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Abstract Recycling urban nutrients onto farmland
has the potential to improve phosphorus (P) supply
and yields on P-depleted organic farms, reduce global
reliance on non-renewable mined phosphate rock,
and reduce environmental contamination caused by
excess P. Three recycled nutrient sources (struvite
from municipal wastewater, frass from insect-pro-
cessed food waste, and anaerobic digestate of food
waste) were compared with common conventional
(mono-ammonium phosphate, MAP) and organic
(livestock compost) P sources in field experiments in
spring wheat and forage hay on a high-pH (8.1-8.3)
soil. Experiments were conducted on a low-P site
(3 mg kg~! Olsen P) over 2 years with conventional-
and organically-selected wheat genotypes. In wheat,
P uptake increased by 172%, 130%, 92%, and 43%
compared to an unfertilized treatment for frass, MAP,
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compost, and digestate, respectively. Frass, MAP,
compost and digestate increased grain yield by 41%,
40%, 29%, and 20%, respectively. Struvite did not
significantly increase yields or P uptake. For both P
uptake and grain yield, frass and compost treatments
were similar to the “conventional” MAP treatment,
while digestate and struvite treatments were lower
than MAP. An organically-selected wheat genotype
produced greater biomass but similar yield compared
to a conventional genotype, demonstrating some gen-
otype advantage. In the forage-hay crop, cumulative
P uptake increased by 124%, 99%, 86%, 73%, and
65% compared to an unfertilized treatment for frass,
MAP, digestate, struvite, and compost, respectively.
Yield increased only in the second year of the trial, by
136%, 125%, 112%, 94%, and 79% for frass, struvite,
MAP, digestate, and compost, respectively. The recy-
cled nutrient sources varied in their efficacy in the
two crops and relative to other nutrient sources, but
all showed some potential to supply P and improve
yields on a P-depleted soil.

Keywords Circular economy - Urban nutrients
Nutrient recycling - Phosphorus - Frass - Digestate -
Struvite

Introduction

Organically-managed agricultural cropping sys-
tems can experience nutrient deficiency and system
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collapse over the long term, particularly caused by
phosphorus (P) depletion (Welsh et al. 2009). Phos-
phorus depletion from plant-available pools, due
to greater P exports compared to inputs, is com-
mon on many organically-managed farms (Entz
et al. 2001; Gosling and Shepherd 2005; Welsh
et al. 2009; Knight et al. 2010; Reimer et al. 2020).
It is a non-renewable resource, with estimates for
minable phosphate rock depletion in as little as
70-140 years (Li et al. 2018). Jarvie et al. (2015)
demonstrate P’s important and paradoxical role in the
food—energy—water nexus, as a necessary resource for
food and biofuel production, but as a harmful con-
taminant in aquatic ecosystems, causing eutrophica-
tion when present in excess. Diverting more food and
human waste products to farms via recycled nutrient
sources, rather than allowing them to enter landfills or
waterways, could ameliorate P deficiency on organic
farms, depletion of the phosphate rock resource, and
damage to aquatic ecosystems due to P-enhanced
eutrophication.

Recycled nutrient sources have received increasing
attention and are part of the European Union’s action
plan for a “Circular Economy” (European Commi-
sion 2015), with many recent publications focusing
on incorporating food and human wastes into the cir-
cular economy (e.g., Kibler et al. 2018; Ma and Liu
2019; Case and Jensen 2019). However, the literature
addressing the agronomic potential and P charac-
terization of recycled nutrients lags behind that deal-
ing with conventional fertilizer and manure sources
(Nicksy and Entz 2021). Recycled nutrient sources
of urban origin used to increase P availability to crop
plants may be of human, food, or yard waste origin.
While this study focuses on human-waste-derived
struvite, and food-waste-derived insect frass and
anaerobic digestate, other urban nutrient sources are
many and varied, including biosolids, municipal food
waste composts, sewage sludge ashes, and precipi-
tated minerals other than struvite (Hargreaves et al.
2008; Moller et al. 2018; Schneider et al. 2019).

Struvite is a hydrated magnesium—ammo-
nium—phosphate mineral, which can be generated
from human- or animal-waste waters. It is precipi-
tated under alkaline conditions, and has greater sol-
ubility with decreasing pH (Bhuiyan et al. 2007).
Degryse et al. (2017) showed that high-pH soils
had dissolution rates of less than 1/8 those of acidic
soils. A meta-analysis found that the crop response
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to struvite decreased relative to ammonium phos-
phates and superphosphates with increasing pH in
both field and pot experiments, with response ratios
(struvite response relative to reference fertilizer
response) greater than 1 in acidic soils and less than
1 in alkaline soils (Hertzberger et al. 2020). However,
a pot experiment using high-pH soil from the same
field site used in the present study found similar Ital-
ian ryegrass (Lolium multiflorum) yields from stru-
vite and mono-ammonium phosphate (MAP), though
cumulative P uptake was slightly lower for struvite
(Nicksy et al. 2021).

Frass is the waste product of insects, analogous
to insect “manure”. Black-soldier-fly larvae (Herme-
tia illucens) in particular are effective processors of
organic waste, including urban food waste, with the
ability to feed on a wide variety of organic materi-
als (Ciékové et al. 2015). Research into biodegrada-
tion of organic wastes by insect larvae has generally
focussed on production of larval biomass for livestock
and pet foods, whereas insect frass is poorly studied
as a soil amendment. A pot study we conducted on a
high-pH clay soil revealed similar yields and P uptake
of frass compared to MAP (Nicksy et al. 2021). Other
studies have evaluated frass on a nitrogen (N) basis or
as a component of a potting medium. Kebli and Sinaj
(2017) found that frass from food waste consistently
improved yields in a pot study on three soils from
Switzerland using lettuce and ryegrass. However, it
was only in a sandy, low-pH soil that yields were sim-
ilar to or greater than the mineral fertilizer. Setti et al.
(2019) evaluated black-soldier-fly processing residue
(frass and bedding) mixed with peat moss as a green-
house growing medium at rates between 10 and 40%
by volume. High rates of frass reduced emergence in
lettuce, basil, and tomato, and the best yields were
generally found for 10% frass:90% peat moss and for
100% peat moss with mineral fertilizer.

Anaerobic digestion is the process of decom-
posing organic material in the absence of oxygen.
The digestion produces methane biogas, which
can be used directly in electricity and heat gen-
eration, or upgraded as a vehicle fuel or injected
into natural gas lines (Wainaina et al. 2020). Lig-
uid and solid fractions of digestate can be applied
together or separately, with solid fractions tending
to have higher P concentrations than liquid (Nkoa
2014). Phosphorus characterization of food-waste
digestate is limited, but Brod et al. (2015) found a
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higher proportion of chemically-recalcitrant spe-
cies, and especially Ca-associated phosphates, in
solid compared to liquid digestate. The solid diges-
tate had lower P recovery in their pot experiment
compared to liquid digestate and mineral fertilizer
in both acidic (pH 5.5) and near-neutral (pH 6.9)
soils. Phosphorus recovery from several recycled
nutrient sources was negatively related to the acid-
soluble Ca-associated fraction of P in the near-neu-
tral soil. Nicksy et al. (2021) found similar yield
but lower P uptake from solid dried and pelletized
digestate compared to mineral fertilizer in a pot
study.

Plant access to P depends not only on amend-
ment and soil properties, but also varies widely
among plant species (Strong and Soper 1974). Fur-
ther, genotypic differences among varieties within
a species can result in differences in P uptake from
the same soil (Clark 1983). Recently, efforts have
begun to breed grains destined for use on organic
farms under organic rather than conventional man-
agement practices (Entz et al. 2018); these breed-
ing efforts may result in different genotypes vary-
ing in their ability to access soil or amendment P.

Here, we investigate the agronomic potential,
and especially the P-supplying capacity, of stru-
vite, frass, and digestate on spring wheat (Triticum
aestivum) and forage crops grown on a high-pH,
P-depleted soil. These are compared to common
P sources used in both conventional (MAP) and
organically-managed (compost) agriculture. P con-
tent and availability of organic wastes varies widely
with substrate source and processing (Sharpley and
Moyer 2000), but composted organic waste usu-
ally has good P availability compared to synthetic
fertilizers (Sikora and Enkiri 2005; Zvomuya et al.
2006; Ramphisa et al. 2020).

We hypothesized that the recycled nutrient
sources would increase P uptake and crop yields
compared to an unfertilized control, and that they
would be similarly effective compared to a con-
ventional MAP fertilizer and an organic compost;
further, recycled nutrients would supply P to crops
equally well in annual wheat and perennial for-
age cropping systems. We also hypothesized that
a wheat genotype selected under low-P organic
conditions would out-perform a conventionally-
selected genotype on a low-P soil.

Methods
Soil amendments

The struvite was precipitated from municipal waste-
water and had a median granule size of 3 mm. The
frass is the waste product of black-soldier-fly lar-
vae used to process urban food waste. The anaero-
bic digestate was industrially produced through
the decomposition of food retail and processing
waste in the absence of oxygen. The P source typi-
cal of organic agriculture was aerobically-composted
organic wastes, with horse manure and bedding as the
primary substrates, along with shredded wood and
bark, hatchery waste, yard waste, and waste protein
powder. The conventional P source was a soluble syn-
thetic fertilizer, MAP.

Properties of frass, digestate, and compost were
determined by Agvise Laboratories, ND, USA; the N
and P content of the mineral struvite and MAP were
based on manufacturer specifications (Table S1).
The P content varied by two orders of magnitude,
with the organic-matter amendments (frass, diges-
tate, compost) containing less P than the mineral
amendments (MAP, struvite) by mass. Within the
organic-matter amendments, digestate contained
approximately 12 times (27.5 g kg™!), and frass con-
tained almost 4 times (8.74 g kg™!), the P contained
in compost (2.27 g kg™!). Struvite (120 g kg™!) con-
tained approximately half the P of MAP (230 g kg™}).
The amendments also varied in N content and N:P
ratio, with frass and compost having the greatest N:P,
struvite and MAP having very low N:P, and diges-
tate having intermediate N:P. All amendments were
applied based on a total-P rate of 20 kg ha™! P, result-
ing in varied rates of N addition of 73, 28, 63, 8.3,
and 9.6 kg ha™! for frass, digestate, compost, struvite,
and MAP, respectively. Total amendment application
rates to meet 20 kg ha~!' P were 2290, 726, 8800, 163,
and 88 kg ha~! for frass, digestate, compost, struvite,
and MAP, respectively.

Field site

The experiments were conducted in 2019 and 2020 at
an organically-managed field site in the North-Ameri-
can Great Plains near Libau, MB, Canada (50°24'01"
N, 96°72'95" W), which has a cool-subhumid-con-
tinental climate. The soil is a Gleyed-Rego-Black
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Chernozem with a clay texture. Spring soil tests,
composited from 5 samples taken across the study
areas, (Agvise Laboratories, ND, USA) showed that
all fields had very low Olsen-P concentrations of
2-3 mg kg~ soil (Table S2), because forage hay had
been harvested since 2006 with no added nutrients.
Normal growing-season rainfall is about 250 mm in
this area: 2019 was extremely dry, with only 40% of
the long-term normal, whereas 2020 had about 80%
of the normal (Table S3).

Wheat experiment

In 2017 the wheat experiment areas were converted
from forage to annual cropping. Legume-cereal green
manures were grown in the year prior to the wheat
experiments to fix and supply N to the wheat crop,
which is typical of organic management practices for
the region. The 2018 green manure was terminated
and incorporated in the fall of 2018 prior to the 2019
wheat experiment. Heavy fall rains prevented incor-
poration of the 2019 green manure until the spring of
2020, causing soil clodding and poor seedbed quality.
Spring incorporation of green manures may account
for the lower nitrate values in 2020, as the green
manure had not had time to mineralize.

A randomized-complete-block design with four
replicates was used for the wheat experiments in
2019 and 2020. The treatment layout was fully facto-
rial with amendment (struvite, frass, digestate, MAP,
compost, unfertilized control) and wheat genotype
(AAC Brandon and BJO08-IG) as the two factors.
AAC Brandon is conventionally bred and is the most
popular wheat variety in Manitoba by area planted
(Manitoba Agricultural Services Corporation 2018).
BJOS-IG is a genotype selected through a partner-
ship between professional plant breeders and organic
farmers (Entz et al. 2018). BJO8-IG was selected by
a farmer under low-P conditions. It produces taller
plants with greater biomass and similar days to matu-
rity as AAC Brandon, as well as greater yields in 2 of
3 years (Entz et al. 2018).

Fields were tilled with a light-duty cultivator
(2019) or a heavy-duty followed by a light-duty cul-
tivator (2020) depending on field conditions, within
5 d prior to seeding. Amendments were broadcast
by hand into 2 mXx 10 m plots and incorporated with
a rototiller to 0.1 m immediately prior to planting.
Wheat was planted May 16 in 2019 and May 29 in
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2020 at a target depth of 0.05 m with 0.15-m-row
spacing using a plot seeder equipped with a seed dis-
tribution cone (Fabro Industries, Swift Current, SK,
Canada). In 2019 a target seeding rate of 350 plants
m~ was used. In 2020 the target seeding rate was
increased to 450 plants m™ to compensate for poor
seedbed quality.

A 0.3 m? (2 rows X 1 m) biomass sample was taken
at stem elongation and anthesis on June 27 and July
16 in 2019 and July 2 and July 16 in 2020. A 0.9 m?
(6 rowsx 1 m) biomass sample was taken at physi-
ological maturity on August 7 in 2019 and August 24
in 2020. Biomass samples were oven-dried at 65 °C
for a minimum of 48 h before weighing. Wheat grain
was harvested on August 23 in 2019 using a Win-
tersteiger plot combine (Wintersteiger Model “Clas-
sic”, Saskatoon, Canada) and on September 10 in
2020 using a Hege plot combine (Hege model 125,
Hege Company, Waldenburg, Germany). Grain sam-
ples were air dried on forced-air beds for 72 h before
weighing.

Forage experiment

The forage trial was established on a 13-years-old for-
age hay stand. Prior to the experiment, hay was usu-
ally harvested 1-2 times per year, and no external
nutrient addition occurred during this period. Another
experiment conducted on the same forage stand
concluded that alfalfa (Medicago sativa) composed
34-76% of the stand by biomass, with plots receiving
higher rates of P fertility having a greater proportion
of alfalfa (Thiessen Martens et al. 2021). Alfalfa and
grass were not separated in the present experiment,
though visual inspection indicated that fertilized plots
likely had a greater proportion of alfalfa biomass
compared to unfertilized plots. Grass species included
orchardgrass (Dactilus glomerata L.), meadow bro-
megrass (Bromus biebersteinii) and quackgrass (Ely-
mus repens).

A one-factor randomized-complete-block design
with four replicates and 2 m X 10 m plots was used for
the forage experiment with all six amendments. All
amendments except struvite were surface broadcast
on May 16 and 17 of 2019. Struvite was subsurface
banded at a depth of 0.05 m using the Fabro seeder
on May 16 due to its low solubility. Four biomass
samples were taken through the two growing seasons
to roughly correspond with farmer hay harvests. The
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first 2019 biomass sample used a hand sickle, but
all subsequent sampling used two passes of a 0.5 m
wide push mower with a bag attachment to increase
the sample area. The wet biomass from each plot
was weighed, mixed to homogenize, subsampled,
and oven-dried at 65 °C for 48 h to determine dry
biomass.

P and N determination

Biomass samples were ground using a Wiley mill
with a 2-mm mesh, and wheat-grain samples were
ground using a Cyclone sample mill with a 1-mm
mesh. A 0.4 g subsample was hot-digested using a
sulfuric acid-hydrogen peroxide solution, and P was
determined colorimetrically using the molybdate-blue
ascorbic-acid method (Akinremi et al. (2003). Kjel-
dahl N of the digested samples was determined on a
Technicon Autoanalyzer II. Wheat-grain protein con-
tent was estimated by multiplying Kjeldahl-N content
by 5.7 (McDonald 1977). P and N uptake were calcu-
lated by multiplying nutrient concentration by yield.
P recovery in grain (wheat) and biomass (forage)
was calculated as the difference between the uptake
for each amendment and the unfertilized control,
expressed as a percentage of the P applied.

Statistical analysis

Analysis of variance (ANOVA) for yield, nutrient
content, and nutrient recovery was conducted using
PROC GLIMMIX in SAS software (SAS Insti-
tute, 2017, version 9.4). For the wheat experiments,
amendment, genotype, and amendment X genotype
were fixed effects, and block (year) and year were ran-
dom effects. Each sampling time was analysed inde-
pendently. For forage, amendment was a fixed effect
and block was a random effect. Forage-response
variables were assessed separately at each harvest, as
well as summed by year and summed over both years
for yield and P recovery. Normality of residuals was
tested with PROC UNIVARIATE, with Shapiro—-Wilk
values of greater than 0.9 indicating near-normal
data. Homogeneity of variance was tested by com-
paring Akaike Information Criterion (AIC) values of
models with and without heterogenous variance; het-
erogenous variance was included in the model when
it produced the lowest AIC. ANOVA for P recovery

as a percentage of applied P was determined using a
beta distribution.

Relationships between tissue nutrient concentra-
tion at each sampling time and grain or biomass yield
were calculated as a simple-linear function (mod-
elled using Im in base R version 4.1.1) compared to
a linear-plateau function (modelled using nlsLM in
the minpack.lm package). The model with the higher
adjusted r* value (r* corrected for number of param-
eters used in the model) was selected if p>0.05 for
both. Separate models were performed for each year
because samples were at slightly different days after
planting between years. ANOVA of seedling emer-
gence was conducted separately for each year.

Results
Wheat
Amendment effect on biomass and phosphorus uptake

There was no effect of amendment on seedling
emergence or plant density in either year (2019
mean=2321 and 2020 mean =287 plants m~2). All
amendments except struvite produced greater bio-
mass and grain yields compared to the unfertilized
control at every sampling time (Table 1). Digestate
biomass and grain yield were similar to the organic
“business as usual” compost treatment at anthesis,
maturity, and grain harvest, but was lower at stem
elongation. The digestate treatment always yielded
less than the conventional “business as usual” MAP
treatment. The frass treatment produced greater
early-season stem elongation biomass than com-
post, and similar biomass/grain yield at subsequent
samplings. Frass was the only amendment that con-
sistently produced similar yields to the conventional
MAP treatment. Frass consistently produced higher
tissue-P concentrations than all other amendments,
and greater P uptake than all amendments except
MAP (Table 2). Digestate produced greater tissue
P and uptake than the unfertilized control, and was
similar to compost at all times after stem elonga-
tion. Struvite had similar tissue-P concentrations
and P uptake compared to the control. P recovery
was affected by amendment at stem elongation,
anthesis, and grain harvest. The performance of
the amendments relative to each other was fairly

@ Springer



142

Nutr Cycl Agroecosyst (2022) 123:137-151

Table 1 Mean wheat yield over 2 years for genotype and amendment treatments

Biomass yield, kg ha™!

Wheat grain, kg ha™!

Stem elongation Anthesis Maturity Harvest
Genotype
AAC Brandon 840 (110) B 2930 (1100 B 5310 290) B 2590 (480)
BJ0S-1G 940 (110) A 3200 110) A 5670 290) A 2600 (480)
Amendment
Unfertilized 620 (1100 D 2410 (140) E 4550 (3100 D 2100 (480) D
Struvite 730 (1100 CD 2700 (140) DE 5030 (3100 CD 2340 (480) CD
Digestate 770 (110) ¢C 2880 (140) CD 5350 (3100 BC 2520 (480) BC
Compost 980 (110) B 3170 (140) BC 5780 (3100 AB 2710 (480) AB
Frass 1120 (110) A 3470 (140) AB 6090 (3100 A 2950 (480) A
MAP* 1100 (1100  AB 3750 (140) A 6140 (3100 A 2940 (480) A
p value
Genotype 0.0004 0.0021 0.0009 0.85
Amendment <0.0001 <0.0001 <0.0001 <0.0001
Geno*Amd 0.01 0.39 0.57 0.39

Standard error of the mean is given in brackets. Means followed by the same letter, within the same column and factor, are not sig-
nificantly different based on the Tukey multiple comparison procedure at an alpha of 0.05

MAP mono-ammonium phosphate

consistent at each sampling time (Fig. 1). P recov-
ery in grain ranged from 5 to 22%; frass and MAP
recovery were greatest, whereas struvite and diges-
tate were lowest.

Genotype effect

Seedling emergence and plant density were independ-
ent of genotype in 2019, but BJOS-IG had a greater
plant density in 2020 (302 plants m~> for BJOS-IG;
271 plants m~2 for AAC Brandon). BJOS-IG produced
similar grain yield to AAC Brandon, but greater bio-
mass at all biomass sampling times (Table 1) indicat-
ing greater straw production by BJ08-IG. BJO8-IG
was also taller (0.81 m, CV 6%) than AAC Brandon
(0.64 m, CV 7%) at physiological maturity. The geno-
type effect on P recovery was at anthesis only, where
BJO8-IG (11% recovery) had a 49% greater P recov-
ery than Brandon (7.4% recovery). A genotype by
amendment effect on biomass was found at stem elon-
gation only (p=0.01), but the moderately conserva-
tive Tukey multiple comparison procedure found no
differences between the varieties within the same
amendment. This genotype by amendment interaction
did not persist later in the season.

@ Springer

Attribution of yield differences to nutrient supply

We investigated the importance of P nutrition in driv-
ing yields by modelling linear or linear-plateau rela-
tionships between tissue-P concentration and grain
yields (Fig. 2). P supply is adequate and not limiting
if a plateau is reached. Positive relationships between
tissue-P and grain yield were observed at stem elon-
gation, anthesis, and harvest in 2019, and at stem
elongation and anthesis in 2020. The relationships
were marginally better using linear-plateau models
than simple-linear models at four of five sampling
times with significant relationships, suggesting suffi-
cient P at higher tissue concentrations.

We also tested whether differences in N supplied
by the amendments contributed to yield differences
by regressing the N-tissue concentration (converted
to % protein for grain) and the biomass yield. Lower
N-tissue concentration was consistently associated
with higher yields, indicating dilution of N (p <0.001
at harvest in both 2019 and 2020). The negative rela-
tionship between yield and N concentration is also
evident in the amendment effect on grain protein
(Fig. 3). Treatments which produced the greatest
yields (frass, MAP, compost) had lower protein con-
tent than the lower-yielding treatments (unfertilized,
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struvite, digestate), consistent with a dilution effect at
greater yields. Low grain yield is commonly associ-
ated with high grain N concentration when yield is
limited by another factor (Woodard and Bly 1998),
in this case P deficiency. There was no relationship
between N addition of amendments and mean yield
(»p=0.61). Thus, N applied in the amendments did not
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appear to impact yield differences, though it is impos-
sible to conclude no N effect with certainty without
compensating for N additions using soluble N ferti-
lizer. Given the goal of this experiment to evaluate
the amendments in an organic cropping system, this
was outside the scope of the project.

Perennial forage
Amendment effect on biomass and phosphorus uptake

There was no effect of amendment on the forage
production in 2019, but there was at both harvest
times in 2020 (Table 3). Tissue-P concentration
and P uptake were affected by amendment at every
sampling time (Table 4). At the first biomass sam-
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tissue-P concentration than the unfertilized control,
and frass also had greater P uptake than the control.
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all amendments had greater tissue-P concentration
than the control, and frass and MAP had greater
tissue P than compost, digestate, and struvite. Only
frass and MAP demonstrated greater total P uptake
than the control. At the third biomass sample on
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Fig. 2 Relationships between final wheat grain yield and
grain/tissue P concentration in 2019 and 2020 (both geno-
types). The choice of model (linear or linear-plateau) is based
on adjusted r° value, and the line of the chosen model is plotted

@ Springer

on the graph. Where the model is not significant, as indicated
by a p value>0.05 no line is plotted. MAP mono-ammonium
phosphate
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Wheat Grain Protein, %

Digestate ~ Compost Frass

Fig. 3 Wheat grain protein content by amendment treatment.
Error bars are standard error of the mean. Treatments with the
same letter are not significantly different based on the Tukey
multiple comparison procedure at an alpha of 0.05. MAP
mono-ammonium phosphate

June 21, 2020, all amendments had greater bio-
mass, tissue P, and P uptake than the control,
except for the compost. At the final biomass sam-
ple, all amendments except compost had greater
biomass and P uptake than the control, while all
amendments except digestate and compost had
greater tissue P than the control. All amendments
increased biomass production compared to the con-
trol when both 2020 harvests were summed. Yield
increases compared to the control were 137% for
frass, 126% for struvite, 113% for MAP, 95% for
digestate, and 79% for compost.

Table 3 Forage dry biomass harvested

Attribution of yield differences to nutrient supply

We evaluated P nutrition as a driving factor in forage
biomass production by modelling linear- and linear-
plateau relationships between tissue-P concentration
and yield (Fig. 4). Linear-plateau models were better
than simple-linear models for both harvests in 2020,
indicating that some plots were P sufficient. In 2019
there was no relationship between biomass yield and
tissue-P concentration at either sampling date. There
was no relationship between biomass production
and tissue-N concentration at any sampling time. All
amendments except compost increased total-N uptake
in 2020 (Fig. 5).

Discussion

Relative performance of recycled nutrients varies
between crops

Our hypothesis that recycled nutrient sources would
supply P and improve yields compared to an una-
mended control, and that they would perform simi-
larly compared to organic (compost) and conventional
(MAP) comparison treatments, was upheld for all
three recycled nutrient sources in forage hay, but was
only true for frass in the wheat experiment.

Struvite did not increase wheat yield or tissue P
compared to the unfertilized control. However, at
this field site, Thiessen-Martens et al. (2021) showed
an increase in spring-wheat yield with increasing

Harvest dates

Cumulative biomass

14-Jul-19 20-Aug-19 21-Jun-20 28-Jul-20

kg ha™!
Unfertilized 880 (1200 1180  (130) 390 80) C 440 %) B 2900 (360) B
Struvite 910 (120) 1260  (130) 1000 (80) AB 760 0 A 4050 (360) AB
Digestate 1100 (120) 1420 (130) 870 (80) AB 890 90) A 4150  (360) A
Compost 1140 (1200 1250 (130) 850 (80) B 650 (90) AB 3800 (360) AB
Frass 1290  (120) 1320 (130) 1100 80) A 880 90) A 4590  (360) A
MAP* 1020 (1200 1290 (130) 910 (80) AB 870 90) A 4100 (360) AB
ANOVA p value  0.12 0.67 <0.0001 0.0008 0.01

Standard error of the mean is given in brackets. Values in the same column followed by the same letter are not significantly different
based on the Tukey multiple comparison procedure at an alpha of 0.05

MAP mono-ammonium phosphate

@ Springer



Nutr Cycl Agroecosyst (2022) 123:137-151

146

Jreydsoyd wnruowwe-ouow gy

S0°0 Jo eydpe ue je 2Ipad>
-01d uvostredwoo oydnnur A3yn], 9Y) UO Paseq JUAISPIP APUBOYIUSIS JOU aIe J9)9] dWes 3} Aq PIMO[[0J UIN[OD JWES Y} UI SIN[BA "S)OYOIQ UI UIAIS ST UBSW 9} JO JOII PIEpURIS

100 1000°0> 1000°0 €200°0 anfea d VAONY
av %611 qav (Tr0) 9Ly av 01°0) 00°'L v (€0 S1'1 *dVIN
v %8 Y1 v (Tr'0) ge's av 01°0) 660 v (€0 AN} Ssel]
q %L'L q (Tr'0) £€6'¢ og (o1°0) 690 av (s€'0) 901 jsodwo)
q %L'8 qav (Tr'0) 1407 av (o1°0) 6L°0 av (s€0) So'1 1eIsaiq
av %01 qav (Tr'0) Sty v (or°0) 10°1 v (€0 S1'1 Aranng
- 0] (Tr'0) 6€'T D (or'0 £v'o q (€0 96°0 pazimioun
(%) 190000y (B 3y oyerdn g (U 3y oyerdn 4 -8 8 ‘g onssLy,
dAane[nwny 0C-Inf-8¢
1000°0> 1000°0> 9%00°0 1000°0> Gsz00 9L00°0  onfea d YAONV
av  (€1°0) ! v (€S0) 8S'1 v (€10 or'1 v (S0 80'1 av  (T1°0) €60 4av (Ly0) 16°0 *dVIN
v (€10 91 v (€S0) 6v'1 v (€10 Lyl v (S0 or'1 v (@ro YA AN V5 40)] L6'0 ssel]
g (€ro 140! g (€50 14! av  (€1°0) ST'1 a4 (g0 16°0 av  (21°0) S60 4av  (L¥0) £€8°0 1sodwo)
a4 (€ro LT1 a4 (€50 €e'1 av  (€1°0) 9T'1 qa (o 88°0 av  (T10) 60 4av (o) €80 a)eISasI(q
av  (€1°0) 91 av  (€50) Il av  (€1°0) ST'1 qa (S0 60 av  (T10) 80 v o) 760 anng
O (€ro 70 O (€50 17T a4 (€ro 98°0 D (se0) €L0 g @ro 99°0 a4 o SL0 pazinIoun

[—By 3y ‘oyerdn 4

-3 8 ‘J onssiL,

[—8U 3y oyerdn 4

-39 8 ‘g enssIL,

[—BU 3y ‘oyerdn 4

-3 8 ‘g omss1],

Ooc-unf-1¢g

61-30v-0C

61-mf-¥1

pardde 4 ;_ey 3y (g uo paseq AoUSIOLJe 1940031 pue axeidn J SATE[NWND PUE ‘35eI0f 10§ sanfeA aeidn pue anssy snioydsoyd § A[qeL,

pringer

A's



Nutr Cycl Agroecosyst (2022) 123:137-151 147
Fig. 4 Relationships June 21, 2020 July 28, 2020
between forage biomass
produced and tissue phos_ 1500 Linear model: Linear model:
phorus content for the two _ PAZQ'O?_IO 3 . PA=d(.)‘0 1_70 8 ¢ Compost
2020 harvest dates. Linear k- =SS .+ I . + « Digestate
L}

plateau models had greater 80 1000 . = A, - = Frass
adjusted r* values for both < L ® 2t + MAP
time points. MAP mono- By o " F o + ® Struvite
ammonium phosphate & %  Linear-plateau model: a8 Linear-plateau model: 4 {ypfertilized

g p<0.001 Adj. r?=0.53 * p=0.008 Adj. r?>=0.27

) o Critical P: 1328 mg kg™! Critical P: 1083 mg kg

1000 1200 1400

struvite application at rates from 20 to 40 kg P ha™!.
They banded the struvite into the seed row, which
may have increased the availability. While we are
unaware of experiments directly comparing banded
versus broadcast struvite, banding conventional P fer-
tilizers improves their efficiency compared to broad-
cast (Grant and Flaten 2019), so banding of struvite
may enhance wheat access, particularly in high-pH
soils where dissolution is much lower than in acidic
soils (Degryse et al. 2017). By contrast, struvite
increased tissue-P concentration in the forage experi-
ment from the first sampling time, possibly because
struvite was banded into the forage and was imme-
diately in the root zone, while the other amendments
were surface broadcast. Many plants can concentrate
root growth in locations of high soil P (Strong and
Soper 1974; Rose et al. 2009), which may improve P
acquisition of banded struvite compared to a diffuse
source. Struvite performed similarly to other nutri-
ent sources, including the conventional MAP and
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Fig. 5 Cumulative nitrogen uptake by forage for 2020. Bars
with the same letter are not significantly different based on
the Tukey multiple comparison procedure at an alpha of 0.05.
MAP mono-ammonium phosphate

1600 900 1000 1100 1200 1300

Tissue P concentration, mg kg

organic compost “business as usual” comparisons, in
increasing P uptake and forage yield in 2020. Over-
all, struvite underperformed compared to other nutri-
ent sources in wheat, but was similar to other nutrient
sources in the forage system.

The lower yield response and P uptake of wheat
by digestate compared to compost (at stem elonga-
tion only), frass, and MAP could be explained by a
high proportion of the P existing in the less-soluble
fractions which wheat cannot easily access. Brod
et al. (2015) characterized liquid and solid food-waste
digestate, based on a modified Hedley fractionation,
XRD, and *'P MAS_NMR. Only 22% of the solid
digestate fraction P was H,O or NaHCOj; extractable,
compared to 38% in the liquid digestate. The solid
digestate had a particularly high proportion of acid
(HCI)-soluble recalcitrant P, which may be less avail-
able in high soil pH. This led to lower P uptake of
the solid digestate compared to the liquid digestate in
the associated ryegrass pot study (Brod et al. 2015).
Thus, the relatively low P availability of the diges-
tate in our field study may be attributable to the use
of the solid, rather than liquid, fraction of the diges-
tate, though we did not perform any fractionations
on our digestate to confirm this. However, Bachmann
et al. (2016) found that the soluble fraction of P based
on Hedley fractionation did not differ among liquid,
solid, and solid-dried fractions of dairy slurry/maize
silage and mixed-crop-silage digestates. Further work
is needed to determine whether food waste is consist-
ent in having less available P in its solid fraction, or
whether this property is simply variable among all
digestates. In forage, frass and digestate were the only
nutrient sources to increase cumulative biomass over
both years. This suggests that the forage was able to
adequately access the P in the digestate, regardless
of its potentially low solubility. Overall, digestate

@ Springer



148

Nutr Cycl Agroecosyst (2022) 123:137-151

slightly underperformed compared to ‘“business as
usual” compost and MAP in wheat, but performed
similarly or better in the forage experiment.

The similarity between frass and MAP in terms
of wheat biomass/grain yield and P uptake at all
sampling times indicates similar P availability to the
wheat plant, at least over a single growing season.
This is consistent with the findings of our previous
pot study, where P uptake and ryegrass yields were
similar between frass and MAP treatments (Nicksy
et al. 2021). However, little work has been done on
P-supplying properties of food-waste-derived frass
in other soils and climates, highlighting the need to
better characterize the P-supplying potential of frass.
Both frass and struvite increased the P concentration
in the forage tissue at the earliest biomass sample,
indicating rapid access to these amendments. How-
ever, struvite was banded directly into the root zone,
whereas frass was surface applied. The frass P must
have dissolved and infiltrated the soil in rainwater to
be available to plant roots. There was only 34 mm
of rainfall between amendment application on May
16/17 and the initial biomass samples on July 14,
with only one rainfall event greater than 10 mm, sug-
gesting rapid solubility and plant availability of P in
frass. Across both experiments, frass consistently pro-
duced yields and P uptake similar to or greater than
the conventional MAP, and generally greater than
organic compost, suggesting that P in frass is highly
accessible to crop plants.

Ideally, we would have detailed information on all
chemical forms of P in each amendment and how P
behaves in the soil environment throughout the grow-
ing season. The chemistry of MAP is well known, but
organic amendments are highly variable and com-
plex to characterize (e.g., Sharpley and Moyer 2000;
Frossard et al. 2002; Gagnon et al. 2012). Our use of
plant response to the amendments is the most direct
indicator of efficacy, although characterization of
chemical species under different environments and
agronomic practices is an important future step.

Wheat genotype impacts early season P uptake

The farmer-selected line, BJO8-IG, had higher P con-
centration and uptake in the grain compared to con-
ventionally-bred AAC Brandon. BJ08-IG also had
greater straw yield despite similar grain yield. Greater
P acquisition by BJOS-IG may have helped to promote

@ Springer

higher biomass yields. However, a high concentration
of P in grain is not necessarily a desirable trait, given
that seed phytate P is not digestible by humans or
monogastric animals, and that P exported from crop-
land is usually lost to the environment (Veneklaas
et al. 2012). Adequate P is necessary for seedling vig-
our if the crop is replanted as seed (Bolland and Baker
1988), and it may be that the selection environment of
BJOS8-IG in a low-P soil induced greater P allocation
to the grain to promote future seedling vigour. This
adaptation, while possibly beneficial for seedling vig-
our in the short term, would hasten P-depletion from
soils. Further investigation is needed to determine
whether genotypes selected in low-P conditions allo-
cate a greater proportion of P to the grain compared
to conventionally-bred varieties.

In addition to overall differences between BJOS-
IG and AAC Brandon at anthesis and maturity, the
significant genotype by amendment interaction at
stem elongation suggests that they may respond dif-
ferently to the nutrient sources in the early season.
Though no differences were detected between the
genotypes within the same amendment, there was a
trend for BJO8-IG to have numerically higher yields
in all treatments except for conventional MAP. This
suggests that in the early season, AAC Brandon may
be better adapted to access MAP-P, while BJ08-1G is
better adapted to access P from organic-matter-based
amendments or unfertilized soil. While the interaction
was observed only in early-season biomass produc-
tion and not for P uptake or grain yield, in the rela-
tively cold soils of the Northern Great Plains, early-
season P uptake is particularly important to optimize
yields (Grant et al. 2001). There is some evidence for
wheat genotypes selected under different manage-
ment having different yield responses to compost in
an organically-managed system (Schmidt et al. 2018),
supporting the idea that genotypes can be selected to
access alternative nutrient sources more efficiently.
Further investigation may determine whether changes
to root architecture or type and amount of rhizodepo-
sition are driving differences in nutrient acquisition.

Forage crop is better able to access less soluble P
sources compared to wheat

The superior performance of struvite in the forage
may be caused by the subsurface banding compared
to the surface incorporation in wheat, the longer
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timeframe of the forage experiment (two seasons ver-
sus one season), physiological differences between
wheat and forage plants in accessing struvite-P, and/
or the forage not needing P in as tight a window as
wheat due to its perennial nature. Though the dif-
ference was less than with struvite, digestate also
showed better performance in the forage rather than
wheat. Much of the P in the solid-fraction digestate
used in this experiment is likely in less soluble forms,
perhaps similar to the struvite; in fact, struvite is one
of the chemical forms that may be precipitated during
the production of digestate (Moller and Miiller 2012).
This suggests that the forage had some mechanism for
accessing less soluble forms of P from digestate and
struvite, as well as accessing more soluble forms of P
from MAP and frass, which wheat did not have. Frass
stood out in both wheat and forage for particularly
high P uptake and yield improvements, which were
greater than or similar to those of conventional MAP
in both crops at all sampling times.

Conclusions

Despite differences in performance between the two
cropping systems, all three recycled nutrient sources
demonstrated potential to supply P and improve
yields in P-depleted, organically-managed produc-
tion systems. The fact that wheat and forage were not
similarly suited to access all of the nutrient sources
suggests that greater attention must be paid to crop
species and rotation when designing a nutrient plan
involving recycled fertilizers containing less soluble
P compared to a nutrient plan based on fertilizers
containing highly accessible nutrients. Future work in
this area should consider the effects of crop rotation
on plant access to recycled nutrients. A key compo-
nent of sustainable systems is that the waste product
of one process is a valuable input to another. This
research helps to establish recycled nutrient sources
as valuable inputs to dryland organically-managed
wheat and perennial forage cropping systems. Recy-
cled nutrients improve both organic crop productiv-
ity and food system sustainability by improving P
cycling from urban areas to agricultural production
fields.

Acknowledgements The authors thank D. Flaten for advice
on field design, F. Zvomuya for assistance with statistics and

design, J. Slater for useful discussions about food systems
and nutrient recycling, A. Buckley for lab analyses, the Natu-
ral Systems Agriculture lab group for field work assistance,
Enterra Feed Corporation for supplying the frass, and Ostara
Nutrient Recovery Technologies Inc for supplying the struvite.
This work was conducted on Treaty 1 territory, the traditional
territory of Anishinaabeg, Cree, Oji-Cree, Dakota, and Dene
Peoples, and the homeland of the Métis Nation.

Funding Jessica Nicksy was supported by the University
of Manitoba Graduate Fellowship, and the Natural Sciences
and Engineering Research Council CGS-M fellowship. The
work was supported by the Organic Federation of Canada, the
Organic Science Cluster III Program of Agriculture and Agri-
food Canada, and Ostara Nutrient Recovery Technologies.

Availability of data and materials Not applicable.
Code availability Not applicable.
Declarations

Conflict of interest The authors declare no conflict of inter-
est.

References

Akinremi OO, Armisenrenew N, Kashem MA, Janzen HH
(2003) Evaluation of analytical methods for total phos-
phorus in organic amendments. Commun Soil Sci Plant
Anal 34:2981-2991. https://doi.org/10.1081/CSS-12002
5220

Bachmann S, Uptmoor R, Eichler-Lobermann B (2016) Phos-
phorus distribution and availability in untreated and
mechanically separated biogas digestates. Sci Agric 73:9—
17. https://doi.org/10.1590/0103-9016-2015-0069

Bhuiyan MIH, Mavinic DS, Beckie RD (2007) A solubility
and thermodynamic study of struvite. Environ Technol
28:1015-1026. https://doi.org/10.1080/095933328086188
57

Bolland M, Baker M (1988) High phosphorus concentrations
in seed of wheat and annual medic are related to higher
rates of dry matter production of seedlings and plants.
Aust J Exp Agric 28:765. https://doi.org/10.1071/EA988
0765

Brod E, @gaard AF, Hansen E et al (2015) Waste products as
alternative phosphorus fertilisers part I: inorganic P spe-
cies affect fertilisation effects depending on soil pH. Nutr
Cycl Agroecosyst 103:167-185. https://doi.org/10.1007/
s10705-015-9734-1

Case SDC, Jensen LS (2019) Nitrogen and phosphorus release
from organic wastes and suitability as bio-based fertiliz-
ers in a circular economy. Environ Technol 40:701-715.
https://doi.org/10.1080/09593330.2017.1404136

Citkova H, Newton GL, Lacy RC, Kozanek M (2015) The use
of fly larvae for organic waste treatment. Waste Manag
35:68-80. https://doi.org/10.1016/j.wasman.2014.09.026

Clark RB (1983) Plant genotype differences in the uptake,
translocation, accumulation, and use of mineral elements

@ Springer


https://doi.org/10.1081/CSS-120025220
https://doi.org/10.1081/CSS-120025220
https://doi.org/10.1590/0103-9016-2015-0069
https://doi.org/10.1080/09593332808618857
https://doi.org/10.1080/09593332808618857
https://doi.org/10.1071/EA9880765
https://doi.org/10.1071/EA9880765
https://doi.org/10.1007/s10705-015-9734-1
https://doi.org/10.1007/s10705-015-9734-1
https://doi.org/10.1080/09593330.2017.1404136
https://doi.org/10.1016/j.wasman.2014.09.026

150

Nutr Cycl Agroecosyst (2022) 123:137-151

required for plant growth. Plant Soil 72:175-196. https://
doi.org/10.1007/BF02181957

Degryse F, Baird R, da Silva RC, McLaughlin MJ (2017)
Dissolution rate and agronomic effectiveness of stru-
vite fertilizers—effect of soil pH, granulation and base
excess. Plant Soil 410:139-152. https://doi.org/10.1007/
$11104-016-2990-2

Entz MH, Guilford R, Gulden R (2001) Crop yield and soil
nutrient status on 14 organic farms in the eastern portion
of the northern Great Plains. Can J Plant Sci 81:351-354.
https://doi.org/10.4141/P00-089

Entz MH, Kirk AP, Carkner M et al (2018) Evaluation of lines
from a farmer participatory organic wheat breeding pro-
gram. Crop Sci 58:2433-2443. https://doi.org/10.2135/
cropsci2018.04.0241

European Commision (2015) Communication from the Com-
mission to the European Parliament, the Council, the
European Economic and Social Committee and the Com-
mittee of the Regions: closing the loop—An EU action
plan for the Circular Economy. Brussels

Frossard E, Skrabal P, Sinaj S et al (2002) Forms and exchange-
ability of inorganic phosphate in composted solid organic
wastes. Nutr Cycl Agroecosystems 62:103-113. https://
doi.org/10.1023/A:1015596526088

Gagnon B, Demers I, Ziadi N et al (2012) Forms of phospho-
rus in composts and in compost-amended soils following
incubation. Can J Soil Sci 92:711-721. https://doi.org/10.
4141/cjss2012-032

Gosling P, Shepherd M (2005) Long-term changes in soil fer-
tility in organic arable farming systems in England, with
particular reference to phosphorus and potassium. Agric
Ecosyst Environ 105:425-432. https://doi.org/10.1016/j.
agee.2004.03.007

Grant CA, Flaten DN (2019) 4R management of phosphorus
fertilizer in the Northern Great Plains. J Environ Qual
48:1356. https://doi.org/10.2134/jeq2019.02.0061

Grant CA, Flaten DN, Tomasiewicz DJ, Sheppard SC (2001)
The importance of early season phosphorus nutrition. Can
J Plant Sci 81:211-224. https://doi.org/10.4141/P00-093

Hargreaves JC, Adl MS, Warman PR (2008) A review of the
use of composted municipal solid waste in agriculture.
Agric Ecosyst Environ 123:1-14. https://doi.org/10.
1016/j.agee.2007.07.004

Hertzberger AJ, Cusick RD, Margenot AJ (2020) A review and
meta-analysis of the agricultural potential of struvite as
a phosphorus fertilizer. Soil Sci Soc Am J 84:653-671.
https://doi.org/10.1002/saj2.20065

Jarvie HP, Sharpley AN, Flaten D et al (2015) The pivotal role
of phosphorus in a resilient water—energy—food security
nexus. J Environ Qual 44:1049-1062. https://doi.org/10.
2134/jeq2015.01.0030

Kebli H, Sinaj S (2017) Agronomic potential of a natural fer-
tiliser based on fly larvae frass. Agrar Schweiz 8:88-95

Kibler KM, Reinhart D, Hawkins C et al (2018) Food waste
and the food—energy—water nexus: a review of food waste
management alternatives. Waste Manag 74:52—-62. https://
doi.org/10.1016/j.wasman.2018.01.014

Knight JD, Buhler R, Leeson JY, Shirtliffe SJ (2010) Classi-
fication and fertility status of organically managed fields
across Saskatchewan, Canada. Can J Soil Sci 90:667-678.
https://doi.org/10.4141/CJISS09082

@ Springer

Li B, Boiarkina I, Young B et al (2018) Prediction of future
phosphate rock: a demand based model. J Environ Inform
31:41-53. https://doi.org/10.3808/jei.201700364

Ma Y, Liu Y (2019) Turning food waste to energy and
resources towards a great environmental and eco-
nomic sustainability: an innovative integrated biological
approach. Biotechnol Adv. https://doi.org/10.1016/j.biote
chadv.2019.06.013

Manitoba Agricultural Services Corporation (2018) Variety
market share information. www.masc.mb.ca/masc.nsf/
sar_varieties_2018.pdf. Accessed 26 Apr 2019

McDonald CE (1977) Methods of protein analysis and varia-
tion in protein results. Farm Res 34:3-7

Moller K, Miiller T (2012) Effects of anaerobic digestion on
digestate nutrient availability and crop growth: a review.
Eng Life Sci 12:242-257. https://doi.org/10.1002/elsc.
201100085

Moller K, Oberson A, Biinemann EK et al (2018) Improved
phosphorus recycling in organic farming: navigating
between constraints. Adv Agron 147:159-237. https://doi.
org/10.1016/bs.agron.2017.10.004

Nicksy J, Entz MH (2021) Recycled nutrients as a phospho-
rus source for Canadian organic agriculture: a perspec-
tive. Can J Soil Sci 101:571-580. https://doi.org/10.1139/
cjss-2021-0014

Nicksy J, Amiro B, Entz M (2021) Recycled nutrients supply
phosphorus and improve ryegrass yields on phospho-
rus depleted soil. Can J Soil Sci. https://doi.org/10.1139/
CJSS-2021-0004

Nkoa R (2014) Agricultural benefits and environmental risks
of soil fertilization with anaerobic digestates: a review.
Agron Sustain Dev 34:473-492. https://doi.org/10.1007/
$13593-013-0196-z

Ramphisa PD, Collins PH, Bair EK, Davenport RJ (2020) Corn
biomass, uptake and fractionation of soil phosphorus in
five soils amended with organic wastes as P fertilizers. J
Plant Nutr 43:335-353. https://doi.org/10.1080/01904167.
2019.1683194

Reimer M, Hartmann TE, Oelofse M et al (2020) Reliance on
biological nitrogen fixation depletes soil phosphorus and
potassium reserves. Nutr Cycl Agroecosyst 118:273-291.
https://doi.org/10.1007/s10705-020-10101-w

Rose TJ, Rengel Z, Ma Q, Bowden JW (2009) Crop species
differ in root plasticity response to localised P supply. J
Plant Nutr Soil Sci 172:360-368. https://doi.org/10.1002/
jpIn.200800031

Schmidt JH, Weedon O, Finckh MR (2018) Management his-
tories of wheat composite cross populations (CCPs) drive
yield in two tillage systems. In: Ba J, Dennenmoser D,
Finckh MR (eds) Symposium on breeding for diversifi-
caton. Kassel University Press GmbH, Witzenhausen, pp
48-50

Schneider KD, Thiessen Martens JR, Zvomuya F et al (2019)
Options for improved phosphorus cycling and use in agri-
culture at the field and regional scales. J Environ Qual
48:1247-1264. https://doi.org/10.2134/jeq2019.02.0070

Setti L, Francia E, Pulvirenti A et al (2019) Use of black sol-
dier fly (Hermetia illucens (L.), Diptera: Stratiomyidae)
larvae processing residue in peat-based growing media.
Waste Manag 95:278-288. https://doi.org/10.1016/j.was-
man.2019.06.017


https://doi.org/10.1007/BF02181957
https://doi.org/10.1007/BF02181957
https://doi.org/10.1007/s11104-016-2990-2
https://doi.org/10.1007/s11104-016-2990-2
https://doi.org/10.4141/P00-089
https://doi.org/10.2135/cropsci2018.04.0241
https://doi.org/10.2135/cropsci2018.04.0241
https://doi.org/10.1023/A:1015596526088
https://doi.org/10.1023/A:1015596526088
https://doi.org/10.4141/cjss2012-032
https://doi.org/10.4141/cjss2012-032
https://doi.org/10.1016/j.agee.2004.03.007
https://doi.org/10.1016/j.agee.2004.03.007
https://doi.org/10.2134/jeq2019.02.0061
https://doi.org/10.4141/P00-093
https://doi.org/10.1016/j.agee.2007.07.004
https://doi.org/10.1016/j.agee.2007.07.004
https://doi.org/10.1002/saj2.20065
https://doi.org/10.2134/jeq2015.01.0030
https://doi.org/10.2134/jeq2015.01.0030
https://doi.org/10.1016/j.wasman.2018.01.014
https://doi.org/10.1016/j.wasman.2018.01.014
https://doi.org/10.4141/CJSS09082
https://doi.org/10.3808/jei.201700364
https://doi.org/10.1016/j.biotechadv.2019.06.013
https://doi.org/10.1016/j.biotechadv.2019.06.013
http://www.masc.mb.ca/masc.nsf/sar_varieties_2018.pdf
http://www.masc.mb.ca/masc.nsf/sar_varieties_2018.pdf
https://doi.org/10.1002/elsc.201100085
https://doi.org/10.1002/elsc.201100085
https://doi.org/10.1016/bs.agron.2017.10.004
https://doi.org/10.1016/bs.agron.2017.10.004
https://doi.org/10.1139/cjss-2021-0014
https://doi.org/10.1139/cjss-2021-0014
https://doi.org/10.1139/CJSS-2021-0004
https://doi.org/10.1139/CJSS-2021-0004
https://doi.org/10.1007/s13593-013-0196-z
https://doi.org/10.1007/s13593-013-0196-z
https://doi.org/10.1080/01904167.2019.1683194
https://doi.org/10.1080/01904167.2019.1683194
https://doi.org/10.1007/s10705-020-10101-w
https://doi.org/10.1002/jpln.200800031
https://doi.org/10.1002/jpln.200800031
https://doi.org/10.2134/jeq2019.02.0070
https://doi.org/10.1016/j.wasman.2019.06.017
https://doi.org/10.1016/j.wasman.2019.06.017

Nutr Cycl Agroecosyst (2022) 123:137-151

151

Sharpley A, Moyer B (2000) Phosphorus forms in manure
and compost and their release during simulated rainfall.
J Environ Qual 29:1462-1469. https://doi.org/10.2134/
j€q2000.00472425002900050012x

Sikora LJ, Enkiri NK (2005) Comparison of phosphorus
uptake from poultry litter compost with triple superphos-
phate in codorus soil. Agron J 97:668—673. https://doi.org/
10.2134/agronj2004.0008

Strong WM, Soper RJ (1974) Phosphorus utilization by flax,
wheat, rape, and buckwheat from a band or pellet-like
application. I. Reaction zone root proliferation. Agron J
66:601-605.  https://doi.org/10.2134/agronj1974.00021
962006600050002x

Thiessen Martens JR, Entz MH, Schneider KD et al (2021)
Response of organic grain and forage crops to struvite
application in an alkaline soil. Agron J. https://doi.org/10.
1002/agj2.20943

Veneklaas EJ, Lambers H, Bragg J et al (2012) Opportunities
for improving phosphorus-use efficiency in crop plants.
New Phytol 195:306-320. https://doi.org/10.1111/j.1469-
8137.2012.04190.x

Wainaina S, Awasthi MK, Sarsaiya S et al (2020) Resource
recovery and circular economy from organic solid waste

using aerobic and anaerobic digestion technologies. Biore-
sour Technol. https://doi.org/10.1016/j.biortech.2020.
122778

Welsh C, Tenuta M, Flaten DN et al (2009) High yielding
organic crop management decreases plant-available but
not recalcitrant soil phosphorus. Agron J 101:1027-1035.
https://doi.org/10.2134/agronj2009.0043

Woodard HJ, Bly A (1998) Relationship of nitrogen manage-
ment to winter wheat yield and grain protein in South
Dakota. J Plant Nutr 21:217-233. https://doi.org/10.1080/
01904169809365397

Zvomuya F, Helgason BL, Larney FJ et al (2006) Predicting
phosphorus availability from soil-applied composted and
non-composted cattle feedlot manure. J Environ Qual
35:928-937. https://doi.org/10.2134/jeq2005.0409

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

@ Springer


https://doi.org/10.2134/jeq2000.00472425002900050012x
https://doi.org/10.2134/jeq2000.00472425002900050012x
https://doi.org/10.2134/agronj2004.0008
https://doi.org/10.2134/agronj2004.0008
https://doi.org/10.2134/agronj1974.00021962006600050002x
https://doi.org/10.2134/agronj1974.00021962006600050002x
https://doi.org/10.1002/agj2.20943
https://doi.org/10.1002/agj2.20943
https://doi.org/10.1111/j.1469-8137.2012.04190.x
https://doi.org/10.1111/j.1469-8137.2012.04190.x
https://doi.org/10.1016/j.biortech.2020.122778
https://doi.org/10.1016/j.biortech.2020.122778
https://doi.org/10.2134/agronj2009.0043
https://doi.org/10.1080/01904169809365397
https://doi.org/10.1080/01904169809365397
https://doi.org/10.2134/jeq2005.0409

	Recycled nutrients supply phosphorus for organically-managed wheat and forage crops
	Abstract 
	Introduction
	Methods
	Soil amendments
	Field site
	Wheat experiment
	Forage experiment
	P and N determination
	Statistical analysis

	Results
	Wheat
	Amendment effect on biomass and phosphorus uptake
	Genotype effect
	Attribution of yield differences to nutrient supply

	Perennial forage
	Amendment effect on biomass and phosphorus uptake
	Attribution of yield differences to nutrient supply


	Discussion
	Relative performance of recycled nutrients varies between crops
	Wheat genotype impacts early season P uptake
	Forage crop is better able to access less soluble P sources compared to wheat

	Conclusions
	Acknowledgements 
	References




