Cl~ (mg L™ 950 1,100

S02~ (mgL™") 472 500

NOZ (ugL™") 548 370

NO;, (ugL™") 65 52

CrugL™" <5 <5 300

Fe (ug L™ 268 340

Cu (ug L™ <10 <10 600

Mo (ug L= 1) <20 <20

Ni (ug L) <10 <10 100

Zn(ug L 98 270 1,500

Ca(mgL™T) 19 22

Mn (ug L=1) <5 8.6

Na (mg L= 544 730

Mg (mg L= 2.1 14

Co (ug L’1) <5 <5

Bo (ug L™ 290 520

CdugL™T) <0.2 <0.2 1.5/2.5

Pb (ug L™ <0.8 <0.8 100

Se (ug L1 7.4 10

As(ugL™T 4.8 55 25

E. coli (cfug™") ND ND <1,000

Salmonella spp. (cfu/25 g) ND ND ND

Results are average values from two replicate analyses.

@Urine collected from male urinals used in the Weekend-festival in August 2015.

b Urine collected from a private household with 4-person family using a source separating
dry toilet.

*“(Ministry of Agriculture and Forestry Finland, 2011), density ~1 kg/mq.

Thousand-grain weight (TGW) is an indicator of the size of
the grain (e.g., Skarpa, 2006). It is a commonly used parameter
in describing the quality of yield and varies typically between 20
and 40 g. In Figure 4, the results of TGW in the different fertiliser
treatments are presented. In the lower nitrogen fertilisation
(54kg N ha™!) TGW of fertilised barley was higher than non-
fertilised barley, but in the higher nitrogen fertilisation (100 kg N
ha™!) it was the opposite (Figure 4).

Fertiliser treatment had no effect on the protein content or
germination of the grain at either fertiliser rate or varieties used
(Figures 5, 6). The total protein content of the grains with variety
Wolmari was 96-98 g kg~! in different treatments, i.e., clearly
lower than expected, also reflecting the lower fertilisation level.
With variety Harbinger the total protein content in this study
was 100-105 g kg~! in different fertiliser treatments. Both results

were lower than the results from official variety tests. For the
variety Wolmari, the expected protein content of the grain was
119g kg™! and for Harbinger 117 g kg™! (Laine et al., 2016)
(Figure 5).

At both fertiliser rates and treatments, the Zadoks growth
stage (Boys and Geary, 2015) of barley was slightly slower in
the non-fertilised sampling plots compared with the urine- and
mineral-fertilised plots. In field 1 (54kg N ha~!) with variety
Wolmari the growth without fertiliser was clearly slower at first,
but at the ripening stage the barley reached the same growth stage
as the barley with urine and mineral fertiliser treatment. In field
2 (100kg N ha~!) with higher nitrogen levels, the growth stage
of barley without fertiliser was slightly behind compared with
the fertilised treatments throughout the whole growing season
(Figures 7, 8).

DISCUSSION

Urine Quality and Characteristics

The urine analysis results of this study show that source separated
urine fulfils the criteria of the fertiliser products according to the
Finnish legislation (Ministry of Agriculture and Forestry Finland,
2011) in terms of microbiological quality (E. coli and Salmonella)
and harmful metal concentrations. All studied parameters were
below the limit values defined in the legislation. The results
indicate that there is no increased heavy metal input from the use
of urine. This is in accordance with earlier findings of Kirchmann
et al. (2017) and EEA (2018), which state that the overall heavy
metal exposure in the environment has decreased remarkably
during the past decades and therefore, the concentrations in
wastewaters have also decreased. The results supported also the
findings and recommendations in the WHO guidelines (2006).

There is, however, variation in the nutrient concentration
depending on the source and the way of collecting the urine.
For example, nitrogen concentration of urine can vary from 1 to
9mg L™}, depending on the diet and time of collection (Pradhan,
2010). Based on the nutrient content and the fertiliser efficiency
source separated urine meets the criteria for fertiliser products
that can be used as such as soil improvers (Ministry of Agriculture
and Forestry Finland, 2011). Therefore, in principle, there are
no restraints from the quality point of view, to accept source
separated urine as a fertiliser, as long as it is correctly stored and
managed (WHO, 2006).

Urine contains significant amounts of salts, like sulphate
and chloride. In this study, the sulphate concentration was on
average about 500mg L~! and chloride concentration about
1,000 mg L=, In long-term fertiliser use, high salt concentrations
could be a risk in terms of soil salinization and therefore needs
further investigation and long-term field trials.

When urine is stored according to WHO guidelines (2006),
the pH of urine increases to a level of between 9 and 10. In this
process, urea is hydrolysed to ammonia. Ammonia and other
substances in urine are causing an unpleasant odour. Therefore,
storage in sealed containers is very important. When using the
urine as fertiliser, deep injection is crucial to prevent nitrogen
losses into the atmosphere. This also helps preventing odours
spreading to the environment. In this study odour was detected
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TABLE 6 | Concentrations of pharmaceuticals and hormones found in urine samples used in different field experiments.

Pharmaceutical/hormone Detection limit (rg L“) Field 1 with 54 kg N Ha~1 treatment®  Field 2 with 100 kg N Ha~1 treatment®  Function

CONCENTRATION pg L~1

Bisoprolol 0.001 1.14 Beta-blocker
Diclofenac 0.001 1.64 Anti-inflammatory
Ibuprofen 0.01 4,160 250 Anti-inflammatory
Ketoprofen 0.001 13.6 Anti-inflammatory
Caffein 0.001 862 57 Stimulant
Methylprednisolone 0.005 8.44 18 Anti-inflammatory
Naproxen 0.001 99.2 7.9 Anti-inflammatory
Paracetamol 0.001 36 140 Pain reliever
Propanolol 0.001 1.562 Beta-blocker
Citalopram 0.001 2.8 Anti-depressant
Sulfamethoxazole 0.01 14.2 Antibiotic
Tetracycline 0.001 36.2 Antibiotic
Trimethoprim 0.001 2.02 Antibiotic

Estriol (E3) 0.005 0.91 29 Female hormone
Estrone (E1) 0.001 1.14 4.2 Female hormone
Progesterone 0.001 1.62 52 Female hormone

Total number of pharmaceuticals and hormones analysed was 55 and the results are means of two replicate analyses.
aUrine collected from male urinals used in Weekend-festival in August 2015.
b Urine collected from private household with family of four persons using source separating dry toilet.
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FIGURE 2 | Total grain yield (=SD) of barley (Hordeum vulgare, var. Wolmari and Harbinger) (kg ha*1) with urine, mineral fertiliser and non-fertilised treatments. N =
30 *Samples located in clay soil were not included in the analyses, N = 21.

for only a few minutes after injection to the soil. According to  is applied using band spread with trailing hoses. The variation in
the studies by Johansson, 2000), there is on average about 2-10%  nitrogen losses to the atmosphere can be high, however, from a
atmospheric loss of nitrogen from the field, when urine fertiliser ~ few per cent up to 30-40%.
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FIGURE 3 | Total straw yield of barley (+=SD) (Hordeum vulgare, var. Wolmari and Harbinger) (kg ha*1) with urine, mineral fertiliser and non-fertilised treatments. N =
30. *Samples located in clay soil were not included in the analyses, N = 21.
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FIGURE 4 | Thousand grain weight (TGW) of barley (+SD) (Hordeum vulgare, var. Wolmari and Harbinger) (kg ha‘1) with urine, mineral fertiliser and non-fertilised
treatments. N = 30 *Samples located in clay soil were not included in of analyses, N = 21.
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FIGURE 5 | Total protein content of barley (-SD) (Hordeum vulgare, var. Wolmari and Harbinger) (kg ha‘1) with urine, mineral fertiliser and non-fertilised treatments. N
= 30 *Samples located in clay soil were not included in the analyses, N = 21.
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FIGURE 6 | Germination of barley (:SD) (Hordeum vuigare, var. Wolmari and Harbinger) (kg ha~) with urine, mineral fertiliser and non-fertilised treatments. N = 30.
*Samples located in clay soil were not included in the analyses, N = 21.
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FIGURE 7 | Zadoks’ growth stage (Boys and Geary, 2015) of barley (Hordeum vulgare, var. Wolmari) in Field 1, 54 kg N ha=" treatment during the growing season
2016.

Barley Growth Stages, Yield, and Quality in the different fields, since they were located about 50km
In the long term field trials made in Denmark (Magid et al., 2007),  apart.
nitrogen uptake and mineral fertiliser equivalent (MFE) of urine In Figures 2, 4, 5 the official variety test results, which are

fertilisation to cereal crops, like barley, oats and wheat, was found ~ regularly implemented by Natural Resources Institute Finland,
to be very good and in some years even a better fertiliser than  are indicated for comparison to the results of this study (Laine
NPK-fertiliser or cattle slurry. Cattle slurry as well as mineral et al., 2016). The total grain yield was clearly higher than the
NPK-fertilisers are widely used and accepted fertilisers, while  yield indicated in the official variety tests. This might be due to
source separated urine is not. Based on the trials urine was found  the extrapolation from the small sampling plots to hectare, which
to be a “very reliable fertiliser” (Magid et al., 2007). In this study, = magnifies any minor errors in the accuracy of the harvesting.
results are limited to only one growing season, which is not  The differences between the treatments, which was the focus in
enough to make long term conclusions. The results indicate, this study, however, were statistically significant. They indicate
however, a trend, which has been confirmed in other long term  that urine as a fertiliser is as efficient as mineral fertiliser. The
cultivation experiments (e.g., Magid et al., 2007). thousand-grain weight (TWG) and the protein content of barley
The barley yield results showed that barley grown with urine  were on the same order of magnitude as the official tests indicated
fertiliser was equivalent to the mineral fertilised barley. Total  (Figures 4, 5). There was also variation in the results of TGW.
grain yield was at the same level with both varieties (Wolmari ~ The lower TGW in 100 kg N ha~! fertilised treatments compared
and Harbinger) and nitrogen fertiliser rates (54 and 100kg  to the non-fertilised treatment might indicate the enhanced
N ha™!). Yields were approximately 60 and 70% higher than  growth of total biomass of grain and straw, leaving the grain
the unfertilised treatment for the higher and lower fertiliser ~ smaller in size. In the lower nitrogen fertilisation 54kg N ha™!
application rates, respectively. The trend was exactly same with  in turn the grains were bigger in both fertilisation treatments
straw yield with variety Wolmari, where the straw yield was  compared with the non-fertilised plot, which could indicate
the same in fertilised treatments. With variety Harbinger, straw  allocation of available nitrogen to the growth of the grain.
yield in mineral fertilisation was higher than urine fertilisation. In addition to the protein content of the grain, the quality
These results are in accordance with the previous findings with  of barley yield was also measured by analysing the germination
grain crops like barley indicating the efficiency of urine as  of the seeds. The protein content of variety Wolmari was 9.7-
fertiliser (Kirchmann and Pettersson, 1995; Johansson, 2000).  9.8% in all the different fertiliser treatments. This is about 83%
Factors affecting the significant differences in both grain and  of the official variety test results. This could be due to low
straw yield in different fields are the different fertilisation  nitrogen fertilisation level (54kg N ha=!) in the test field. With
rates, different variety and slight differences in the soil type.  variety Harbinger the total protein content varied between 10
There were no significant differences in the weather conditions  and 10.5% in all the treatments, which is about 91% of the
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FIGURE 8 | Zadoks’ growth stage (Boys and Geary, 2015) of barley (Hordeum vulgare, var. Harbinger) in Field 2, 100 kg N ha=" treatment during the growing season
2016.

official variety test results. Fertilisation treatment had no effect  exposed through skin exposure or inhalation are excreted via
on the total protein content of barley in either of the fertilisation =~ urine. The substances remain partly unmetabolised. About two
levels or barley varieties, not even with non-fertilised treatment.  thirds of all unmetabolised pharmaceuticals and drugs used are
Especially with the variety Wolmari, low protein content might  excreted via urine and about one third via faeces (Lienert et al.,
indicate the use of soil nitrogen in the growth phase, leaving  2007).
less nitrogen to the formation of protein in the grain. There Several different pharmaceuticals and hormones were found
was also no difference in the germination (90-97%) between  in the urine samples. In the urine collected from the festival, in
the different fertiliser treatments and non-fertilised treatment.  total 16 pharmaceuticals and hormones were found. From the
Previous studies indicate that that nitrogen fertilisation or  urine collected from the private household, only eight different
nitrogen concentration of grain does not affect the germination =~ pharmaceuticals and hormones were found. The range of
rate of barley (Ellis and Marshall, 1998). different pharmaceuticals was greater in the urine collected from
The fertiliser efficiency of urine depends greatly on the  the festival. This is obvious, because the number of people using
environmental conditions, such as soil type and weather  different medication is greater. The groups of pharmaceuticals
conditions during the growing season. In the experiments made  with the highest concentrations in the urine were anti-
in Sweden in 1996-1998, urine as a barley fertiliser was found  inflammatory drugs, like ibuprofen, ketoprofen and naproxen,
almost equally efficient compared to the commercial fertilisers ~ and pain relievers like paracetamol. Other pharmaceutical
used in the study (Johansson, 2000). The barley yield was 80-  groups found were antibiotics (sulfamethoxazole, tetracycline,
90% of that for the commercial fertilisers. Slightly lower total  trimetoprim), allergy drugs (methylprednisolone), beta-blockers
yield with urine fertilisation was explained by the nitrogen  (bisoprolol, propanolol), anti-depressants (citalopram) and
losses to the atmosphere. These losses were 2-10% depending  caffeine. The single largest amount of pharmaceutical found
on the year and fertiliser amount used. Urine can be spread  was ibuprofen, the concentration being 4,160 pg L™} in the
without any dilution to cereal crops, which was also done in this  urine collected from the festival. The urine also contained on
study. It is highly recommended to use slurry tankers equipped ~ average 852 wg L~! of caffeine, which was included in the
with either disk or hose injectors to avoid nitrogen losses  pharmaceuticals analysed.

(Johansson, 2000). Pharmaceuticals in urine can be of concern if any

. . . accumulation or other disturbance in soil and plant growth
Pharmaceuticals and Hormones in Urine, takes place. Previous research studies have shown that plants can
Soil, and Yield uptake via roots certain persistent pharmaceuticals from soils,

Substances that have been orally digested and metabolised are ~ such as carbamazepine. These pharmaceuticals can accumulate
excreted mostly via urine. To some extent, also substances in the roots and foliage of the plants (Winker et al, 2010;
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Bartha, 2012; Carter et al., 2014), but the amounts have been so
small that it has not been considered as a health risk (Winker
et al, 2010). Degradation of certain pharmaceuticals have
been studied. Many pharmaceuticals, especially antibiotics, are
both biodegradable (Winker et al., 2009) and photodegradable
(Doll and Frimmel, 2003). For example anti-inflammatory
drug naproxen (Topp et al, 2008), and antibiotics triclosane
and triclocarbane (Prosser et al., 2014) degrade in soil almost
completely and do not accumulate to plants or disturb their
growth. Furthermore, several pharmaceuticals have, in fact, been
found to degrade quite rapidly (Carter et al., 2014; Song and
Guo, 2014), but there are groups of pharmaceuticals which are
more persistent in soils. These are for example carbamazepine,
diphenhydramine and fluoxetine, which might accumulate
and cause risks to the soil environment (Wu et al., 2010).
Antibiotics in soils are of special concern, because in the long
run, they might cause increased resistance to antibiotics in soil
microbes.

The accumulation of pharmaceuticals to plants depends
on the characteristics of the substance, especially the
biodegradability and adsorption, but also soil characteristics,
such as organic matter content and pH (Jjemba, 2002; Song
and Guo, 2014). Our knowledge on the fate and degradation of
pharmaceuticals in agricultural soils is still limited, especially in
the Finnish context.

Since there was no extractable progesterone found in the soil
at the end of the growing season, and the concentrations in urine
varied greatly in different fields, it is more likely that the question
is about the plants own formation of progesterone. In the
literature, there are indications that plants can form progesterone
also naturally (Janeczko, 2012; Janeczko et al, 2013). The
significance of endogenic progesterone to the plants, however, is
unknown.

At the end of the growing season, two replicate mixed
soil and barley grain samples were taken from both fields.
The traces of extractable pharmaceuticals and hormones was
analysed. Apart from the progesterone traces found in the
grain (3 ng kg~! DM), the concentrations of all extractable
pharmaceuticals and hormones remained below the detection
limit. This suggests that pharmaceuticals are likely to degrade
during the growing season and do not accumulate in the barley,
or the concentrations have been below the detection limit of
the analysis method. Therefore, there seems to be no risk with
pharmaceutical accumulation, which is supported by earlier
findings (Topp et al., 2008; Carter et al., 2014; Prosser et al., 2014;
Song and Guo, 2014). Our findings, however, are suggestive.
There are no long-term trials about the potential accumulation of
pharmaceuticals and there might be also other micropollutants,
such as microplastics, pesticides etc., to which we are also exposed
and which might be excreted via urine. In terms of progesterone,
it is possible that there is endogenic production of it in
cereal crops. According to Janeczko (2012), plants can produce
progesterone without external accumulation and endogenic
progesterone production has been found for example from wheat
(Janeczko et al., 2013).

Pharmaceuticals in urine can be a limiting factor for the
fertiliser use, if they are found in large amounts. Most of the
pharmaceuticals do not degrade during storage (Schiirmann
et al.,, 2012). Many pharmaceuticals in urine do not accumulate
in struvite, which can be precipitated from urine (Schiirmann
et al., 2012; Kemacheevakul et al., 2014). Also zeolite treatment
can be a promising technology in the removal of antibiotics
from wastewaters (Malakootian et al., 2016). There are
some pharmaceuticals, however, like tetracycline-antibiotics
that accumulate particularly in struvite (Kemacheevakul et al.,
2012). In this study, tetracycline was also found in urine, the
concentration being about 36 g L. Tetracycline is one of the
antibiotics that are used in treating farm animals and therefore
can also be found in soils where manure is used as a fertiliser
(Brambilla et al., 2007). Since the biodegradability and fate of
different pharmaceuticals vary, there is a need for more research
for example of risks of developing antibiotic resistance and
disturbance in soil microbiological processes.

Among the public, there are strong opinions for and against
the use of urine as a fertiliser. The environmental risks in
terms of pharmaceutical accumulation or harmful heavy metal
exposure to soil or crops could not be indicated in this
study. Furthermore, the hygienic safety and fertiliser efficiency
of urine in terms of barley yield and quality was clearly
shown. No pathogen indicators were found and the barley
yield was equally good compared with a mineral fertiliser and
would meet the requirements of Finnish legislation. Therefore,
the urine should be accepted as a fertiliser and the use of
source separation and fertiliser techniques could be taken into
consideration.
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