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Growing interest in human-excreta derived fertilizers requires more information
on their agronomic relevance. In this study, we measured the nitrogen (N) and
phosphorus (P) mineralization from fresh urine, stored urine, urine-enriched
biochar prepared with either fresh or stored urine, and feces-derived compost
application in a 90-day aerobic loam soil incubation. Soils were extracted for
available N at days 0, 5, 10, 20, 30, 60, and 90, while soils were extracted for four
biologically relevant P pools at days 0, 30, 60, and 90. We found that N in urine
applied alone was immediately bioavailable, supplying nearly all the 200 kg-N ha™
applied, while urine-enriched biochar supplied approximately half of the N applied.
Feces-derived compost application led to a slow release of mineral N. Feces-
derived compost application stimulated substantial native soil P mining, while
urine-P was likely rapidly immobilized. These results are relevant to container-
based sanitation and other source-separated sanitation endeavors, and
researchers and producers interested in human excreta-derived fertilizers.
Future research should explore, among other things, different urine-enriched
biochar preparations and the co-application of urine-based fertilizers and feces-
derived compost.

KEYWORDS

ecological sanitation, nitrogen, phosphorus, organic fertilizer, sustainable agriculture,
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1 Introduction

The growing human population coupled with the exacerbating effects of agricultural
practices on climate change point to the need for a paradigm shift towards more sustainable
global nutrient management (Rockstrom et al., 2020). Additionally, the increasing scarcity,
climate change impact, and price volatility of mineral fertilizers has increased interest in
alternative approaches to fertilization (Crespi et al., 2022; Krein et al., 2023). Human
excreta have long been considered as primarily a waste product, with treatment focused on
reducing public and environmental health risks (Trimmer et al., 2019). However, we
excrete most of the plant-essential nutrients that we consume once we reach adulthood
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(Jonsson et al., 2004). This means that large quantities of nitrogen
(N), phosphorus (P), and potassium (K) are emitted with our waste,
with a lack of widespread emphasis on resource recovery (Harder
etal,, 2020). Most of the N and approximately half of the P and K we
excrete is present in urine. The remaining N, P, and K is present in
feces, which is also rich in organic matter (Harder et al, 2019).
Reuse of human excreta in agriculture was a practice common to
most ancient cultures, which was largely lost with the Industrial and
subsequent Green Revolution (Ashley et al.,, 2011). However, recent
research and policy are shifting back towards circular approaches to
sanitation and agriculture, often termed Ecological Sanitation (or
EcoSan) (Langergraber and Muellegger, 2005). Many EcoSan
technologies are concerned with the source separation of urine
and feces, as a way to increase nutrient recovery efficiencies and
reduce environmental impacts (Larsen et al., 2013).

An emerging application of EcoSan, largely practiced in low-
income urban settlements in the Global South, is container-based
sanitation. Container-based sanitation employs the separate
collection of urine and feces in sealable containers, which are
transported offsite for treatment and resource recovery (Russel
et al,, 2019). Thermophilic co-composting is a common approach
to fecal waste management in container-based sanitation systems,
as a way to create a nutrient-rich organic fertilizer that reduces
pathogens and greenhouse gas emissions (Preneta et al., 2013; Ryals
et al., 2019; McNicol et al., 2020). Source-separated urine can be
applied alone as a fertilizer, with demonstrated equivalences to N-
rich synthetic fertilizers (Martin et al., 2021). Urine nutrients can
also be recovered through adsorption to biochar, the carbon-rich
product of pyrolyzed biomass (Masrura and Khan, 2022). Soil
application of biochar has the added benefit of soil carbon
sequestration, a key climate change mitigation tool (Lehmann
et al, 2006). While there is growing interest in the use of human
excreta-derived fertilizers, there is a need for more information on
their agronomic relevance. Specifically, understanding the
mineralization of N and P from such fertilizers is crucial.
Comprehensive insights into mineralization dynamics of any
fertilizer are essential for recommending optimal application rates
that maximize plant uptake and minimize environmental losses
(Stanford, 1973). Recent research on human excreta-derived
fertilizer mineralization has shed light on certain knowledge gaps
(Kelova et al., 2021; Martin et al., 2021; Rumeau et al., 2023).
However, it is important to study such fertilizers across various
agroecological contexts to provide suitable recommendations
for farmers.

In this study, we examined six human excreta-derived fertilizers
relevant to container-based sanitation or other source-separated
sanitation systems: fresh urine, stored urine (urea hydrolyzed),
urine-enriched biochar (UEBC) prepared with either fresh or
stored urine, and feces-derived composts (FDC) from two
prominent container-based sanitation organizations. Our
objective was to quantify the N and P mineralization of human
excreta-derived fertilizers over the course of a typical 90 day
cropping cycle length in an aerobic incubation method. We
hypothesized that urine N and P would be immediately plant
available from urine applied alone, and that that UEBC N and P
would release slowly over the course of the experiment. We also
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hypothesized that N and P in FDCs would release slowly, with
higher availability of P than N.

2 Materials and methods
2.1 Amendment preparation

A 90-day aerobic amended soil incubation was conducted to
assess the N and P mineralization of six human-excreta derived
amendments. Fresh and stored urine, two UEBC preparations, and
two FDCs were tested. Each FDC was applied on a total N and
potentially available N basis. An unfertilized control was also
incubated, for a total of nine treatments. Each treatment was
replicated three times.

Urine was collected from willing participants over age 18 (IRB
number UCM2020-171), aggregated, and refrigerated at -4°C until
use. Fresh urine had an electrical conductivity of ~11.4+ 1.47 mS
cm™ and pH of ~6.77 + 0.05, typical of fresh urine values (Ray et al.,
2018) (Bischak et al., 2024). A sample of fresh urine was analyzed
for ammonium (NH,"). Urease (CAS 9002-13-5, Fisher Scientific)
was applied to a subsample of fresh urine at 0.533 g/L to determine
urea content by analysis as NH,". Fresh urine-N content was
considered as the combined urea and NH," content. To prepare
the stored urine, 0.533 g/L of urease was added based on methods
used by (Ray et al,, 2018), shaken for 30 minutes at 180 RPM, and
left at 25°C in a sealed container until all urea was hydrolyzed. Urea
hydrolysis was considered complete when the electrical
conductivity stabilized at ~22.0 + 1.67 mS cm™* and pH at 9.37 +
0.09, approximately one day later. Stored urine-N content was
considered as NH," content, assuming all N was present as NH,"
after complete urea hydrolysis. Urine-N, in both stored and fresh
urine, was determined by NH," analysis using the microplate
colorimetric salicylate-nitroprusside method (Agilent BioTek
Gen5 Microplate Reader, Agilent Technologies, Santa Clara,
CA, USA).

Urine-enriched biochars were prepared with a walnut shell
biochar pyrolyzed at 350°C (NextChar, Amherst, MA) mixed
with fresh urine (hereafter Fresh UEBC), and stored urine
(hereafter Stored UEBC). Urine and biochar were mixed at a 200
g biochar: 1 L urine ratio, allowed to saturate in a sealed container at
room temperature for 48 hours, and drained freely over a 53 um
sieve. An effluent sample from each UEBC was filtered through a
0.45 um polypropylene syringe filter for later analysis to determine
the N adsorbed to biochar (Qe) using the following equation:

_ (Co B Ce)*V

v 1)

Q.

Where Q. is the mass of urine-N adsorbed to biochar (mg
urine-N g-biochar™), C, is the urine-N concentration in solution
before adsorption (mg L") and C, is the urine-N concentration in
solution after adsorption (mg L"), V is the volume of urine (L), and
M is the mass of biochar (g). Urease was applied to a subsample of
the Fresh-UEBC effluent to correct for urea content, which was
negligible. The same equation was used to calculate P sorption
to UEBCs.
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Feces-derived composts were sourced from two prominent
container-based sanitation organizations, Sustainable Organic
Integrated Livelihoods (SOIL) in Cap-Haitien, Haiti, and Sanergy
in Nairobi, Kenya. Both SOIL and Sanergy use thermophilic co-
composting to transform fecal matter into nutrient-rich compost
while disinfecting fecal pathogens, a process in which compost piles
are maintained at greater than 55°C for approximately ten weeks
(Berendes et al., 2015; Tarpeh et al, 2023). The SOIL compost,
Konpos Lakay, is hereafter referred to as SOIL Konpos Lakay. The
Sanergy compost, Evergrow, is hereafter referred to as Sanergy
Evergrow. Amended soils are hereafter referred to by the name of
their treatment. For example, soil amended with fresh urine is
referred to as Fresh Urine.

2.2 Amendment application and incubation

The amendments were mixed with a gravelly loam soil mapped
in the Redding series (Fine, mixed, active, thermic Abruptic
Durixeralfs). Relevant soil properties are shown in Table 1. Soil
was collected from four sampling locations from 0-15 cm in
Merced, CA, and stored at 4°C until use. Six 10 g soil subsamples
were oven dried at 105°C to determine the initial moisture content.
Soils were sieved to 4 mm to remove gravel prior to mixing with
amendments. Fresh soil equivalent to 200 g oven dry soil was added
to each 473 mL polypropylene incubation jar.

All amendments were applied to soil at a rate of 200 kg-N ha™".
Each FDC was also applied at a rate of 2860 kg-N ha™. This rate
assumes that 7% of compost-N is bioavailable (Ryals et al., 2021),
and is referred to hereafter as potentially available nitrogen (PAN).
Feces-derived compost was otherwise applied on a total N basis.
Approximately 14 times as much N and P were applied with FDC
PAN treatments as with FDC total N treatments. The amount of N
and P applied for each amendment are shown in Table 2. Since

TABLE 1 Relevant properties of Redding gravelly loam soil collected
from 0-15 cm in Merced, CA, USA.

Soil property Unit Value
pH NA 5.80
EC mS em ! 0.38
total C % 2.64
total N mg kg ! 2500
K mg kg ! 295
Mg mg kg ! 458
Ca mg kg ™! 2130
Na mg kg ! 66.3
CEC meq 100 g ™! 15.6
Organic matter % 4.90
Bray-P mg kg ! 16.1
Olsen-P mg kg ™! 13.0

Average values are shown.
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amendments were applied on an N basis, the P applied varies across
amendments. Urine-enriched biochars were applied on a urine-N
basis (Q. from Equation 1), assuming that biochar-N
mineralization was negligible over the course of the study. Urine-
only treatments were applied on a total N basis assuming all urine-
N is available. Amendment application corrected for the moisture
content of the given amendment. All soil + amendment mixtures
were homogenized at the beginning of the experiment. Jars were
adjusted to 60% of field capacity (approximately 22% moisture)
with deionized water and maintained between 19% and 26%
moisture throughout the study. Field capacity was determined by
preparing three jars of approximately 200 g of soil. The initial soil
moisture content was analyzed and the initial jar weight was noted.
Jars were saturated with water until they began to leach. They were
allowed to drain freely and weighed three days later to ensure
leaching was finished. The percentage soil moisture at field capacity
was considered as the difference between the initial and final weight
divided by the final weight, multiplied by 100. Incubation jars had
perforated lids to ensure adequate aeration. All jars were kept in the
dark to prevent plant growth throughout the study. Each treatment
was incubated in triplicate at 24°C.

2.3 Soil N and P extractions

Amended soils were extracted for available N (NO;” and NH,")
seven times throughout the study: on days 0, 5, 10, 20, 30, 60, and
90. We chose these times points to capture spikes in plant-available
nitrogen shortly after amendment. Five grams of amended soil was
shaken with 25 mL of 2M KCl for 1 hour at 200 RPM. Three KCI-
only samples were prepared per extraction time point. Extracts were
filtered using Whatman #1 filter paper. Samples were stored at -20°
C until analysis for available NH,"and NO;™ using the sodium
nitroprusside and vanadium chloride spectrophotometric method,
respectively (Mulvaney, 1996) (Agilent BioTek Gen5 Microplate
Reader, Agilent Technologies, Santa Clara, CA, USA). The average
absorbance from KCl-only samples was subtracted from analysis
data to correct for background absorptivity, per time point.

Amended soils were also extracted for four biologically relevant
pools of P using the biologically based-P (BBP) method (DeLuca
etal, 2015) at four times during the study: on days 0, 30, 60, and 90.
One gram of amended soil was shaken with 10 mL of each
extractant. 0.01M Calcium chloride (CaCl,) was used to extract
soluble and weakly adsorbed inorganic P, 0.01M citric acid
(CeHgO,) was used to extract active inorganic P pool sorbed to
clay particles or weakly bound in inorganic precipitates, 0.02 EU
ml-1 phosphatase enzyme solution in 50 mM sodium acetate buffer
was used to extract organic P readily attacked by acid phosphatase
enzymes, and 1M hydrochloric acid (HCl) was used to extract
soluble, active, and moderately stable inorganic P adsorbed to
mineral surfaces or present in inorganic precipitates. These
extractants are hereafter referred to as CaCl,, Citric Acid,
Enzyme, and HCI, respectively. Three extractant-only samples
were prepared per extractant and extraction time point. Extracts
were shaken for 3 hours at 200 RPM and allowed to settle in a
refrigerator at -4°C for 30 minutes. Extracts were filtered using
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TABLE 2 Ngotar and Pyotar applied per amendment.

10.3389/fagro.2024.1425461

N P

N content C:N mg N kg dry P content mg P kg dry

(mg N g soil * (mgPg soil *

amend. %) amend. %)
Treatments
Fresh UEBC 6.22 59.0 100.0 200.0 0.39 9.11 182
Stored UEBC 5.40 69.7 100.0 200.0 0.25 6.64 133
Fresh Urine 2.76 NA 100.0 200.0 0.15 5.57 112
Stored Urine 3.10 NA 100.0 200.0 0.10 3.19 6.38
SOIL Konpos 39.6 6.7 100.0 200.0 0.13 0.34 0.68
Lakay total N
SOIL Konpos 39.6 6.7 1430 2860 0.13 4.89 9.78
Lakay PAN
Sanergy Evergrow | 23.5 20 100.0 200.0 0.04 0.19 0.37
total N
Sanergy 235 20 1430.6 2860 0.04 2.66 5.32
Evergrow PAN

Niota1 and Pyoq1 do not include the native soil N and P, which can be found in Table 1. All amendments were applied at a rate of 200 kg ha™, aside from compost applied on a PAN basis assuming
7% of the N was available. UEBC values express only urine N or P adsorbed to the biochar, assuming biochar N or P mineralization was negligible. We assume the C content of urine to be
negligible. Variation between Fresh and Stored Urine N content can be attributed to experimental error, while the difference between Fresh and Stored UEBC N content can be attributed to

differences in urea-N and NH,"-N adsorption affinities to biochar (Supplementary Table S6).

Whatman #1 filter paper. Samples were stored at -20°C until
orthophosphate analysis using the Malachite green method
(Ohno and Zibilske, 1991). The average absorbance from
extractant-only samples was subtracted from analysis data to
correct for background absorptivity, per extractant and time point.

2.4 Statistical analysis and modeling

The percent of N mineralized was calculated as follows for each
time point (N t), adapted from methods used by Lazicki et al.
(2020):

_ (NHZ'N + NOS'N) treatment — (NH4+ N+ NO3 'N)comrol

Npint = <100 (2)
m Ntotal

The total mineral N extracted from the unfertilized control was
subtracted from the total mineral N for a treatment at day t, divided
by the total N applied for said treatment (Nyo,1), and multiplied by
100. Nyyint at day O represents the percent of N initially in mineral
form. The same approach was used for P mineralized (P;,t) for
each BBP reagent. For example, Pintic) was calculated as follows:

(HCl-extracted PO4-P) (eatment — (HCl-extracted PO4-P) onirol
Piotal

<100 (3)

Ppintaa =

All statistical analyses were performed in R Statistical Software
(v 4.1.3; R Core Team, 2022). Linear models were used to compare
the amount of each extracted analyte at each extraction date using
the Im function. Pairwise Tukey’s Honestly Significant Difference
(Tukey HSD) post hoc comparisons between treatments at each
extraction date were performed using the emmeans function in the
emmeans package. The same statistical analyses were performed on
Npmint and Pyt data. Standard error of Nyint and Pyt by time
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point was propagated using the crossing function in R to calculate
the uncertainty space for all combinations of N or P
mineralized;eatment - N or P mineralized o All references to
statistical significance consider p< 0.05. As most discussion of
statistical significance is of multiple pairwise comparisons, exact p
values are not reported in the main text.

3 Results
3.1 Nitrogen

Net N mineralization varied over time and between treatments
(Figure 1; Supplementary Table SI). Most N mineralization
occurred within the first five days for all treatments. Stored Urine
and Fresh Urine treatments had the highest amounts of extracted
mineral N in this period, followed by UEBCs, and composts applied
on a PAN basis. For much of the 90 days, extractable N from
compost amended soils did not differ significantly from unfertilized
controls, aside from initially available mineral N from PAN
composts and a significant N release from total N composts on
day 60. Soil mineral N accumulation was not observed during the
experiment, implying N volatilization, N immobilization in
microbial biomass after mineralization, and/or N sorption to
organic matter. The bulk of the extracted mineral N from all
amendments was NH," rather than NO;™ (Supplementary Figures
S1, 52). Npint is calculated with Equation 2. The statistics for Nyt
remain largely the same as for the extracted mineral N data
(Supplementary Table S2; Supplementary Figure S3). The
exception is Ny,;,0 for composts applied on a PAN basis, which
do not differ significantly from the control due to the large amount
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FIGURE 1

Day 20 Day 30 Day 60 Day 90

Extracted mineral N of human excreta-derived fertilizer amended soils over the course of a 90-day aerobic incubation. Letters show significant
differences from a post hoc Tukey's HSD test at p< 0.05 between treatments for each extraction date. If treatments share a letter, they do not differ
significantly. Error bars represent + standard deviation (n = 3). These data are also expressed in Supplementary Table S1.

of N applied. We chose not to express our results as cumulative N
mineralized, since we cannot be certain what mineral N was newly
mineralized from one extraction day to the next, what N was
volatilized, and what N remained in the system immobilized in
microbial biomass.

On day 0, 93.8 + 6.61 mg mineral-N kg dry soil ' was extracted
from Stored Urine, significantly more than any other treatment.
This accounts for approximately 88% of the N applied
(Supplementary Figure S3). The second-most was extracted from
Fresh Urine, at 74.3 + 7.39 mg mineral-N kg dry soil ', or
approximately 69% of the N applied, significantly higher than all
other treatments. Fresh UEBC and Stored UEBC treatments were
significantly lower on day 0 than urine-only treatments and
significantly higher than all FDC treatments and the unfertilized
control, with 37.7 + 6.64 mg mineral-N kg dry soil ' (approximately
32% of N applied) and 34.9 + 8.74 mg mineral-N kg dry soil
extracted (approximately 29% of N applied), respectively. 16.1 +
0.21 mg mineral-N kg dry soil ! (approximately 0.7% of N applied)
and 17.4 + 1.52 mg mineral-N kg dry soil "' (approximately 0.8% of
N applied) were extracted from SOIL Konpos Lakay PAN and
Sanergy Evergrow PAN, respectively. SOIL Konpos Lakay total N
and Sanergy Evergrow total N did not differ significantly from the
unfertilized control at day 0. Significantly more NO;™ was extracted
from the unfertilized control than all treatments except Fresh and
Stored Urine on day 0, indicative of an initial NO3™ depression
period (Supplementary Figure S2).

On day 5, Fresh Urine mineralized significantly more N than all
other treatments, with 41.4 + 5.33 mg mineral-N kg dry soil ™'
extracted, approximately 40% of N applied. Store Urine had the
second most, with 35.8 + 3.65 mg mineral-N kg dry soil " extracted
(approximately 35% of N applied), significantly higher than all
other treatments. This is followed by UEBCs, significantly higher
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than all FDCs and the unfertilized control, with 15.2 + 1.51 mg
mineral-N kg dry soil ' extracted (approximately 14% of N applied)
for Fresh UEBC and 19.8 + 7.98 mg mineral-N kg dry soil '
(approximately 19% of N applied) for Stored UEBC.

From days 10-30, extractable mineral N declined across
treatments. No treatments differed significantly from each other
or the unfertilized control on days 10, 20, or 30. A significant
mineral N release was observed for SOIL Konpos Lakay and
Sanergy Evergrow total N on day 60 compared to all other
treatments. 18.3 + 10.66 mg mineral-N kg dry soil '
(approximately 17% of N applied) was extracted from Sanergy
Evergrow total N, and 5.9 + 4.44 mg mineral-N kg dry soil '
(approximately 5% of N applied) from SOIL Konpos Lakay total N.
No treatments differed significantly on day 90.

3.2 Phosphorus

Phosphorus mineralization also varied over time and between
treatments (Figure 2; Supplementary Table S3). The most P was
generally extracted with HCI for all treatments and time points,
followed by Citric Acid, Enzyme, and CaCl,. HCl extracted-P
increased, and Enzyme extracted-P decreased over time for SOIL
Konpos Lakay PAN and Sanergy Evergrow PAN. There is a spike of
CaCl, extractable-P for FDCs applied on a PAN basis at day 60.
Significantly more P was extracted from PAN FDCs compared to all
other treatments at nearly every time point for each P extractant
(Figure 2; Supplementary Table S3).

The most significant differences between treatments were
observed for HCl-extracted soils (Supplementary Table S3). On
day 0, HCI Sanergy Evergrow PAN was significantly higher than
other treatments, with 164 + 15 mg PO,-P kg dry soil "'. HCI SOIL
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FIGURE 2

Extracted PO4-P of human excreta-derived fertilizer amended soils over the course of a 90-day aerobic incubation. Error bars represent + standard
deviation (n = 3). These data and significant differences between treatments by extraction date and extractant type are shown in Supplementary

Table S3

Konpos Lakay PAN was significantly higher than Stored Urine,
Fresh UEBC, and Stored UEBC, and the control, with 135 + 5 mg
PO,-P kg dry soil . On day 30, significantly more P was extracted
from HCI SOIL Konpos Lakay PAN than any other treatment, with
252 + 158 mg PO,-P kg dry soil . HCI Sanergy Evergrow PAN, saw
110 £ 40 mg PO4-P kg dry soil " extracted, which was significantly
higher than Stored Urine, Fresh UEBC, and the control. On day 60
the HCI PAN FDCs were significantly higher than all others, with
an average of 468 mg PO,-P kg dry soil ' extracted for both. The
same trend held for day 90, with an average of 501 mg PO,-P kg dry
soil ! extracted for both. For the CaCl,, Citric Acid, and Enzyme
extractions, the PAN FDCs treatments were the only treatments
that differed significantly from the control, which was true at each
extraction date.

Pt is calculated with Equation 3. The statistics for Pt
remain largely the same when compared to the extracted mineral P
data (Supplementary Table S4; Supplementary Figure S4). Pintuac
Fresh urine is not statistically significant at any date, due to the
relatively large amount of P applied compared to P extracted.
However, all FDCs treatments are significantly higher than other
treatments at all dates for all BBP extractants, due to the relatively
small amount of P applied compared to large amount of P extracted
(Supplementary Table S4). Substantial mining of native soil P is
evident for these treatments. This was most evident for total N
composts, as a small amount of P was applied (0.34 mg PO,4-P kg
dry soil * for SOIL Konpos Lakay and 0.19 mg PO,-P kg dry soil !
for Sanergy Evergrow), and a comparatively large amount of P was
extracted. As for the N data, we chose not to express our results as
cumulative P mineralized, since we cannot be certain what mineral
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P was newly mineralized from one extraction day to the next, and
what P was immobilized in microbial biomass as the BBP method
does not account for microbial biomass P (DelLuca et al., 2015). As
there is also overlap between the P extraction pools (DeLuca et al.,
2015), we cannot sum them to indicate total P availability of
each amendment.

4 Discussion
4.1 Nitrogen availability

4.1.1 Urine only

Our results show that N is more available from urine-derived
fertilizers compared to FDCs. Extracted mineral N was much higher
for urine-derived fertilizers, with the highest from Stored Urine in
the first five days of the experiment (Figure 1). The lack of soil
mineral N accumulation over the course of the study for urine-only
treatments implies that N was either volatilized, sorbed, mineralized
and subsequently immobilized, or leached. Because soils were
maintained at field capacity and not allowed to drain, the
possibility of leaching can be excluded.

Nitrogen volatilization as NH; has been shown to be high from
urine application as evidenced by Martin et al. (2023), who found
that stored urine applied at a rate of 145 kg-N ha ' to the surface of
a loamy haplic Luvisol resulted in 34% N volatilization of the total
urine-N applied under field conditions. Rumeau et al. (2023)
modeled NHj; volatilization from stored urine applied at 170 kg-
N ha™' to a calcareous loamy clay soil and found that between 57%
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and 67% urine-N applied would be lost to NH; volatilization. The
lack of substantial NO;™ accumulation from urine-only treatments
(Supplementary Figure S2) implies potentially high volatilization of
NH; from Fresh Urine and Stored Urine in our study. Effort should
be made when applying urine alone as a fertilizer to prevent
volatilization. The Rich Earth Institute, a prominent urine
nutrient recovery research institute, recommends applying urine
in a furrow and covering it with soil, tilling after application,
irrigating after application, or diluting urine before application
(Rich Earth Institute, 2019). Urea hydrolysis appeared to happen
within the first five days of the experiment for Fresh Urine. Stored
Urine had the highest extracted mineral N at day 0, and Fresh Urine
the highest at day 5. These results imply a brief period of urea
hydrolysis mediated by soil microbes, by which Fresh Urine urea-N
is hydrolyzed to NH,"-N. This is consistent with literature on urea
hydrolysis, which is shown to be a rapid, first-order reaction in soils
(Chin and Kroontje, 1963).

It is possible that mineral urine-N that was not volatilized was
immobilized in microbial biomass for urine-only treatments. Ma
etal. (2021) found preferential immobilization of fertilizer NH,"-N
in microbial biomass compared to fertilizer NO; N, particularly for
treatments with low carbon availability, in an incubated agricultural
Andosol with a pH of 6.55. As most urine-N in our study was in
ammoniacal form, and negligible carbon was added with urine-only
treatments, some urine-N may have been similarly immobilized.
Christie and Wasson (2001) found similarly low immobilization
rates of NH,"-N without carbon addition in an incubated clay loam
grassland soil with a pH of 6.0, which they attribute in part to non-
microbial fixation of NH,"-N as nonexchangeable NH,*-N. Thus,
NH,"-N fixation is another possible explanation for the lack of
mineral N accrual over the course of our study. It is likely that
NH,"-N from urine-derived fertilizers in our study may have
sorbed to clay minerals, rendering it non-extractable with a KCI
solution (Mulvaney, 1996). Urine-NH3 may have also chemisorbed
to soil organic matter in either of the urine-only treatments,
following urea hydrolysis in the Fresh Urine treatment (Nommik
and Vahtras, 1982; Johansson, 1998).

4.1.2 Urine-enriched biochar

Urine-enriched biochar-N was most available within the first
five days of our aerobic incubation, though the activity of plant
roots would likely stimulate further desorption and thus
bioavailability in planted soils. A slight slow-release effect was
observed for Stored UEBC, with a small, significant amount of
extractable NO; on day 30 (Supplementary Figure 52). While some
of the aforementioned N fates may be the same for the UEBCs as for
the urine-only treatments, there are also likely some differences. The
negligible urea content in Fresh-UEBC effluent suggests urea
hydrolysis happened during the 48-hour UEBC saturation period.
This implies that urine-N in Fresh UEBC likely sorbed as NH,"
(after hydrolysis) and urea (before hydrolysis). Previous research
demonstrates the entrapment of urea molecules in biochar pores in
N-enriched biochars (Bakshi et al., 2021; Castejon-del Pino et al.,
2023). This urine-urea-N may have been desorbed, hydrolyzed by
microbes, and microbially assimilated or adsorbed to clay or
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organic surfaces over the course of the incubation. It also could
have remained entrapped in the biochar pores, and thus microbially
inaccessible. If urea-urine-N remained entrapped in biochar pores,
it could explain the lack of any significant slow release behavior in
Fresh UEBC compared to Stored UEBC.

As urea hydrolysis was catalyzed with urease for the stored
urine used to prepare the Stored UEBC, all urine-N in this
Cai et al. (2016)
demonstrated NH," desorption ratios lower than 10% for biochar

treatment can be assumed as NH,".

pyrolyzed at 200°C and 300°C, and a desorption ratio of around
30% for biochar pyrolyzed at 400°C, for biochars produced from
corn cob, pomelo peel, and banana stalk. Our walnut shell biochar
was pyrolyzed at 350°C, suggesting a NH," desorption ratio
potentially similarly low. This would explain the nonsignificant
extractable mineral N for both Stored and Fresh UEBCs after day 5.
Regardless, this dynamic would likely differ in the presence of plant
roots, as roots may stimulate desorption from N-enriched biochar
fertilizers by building ion gradients (Rasse et al, 2022). This
explains the previously observed slow-release effect of walnut shell
UEBCs when used as fertilizer for tomatoes (Bischak et al., 2024).

It is also possible that mineral N extracted from UEBC
treatments at days 0 and 5 was from urine absorbed in large
biochar pores or floating in the biochar slurry. The UEBC was
drained over a 0.53-um sieve to retain small biochar particles, based
on prior research that demonstrated the importance of small
biochar particles to retain urine-N (Bischak et al., 2024). This
small sieve size created a wet UEBC product that was more
difficult to handle than our prior preparations which used a 500-
um sieve (Bischak et al., 2024). The wetness of the UEBCs may have
contributed to some NHj volatilization from UEBC treatments as
well. Further research on UEBC should seek to optimize the
retention of urine-N in UEBC, while making it practical and safe
to handle. It is important to note that while we did not see a large
slow release effect with UEBC, its application may lead to soil N
accrual and subsequent release with repeated applications, or
release N when the biochar weathers (Haider et al,, 2020). As
noted with urine-only treatments, the lack of mineral N accrual in
UEBC treatments could be due to microbial immobilization or
binding to clay or organic surfaces.

4.1.3 Feces-derived composts

Nitrogen was less available from FDCs compared to urine-
derived fertilizers. On day 0, the third-most mineral N was
extracted from PAN FDCs, while total N FDCs did not differ
significantly from the control. From days 5 - 30, mineral N
extracted from all compost treatments did not differ significantly
from the control (Figure 1). This is likely due to either the N in FDC
being relatively stable, and thus not readily decomposed, or N
mineralization and subsequent volatilization, sorption to organic
matter, and/or sorption to clay minerals as discussed in previous
sections. Kelova et al. (2021) found low N mineralization rates after
90 days of soil incubation for a mixture of fecal matter, sanitary
bark, urine, and water composted at 38°C, with a 2.6% increase in
extractable mineral N. The C:N ratio of the FDCs also likely
explains the lower N mineralization when compared to urine-
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derived fertilizers. Sanergy Evergrow had a C:N of 20, while SOIL
Konpos Lakay had a C:N of 6.7 (Table 2). Though these are quite
different ratios, they both supplied more labile organic matter than
the urine-derived fertilizers. The C content of urine alone is
negligible, and while the C content of the UEBCs was quite high,
biochar C is generally assumed to be marginally labile (Masek et al.,
2013). The significant release of NH," from both total N FDCs on
day 60 is likely due to the well-documented slow release nature of
compost as a nitrogen fertilizer (Amlinger et al., 2003). These results
are also consistent with Kelova et al. (2021), who saw a notable N
release from FDCs after 60 days. Though the extractable mineral N
was low from FDC treatments in our study, a single compost
application is shown to increase soil N years after addition (Ryals
et al., 2014), and increase soil N availability (Sullivan et al., 2003).

Over the course of the study, the amount of extracted mineral N
from PAN FDCs was not proportional to the amount of N applied
(Supplementary Table S5). Since we assumed 7% of the N in
compost was bioavailable, PAN FDCs supplied more than 14
times the amount of N as total N FDCs. However, on day 0,
approximately 2.4 times more N was extracted from the PAN FDCs
compared to the total N FDCs (Supplementary Table S5). At no
point throughout the incubation did the N release from PAN FDCs
become proportional to the amount of N applied. This may be due
to N mineralization and subsequent sorption to organic matter, as
the PAN FDCs supplied a large amount of organic matter. Our
results suggest that less than 7% of FDC-N is initially bioavailable
for total N FDCs, as Nyt did not exceed 2% until day 60 when
Npint was 17.2% for Sanergy Evergrow, and Nt was 4.8% for
SOIL Konpos Lakay. N,;,t did not exceed 1% for PAN FDCs at any
time point (Supplementary Table S2). Negative Nyt values at
various time points for most FDCs treatments also suggest some
immobilization of FDC-N throughout the growing season
(Supplementary Table S2).

4.2 Phosphorus availability

4.2.1 Urine only and urine-enriched biochar

Our results show that FDCs stimulate more P mineralization
than urine-derived fertilizers, even though more P was applied with
urine-derived fertilizers. The most P was applied with UEBCs, with
9.11 mg PO,-P kg dry soil " for Fresh UEBC and 6.64 mg PO,-P kg
dry soil ! for Stored UEBC. However, only Stored UEBC was
significantly higher than the control at day 30 for HCI extracted
soils (Supplementary Table S3). Fresh UEBC never differed
significantly from the control for any date or extractant
(Supplementary Table S3). This implies that though urine-P was
concentrated in UEBCs compared to urine applied alone, urine-P
desorption was negligible. The Qe values for P were low compared
to Qe for N (Supplementary Table S6). Low P sorption to biochar is
consistent with other studies, likely due to negatively charged
biochar surface functional groups (Hale et al, 2013; Takaya
et al., 2016).

A relatively large amount of P was also applied with Fresh and
Stored Urine alone, with 5.57 mg PO,4-P kg dry soil ' and 3.19 mg
PO,-P kg dry soil 1 respectively. However, extracted P for either
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treatment never differed significantly from the control for any
extractant or extraction time point (Supplementary Table S3).
This implies that urine-P may be rapidly assimilated into
microbial biomass. The BBP method notably does not extract for
microbial biomass P (DeLuca et al., 2015), meaning that this P pool
is not accounted for in our study. Inorganic phosphate comprises
nearly all of the P in urine (Bonvin et al., 2015). Rapid microbial
inorganic P uptake (within the first 24 hours of an isotope dilution
experiment) in permanent grassland soils has been demonstrated
(Biinemann et al., 2012). Day 0 extractions were performed within
24 hours of amendment application, which may account for the
apparent rapid immobilization of urine-P. The soil used in our
study was collected from a naturalized grassland managed for cattle
grazing in Merced, CA.

While applied urine-P may have been rapidly immobilized, a
potential explanation for low levels of extractable P from Stored
Urine is that while high P concentrations were analyzed from small,
well-mixed urine samples, only a small amount of urine-P may have
actually been applied. Phosphorus precipitation as struvite is well
documented as being triggered by urea hydrolysis in stored urine,
and can reach maximum concentrations in a few hours (Udert et al.,
2003). These precipitates settle to the bottom of a container (Tilley
et al,, 2008), and thus may have not been present in representative
quantities in the pipette tip when urine was applied (though the
container was also well-mixed before application). From a practical
standpoint, this makes recovery of P-rich precipitates difficult when
applying stored urine alone as a fertilizer. Different recovery
pathways should be prioritized to recover P from stored urine,
such as struvite precipitation with magnesium addition, sorption, or
membrane separation (Harder et al., 2019).

4.2.2 Feces-derived composts

The high P st values (Supplementary Table S4; Supplementary
Figure S4) indicate FDC application led to large stores of native soil
P becoming available during the incubation. These data indicate
that even small applications of FDC simulate mineralization of soil
P reserves. While the Olsen-P and Bray-P tests used to evaluate the
soil P status indicated moderate native soil P availability (Table 1),
these tests may underestimate soil P status, particularly in
previously fertilized soils (Barrow et al., 2022). Both Citric Acid
and HCI extracted more P from unfertilized soils at day 0 than the
Olsen-P or Bray-P values (Figure 2; Supplementary Table S3). The
pool isolated with these extractants is P adsorbed to clay minerals or
present in inorganic precipitates (Crain et al., 2018). Our soil was
acidic, with an initial pH of 5.8 (Table 1). Acidic soil conditions tend
to favor P precipitation or adsorption to iron or aluminum
(Doydora et al., 2020). It is also possible that P was precipitated
as hydroxyapatite, due to the large amount of calcium native to the
soil (Table 1) (Doydora et al., 2020). The organic matter content of
FDCs, in combination with the relatively high organic matter
content of 4.9% of our soil (Table 1) (Hiederer and Kochy, 2011),
may have stimulated soil P mining. There is a demonstrated positive
correlation between soil organic matter content and P availability,
suggesting that organic matter molecules may prevent P diffusion
into micropores and thus increase P availability (Hawkins et al.,
2022; Vermeiren et al, 2022). This may explain the high Pt
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values for all FDCs (Supplementary Table S4), and the significant
amount of extracted available P for PAN FDCs across extractants
and time points (Figure 2; Supplementary Table S3). We also
observed a decline in Enzyme-extractable P over the course of the
incubation, and an increase in HCl-extractable P for compost
treatments. As Enzyme-extractable P represents the organic P
fraction (DeLuca et al, 2015), this suggests that some organic P
was mineralized over the course of the incubation and adsorbed to
mineral surfaces or incorporated in inorganic precipitates. This is
consistent with literature on the decomposition of organic P (Taylor
et al., 1978; Jalali and Ranjbar, 2009; Gagnon et al., 2012).

4.3 Implications for human excreta-derived
amendment application

Our results have implications for the application of human
excreta-derived fertilizers. We demonstrate that urine and UEBC
are a significant source of plant available N, while FDCs are a
significant source of plant available P. Urine-N is a relatively fast
cycling pool of N, while FDC-P is a fast cycling pool of P. FDC also
provides a moderate amount of slow cycling N, and urine-P appears
to be a much slower cycling pool that was unavailable over the
course of our study.

Stored Urine applied alone results in nearly the entire crop N
demand being met immediately, with 187.6 kg-N ha™" available on
day 0 (Supplementary Table S1). Similarly, 148.6 kg-N ha™' was
available for Fresh Urine on day 0. On day 5, slightly more of the
crop N demand was met with Fresh Urine, with 82.8 kg-N ha™'
available compared to 71.6 kg-N ha™" for Stored Urine. This implies
that Stored or Fresh Urine applied alone is an excellent source of
plant available N at the start of the growing season, with a slight
preference for immediate availability from Stored Urine. This is
consistent with high mineral fertilizer equivalencies observed from
urine fertilizers (Martin et al, 2021). As noted previously, N
volatilization was likely high from Fresh and Stored Urine,
potentially depleting their fertilization values. We recommend
that urine should be well incorporated into the soil when applied
alone to reduce volatilization risk. Urine could be used similarly to
synthetic fertilizer as a preplant or sidedress to meet specific crop N
demand throughout the growing season. UEBC prepared with a low
pyrolysis temperature, lignocellulosic biochar supplied
approximately half of the available N as Fresh or Stored Urine
applied alone, with 75.4 kg-N ha™' from Fresh UEBC and 69.8 kg-N
ha™! from Stored UEBC on day 0, and 30.4 kg-N ha™" from Fresh
UEBC and kg-N ha™" and 39.6 kg-N ha™' from Stored UEBC at day
5. Like urine-only treatments, N was mainly available from UEBCs
within the first five days. For this reason, we recommend applying
UEBC to crops with a high initial N demand, with adequate soil
incorporation to prevent volatilization. Based on our results, we
recommend applying similar UEBC preparations at a rate of 400
kg-N ha™' to provide approximately 200 kg-N ha™' However, as
noted previously, UEBC-N desorption dynamics likely differ with
plant root gradients and biochar weathering. We observed a slow
release of N for FDCs applied on a total N basis in our study, with
36.6 kg-N ha™! from Sanergy Evergrow total N and 11.8 kg-N ha™!
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from SOIL Konpos Lakay total N on day 60. Applying FDCs on a
PAN basis did not result in proportional N release, with

! available from each at the start of

approximately 34 kg-N ha™
the growing season, but declining availability thereafter. For this
reason, we recommend applying smaller amounts of FDC as an N
fertilizer, though applying larger quantities may result in long-term
soil health benefits (Courtney and Mullen, 2008). Additionally, the
carry-over effect of PAN FDC application on crop yield and soil
carbon accrual has been demonstrated (Ryals et al., 2021).

Though we did not normalize amendment application on a P
basis, we demonstrated that even low rates of FDC-P application
stimulate significant native P mining, likely from inorganic
precipitates or P adsorbed to clay minerals, in an acidic soil with a
relatively high organic matter content of 4.9% (Hiederer and Kochy,
2011). Indeed, FDCs applied on a total N basis supplied an average of
0.53 kg-P ha™! (Supplementary Table S3) but stimulated an average of
174 kg-PO4-P ha ' extracted with 1M HCl at day 0. Practically, this
means that while FDC supplies low rates of P when applied on an N
basis, considerable soil P mining may be expected for soils with legacy
P. Available P was high across BBP extractants for PAN FDCs,
particularly for Citric Acid and HCI extractions. As a P fertilizer,
applying FDC on a PAN basis may be expected to stimulate

1

approximately 1000 kg-PO,-P ha™" at the end of a growing season,

compared to the approximately 7.5 kg-PO,-P ha™' applied
(Supplementary Table S3). We also demonstrate that urine-P is
potentially rapidly immobilized after application and not liberated
over the course of the growing season, implying that urine alone is not
a reliable source of P fertilizer. Our research points to the need for BBP
extraction from soils amended with human excreta-derived fertilizers
across soil types with various site histories to better elucidate the
results of this study. This work provides valuable insight into the
potential of human-excreta derived amendments to meet specific crop
N and P demand over the course of a typical growing season, which
may be applied to a diversity of agroecosystems with different
fertilization strategies and cropping systems.

Future work should address key knowledge gaps in this research
area. The mineralization of K from human excreta has been
understudied and should be prioritized. Isotopic studies of N and
P uptake from human excreta-derived fertilizers should also be
undertaken. We used a 0.53-um sieve to prepare the UEBC in this
study, which resulted in a wet urine-biochar slurry that was difficult
to handle. Future UEBC research should focus on optimizing N and
P recovery and plant availability while creating a drier product that
is easy and safe to handle and reduces the mass of the product.
Additionally, the co-application of P-rich FDC and N-rich urine or
UEBC should be studied, to determine if mineralization dynamics
differ and if total crop N and P demand can be met through human
excreta alone.

5 Conclusion

This research demonstrates that human excreta-derived
fertilizers are a good source of plant available N and P. Our
results suggest that comparatively more available N is present in
urine-derived fertilizers, and more available P is present in FDCs in
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a simulated 90-day cropping cycle. Urine-N was available during
the first five days of a simulated cropping cycle, with nearly the
entire N demand met from Stored Urine and slightly less from
Fresh Urine. Approximately half of the urine-N in UEBC was plant
available, also within the first five days. Urine-P was rapidly
immobilized. FDC applied on a total N and PAN basis stimulated
substantial mining of legacy P incorporated in inorganic
precipitates or adsorbed to clay minerals. Feces-derived-N
stimulates a slow release of mineral N. These results are relevant
to container-based sanitation and other source-separation based
sanitation organizations, and researchers and producers interested
in human excreta-derived fertilizers as a novel source of plant-
available N and P.
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