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REVIEW

Recycled nutrients as a phosphorus source for Canadian
organic agriculture: a perspective
Jessica Nicksy and Martin H. Entz

Abstract: The challenges associated with the global phosphorus (P) cycle are complex and multifaceted, from geo-
logical resource limitation, to P deficiency on arable farmland, to environmental contamination via excess P fertili-
zation. Although no single solution can address all of the challenges associated with the P cycle, the principle of
circularity provides a framework toward a more sustainable and food-secure P system. Phosphorus deficiency on
farmland is widespread, particularly on organically managed farms due to negative P balances in low-input crop-
ping systems. Recycled nutrient sources divert food and human wastes back onto farmland; they have the poten-
tial to ameliorate both the global-scale issues of phosphate rock depletion and environmental contamination
and the farm-scale issue of P deficiency, particularly for organic farms. For recycled nutrients to act as viable alter-
natives to conventional nutrient sources, their ability to supply P and improve yields must be demonstrated. This
paper provides an introduction to the importance of recycled fertilizer sources in the global P cycle, and the key
role they can play on organic farmland in Canada.

Key words: phosphorus, organic management, recycled nutrients, urban waste, circular economy.

Résumé : Le cycle global du phosphore (P) vient avec des difficultés complexes aux multiples facettes, qu’il s’agisse
d’une quantité insuffisante pour des raisons géologiques, d’une carence dans les terres arables ou de la pollution de
l’environnement attribuable à une fertilisation à outrance. Bien qu’aucune solution ne puisse surmonter toutes ces
difficultés à elle seule, le principe de la circularité pave la voie à un système plus durable pour cet élément, se
prêtant mieux à la sécurité alimentaire. La carence en phosphore est fréquente dans les terres agricoles, surtout celles
consacrées à la culture biologique, car les systèmes de culture incluant une réduction des intrants se caractérisent par
un bilan négatif pour le P. Le recyclage des oligoéléments restitue les résidus d’aliments et les vidanges au sol; il pour-
rait aussi atténuer les problèmes mondiaux que posent l’amenuisement des réserves de phosphate et la contamina-
tion de l’environnement, mais aussi ceux, plus locaux, de carence en phosphore, surtout dans les exploitations qui
pratiquent l’agriculture biologique. Toutefois, pour que les oligoéléments recyclés deviennent une solution de
rechange viable à l’usage classique des engrais, on devra d’abord prouver qu’ils peuvent fournir le P requis et aug-
menter le rendement. Cet article se veut une introduction à l’importance des engrais recyclés dans le cycle mondial
du P et au rôle capital qu’ils peuvent jouer dans l’agriculture biologique au Canada. [Traduit par la Rédaction]

Mots-clés : phosphore, gestion de la matière organique, oligoéléments recyclés, déchets urbains, économie
circulaire.

Introduction
Phosphorus (P), an element that is essential to all life

as a component of DNA and other biological compounds,
faces a “conundrum of deficiency and excess” (Sharpley
et al. 2018). Phosphorus deficiency is an important

limitation on agricultural yields around the world
(Hou et al. 2020); at the same time, excess P flows into
waterways are threatening to destabilize the functioning
of life-sustaining systems on Earth (Steffen et al. 2015).
Further, humans are depleting minable reserves of
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non-renewable phosphate rock, which is currently used
to produce conventional fertilizers (Filippelli 2011;
Li et al. 2018).

In this paper, we briefly review the challenges posed
by P cycling in the global context and the potential of
recycling urban nutrients to address some of these
challenges. We consider three little-known recycled P
sources of urban origin as P fertilizers: frass, the excreta
of black soldier fly (BSF; Hermetia illucens) larvae used to
process urban food waste; anaerobically digested urban
food waste; and struvite (NH4MgPO4·6H2O), a mineral
extracted from municipal wastewater streams. We
examine the role of P in organic management systems,
which are often P deficient. Increased use of recycled P
on organic farms could be a “win-win” for both organic
farmers and the fledgling recycled nutrients sector.
Organic farms would benefit from increased availability
of sustainable P sources. Meanwhile, the organic premi-
ums which are available to organic farmers could sup-
port the purchase of recycled P fertilizers, which
generally remain more expensive than conventional fer-
tilizers. We examine the Canadian context and consider
whether P recycling can substantially reduce our reli-
ance on imported P fertilizers. Further, we make a case
study of the province of Manitoba, and how P cycle chal-
lenges within the province represent microcosms of
challenges faced by Canada and the world. We argue that
although efficient recycling of urban P in Canada cannot
eliminate our reliance on fertilizer P imports, the goal of
recycling urban P should be pursued, particularly in the
context of organic farming.

Global P Cycle
Phosphorus plays a pivotal role at the intersection of

food, water, and energy security; it is a non-renewable re-
source that is an essential plant nutrient for food and
biofuel crops, but a harmful environmental contami-
nant in waterways (Jarvie et al. 2015). Prior to the mid-
late 19th century, farms relied on local nutrient sources
(e.g., manure and human excreta) for nutrient replenish-
ment (Cordell et al. 2009). As P is a nutrient with no sig-
nificant gaseous atmospheric source or sink (Liu et al.
2008), this made for fairly closed local P cycles. Mining,
first of guano and then of phosphate rock, as P fertilizer,
along with global food trade and reduced recycling of
human excreta with the advent of flush toilets, shifted
the system from one of local circularity to global linear-
ity (Cordell et al. 2009).

Phosphorus now enters the food system via fertilizer
mined from non-renewable and often geographically dis-
tant rock phosphate reserves external to the food sys-
tem. It is exported to population-dense urban centers
via crops, and it leaves the food system via food and
human waste entering landfills and waterways, along
with P runoff from livestock systems and arable land
(Fig. 1). Remaining reserves of rock phosphate may be
depleted in as little as 70–140 yr based on projected

demand (Li et al. 2018). Phosphate rock deposits are
formed on a geological time scale of millions of years,
far slower than human activity is now depleting them
(Filippelli 2011). A model of global P flows estimates that
only 17% of organic solid food waste P and 10% of human
waste P are recycled to arable soil (Cordell et al. 2009).
Animal manure fares better, with over 50% of animal
manure being returned to arable soil (Cordell et al.
2009); however, animal manure is often abundant in
regions with excess soil P, and scarce in regions of soil P
deficiency, due to the concentration of animal produc-
tion located far from feed production (Jarvie et al. 2015).

Concentration of animal production depending on
imported feed (and the associated P therein) can lead to
excess P accumulation in soils. Manure and other
organic amendments are generally applied based on
crop nitrogen (N) requirements, which leads to increased
soil P because crop offtake N:P ratios are higher than the
N:P ratio in most organic amendments (Sharpley and
Moyer 2000; Eghball 2002). High soil P level, and result-
ant increased environmental P loss in the runoff, is a
challenge which plagues regions of high livestock den-
sity like the Chesapeake Bay watershed on the
American East Coast (Beegle 2013). Although runoff P
losses are generally not agronomically important
[e.g., <1 kg·ha−1·yr−1 (Tiessen et al. 2010)], they are envi-
ronmentally impactful as they can contribute signifi-
cantly to P loading in water bodies (Schindler et al.
2012). The same problem exists where humans are con-
centrated in urban settings and produce substantial P
waste (Jarvie et al. 2015), though urban P is more com-
monly sent to landfills or released to waterbodies
directly rather than re-applied to agricultural land
(Cordell et al. 2009). Steffen et al. (2015) assessed
science-based planetary boundaries for several Earth sys-
tem processes, and found that humans have already
exceeded the “safe zone” for P flows to water bodies; cur-
rent flows place us at high risk of ocean anoxia and
freshwater eutrophication.

Phosphorus and Organic Management
Although excess P plagues some regions, P deficiency

is equally a threat to food system sustainability and

Fig. 1. Conceptual food system model for phosphorus
flows.
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security. A recent meta-analysis found that 49% of crop-
land globally is P limited (Hou et al. 2020). Phosphorus
limitation is especially prevalent on organic farms,
where options for nutrient import are limited. Organic
farms typically rely on biological N fixation with legumi-
nous green manures, but this leaves them at risk of neg-
ative P balances, resulting in P “mining” and eventual P
deficiency (Welsh et al. 2009; Reimer et al. 2020).
Surveys of organic farms on the Northern Great Plains
found P deficiency on farms with a long history of
organic management (Entz et al. 2001; Knight et al.
2010). Similarly, farms managed organically for more
than 15 yr in England had lower soil P than convention-
ally managed farms (Gosling and Shepherd 2005).
Phosphorus “mining” on organic farmland contradicts
the organic ethic of ecology and undermines the long-
term sustainability of organic farming.

Sir Albert Howard, a pioneer of the organic move-
ment, recognized the importance of recycling organic
wastes to the soil. His “Law of Return” advocated the
use of sewage sludge as a means of returning fertility
and organic matter to the soil (Heckman 2006). This idea
of designing systems for circularity was prescient, com-
ing long before the recognition that humans were
depleting non-renewable P reserves. Given this history,
one might expect organic farmers and researchers to be
at the forefront of using urban wastes as agricultural
amendments; however, concerns about potentially toxic
elements and organic compounds, particularly in
human wastes, are in tension with the adoption of urban
wastes streams in organic agriculture (Möller et al. 2018).
Phosphorus in human wastewater accounts for the larg-
est proportion of urban P (representing 50%–60% of
mined P fertilizer applied in Europe) and thus cannot
be ignored by the organic community when considering
sustainable P sources (Möller et al. 2018). The conversa-
tion is perhaps furthest advanced in Europe, where a sur-
vey of stakeholders in the organic industry including
farmers and certifiers found that on average 60% viewed
the use of human urine and sewage sludge in organic
agriculture positively (Løes 2016), and struvite precipi-
tated from municipal wastewater is in the process of
gaining legislative approval for use in organic agricul-
ture in the European Union (Cuoco and Hermann 2020).
Meanwhile, struvite from municipal wastewater was
reviewed but not approved by the Canadian Technical
Committee on Organic Agriculture; however, struvite
from plant or animal sources was approved (Organic
Federation of Canada 2020).

If organic agriculture regulation can be shifted to sup-
port the use of recycled nutrients, organic farmers are
uniquely positioned to adopt them. Sources of recycled
P are often more expensive than conventional sources,
and organic premiums in combination with restriction
on conventional fertilizer use may make recycled
nutrient sources economically feasible for organic

farmers, whereas they would not be feasible for conven-
tional farmers.

If recycled nutrients are to be feasible components of
the P cycle, they must be effective sources of P for crop
plants. Some current treatments used to chemically
remove P from wastewater streams prior to discharge
may render that P unavailable in sewage sludge (Möller
et al. 2018). For example, aluminium (Al) and iron (Fe)
treatments cause the precipitation of low-solubility Fe
and Al phosphates, as well as strong adsorption of P to
Fe and Al hydroxides, resulting in P availability from
the sewage sludge being less than 25% compared with
triple super phosphate (Torri et al. 2017).

Although biosolids and composted household food
waste are probably the most familiar sources of recycled
nutrients, many other processing options for food and
human waste are available. These techniques may be less
well known but can provide additional co-benefits
within and beyond the food system. For example,
anaerobic digestion of food waste produces methane bio-
gas which can be used in place of fossil fuels (Wainaina
et al. 2020). Insects which are used to process food waste
produce not only a recycled nutrient source in their frass
(excreta), but their biomass itself is also a useful high-
protein food or feed source (Čičková et al. 2015). When
struvite is precipitated from municipal wastewater sys-
tems, it not only produces a high-P fertilizer but also
removes P before it can enter waterways and contribute
to eutrophication (Kumar and Pal 2015). Further, struvite
has sufficiently high P content that it may be feasible to
transport it to regions of P deficit.

We consider and review these three recycled nutrient
sources, which are commercially available in Canada,
though not widely used by farmers. The digestate and
frass we consider are sourced from processing tech-
niques for urban food waste, whereas struvite is sourced
from municipal wastewater. Wyngaarden et al. (2020)
point out that an efficient agri-food system would divert
food waste to be productively used as livestock feed,
though they acknowledge the complexities of utilizing
some waste streams, particularly household food waste,
in this way. We suggest that an efficient agri-food system
would divert as much food waste as feasible to feed live-
stock and use other methods such as digestion, insect
processing, or composting, to convert the remainder
into agronomically useful forms.

Food-waste-derived frass and digestate are approved
for use in organic production systems. Municipally
derived struvite remains, for the moment, prohibited in
organic agriculture in Canada, though it will likely be
reviewed again in 2025 (Organic Federation of Canada
2020). In the meantime, livestock- or plant-derived stru-
vite has been approved for use in organic agriculture,
and thus the inclusion of municipally derived struvite is
relevant for organic farmers in the short as well as long
term (Canadian General Standards Board 2018).
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These recycled nutrient sources are understudied
compared with conventional sources such as manure
and mono-ammonium phosphate (MAP). Results of a
rudimentary Web of Science search reveal that publica-
tions on conventional P sources are orders of magnitude
more numerous than publications on the recycled
nutrient sources evaluated in this study (Table 1).
A greater body of literature is required to establish
whether these nutrient sources can effectively supply P
in organic systems.

Frass
In Canada, a frass (insect excreta) product is currently

derived from BSF larvae fed a diet of pre-consumer (res-
taurant and grocery) non-meat waste. Insects are gaining
attention in the sustainable food sphere due to their
lower environmental impacts and their feed-to-protein
conversion ratio compared with conventional livestock
(Fan et al. 2015; Wegier et al. 2018). Using insects as live-
stock feed reduces the cropland required to grow feed,
and thus frees this land for the production of human
consumables (Wegier et al. 2018). In addition, insects
can be eaten directly as sustainable protein sources for
humans, though cultural norms often inhibit this use
(Fan et al. 2015). BSF larvae have good potential as pro-
cessors of urban food waste due to their ability to eat a
wide variety of organic materials (Čičková et al. 2015).

Few peer-reviewed publications exist on the fertilizer
potential of BSF larvae frass, with the majority of the lit-
erature focussing on the production of insect biomass
(e.g., Pastor et al. 2015; Kierończyk et al. 2020). The only
studies known to us that specifically assess frass’ P fertili-
zation properties were conducted by the authors (Nicksy
2021; Nicksy et al. 2021). Field studies in wheat and
alfalfa, and a pot study with Italian ryegrass, showed
increased P uptake from the frass treatment compared
with the non-fertilized control, and similar P uptake
from frass compared with soluble MAP in all crops
(Nicksy 2021; Nicksy et al. 2021). A different study mixed
various proportions of frass (from insects grown with

an artificial diet rather than food waste) with peat as a
growing medium for basil (Ocimum basilicum L.), tomato
(Solanum lycopersicum L.), and lettuce (Lactuca sativa L.)
(Setti et al. 2019). Rates up to 20% frass by volume
improved plant growth, but a high proportion of frass
suppressed plant growth. Another pot study using a 2:1
ratio of soil to frass from food-waste-fed BSF larvae found
growth suppression of maize (Zea mays L.) in the frass
treatment (Alattar et al. 2016). These studies indicate that
high proportions of frass relative to soil may be phyto-
toxic, perhaps due to salinity or high ammonium con-
centration of the frass. Kebli and Sinaj (2017) found
positive results of food-waste-fed BSF frass applied based
on an N rate in a pot study using lettuce and ryegrass. In
ryegrass, frass produced similar yields compared with
amineral fertilizer in two of three soils. In lettuce, frass
had similar or greater yield compared with the mineral
fertilizer in the low-pH sandy soil but lower yield in the
two neutral to high-pH soils. Frass consistently improved
yields compared with the control for both lettuce and
ryegrass. Choi et al. (2009) found similar growth rate of
Chinese cabbage (Brassica rapa L.) with a BSF frass and a
commercial fertilizer, though the identity of the com-
mercial fertilizer is not specified. Gärttling et al. (2020)
found lower N supply from BSF frass compared with a
mineral fertilizer in a maize pot study. These studies vary
in whether the BSF larvae are fed urban food waste or
another feed substrate, and the type of feed used may
be important in determining frass fertilizer properties.
Klammsteiner et al. (2020) found significantly different
pH, electrical conductivity, and N content of BSF frass
from larvae fed three different diets (P content not
reported), although the three frass types resulted in sim-
ilar growth of ryegrass to each other and a mineral fertil-
izer when applied based on an N rate. Frass efficacy may
be dependent on BSF feedstock as well as pH or other
soil properties, and further research is needed to delin-
eate these relationships, particularly with respect to its
P properties.

Table 1. Results of a 5 November 2020 literature search in all Web of
Science databases.

Amendment search terma No. of results

Conventional sources Ammonium phosphate 11 760
Manure 72 952

Circular sources Struvite 1005
Frass 61
Anaerobic digestate 171

aThe full search term was the amendment search term + fertilizer OR
amendment. Note that these values are illustrative of the order of
magnitude differences in the bodies of literature only and do not
represent the number of studies assessing agronomic or fertilizer
potential of each product; many of the search results focus on the
creation of the amendments and only mention fertilizer or
amendment potential in passing, but were still found in this search.
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Anaerobic digestate
Digestate can be produced from a number of organic

waste materials including livestock manure, sewage
sludge, food processing waste, and retail waste. In this
paper, we focus on digestate of food waste. Anaerobic
digestion is the degradation of organic matter by natural
microbial communities in the absence of oxygen, which
produces a gaseous “biogas” mix predominantly com-
posed of CH4 and CO2 (Wainaina et al. 2020). The raw
biogas can be used directly in electricity and heat gener-
ation, or upgraded to be used as a vehicle fuel or injected
into natural gas lines (Wainaina et al. 2020). Anaerobic
digestion is a promising technology for processing food
waste within the food-energy-water nexus because it pro-
duces clean energy and contributes to the circular use of
nutrients (Kibler et al. 2018; Wainaina et al. 2020). In
addition, anaerobic digestion has the potential to pro-
duce other valuable products like hydrogen gas and vola-
tile fatty acids, though these processes are currently in
the research stage (Ma and Liu 2019; Wainaina
et al. 2020).

Liquid and solid fractions of wet digestate can be
applied together or separately to agricultural land as
nutrient and organic matter sources, with the solids
often undergoing an aerobic composting phase prior to
land application (Möller and Müller 2012; Kibler et al.
2018; Chojnacka et al. 2019). Solid fractions of anaerobic
digestate tend to have higher P concentrations than
liquid (Nkoa 2014). The solid fraction of digestate may
be dried and pelletized for ease of application with farm
machinery and to increase the economic transport dis-
tance of the product. Digestion often causes an increase
in pH and formation of minerals like Ca or Mg phos-
phates and struvite within the digestate, though this
may not necessarily hamper its efficacy as a P source
(Möller and Müller 2012). For example, Haraldsen et al.
(2011) found statistically similar P uptake and grain yield
for a liquid food waste digestate and a synthetic fertil-
izer. The efficacy of P supply from food waste digestate
may depend on the fraction (solid or liquid) and the pH
of the soil. In a study of potential recycled P fertilizers,
Brod et al. (2015) found a greater fraction of recalcitrant
species, and especially acid-soluble Ca and Mg phos-
phates in solid compared with liquid food waste diges-
tate. A bioassay using ryegrass in the same study found
lower P uptake from the solid fraction compared with
the liquid fraction and a synthetic fertilizer at soils of
pH 5.5 and 6.9. In the higher pH soil, there was a signifi-
cant relationship between P uptake and the fraction of
acid-soluble recalcitrant in the amendments, indicating
that the presence of these low-solubility precipitates is
a greater hindrance to P uptake at higher pH (Brod et al.
2015). Nicksy (2021) found that digestate increased P
uptake compared with the non-fertilized control in all
of alfalfa, wheat, and Italian ryegrass, but that it had
lower P uptake compared with soluble MAP in wheat
and ryegrass.

Post-digestion processes may also impact P availability
of anaerobic digestates. Ross et al. (2018) found that addi-
tion of a pelletized composted digestate did not increase
double lactate extractable soil test P compared with a
control, whereas the unpelletized digestate did increase
available P in an oat (Avena sativa L.) pot experiment.
Further study of the impact of processes like drying and
pelletization on P availability in digestate products is
warranted. In Canada, food waste digestate is beginning
to be used on organic farms as a nutrient source.

Struvite
Struvite is an ammonium magnesium phosphate min-

eral (NH4MgPO4·6H2O) which precipitates naturally in
sewage treatment facilities and can be an operational
problem when it clogs pipes (Kumar and Pal 2015); how-
ever, it is possible to intentionally precipitate struvite
in wastewater treatment facilities through manipulation
of pH to around 9.0 and sometimes addition of Mg
(Kumar and Pal 2015). Commercially available struvite
has a high P content (NPK 5–28–0–10 Mg) on the same
order of magnitude as mined synthetic P fertilizers like
MAP (11–52–0). This makes struvite a feasible option for
shipping P from high-P to P-depleted regions (Metson
et al. 2016). However, Möller et al. (2018) pointed out that
struvite does not contribute organic matter and micro-
nutrients to the soil; this may make it a less desirable
overall soil amendment compared with organic-matter-
based amendments like sewage sludge or food waste
compost, at least in areas where those organic-matter-
based amendments are readily available. From a circular
food system perspective, struvite’s most important role
is in moving P from areas where it is in excess to where
it is needed; it may not be the most appropriate amend-
ment in regions where there are abundant organic-
matter-based P sources available.

Struvite has been widely found to have similar
P availability compared with conventional fertilizers
(e.g., Cabeza et al. 2011; Katanda et al. 2016); however,
many struvite studies are conducted in pots with ground
struvite instead of granules, as would be applied in the
field. There appears to be an interactive effect between
granule size and soil pH on struvite dissolution.
Degryse et al. (2017) found that ground struvite dissolved
well at a range of pH from 5.9 to 8.5, but granular stru-
vite dissolved much more slowly in high-pH soils com-
pared with low-pH soils. Another complicating factor is
crop species. Buckwheat (Fagopyrum esculentum Moench)
has been shown to be more efficient at accessing struvite
than wheat, perhaps due to buckwheat’s ability to exude
organic acids and induce struvite dissolution (Talboys
et al. 2016). Nicksy (2021) found that struvite increased P
uptake compared with a non-fertilized control in alfalfa
and ryegrass but not in wheat. In alfalfa, P uptake from
struvite was similar to that of soluble MAP. Two meta-
analyses of struvite found the good performance of stru-
vite compared with synthetic fertilizers, but one found
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decreasing efficacy of struvite with increasing pH
(Hertzberger et al. 2020), whereas the other did not
(Möller et al. 2018). In the more recent and comprehen-
sive meta-analysis by Hertzberger et al. (2020), only 8%
of reviewed experiments were field studies, pointing to
the need for more field research in struvite, especially
across a range of soil pH values. It has been postulated
that struvite could have greater P recovery efficiency
than highly soluble fertilizers, as its slow-release nature
reduces its susceptibility to adsorption and precipitation
reactions which limit P recovery from high solubility
fertilizers; however, current evidence does not suggest
that struvite P is recovered more efficiently than high
solubility fertilizers, except perhaps in low-pH soils
(Hertzberger et al. 2020). Struvite is currently being
extracted from wastewater in several large Canadian
cities.

The Canadian Context
Phosphate rock reserves are unevenly distributed

globally, with six countries controlling 90% of high-grade
reserves and Morocco alone controlling 74% (Cordell and
White 2014). Geopolitical risks concerning price setting
and political instability influencing global P trade arise
from this uneven distribution (Cordell and White 2014).
Canada produces no P fertilizer of its own, instead
relying on P fertilizer imports (Statistics Canada 2021a),
making it particularly susceptible to possible instability
of P supply. Recycled P sources are one means to mitigate
this risk; however, Canada exports more P (200 Gg P·yr−1)
than it imports (30 Gg P·yr−1) as agricultural products,
leading to a P deficit of 170 Gg P·yr−1, or the equivalent
of about 4.5 kg·ha−1 of Canadian cropland (Nesme et al.
2018). This suggests that even perfect P recycling could
not sufficiently replace P lost via agricultural exports.

We used estimates of P generated in food and human
waste per capita from Metson et al. (2016), along with
population and fertilizer information from Statistics
Canada (Statistics Canada 2017, 2021b) to estimate the
amount of P generated by Canadians as food and human

waste each year and compared it with fertilizer P
imports. Based on estimates that an individual generates
0.39 kg P in food waste and 0.49 kg P in human waste per
year (Metson et al. 2016), and Canada’s 2016 population
of approximately 35.2 million (Statistics Canada 2017),
Canadians generate about 31 Gg of P in waste annually
(Table 2). This is equivalent to 8% of Canada’s annual P
fertilizer imports of 390 Gg P (Statistics Canada 2021b),
in contrast to Europe where human wastewater alone
accounts for 50%–60% of fertilizer P imports (Möller et al.
2018). Human sources of P alone cannot substantially
replace mined P fertilizer imports in Canada, but they
are an important step towards sustainability. It should
be noted that Canadian imports of fertilizer P (390 Gg)
far exceed Canada’s annual agricultural products deficit
of around 170 Gg, as reported by Nesme et al. (2018),
and that more efficient distribution and use of P could
reduce the amount of fertilizer P which is needed. In
addition, recycled P sources may play a critical role in
returning P to organic cropland in particular.

We use organic cropland data from the Canada
Organic Trade Association (2018) and total cropland data
from Statistics Canada (2016) to evaluate howmuch P per
hectare urban sources could supply by province (Table 2).
Based on organic cropland of 500 909 ha in 2018, human
P produced annually in Canada is equivalent to 62 kg
P·ha−1 of certified organic land. This far exceeds the
range of P removal values for typical crops in Manitoba
(from 7.5 kg P·ha−1 in flax to 33 kg P·ha−1 in alfalfa)
(Manitoba Agriculture 2007), indicating that the human
P resource could be more than sufficient to meet P needs
of Canadian organic farms, if it were efficiently redistrib-
uted onto organically managed land. This is important
when considered in the context that many organic farm-
ers experience P depletion and deficiency on their farms,
and struggle to find adequate manure resources to main-
tain a neutral P balance. Human-generated P is in clear
excess of crop requirements for organic cropland in
most provinces (Table 2). Provinces with a higher ratio
of population to cropland (e.g., Ontario, Quebec, and

Table 2. Comparison of annual human-generated phosphorus (P) (from both food and human waste) in Canadian provinces
with organic cropland and all cropland.

Human P
generated (kg·yr−1)

Organic
cropland (ha)

All cropland
(ha)

Human P per
organic cropland
(kg·ha−1)

Human P per
all cropland (kg·ha−1)

British Columbia 4 090 288 11 020 580 820 371 7.04
Alberta 3 579 114 120 475 10 223 079 30 0.35
Saskatchewan 966 550 250 662 16 385 436 4 0.06
Manitoba 1 124 961 21 084 4 666 063 53 0.24
Ontario 11 834 675 36 843 3 650 789 321 3.24
Quebec 7 184 638 57 467 1 866 829 125 3.85
Atlantic 2 053 323 3288 417 593 624 4.92
Territories 99 972 69 2557 1453 39.10

Total 30 933 521 500 909 37 793 166 62 0.82
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BC) have very high rates of human P per hectare of
organic farmland. Meanwhile, Saskatchewan, which has
the most organic cropland alongside a small human pop-
ulation, generates only 5 kg P·ha−1 for organic cropland.
This suggests the need for redistribution of recycled P
within Canada, from areas of higher population density
to lower density. When all cropland (not just organic) is
considered, it is clear that human-generated recycled
P is insufficient to replace P removed via crops (Table 2).
Livestock P recycling provides another avenue to replace
harvested P. However, given the Canadian annual deficit
of 4.5 kg P·ha−1 in agricultural products, recycled
P would need to be imported from other countries to
fully eliminate the need for mined fertilizer P.

Phosphorus fertilizers with an urban food waste feed
stock are generally permitted in organic agriculture;
however, organic regulation currently prohibits the use
of human-waste sourced nutrients (Canadian General
Standards Board 2018). This is a substantial barrier to
maximizing the potential of recycled nutrients in
organic agriculture. In particular, the prohibition of
municipally derived struvite, which as a mineral fertil-
izer has a P content in the same order of magnitude as
conventional P fertilizers and can, therefore, be shipped
long distances economically, prevents the redistribution
of P from P-rich regions to P-poor regions.

Case study: P in Manitoba
Many of the P challenges described at the global level

exist within Manitoba: an overall P deficit, especially on
organic farms; P surpluses in some areas due to livestock
concentration; and rapid eutrophication of the largest
lake in Manitoba due to P loading.

Although no comprehensive P flow assessment has
been performed for Manitoba, Loro et al. (2013) esti-
mated P budgets for agricultural soils in rural municipal-
ities of Manitoba based on 2011 livestock numbers.
Overall, Manitoba’s agricultural land lost P at a rate of
over 13 Gg P·yr−1 in 2011, or 2.0 kg P ha−1·yr−1. This
includes the import of synthetic fertilizer, which
accounts for 71% of P inputs; if synthetic fertilizer were
not included the P deficit would be 8.7 kg P·ha−1.
Thus, Manitoba is currently heavily dependent on non-
renewable P fertilizer imports for crop productivity.
Insufficient manure resources pose an extra risk to
Manitoba’s organic farms, which cannot rely on syn-
thetic fertilizer imports to balance their P budgets.

Manitoba’s P deficit problem is exacerbated by ineffi-
cient use of manure P. Nine of 78 rural municipalities
in Manitoba actually have P surpluses due to concentra-
tion of livestock in these areas (Loro et al. 2013). Seven
of the nine could reach P balance by removing synthetic
P imports and instead relying exclusively on manure P.
The other two (Hanover and La Broquerie) have insuffi-
cient cropland relative to livestock to reach P balance
even if they halted the use of synthetic fertilizer.

Livestock densities have been well correlated to P con-
centration in runoff in Manitoba, highlighting the envi-
ronmental risk of livestock concentration (Salvano et al.
2009). These municipalities highlight that even regions
with an overall P deficit, like Manitoba, can have local-
ized areas of surplus P and increased P runoff risk when
livestock are concentrated rather than distributed across
the landscape.

Notably, human sources of P were not considered in
the Loro et al. (2013) report. Based on Manitoba’s 2019
population of 1 372 708 (Government of Manitoba 2019),
and P in human and food waste of 0.49 and 0.39 kg
P·person−1·yr−1, respectively (Metson et al. 2016), human
P sources could theoretically contribute 1.2 Gg P·yr−1 to
Manitoba’s P cycle. This value is small compared with
manure P produced in 2011 (17.1 Gg P) (Loro et al. 2013),
but it could slightly offset the P import requirements of
the province. In addition, if the focus is narrowed to
the use of recycled nutrients in organic agriculture,
human P produced in Manitoba could supply 79 kg
P·ha−1 of organic cropland.

Further, diverting Manitoba’s human P pool to agricul-
tural land with a P deficit has positive environmental
implications. Phosphorus in Manitoba wastewater is an
important contributor to P loading in Lake Winnipeg,
accounting for 9% of the total P load to Lake Winnipeg
and 20% of Manitoba P sources (Lake Winnipeg
Stewardship Board 2006). Lake Winnipeg is the world’s
10th largest freshwater lake, is shallow, and has the high-
est ratio of watershed area to lake surface area of any
great lake worldwide, rendering it particularly suscep-
tible to eutrophication (Lake Winnipeg Stewardship
Board 2006). Lake Winnipeg has undergone rapid
eutrophication since the mid-1990s, driven by P loading
from increases in livestock and human populations
(Schindler et al. 2012).

Utilization of recycled nutrient sources in Manitoba
can slightly decrease the province’s P deficit and provide
P import options for organic farmers while reducing the
human contribution to P loading and eutrophication in
Lake Winnipeg and other water bodies. To meaningfully
reduce its reliance on mined P fertilizer, Manitoba would
also need to procure recycled P from regions of P excess
in other parts of the country or around the world.

Conclusion
Incorporating recycled nutrients into agricultural sys-

tems is vital for long-term food system security and sus-
tainability, both in Canada and across the globe. We
have briefly reviewed three commercially available
recycled P fertilizers. Frass, digestate, and struvite all
show similar to somewhat reduced P supplying proper-
ties compared with conventional fertilizers, though the
data on P supply from frass is limited to the author’s
M.Sc. thesis (Nicksy 2021). Barriers to increased farmer
adoption of these recycled P sources are likely to be
based on fertilizer availability, logistics of transport,
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and economic considerations, rather than concerns
about P availability from these products.

We have further considered the amount and potential
role of recycled P from human sources in Canada. Waste
P generated by the Canadian population exceeds the P
needs of organic farmland in Canada, and it could con-
tribute to the amelioration of P deficiency on these
lands; however, inputs from human P are insufficient
to substantially decrease P fertilizer imports. Therefore,
we suggest that the organic sector is uniquely poised to
play a key role in promoting and adopting recycled P
sources in organic agriculture. Organic farmers have
access to organic premiums that may make more expen-
sive recycled P sources economically feasible. They are
also among the most at risk of P depletion and deficiency
on their farms due to negative farm-gate P balances,
restrictions on the use of conventional fertilizers, and
lack of sufficient local manure resources. Recycled
nutrient use must not be limited to organic farmers, as
human P is in excess of organic crop needs, but the
organic sector can play an important role in expanding
the use of these nutrient sources. Changes in organic
regulation to allow the use of human-derived nutrients
are required to fulfill this potential.

Recycled nutrient sources will play a vital role in pre-
serving the long-term sustainability of global food sys-
tems. Canadian farmers, and especially organic farmers,
have the potential to help drive adoption of recycled
nutrients and benefit from their use in ameliorating P
deficiency.
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