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Abstract: Composting is a sustainable method for recovering nutrients from various organic wastes,
including food waste. Every input waste has different nutrient contents, in turn, suggesting that every
compost has different fertilizer and/or soil improvement values. The phosphorus (P) concentration
and relative distribution of P forms is related to the original organic material. The relative distribution
of P forms determines how readily plants can absorb P from the compost-amended soil. The aim of
this study was to investigate the content and relative share of P forms in composts made from fish
waste, sewage sludge, green waste, and horse manure. Six forms of P (labile; bound to reducible
metals; bound to non-reducible metals; bound to easily degradable organic material; and bound
to calcium) were determined using sequential extraction method. The results indicated that fish
waste compost had relatively high proportion of labile P, suggesting good biological availability. In
comparison, sewage sludge compost contained the highest overall P concentration per dry weight
unit, while labile P constituted only 6% of summary of P forms. The results indicate that the
evaluation of composts as alternative P sources in agriculture should rely on the relative distribution
of P forms in the compost in addition to the typically recognized value of the total P.

Keywords: organic fertilizer; sequential fractionation; fish waste; manure; sewage sludge; green
waste; circular economy

1. Introduction

With the growing human population, the need for more sustainable agriculture and
food production is increasingly essential. Likewise, as the population grows, the need
for fertilizers increases. To ensure the higher crop yield, nitrogen (N) and phosphorus (P)
fertilizers are widely used [1].

In general, P is added to the soil with chemical fertilizers. As phosphorite is mined
from Earth’s crust, our natural P resources become increasingly limited [2,3]. Similarly,
significant quantities of P are being lost through the entire cycle of organic wastes. Fur-
thermore, indiscriminate application of chemical fertilizers can exhaust the soil in the long
term [4,5]. P run-off can result in environmental pollution and eutrophication in water
bodies. To avoid increased P concentrations in streams and lakes, it is important that P
added with fertilizers is assimilated by plants [2,4,6].

Alternative P sources are needed to ensure sustainable crop production. To close the P
cycle and promote food security and environmental integrity, the European Commission
has announced the preparation of an Integrated Management Action Plan (INMAP) with
the purpose of reducing the nutrient losses and stimulating the market for recovered
nutrients [7]. Options for reducing P losses include the redistribution of P inputs, P
recovery and recycling, and redefining P in the food web [8,9]. Organic materials that
could potentially be recycled to recover P include manure, wastewater sludge, animal
by-products, food waste, and other green wastes [10].
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The composting of organic residues is one method of recycling organic materials.
Composting can reduce the share of organic waste in landfills and reduce and stabilize the
organic material [11]. As composting is an established method of processing organic wastes
from various sources, requirements for safety, quality and labelling are established [12].

Compost is a natural fertilizer and/or soil improver that enhances soil chemical and
physical parameters and provides essential nutrients, including P, for plant growth [13].
The method of composting can influence the P forms in compost and, in turn, its availability
for plants [14,15]. The P concentration in compost depends on the input material as well as
the composting process, time, and conditions. The availability of P for plants is determined
not only by the amount of P in the compost but also by the P forms. As the nutrient
concentration in compost depends on the original organic material, different composts
contain different amount of P and different relative distribution of P forms [16,17].

This determines how well plants can absorb P from compost-amended soil and affects
the marketing of compost products. Bioavailable P is needed for plant production. Plant
roots mainly absorb inorganic P from the soil solution [2,18,19]. As the bioavailability is
connected to solubility, water-soluble forms are the most bioavailable, followed by P ad-
sorbed on manganese (Mn) and iron (Fe) oxides, organic P forms, and residual P forms [20].
Often, composts are characterized by their total P content, and no detailed identification of
different P forms is required in compost quality manuals, fertilizer regulations, or national
end-of-waste regulations [12,21,22].

In the frames of the circular economy, bio-waste is an important resource for organic
soil improvers and/or fertilizers. Compost, which is an organic fertilizer composed of
different organic materials, has high nutritional value, including P. In general, the total P
concentration must be made available according to the requirements for bio-waste manage-
ment [12]. However, composts of different organic materials have distinct concentrations of
total P and P forms [16,23]. We studied the relative share and distribution of P forms in fish
waste composts compared with composts from other organic source materials. Based on
the P content and relative share of different P forms, we show that composting low-value
fish or fish-processing residues is a potentially feasible way to recover P for agricultural use.

2. Materials and Method
2.1. Preparations of Composts

Six composts of different source material were used. Experimental composts were
prepared from fish waste (FW1-FW3), horse manure (HM), green waste from municipal
areas (GW), and sewage sludge (SS) from the regional municipal Wastewater Treatment
Plant (WWTP) (Table 1). The WWTP uses Fe2(SO4)3 salt PIX 113 (Kemira Oy, Helsinki,
Finland) to chemically precipitate P from wastewater. All composts were processed in
outdoor conditions in windrows and mixed mechanically with a windrow turner. All
windrows were approximately 1.5 m high, 3 m wide, and 12 m long, and covered with
semi-permeable geotextile KSV 200 (Compost Systems GmbH, Wels, Austria).

The optimal time–temperature regime depends on the input material. For waste
containing animal by-products, such as fish waste and horse manure, the temperature
must exceeded 70 ◦C for at least 1 h, as required by the EU Commission regulation EU
142/2011 [24]. For composting biodegradable waste and sewage sludge, the temperature
must exceed 55 ◦C for 10 days, or 65 ◦C for 3 days [22,25]. All composts were maintained in
accordance with the requirements of these regulations. The duration of active composting
was measured as a period when no further significant temperature increase occurred after
the mixing of windrows.
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Table 1. Description of the composts. The share of organic material was calculated using the
wet weight. The active composting time (d) indicates the duration in days that composts were in
outdoor windrows.

Treatment Name Source of Waste Amendments Active Composting
Time (d)

FW1 Fish waste (80%) Un-shredded straw (20%) 185
FW2 Fish waste (57%) Shredded straw (43%), 70

FW3 Fish waste (22%)

Shredded straw (22%),
peat (22%), inoculum

from mature HM (21%)
and FW1 compost (13%)

50

HM Horse manure (60%) Straw (40%) 90
GW Green waste (100%) None >180
SS Sewage sludge (90%) Un-shredded straw (10%) 120

2.2. Chemical Analysis

Approximately 250 g of average samples were collected from each batch of ready-
made compost. One sample contained homogenized compost from three different locations
20–30 cm inside the windrow. The collected samples were dried at 105 ◦C and ball-
milled prior to analysis. Dry matter (DM) and loss of ignition were determined. The
total C and N content was analyzed using a VarioMAX CNS analyzer (ELEMENTAR,
Langenselbold Germany). Potassium (K), calcium (Ca), and magnesium (Mg) content was
determined using the ammonium lactate (AL) method as described by Egner et al. [26].
The compost stability was determined by the four-day cumulative oxygen consumption
via OxiTop manometric respirometry system (Xylem Analytics Germany Sales GmbH &
Co KG, Weilheim Germany according to the manufacturer’s recommendations (Table 2).

Table 2. Characterization of composts.

Treatment N C C/N K Ca Mg Dry Matter Loss of Ignition Stability

(%) (mg/100g) (%) (mg O2/g)

FW1 2.43 30.22 12.44 790.51 4471.04 703.31 53.80 75.40 3.00
FW2 2.75 33.04 12.01 1329.22 4625.55 664.00 47.94 85.78 11.20
FW3 2.73 35.66 13.06 1675.63 3166.32 680.48 34.79 87.05 10.40
HM 2.47 30.99 12.55 2550.90 2986.40 649.17 37.83 79.67 3.20
GW 0.60 13.35 22.25 552.08 6681.84 223.96 41.78 65.46 0.90
SS 3.74 27.02 7.22 551.81 1169.69 517.71 44.16 61.34 6.70

2.3. Determination of P Forms

To assess different P forms, a modification of the determined sequential extraction
method was applied [27]. Using this method, six operationally defined P forms were
determined (RP—reactive P; and NRP—non-reactive P):

• NH4Cl-RP—“Labile P”, immediately available P, which is loosely bound;
• BD-RP P—“Fe-P”, bound to reducible metals (Fe, Mn);
• NaOH-RP—“Al-P”, phosphates absorbed to metals (Al, MxOy);
• NaOH-NRP—“Org-P”, bound to organic material and colloids, determined as differ-

ence between soluble reactive P and total P in NaOH extract; and
• HCl-RP—“Ca-P”, bound to calcium (Ca).

From the collected samples, 0.025 g of dried material was analyzed in three replicates
(Figure 1). For extraction, 10 mL of 0.1 M NH4Cl was added to the compost sample in
15 mL Falcon centrifugation tubes and rotated using a Hettich Universal 320 centrifuge
(Andreas Hettich GmbH & Co. KG, Germany) for 2 h. After 10 min of centrifugation at
4000 rpm, the supernatant was collected for 2 h. After 10 min of centrifugation at 4000 rpm,
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the supernatant was collected for further analysis. We added 10 mL of 0.1 M NaOH to the
pellet for a repeated extraction step.

In a third step, 10 mL of 0.11 M bicarbonate/dithionite (BD) solution was added to
the pellet and incubated for 1 h at 40 ◦C, followed by centrifugation, supernatant removal,
and rinsing of the remaining sediment pellet with another 5 mL of BD solution. The latter
was added to the previously decanted 10 mL of BD extract after centrifugation. In the next
step, 10 mL of 0.1 M NaOH was added to the sediment pellet, and the tubes were rotated
for 16 h, followed by centrifugation and supernatant collection. In the final extraction step,
10 mL of 0.5 M HCl was added to the pellet, and the tubes were rotated for 24 h.

The soluble reactive P (SRP) in each extract was determined using a spectrophotometer
Shimadzu UV-1800 (Shimadzu Corporation, Japan) via the molybdenum blue method [28].
The total P concentration in the NaOH extract was also determined as SRP after persulphate
digestion of the NaOH extract at 121 ◦C for 1 h. Specifically, 2 mL of 5% K2S2O8 was added
to 10 mL of solution containing 2 mL of NaOH extract, 0.5 mL 0.5 M HCl and 7.6 mL
distilled water and autoclaved. If needed, the solution was diluted prior absorbance
measurement. The NRP concentration in the NaOH extract was calculated as the difference
between the total P and SRP concentration in the extract.

NaOH extract from sewage sludge and fish compost samples contained white haze
after persulphate digestion. To remove the haze, the solution was filtered through a 0.45 µm
pore size syringe filter Millex-LCR Hydrophilic PTFE (Merck KGaA, Germany) before
adding a molybdenum reagent. Based on the concentration of the analyzed P forms, the
summary of determined P forms (SumP) was calculated.
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Figure 1. Phosphorus (P) fractionation scheme. Labile-P is water soluble and loosely bound P; Fe-P
is iron bound P; Ca-P is calcium bound P; Al-P is aluminum bound P; and Org-P is P bound to
organic material.

2.4. Statistical Analysis

Statistical analysis was performed in R [29]. The Shapiro–Wilk test was used to confirm
normality. One-way ANOVA was used to study the effect of compost type on different P
forms. The Tukey HSD post-hoc test, using the package “agricolae”, was performed for
pairwise comparisons [30].

3. Results

Six composts with different organic material each contained a different SumP (Figure 2).
SumP varied, on average, from 2.73 g P/kg dry weight (DW) in the GW compost to
16.27 g P/kg DW in the SS compost (Table 3). FW composts ranged from 10.40 g P/kg DW
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in the FW3 compost to 13.53 g P/kg DW in the FW2 compost. Statistically, FW 1–3 contained
similar SumP to both the SS and HM composts.
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Figure 2. Concentrations of different phosphorus (P) forms (g P/kg DW). Labile-P is water soluble and loosely bound
P; Fe-P is iron bound P; Ca-P is calcium bound P; Al-P is aluminum bound P; and Org-P is P bound to organic material.
Different letters indicate statistically significant differences between groups, according to the Tukey HSD test (α = 0.05).
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Table 3. Average phosphorus (P) concentrations (g P/kg DW). Labile-P is water soluble and loosely
bound P; Fe-P is iron bound P; Ca-P is calcium bound P; Al-P is aluminum bound P; and Org-P is P
bound to organic material.

Compost Labile-P Fe-P Ca-P Al-P Org-P SumP

FW1 7.53 0.90 3.76 0.16 0.34 12.70
FW2 7.75 0.83 4.27 0.14 0.54 13.53
FW3 6.90 0.55 2.26 0.10 0.59 10.40
HM 5.55 0.09 0.16 0.03 0.54 6.36
GW 0.60 0.35 1.57 0.07 0.14 2.73
SS 0.92 11.03 0.74 3.00 0.59 16.27

In addition to SumP, the composts varied in concentration of P forms. Concentration
of labile-P, the most bioavailable P form, was highest in the FW2 compost (7.75 g P/kg DW),
followed by FW1 (7.53 g P/kg DW) and FW3 composts (6.90 g P/kg DW). The lowest
concentration of labile-P was in the GW compost (0.92 g P/kg DW). While the SS compost
had the highest SumP, its concentration of labile-P was similar to that of the GW compost.

Compared to other composts, the SS compost contained at least 12-times higher
concentration of Fe-P (11.03 g P/kg DW). Similar results were observed for Al-P, of which
the concentration in most composts did not exceed 0.16 g P/kg DW; while in the SS compost,
the Al-P concentration was 3.00 g P/kg DW. This is presumably related to the sewage sludge
from external small-size WWTPs, where Al2(SO4)3 is used for wastewater precipitation.

The FW compost contained a remarkable amount of apatite, likely related to the
Ca-P from the fish bones. The highest concentration of Ca-P was in the FW2 compost
(4.27 g P/kg DW), followed by FW1 (3.76 g P/kg DW) and FW3 (2.26 g P/kg DW). As
green waste is collected from the area, where limestone bedrock is close to the surface,
the GW compost contained a considerable amount of Ca-P (1.57 g P/kg DW). The lowest
concentration of Ca-P was observed in the HM compost (0.16 g P/kg DW).

The FW2, FW3, HM, and SS composts contained similar amounts of Org-P, (ranging
from 0.54 g P/kg DW in the HM compost to 0.59 g P/kg DW in the FW3 compost).

The relative share of P forms varied according to the organic material of the composts.
The highest relative share of labile-P was in the HM compost at 87% of SumP (Figure 3).
While the FW composts contained the highest concentration of labile-P per g P/kg DW, the
relative share of labile-P varied in composts FW1–3 (57–66%). The SS compost with the
highest SumP contained the lowest share of labile-P (6%).

Generally, the relative share of Fe-P and Al-P in various composts were relatively low
(Fe-P < 13% and Al-P < 3%), except in the SS compost, where the share of Fe-P was 68%,
and Al-P was 18%. The highest share of Ca-P was in the GW compost (57%), followed by
FW composts (up to 32%). The SS compost contained 5%, and the HM compost contained
3% of Ca-P. The share of Org-P remained <10% in every compost.
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Ca-P is calcium bound P; Al-P is aluminum bound P; and Org-P is P bound to organic material.

4. Discussion

Ecologically significant P forms of composts were determined in our study. The
difference between SumP and total P is referred to as residual P [31]. Since residual P is
considered to be a stable P form that does not add to the pool of bioavailable P, it is a less
significant P form from the aspect of fertilization [32,33]. In the present study, the compost
with the greatest SumP was the SS compost, followed by FW composts, the HM compost,
and finally the GW compost.

In the present study, the summarized content of P forms in FW composts was rel-
atively high. The total P content of FW composts in other studies were reported as
2.6 g P/kg DW [34] and 6 g P/kg DW [35]. A compost’s P concentration depends on
both the relative share of bulking material and the composition of fish waste. The total
P concentration in fish and fish waste has been reported to fall into a range of 1–3.5%
of dry weight (respectively, 10–35 g P/kg DW) [36,37]. Fish bones, which contain large
proportions of hydroxyapatite, can have P concentrations above 120 g P/kg DW [36,38].
Straw, pine bark, sawdust, seaweed, and peat are examples of bulking agents used in fish
composts [34,35]. In the present study, straw and peat were the main bulking materials
for FW composts, whereas fish waste constituted up to 80% (on a wet weight bases) of the
initial contents of the FW composts.

Composts with different organic materials have different concentrations of P forms [16,23].
Fish waste is known to be a good source of P for plant growth [34,36]. In the present study,
7.75 g P/kg DW in the FW2 compost, and over 50% of P in all FW composts, was present in
a labile, potentially bioavailable form. FW composts also contained relatively high shares of
Ca-P, most likely due to the high presence of hydroxyapatite in fish bones and scales. Ca-P
is regarded as a stable P form [19,39]. In another study on fish bones, easily-extractable P
was shown to be 4.21 g P/kg DW, while the total P in fish bones was 120 g P/kg DM [40].

Although FW composts contained the highest concentration of labile-P per DW, the
relative share of labile-P was highest in the HM compost. As FW and HM composts have
high ratios of readily-bioavailable P, they have a high potential to partly replace mineral
P fertilizers and, thus, reduce the dependency on P fertilizers derived from phosphorite.
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Water soluble P is bioavailable for plants; however, in the case of overuse, it has a high
potential to be easily leached from the soil. Therefore, knowledge regarding the distribution
of P forms in composts could be valuable when evaluating composts as sources of P
fertilizers [23,39].

To reduce the leaching of P from soils, thereby reducing P pollution in water bodies, co-
composting wastes with higher proportions of bioavailable P together with the wastes with
low concentration of bioavailable P should be considered [16]. Thus, it may be beneficial to
co-compost fish waste and green wastes. It has been shown that green waste low in sumP
and labile-P concentrations represents a suitable material to compost in combination with
other organic materials to enhance the degradation of organic matter, humification, and
nutrient content [41].

Studies of P forms in organic source materials have revealed low portions of labile-P
but high total P in sewage sludge, which is in accordance with the present study. Sewage
sludge total P content was reported to be higher than 30 g P/kg DM; however, after
mixing with soil, only 1–2% of the total P was in labile form [31]. In the present study,
the SS compost contained the highest overall P concentration per DW; however, a low
concentration of it was in a potentially bioavailable form. Instead, the majority of it was
bound to Fe and Al compounds. Nevertheless, depending on the environmental conditions,
P added to soil can alter the composition of P forms and its bioavailability for plants [19,39].
Related to the dynamic equilibrium between P pools, P is continuously released from other
fractions to the bioavailable form [19].

It has been suggested that P bound to Al and Fe may become mobilized when labile-P
pools are depleted from the soil [42]. It was shown that, depending on the soil pH, Al-P
can have higher bioavailability than Fe-P or Ca-P, and therefore Al-P is considered as a
potentially bioavailable form [39,43]. Fe-P is a highly stable P form in oxic conditions;
however, it can become unstable at certain times of the year, when anaerobic soil conditions
occur or when lower pH conditions catalyze Fe reduction, thus, resulting in the dissolution
of both Fe and Fe-P [39,43]. As the SS compost in the present study contained a relatively
high concentration of P in fixed form (18% Al-P and 68% Fe-P), we recommend application
of biological rather than chemical P removal in WWTPs when considering further use of
sewage sludge as fertilizer.

SS composts are subject to national wastewater regulations and may exceed the limit
values of heavy metals or other safety and quality indicators. Therefore, the requirements
and limits for the use of SS composts have been stated [44]. However, the potential
of sewage sludge for agricultural use has been discussed, and, with potentially high
bioavailable P content, it may represent an alternative to chemical fertilizer for crops of
moderate demand [45–47].

As composts vary in nutrient content, it may be beneficial to combine both organic and
mineral fertilizers, as their integration has been reported to improve P solubilization, as
well as minimize P precipitation in soil and, thus, has helped in increasing the P availability
for crops [48].

5. Conclusions

Composts containing different organic source materials—fish waste, horse manure,
green waste, and sewage sludge—showed significant differences in the content and relative
share of phosphorus forms.

Green waste (GW; from leaves, branches, and plant residues) and horse manure (HM)
composts are widely used. However, GW compost is low in P content, and a relatively low
percent of it is in labile-P form. HM compost, which is highly valued in agriculture, is rich
in P content, and the majority of P was in labile-P form. This should be considered when
calculating the compost application rate.

Sewage sludge (SS) compost contained the highest concentration of P content. How-
ever, the majority of it was bound to Fe or Al, reducing the availability for plant uptake.
P in sewage sludge is from biological or chemical P-removal from wastewater. There-
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fore, the P concentration in sewage sludge is related to the P removal efficiency during
wastewater treatment, as well as whether the P removal is biological or Fe- or Al-based.
To ensure better P bioavailability for plants, we recommend biological P removal during
wastewater treatment.

Fish waste (FW) compost is not widely used although it is very rich in P content, and
a relatively high concentration of this is in labile-P form. Therefore, it could be suitable for
crops that require available P immediately. Food waste that has equal compost qualities
as fish waste should be re-assessed as a compost source and returned to agricultural
production accordingly.

Composts represent valuable sources of recovered nutrients, including P, and should
be considered as an alternative to mineral P fertilization, allowing recycling of the P present
in organic wastes back into soils. The evaluation of different composts as a source of P
fertilizer should consider the relative share and potential bioavailability of different P forms
present in the composts.
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