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Abstract: Iron (Fe) and Zinc (Zn) deficiencies in crops pose indirect problems for human
health. The risk of these deficiencies increases with high doses of phosphate fertilizers.
Fertilizers obtained through recycling—so-called bio-based fertilizers (BBFs)—can contain
significant amounts of Fe and Zn, which can contribute to crop biofortification. Although
the use of some organic BBFs has been shown to improve biofortification, an in-depth
study on this effect and on the effect of P on Fe and Zn nutrition with the use of different
kinds of bio-based P fertilizers is still lacking. A pot experiment with 11 different BBFs was
conducted using two soils with different physicochemical properties that affect I, Fe, and Zn
dynamics (one rich in CaCO3 and the other rich in Fe oxides) to assess their biofortification
effects on wheat and sunflower. Although some BBFs increased Fe concentration in the
edible parts, the overall trend was towards an increased P:Fe ratio (up to 62%), which
decreased Fe digestibility. On the other hand, all BBFs led to Zn biofortification, with a 27%
decrease in the P:Zn ratio in the CaCQOj3-rich soil, while in the Fe oxide-rich soil, the decrease
was up to 61%. The supply of Zn and organic C, as well as the dominant P forms in BBFs,
were the main factors explaining Zn biofortification. Bio-based fertilizers also decreased the
antagonism between P and Zn and between Fe and Zn. The results demonstrated that the
inclusion of BBFs in agrosystems management can contribute to improving the quality of
human diets, at least with regard to Zn intake, while also contributing to more sustainable
fertilization practices.
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1. Introduction

One of the major challenges to guaranteeing agricultural production is the supply of
fertilizers based on the circular economic approach, so-called bio-based fertilizers (BBFs) [1].
This fact is especially critical for phosphorus (P) fertilization since P stocks are limited and
its global distribution is notably heterogeneous, making it very sensitive to the geopolitical
issues (e.g., wars or tariff policies) that affect trade in fertilizer raw materials [2]. Thus, it is
necessary to study different alternatives to mineral P fertilization based on the recycling of
the nutrient from a comprehensive perspective that takes into account not only P supply
but also other benefits such as the supply of other nutrients to crops [3,4]. In this regard,
although the production and use of BBFs are primarily focused on supplying the most
limiting macronutrients for crops (i.e., N, P, and K), they can also contain significant quanti-
ties of other important micronutrients, such as Cu, Fe, Mn, or Zn [1], that play a pivotal
role not only in plant nutrition but also in human health. The deficiency of micronutrients
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in human diets, particularly Fe and Zn, results in serious health problems for humans,
commonly referred to as “hidden hunger”, which is thought to affect 2 billion people
worldwide [5,6]. Increasing the content of these nutrients in the edible parts of crops, as
well as their digestibility to improve diet quality, is known as biofortification [7]. Biofortifi-
cation can be agronomic, conventional, and transgenic. Agronomic biofortification involves
the application of fertilizers to increase nutrient concentrations in crops, conventional
biofortification focuses on breeding crops to achieve high nutrients level, and transgenic
biofortification uses genetic engineering to increase crops’ nutrient acquisition [8,9]. Thus,
the potential Fe and Zn supply with phosphate BBFs could be of great interest. These
benefits of Fe and Zn uptake by crops have been assessed in recycled organic amendments
and fertilizers [10] but not with other products, such as precipitates from water purification
or ashes, which also contain these nutrients. Due to the content of Fe and Zn in phosphate
BBFs, it is hypothesized that these products—and not only those of an organic nature—can
be useful for agronomic biofortification, enhancing Fe and Zn uptake by crops.

Iron and Zinc exhibit complex dynamics in the soil-plant system that affect its bioavail-
ability [11,12]. The soil properties, such as organic matter, carbonates, or Fe oxides in the
case of Zn, ensure that only a fraction of these nutrients, when supplied with fertilizers, is
available to the plants and can be allocated to the edible parts [13—15]. The bioavailability
of applied Fe and Zn may be increased by soil organic matter [16,17]. However, it has been
noted that adsorption to the organic matrix sometimes decreases Zn bioavailability [18].
The efficiency of BBFs as N or P fertilizers vary depending on soil type [3,19,20]. However,
the effect of soil on the supply of the other nutrients contained in these products to crops
has not been assessed. Thus, according to the influence of some soil properties on Fe
and Zn dynamics, it is hypothesized that the potential biofortification effect of Fe- and
Zn-containing BBFs is soil dependent.

Phosphorus supply may cause a decrease in Fe or Zn absorption by crops through
antagonism [14] or an increased accumulation of phytate in the grains, which strongly
binds to Fe and Zn, decreasing their digestibility when consumed [9]. Therefore, the effect
of phosphate BBFs on crops’ Fe and Zn uptake should consider not only their content in the
product but also other properties of BBFs such as P content and forms, as well as the supply
of organic matter that can affect the availability of Fe and Zn to plants. In this regard, as
part of the P in BBFs remains in a poorly soluble or organic form [3], it is hypothesized
that the antagonism may be reduced as P is slowly released and becomes progressively
available to plants. Although previous studies have evaluated the antagonism between P
and Zn or Fe using mineral fertilizers [14,15], it is necessary to study this phenomenon with
a wide range of products that represent an important diversity in the dominant P forms
and the contents of micronutrients. Furthermore, previous works involved only one crop
cycle [14]. However, with organic P or non-soluble inorganic P as the dominant forms, it
is also hypothesized that positive results can be found in the short term since P release is
limited compared with soluble mineral fertilizers. However, in the long term, this positive
effect on Fe and Zn could be reduced as the P in the BBFs is progressively released.

On these grounds, this study aims to assess the effect of different bio-based fertilizers,
ranging widely in terms of the dominant P forms and the Fe and Zn content, on the uptake
of these micronutrients in crops for agronomic biofortification, as well as on the P:Fe
and P:Zn ratios in the edible parts, which are critical aspects affecting uptake capacity
during digestion. Since the effect is expected to depend on soil properties, this study
was performed using two soil types with contrasting properties involved in Fe, Zn, and
P cycling in soil, specifically carbonate and Fe oxide contents. This study involved two
consecutive crops in pots to evaluate the lasting effects of BBFs on the availability of Fe and
Zn to plants.
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2. Materials and Methods
2.1. Experimental Design

A two-growing-cycle-pot experiment involving durum wheat and sunflower was
conducted in a greenhouse. The design followed a complete randomized block set-up,
which involved five replications and two factors, as follows:

(i) Soil type, with two different soils;
(if) Pertilizer treatments involving 11 BBFs, 1 non-fertilized control, and 4 rates of soluble
mineral fertilizer.

The two soils selected for this experiment showed different soil properties affecting the
P, Zn, and Fe dynamics and their availability to plants. One soil was a Typic Haploxeralf
(Type 1), according to soil taxonomy [21], with a high content of Fe oxides, where P
and Zn sorption are expected to be dominated by adsorption onto these oxides; and
the other was a Calcic Xerochrepts (Type 2), with a high content of CaCO3, where P
sorption is expected to be dominated by the precipitation as Ca-phosphates [2]. The main
physicochemical properties are represented in Table 1. Soil texture was determined by
the densimeter method [22]. Soil organic carbon (SOC) was determined according to the
procedure of Walkley and Black (1934) [23]. Cation exchange capacity (CEC) was conducted
according to the procedure of Summer and Miller (1995) [24]. The calcimeter method
was used to determine the total carbonates equivalent (CCE). Electrical conductivity was
determined in the saturation extraction. Available P was assessed via the Olsen method [25]
and determined in the extract colorimetrically [26]. The iron quantity in the oxides was
determined via a sequential extraction involving citrate—ascorbate and citrate-bicarbonate
dithionite [12].

Table 1. Properties of the soils used in the study.

Soil Sand Loam Clay SOC CCE pH CEC Olsen P Fe Zn Feox
% cmol kg1 mg kg1 gkg1

Type 1 60 17 23 0.51 6.8 8.37 10.3 8.5 8.4 2.2 7.6

Type 2 29 47 24 0.68 57.2 8.29 9.6 6.4 9 3.3 3.2

SOC, soil organic carbon; CCE, Ca carbonate equivalent; CEC, cation exchange capacity; Fe, DTPA-extractable Fe;
Zn, DTPA-extractable Zn; Feox, Fe in oxides.

The eleven BBFs were applied at the same rate of 50 mg of P per kg of soil since the
objective was to evaluate the additional effect on Fe and Zn in the application of these
products as P fertilizers. These BBFs can be classified into 5 different categories according
to the raw material and production process:

(i) Compost, which included olive husk compost (OHC), municipal solid wastes compost

(MSW), and horse manure vermicompost (HMV);

(if) Plant derived products, which only included digestates (MD);

(iii) Animal derived products, which included animal—plants mixed pellets (APP), bone
meal (BM), and poultry litter compost (PLC);

(iv) Ashes, which included: sewage sludge ashes (SLA), sunflower residues ashes (SFA),
and poultry litter ash (PLA);

(v) Struvite (STR).

Additionally, the non-fertilized control (C) and 4 soluble mineral fertilizer rates applied
as superphosphate (SP) were included. The superphosphate was used at several rates,
equivalent to 25%, 50%, 100%, and 200% of the BBFs application rate. These different P
rates allow us to assess the potential effects of increasing P rates on Zn and Fe uptake in
crops, i.e., to identify potential antagonisms. The chemical composition of BBFs is shown in
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Table 2. Additional information on BBFs, particularly on dominant P forms, can be found
elsewhere [3].

Table 2. Composition of BBFs evaluated in the experiment: dry mass and total content of nutrients.

BBFs Dry Mass C N P Fe Zn
% gkg1 mg kg1

OHC 90.2 413 18.62 1.8 3.8 31.2
MSW 81.5 347 16.73 34 4.5 264.9
HMV 76.3 261 21.97 6.9 6.2 146.7
MD 90.4 478 55.0 13.6 0.2 119.5
APP 91.71 237 249 67.4 1.96 130
BM 97.6 374 81.25 63.4 0.2 89.7
PLC 84.9 372 31.5 19.6 14 375
SLA 100 1.0 0.5 80.5 91.9 1635
SFA 97.1 5.7 1.3 19.5 1.8 299.5
PLA 92.1 6.1 0.1 52.3 49 1946.5
STR 54.8 4.0 101 227.5 5.6 42

OHC, olive husk compost; MSW, municipal solid waste compost; HMV, horse manure vermicompost; MD, maize
digestates; APP, animal and plants mixed pellets; BM, bone meal; PLC, poultry litter compost; SLA, sewage sludge
ashes; SFA, sunflower by-products ashes; PLA, poultry litter ashes; STR, struvite.

The content of Fe and Zn differed markedly among the BBFs, with the ash group
showing the highest overall content of Fe and Zn. The BBF that contained the highest Fe
content was SLA (91.9 g kg~ !), and the one that contained the highest Zn content was PLA
(1946.5 mg kg 1).

2.2. Growing Conditions

Simulating a typical Mediterranean crop rotation, durum wheat (Triticum durum var
Amilcar) and sunflower (Helianthus annus, var LG) were successively grown. The seeds
were pre-germinated in petri dishes at 8 °C in darkness for 15 days, and when the radicles
developed, they were transplanted into 5-litter PVC pots (25 cm in diameter; 20 cm in
height). The soil was mixed with perlite (3:1) (v/v) to avoid compaction and drainage
limitations in the pot. Fertilizer treatments were applied before wheat sowing by carefully
mixing fertilizers into the soil; no application was conducted before sunflower cultivation.
The wheat growth cycle lasted 102 days, while the sunflower cycle lasted 167 days. Both
crops were harvested at phenological maturity (BCH 99 stage). Soil water content was
maintained at 70% of the water holding capacity during the entire experiment. Irrigation
and fertilization were undertaken with a P-free nutrient solution, where Zn and Fe were
added to avoid severe deficiencies of these nutrients. The compounds used in the nutrient
solution were as follows (amounts supplied in brackets): Ca(NO3),-4H,0O (970 mg kg’l),
NH4NO; (329 mg kg 1), KCI (591 mg kg~ 1), MgSO4-6H,0 (456 mg kg~ 1), Fe-EDHHA
(3 mg Fe kg’l), ZnSO4-7H,0 (13 mg kg’l), MnSO4-HpO (9 mg kg’l), CuS0Oy4-H,O
(6mgkg!), H3BO3 (2 mg kg !), and NayMoO,;2H,0 (1 mg kg~!). Additionally,
150 mg N kg’1 soil was provided as a mixture of Ca (NOs3);-4 HO and NH4NO3 (each
75mg N kg’l).

2.3. Plant Analysis

Plant tissues were separated into straw and grain (wheat) or seed (sunflower) and
dried at 65 °C until constant weight was obtained in an air-forced oven. A homogeneous
sample of 0.25 g was mineralized in a muffle furnace, and the resulting ashes were dissolved
in 1 M HCL In the extracts, P was determined colorimetrically [26]. Iron and zinc were
determined in the extracts by atomic absorption spectroscopy (Thermo Elemental Solaar M,



Agronomy 2025, 15, 1388

50f20

Madrid, Spain). The uptake of each nutrient by the plants was estimated as the amount
accumulated in aerial parts, calculated as the sum of the product of the dry matter and
its concentration in each organ. With the results obtained, the P:Fe and P:Zn molar ratios
of grain/seeds and straw were determined to evaluate the digestibility of these nutrients
as affected by the accumulation of phytate in plant tissues. Although phytate was not
determined, the P:Zn and the P:Fe ratios are considered to be indices of the influence of
phytate on the absorption of Zn and Fe in digestion since the P in seeds exists mainly in the
form of phytate [27].

2.4. Statistical Analysis

A linear general model (LGM) was employed considering two fixed factors (fertilizers
and soil type). Normal distribution and homoscedasticity were evaluated in all cases, and
data were transformed using a Box-Cox transformation when needed. When interactions
between factors were significant, the main factors could not be assessed in a combined
analysis, and it was therefore not possible to compare the means of each treatment of the
main factors; then, a one-way ANOVA and a post hoc mean comparison were then carried
out for the combination of both factors [13]. A Tukey test (p < 0.05) was performed to
conduct the mean comparison after ANOVA. Pearson’s correlation analysis was performed
to assess the relationships between the nutritional traits of crops (the concentrations of P,
Fe, and Zn in grain and straw, as well as the uptake of these nutrients). All analyses were
conducted using Statgraphics Centurion v. 18.

3. Results
3.1. Fertilization Effect on Fe Nutrition

Iron concentrations in the edible parts were significantly influenced by fertilizer for
both wheat (Figure 1a) and sunflower (Figure 1b). In wheat, similar concentrations were
observed for all the SP treatments, but differences were reported between the BBFs. APP
was the product that presented the highest Fe concentration in the wheat grain (with a 6%
increase compared to SP at the same P dose). HMV, BM, and SLA were the treatments that
presented the lowest Fe concentrations, with an average reduction of 29% compared to SP
at the same rate (Figure 1a). In sunflower, the Fe concentrations decreased with increasing
SP doses (Figure 1b). The BBFs showed a different effect on this second crop, with MD
showing the lowest Fe concentration in seeds, with a reduction of 24% compared to SP
at the same rate. The highest Fe concentration was reported in the non-fertilized control,
followed by APP and BM, which increased the Fe concentration by 13% compared to SP at
the same rate. Importantly, APP consistently led to a higher Fe concentration relative to
SP in both years; meanwhile, BM went from being one of the BBFs that led to one of the
lowest Fe concentrations in wheat grain to one of the BBFs that led to one of the highest Fe
concentrations in sunflower seeds (Figure 1b).

The iron concentrations in straw—both in wheat and sunflower—showed a different
trend than those in grain and seeds (Table 3). Notably, with increasing SP rates, an opposite
trend was observed between both crops, with an increasing Fe concentration in sunflower
seeds with increasing P doses. Notably, in both crops, OHC was the product that led
to the lowest straw Fe concentration (Table 1), while it did not promote the lowest Fe
concentration in wheat grains or sunflower seeds (Figure 1).

Overall, most of the studied BBFs led to significantly lower Fe uptake by wheat than
SP at the same P dose (Figure 2). This was particularly notable in OHC (with five times
lower Fe uptake than SP), which, in sunflower, was the only BBF leading to a significantly
lower Fe uptake than SP at the same dose. Thus, there is an overall negative effect of BBFs
on Fe uptake in wheat, which was not observed in sunflower (Figure 2).
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Figure 1. Effect of the different fertilizer treatments on Fe concentration in wheat grains (a) and
sunflower seeds (b). Means are averaged across both soils since the interaction between fertilizer
treatment and soil was not significant. SP, superphosphate (the percentage indicates the rate relative
to 50 mg kgfl, which is considered 100%); OHC, olive husk compost; MSW, municipal solid waste
compost; HMV, horse manure compost; MD, maize digestates; APP, animal and plants mixed pellets;
BM, bone meal; PLC, poultry litter compost; SLA, sewage sludge ashes; SFA, sunflower by-products
ashes; PLA, poultry litter ashes; STR, struvite. Treatments in blue represent the superphosphate
treatments, where the intensity of the color increases with increasing doses of P. Different letters
indicate significant differences according to the Tukey test (p-value < 0.05 for both wheat and

sunflower crops).

Table 3. Effect of the different fertilizer treatments averaged across both soils (the interaction was not
significant) on the concentration of Fe and on the P:Fe ratio of wheat and sunflower straw.

Fe Concentration P:Fe
mg kg ! Molar Ratio

BBFs Wheat Sunflower Wheat Sunflower
C 64.7 ab 49.4 bc 7.9 bc 11.2 ab
SP 25% 102.2 ab 46.7 bc 10.9 be 11.5 ab
SP 50% 66.9 ab 58.1 ab 9.9 bc 10.4 abc
SP 100% 109.2 a 71.8 ab 5.8 ¢ 7.8 bc
SP 200% 63.1 abc 67.3 ab 12.4 bc 8.8 bc
OHC 299 ¢ 334 c 38.0a 13.0a
MSW 75.1 ab 60.6 ab 13.7 abc 9.5 abc
HMV 60.9 abc 57.3 abc 15.3 abc 9.3 abc
MD 58.9 abc 57.3 ab 15.5 abc 9.5 abc
APP 74.7 ab 70.7 ab 14.9 abc 9.2 abc
BM 51.3 abc 57.0 ab 20.6 ab 10.1 abc
PLC 76.8 ab 65.7 ab 12.1 bc 9.3 abc
SLA 42.7 bc 56.7 ab 24.8 ab 8.4 bc
SFA 92.9 ab 64.8 ab 19.2 abc 8.6 bc
PLA 51.2 abc 59.0 ab 19.7 abc 9.7 abc
STR 75.3 abc 81.3a 27.8 ab 73 ¢

SP, superphosphate (the percentage indicates the rate relative to 50 mg kg~! which is considered 100%); OHC,
olive husk compost; MSW, municipal solid waste compost; HMV, horse manure vermicompost; MD, maize
digestates; APP, animal and plants mixed pellets; BM, bone meal; PLC, poultry litter compost; SLA, sewage
sludge ashes; SFA, sunflower by-products ashes; PLA, poultry litter ashes; STR, struvite. Different letters indicate
significant differences according to the Tukey test (p-value < 0.05).
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Figure 2. Effect of the different fertilizer treatments on Fe uptake by wheat (a) and sunflower
(b). Means are averaged across both soils. SP, superphosphate (the percentage indicates the rate
relative to 50 mg kgfl, which is considered 100%); OHC, olive husk compost; MSW, municipal
solid waste compost; HMV, horse manure vermicompost; MD, maize digestates; APP, animal and
plants mixed pellets; BM, bone meal; PLC, poultry litter compost; SLA, sewage sludge ashes; SFA,
sunflower by-products ashes; PLA, poultry litter ashes; STR, struvite. Treatments in blue represent
the superphosphate treatments, where the intensity of the color increases with increasing doses of P.
Different letters indicate significant differences according to the Tukey test (p-value < 0.05).

The P:Fe ratio in edible organs was significantly affected by fertilization treatment in
both wheat and sunflower (Figure 3). In wheat, the P:Fe decreased with increasing doses
of SP (Figure 3a), whereas in sunflower, the opposite trend was observed (Figure 3b). The
highest values in wheat were found in OHC and STR, with a significant increase of 62%
compared to the SP treatment. This effect was not observed in the following crop, where
these BBFs presented intermediate P:Fe values, while MD showed the highest P:Fe ratio.
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Figure 3. Effect of the different fertilizer treatments on the P:Fe molar ratio in wheat grains (a) and in
sunflower seeds (b). Means are averaged across both soils since the interaction between fertilizer
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treatments and soil was not significant; SP, superphosphate (the percentage indicates the rate relative
to 50 mg kg !, which is considered 100%); OHC, olive husk compost; MSW, municipal solid waste
compost; HMV, horse manure vermicompost; MD, maize digestates; APP, animal and plants mixed
pellets; BM, bone meal; PLC, poultry litter compost; SLA, sewage sludge ashes; SFA, sunflower
by-products ashes; PLA, poultry litter ashes; STR, struvite. Treatments in blue represent the super-
phosphate treatments, where the intensity of the color increases with increasing doses of P. Different
letters indicate significant differences according to the Tukey test (p-value < 0.05 for both wheat and
sunflower crops).
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In the straw, the P:Fe ratio with SP at the same P rate than the BBFs was the lowest in
both crops, while OHC presented the highest P:Fe ratio (Table 3) as a result of having the
lowest Fe concentration in both crops. STR showed a similar ratio to SP, with the same P
rate, but only in the second crop.

3.2. Fertilization Effect on Zn Nutrition

Unlike Fe, Zn concentration in wheat grains and sunflower seeds decreased with
the increasing SP rates (Figure 4). Applied at the same rate, all the BBFs led to a higher
Zn concentration than SP. This was particularly evident in wheat, where APP, MSW, and
OHC were the treatments that showed the highest Zn concentration in grains with an
average increase of 109% compared to SP at the same rate (Figure 4a). In this crop, Zn
concentration with BBFs resulted in an average increase of 71% compared to mineral SP.
Only MD presented similar results to SP in the wheat crop. However, MD performed
similarly to the other BBFs in the sunflower crop. In this case, no differences were reported
among the BBFs, presenting an average increase of 20% compared to SP at the same dose
(Figure 4b).
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Figure 4. Effect of the different fertilizer treatments on Zn concentration in wheat grains (a) and
sunflower seeds (b). Means are averaged across both soils since the interaction between fertilizer
treatments and soil was not significant; SP, superphosphate (the percentage indicates the rate relative
to 50 mg kgfl, which is considered 100%); OHC, olive husk compost; MSW, municipal solid waste
compost; HMV, horse manure vermicompost; MD, maize digestates; APP, animal and plants mixed
pellets; BM, bone meal; PLC, poultry litter compost; SLA, sewage sludge ashes; SFA, sunflower
by-products ashes; PLA, poultry litter ashes; STR, struvite. Treatments in blue represent the super-
phosphate treatments, where the intensity of the color increases with increasing doses of P. Different
letters indicate significant differences according to the Tukey test (p-value < 0.05 for both wheat and
sunflower crops).

Straw Zn concentration was significantly affected not only by the fertilizer treatment
but also by the interaction between the soil and the fertilizer. The decrease in Zn con-
centration with the increasing SP rates was more pronounced in the carbonate-rich soil
(Type 2), which showed the highest Zn concentration in non-fertilized control, than in
the Fe oxide-rich soil (Type 1; see Figure 5). In contrast to the response of grain/seed Zn
concentration to fertilization, a similar response of the straw Zn concentration to fertilizer
treatments was observed for both wheat and sunflower. The BBFs that most increased Zn
concentration were OHC, MSW, APP, and BM, followed by the ashes SFA and PLA. The
interaction between both factors was explained because the increase in Zn concentration
with BBFs was significantly higher in Type 2 soil than in Type 1 soil. In this sense, the BBFs
presented an average increase in Zn concentration compared to mineral SP at the same
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rates of 64.2 mg Zn kg~ ! and 23.6 mg Zn kg ! for Type 2 and Type 1 soil, respectively, in
wheat. These increases were 30.6 mg Zn kg~! and 16.2 mg Zn kg~ for Type 2 and Type 1
soil, respectively, in sunflower (Figure 5).
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Figure 5. Effect of the different fertilizer treatments in each soil on the Zn concentration in wheat
straw (a) and sunflower straw (b) fertilized with the different products evaluated. SP, superphosphate
(the percentage indicates the rate relative to 50 mg kgfl, which is considered 100%); OHC, olive
husk compost; MSW, municipal solid waste compost; HMV, horse manure vermicompost; MD, maize
digestates; AP3P, animal and plants mixed pellets; BM, bone meal; PLC, poultry litter compost; SLA,
sewage sludge ashes; SFA, sunflower by-products ashes; PLA, poultry litter ashes; STR, struvite.
Treatments in blue represent the superphosphate treatments, where the intensity of the color increases
with growing doses of P. Mean comparison according to the joint analysis of both factors is shown in
Table A1.

Zinc uptake decreased with increasing SP rates in both crops but most markedly in
wheat (Figure 6). Overall, none of the BBFs resulted in a lower Zn uptake than SP at the
same P rate in both crops, except MD and SLA in sunflower. The highest Zn uptake was
observed with compost and animal by-products. Notably, MSW in wheat led to more
than double Zn uptake than SP at the same rate. This product, however, did not result in
significantly higher Zn uptake compared to SP at the same P rate in sunflower (Figure 6b).

The P:Zn ratio in the edible parts was also significantly influenced by the interaction
between soil and fertilizer, with differences between treatments being amplified in Type 1
soil (Figure 7). However, this only happened with SP; in general terms, the BBFs performed
similarly regardless of the soil. Overall, in both crops, the P:Zn ratio tended to increase
with increasing SP rates. In wheat, most BBFs showed lower P:Zn ratios than SP at the
same rate; HMV and MSW resulted in the lowest P:Zn ratio. In this crop, the average
reductions in the P:Zn ratio compared to SP were 27% and 61% in Type 2 soil and in Type
1 soil, respectively. In wheat, MD was the BBF that presented the highest P:Zn ratio. The
SFA resulted in different P:Zn ratios depending on the soil, presenting lower values in
Type 1 soil than in Type 2 soil, contrary to the general trend. Regarding the P:Zn ratio in
the second crop, all the BBFs behaved similarly, with an average reduction in the ratio of
14% for both soils compared to SP at the same P rate.
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Figure 6. Effect of the different fertilizer treatments on the Zn uptake by wheat (a) and sunflower (b).
Means are averaged across both soils since the interaction between fertilizer treatments and soil was
not significant; SP, superphosphate (the percentage indicates the rate relative to 50 mg kg~!, which
is considered 100%); OHC, olive husk compost; MSW, municipal solid waste compost; HMV, horse
manure vermicompost; MD, maize digestates; APP, animal and plants mixed pellets; BM, bone meal;
PLC, poultry litter compost; SLA, sewage sludge ashes; SFA, sunflower by-products ashes; PLA,
poultry litter ashes; STR, struvite. Treatments in blue represent the superphosphate treatments, where
the intensity of the color increases with increasing doses of P. Different letters indicate significant
differences according to the Tukey test (p-value < 0.05).
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Figure 7. Effect of the different fertilizer treatments in each soil on the P:Zn molar ratio in wheat
grains (a), sunflower seeds (b), and sunflower straw (c). SP, superphosphate (the percentage indicates
the rate relative to 50 mg kg_l, which is considered 100%); OHC, olive husk compost; MSW, municipal
solid waste compost; HMV, horse manure vermicompost; MD, maize digestates; APP, animal and
plants mixed pellets; BM, bone meal; PLC, poultry litter compost; SLA, sewage sludge ashes; SFA,
sunflower by-products ashes; PLA, poultry litter ashes; STR, struvite. Interaction in both crops was
significant (p-value < 0.05). Treatments in blue represent the superphosphate treatments, where the
intensity of the color increases with increasing doses of P. Mean comparison according to the joint
analysis of both factors are shown in Table AT.
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In wheat straw, the P:Zn ratio increased with increased SP doses (Table 4). As in wheat
grains, MD led to the highest P:Zn ratio among BBFs, with no significant differences with
SP at 200% of the applied P rate with BBFs.

Table 4. Effect of the different fertilizer treatments averaged across both soils (the interaction was not
significant) on the P:Zn ratios in wheat straw.

BBFs P:Zn
Molar Ratio
C 119h
SP 25% 34.1 cdefg
SP 50% 34.3 abcdef
SP 100% 57.4 abc
SP 200% 69.0 a
OHC 47.9 abcdef
MSW 21.0 fgh
HMV 26.8 defg
MD 65.6 a
APP 17.0 gh
BM 23.0 defgh
PLC 41.1 abcde
SLA 44.0 abed
SFA 35.9 bedefg
PLA 21.1 efgh
STR 64.0 ab

SP, superphosphate (the percentage indicates the rate relative to 50 mg kg~!, which is considered 100 %); OHC,
olive husk compost; MSW, municipal solid waste compost; HMV, horse manure vermicompost; MD, maize
digestates; APP, animal and plants mixed pellets; BM, bone meal; PLC, poultry litter compost; SLA, sewage
sludge ashes; SFA, sunflower by-products ashes; PLA, poultry litter ashes; STR, struvite. Different letters indicate
significant differences according to the Tukey test (p-value < 0.05).

3.3. Correlation Between Nutritional Parameters

In wheat grown in Type 2 soil, with SP as the P source, grain and straw Zn concen-
tration and Zn uptake were negatively correlated with P uptake (Table 5). On the other
hand, with this crop and soil, with BBFs as the P source, P uptake was only negatively
correlated with Zn concentration in grain. Overall, in wheat grown in both soils, there was
no negative correlation between Zn and Fe concentration in both grain and straw; moreover,
Zn concentration in grain was positively correlated with Fe concentration in grains when
BBFs were used as the P source. In Type 2 soil, some Fe-related variables correlated with P
uptake, more evidently in sunflower than in wheat. In particular, P uptake was negatively
correlated with Zn in grain and straw and positively with Fe concentration in straw when
SP was the P source applied. In this case, Fe uptake correlated with Fe concentration in
straw but not with that in the seed. With BBFs as the P source, grain Zn concentration was
only negatively correlated with P uptake in Type 1 soil. Overall, with SP in both crops
and soils, Zn in grain/seed and straw was positively correlated; however, this was not
observed when BBFs were applied as a P source (Table 5). In general, the Fe concentration
in grain was not related to that in straw. Overall, Zn uptake was positively correlated with
Zn concentration in grain/seeds with SP as P source, but not with BBFs (Table 5).
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Table 5. Pearson’s correlation coefficients between nutritional variables studied (P, Fe, and Zn
concentration in grains and straws, as well as uptake by plants) for wheat and sunflower in both
studied soils.

Wheat

Soil Type 1

P_G Fe_G Zn_G P_S Fe_S Zn_S P upt Fe upt Zn upt
P_G —0.18 0.76 —0.06 —0.27 0.90 * —0.35 —0.59 0.87
Fe_G 0.60 —0.50 —0.16 —0.55 —0.36 0.89 * -0.13 —0.12
Zn_G 0.46 0.79 ** 0.02 —0.34 0.97 ** —0.74 —0.58 0.91 %
P_S 0.44 0.64 * 0.73 * 0.45 —0.05 0.13 0.72 —0.01
Fe_S 0.21 0.28 0.58 0.24 —0.39 -0.12 0.79 —0.57
Zn_S —0.16 0.11 0.34 0.13 0.23 —0.61 —0.66 0.96 **
P upt -0.12 —0.03 —0.41 —0.44 —0.25 0.12 0.30 —0.41
Fe upt —0.69 * —0.28 —0.48 —0.40 —0.29 0.02 0.52 —0.69
Zn upt —0.21 0.16 0.22 0.35 —0.04 0.45 0.35 0.46
Soil Type 2

P_G Fe_G Zn_G P_S Fe_S Zn_S P upt Fe upt Zn upt
P_G 0.48 0.52 0.99 ** —0.01 0.15 —0.43 —0.76 0.14
Fe_G 0.53 —0.38 0.60 0.54 —0.68 0.47 0.12 —0.62
Zn_G 0.66 * 0.72* 0.42 —0.10 0.91* —0.99 *** —0.63 0.91*
P_S 0.52 0.23 0.35 0.07 0.05 —0.31 —0.67 0.05
Fe_S —0.09 0.15 0.04 —0.26 —0.23 0.12 0.63 —0.08
Zn_S 0.10 —0.01 0.11 0.19 0.04 —0.93 * —0.45 0.99
P upt —0.48 —0.22 —0.71* —0.43 0.11 0.03 0.58 —0.93 *
Fe upt —0.55 0.19 —0.25 —0.35 0.29 0.22 0.60 * —0.35
Zn upt 0.13 0.63 * 0.57 0.08 0.05 0.37 —0.03 0.55

Sunflower

Soil Type 1

P_G Fe_G Zn_G P_S Fe_S Zn_S P upt Fe upt Zn upt
PG —0.50 0.62 0.05 —0.15 0.53 —0.83 —0.38 0.62
Fe_G 0.24 —0.49 0.20 —0.10 —0.22 0.44 0.23 —0.42
Zn_G 0.06 0.34 —0.75 —0.22 0.96 * —0.99 ** —0.57 0.98 **
P_S 0.00 —0.31 0.00 0.19 —0.77 0.89 0.44 —0.72
Fe_S —0.28 —0.01 0.25 0.73 * —0.20 0.41 0.91 * —0.08
Zn_S —0.11 —0.10 0.16 0.46 0.09 —0.97 * —0.50 0.97 **
P upt -0.11 —0.56 —0.63 * 0.18 0.23 —0.51 0.69 —0.97 *
Fe upt 0.60 —0.19 —0.21 —0.22 —0.29 —0.55 0.52 —0.43
Zn upt —0.31 0.37 0.67 * —0.09 0.47 —0.03 —0.36 —0.34
Soil Type 2

P_G Fe_G Zn_G P_S Fe_S Zn_S P upt Fe upt Zn upt
P_G —0.31 0.35 0.10 —0.11 0.02 —0.28 —0.18 —0.18
Fe G 0.34 0.62 —0.75 —0.73 0.90 * —0.79 —0.78 0.22
Zn_G 0.65 * 0.56 —0.83 —0.95* 0.87 —0.92* —0.96 ** 0.18
P_S 0.03 —0.22 —0.10 0.96 * —0.92* 0.85 0.92 —0.61
Fe_S —0.15 —0.05 —0.03 0.71 % —0.94 * 0.93 * 0.99 ** —0.42
Zn_S —0.09 0.03 0.13 0.27 —0.20 —0.97 ** —0.97 ** 0.41
P upt 0.13 —0.66 * —0.48 —0.15 —0.28 —0.31 0.98 ** —0.33
Fe upt 0.10 —0.18 -0.13 —0.55 -0.15 —0.71* 0.63 * —0.36
Zn upt —0.51 0.42 0.10 —0.30 —0.03 0.21 —0.66 * —0.36

P_G, Fe_G, and Zn_G, concentration of P, Fe, and Zn, respectively, in grains; P_S, Fe_S, and Zn_S, concentration
of P, Fe, and Zn, respectively in straw; P upt, Fe upt, and Zn upt, uptake of P, Fe, and Zn, respectively. Pearson’s
correlation coefficients in black refer to superphosphate treatments, while the correlation coefficient in blue
indicates Pearson’s correlation coefficient in BBF treatments. Significant correlations (p-value < 0.05) are marked
with bold numbers. *, **, ***, significant at p-value < 0.05, 0.01, and 0.001, respectively. Correlation analysis was
performed with the average value of the variables of each fertilizer treatment (n = 5 for superphosphate, including
non-fertilized control; n = 11 for BBFs).
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4. Discussion
4.1. Biofortification Efffects of Bio-Based Fertilizers

Overall, some BBFs increased crop Zn uptake and grain concentration compared to
SP applied at the same P rate. However, this positive effect was not observed with Fe. All
this partially validates our hypothesis, i.e., that there is a Zn biofortification with some
BBFs, but this was not observed with Fe. The best results with Zn biofortification were
obtained with organic BBFs with low P concentration, i.e., composts: OHC, MSW, and
HCW. With these products, the amount of Zn applied was the highest since the amount of
BBF applied was that needed to apply a fixed P rate. Thus, it can be assumed that their use
as P fertilizers is useful for agronomic biofortification. This agrees with previous evidence
showing that fertilizers obtained from biomass wastes can be effective in biofortification
when enriched with Zn [28-30]. In our case, effective BBFs in Zn biofortification were
not enriched in this nutrient, providing stronger evidence of the benefits of a circular
economic approach to biofortification [30]. The aforementioned BBFs also applied the
highest amount of organic C, which can also affect Zn uptake by the crop. Organic C is
known to enhance the biofortification effect of Zn fertilizers [31]. This probably explains
the good Zn biofortification results obtained with animal-derived products (APP, BM, and
PLC). These products applied significantly less Zn than compost but have a high organic
C content that will contribute to increasing Zn availability to plants [10]. Although this
effect has been attributed to the formation of Zn complexes with organic matter [27], it can
be also related to increased microbial activity [13]. In this regard, some composts, such as
HMY, increase microbial biomass and diversity, which can contribute to the increased Zn
uptake by crops and a decrease in the P:Zn ratio in wheat grain [32]. It has been shown that
rhizospheric microorganisms, which can be affected by the input of organic C, can promote
a greater accumulation of Zn in grains without increasing its uptake by plants [33]. This
implies a biofortification effect without greater Zn availability to plants, which is explained
by changes in nutrient homeostasis through an alteration in the hormonal concentration
promoted by microorganisms [33]. This is consistent with evidence revealing the relevant
role of rhizospheric microbiome in Zn uptake, even with the application of P fertilizers [34].

The high Zn and organic C supply with some BBFs can explain benefits in bioforti-
fication. Nevertheless, MD did not lead to Zn biofortification in wheat despite the high
amounts of Zn and organic C supplied. In this BBF, the dominant P form is phytate [3],
which forms a stable complex with Zn [35]. This complexation may decrease Zn availability
to plants; this Zn can become progressively more available after phytate hydrolysis [36].
This progressive hydrolysis may explain the better performance of MD in sunflower com-
pared to wheat. The good results obtained in Zn biofortification with animal-derived
products can be also explained by the dominant P forms in these products, which, in most
cases, were poorly soluble Ca phosphates [3], which are slowly solubilized in soils with
basic pH [37]. This progressive release of P can decrease potential antagonism with Zn
compared to SP, which provides soluble phosphates. Thus, the supply of Zn and organic
C, as well as the dominant P forms in BBFs, appear to be the main factors explaining
Zn biofortification.

There was no improvement in Fe uptake or concentration in grain with BBFs compared
to SP despite the high amount of this nutrient applied with BBFs. Thus, there are additional
factors in the BBFs or soils explaining this difference between Zn and Fe, confirming our
additional hypothesis. Organic C in BBFs does not seem to enhance Fe biofortification.
In this regard, OHC, with high organic C content, led to one of the worst results. This is
remarkable since the negative effect of this BBF was observable with a basal application of
Fe to plants with nutrient solution, thus revealing a clear negative effect on Fe availability
to plants. One possible reason is that Fe could be immobilized through the formation of
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organomineral complexes, which reduced the bioavailability of Fe, as observed in long-term
experiments with organic fertilizers [38]. It is interesting to note that the worst results of
BBFs in Fe uptake were observed with wheat, which is a crop that effectively mobilizes
Fe from soil through siderophores exudation (Strategy I plant), in contrast to sunflower,
which is less efficient since the mobilization mechanisms are based on acidification and the
exudation of less effective chelating agents at basic pH (Strategy II plant) [39]. This supports
the assumption of Fe being strongly immobilized when applied with BBFs, perhaps forming
very stable complexes, as mentioned above. It can also be assumed that factors other than
fertilizers or crops can be relevant to explaining Fe availability to plants. In this regard,
given that soils have carbonates and basic pH, this can negatively affect the availability
of Fe supplied with BBFs to plants [12,40,41]. On the other hand, Zn availability is also
negatively affected by carbonates and Fe oxides through adsorption processes [15,33].
However, with this nutrient, the effect of BBFs increasing Zn biofortification does not
appear to be restricted by soil properties. All this contributes to explaining the absence of
interaction between fertilizer treatment and soil in the crop biofortification.

4.2. Effect of Bio-Based Fertilizers on the Quality of Edible Parts

Bio-based fertilizers enhanced the quality of the edible parts in terms of the ratio of P
to micronutrients, but only in the case of Zn. Furthermore, this effect was soil-dependent,
confirming our hypothesis. The P:Fe and P:Zn ratios seem to be explained by the efficiency
of the treatments in increasing Fe and Zn concentration in the edible parts. The overall
increased P:Fe ratio reflects an increased phytate accumulation in grains relative to Fe,
which considerably reduces Fe absorption during digestion [6,33]. Overall, the P:Zn
ratio was higher in the Fe oxide-rich soil (Type 1) than in the carbonate-rich soil (Type 2).
This is likely ascribed to the different dominant processes explaining P sorption in soil
and availability to plants. The enhanced precipitation of insoluble Ca phosphates in the
carbonate-rich soil (Type 2) probably leads to lower P availability to plants compared to
Type 1 soil, where the adsorption on Fe oxides is expected to be the dominant process [42].
This decreased availability of applied P in the carbonate-rich soil leads to a decreased
P:Zn ratio compared to Fe oxide-rich soil. However, this was more evident with SP than
with BBFs. This can probably be ascribed to the fact that the precipitation of insoluble Ca
phosphates is enhanced with high rates of soluble phosphate [37,42]; meanwhile, with a
more progressive release of P from BBFs, the precipitation of insoluble Ca phosphates is
not enhanced as much. This likely explains the smaller difference in the P:Zn ratio between
both soils with BBFs than with SP.

4.3. Assessment of Iron and Zinc Nutrition of Plants with Bio-Based Fertilizers

Based on the correlation between P, Zn, and Fe uptake, the antagonistic effect of P
on Zn was evident with SP, whereas it was not observed with the application of BBFs.
Theoretically, both soils have DTPA-extractable Zn above critical values for deficiency in
wheat, which explains the grain Zn concentration above the threshold values for good
quality for human consumption without P fertilization [43]. However, with SP as the P
source, the Zn concentration in grains decreased below this threshold at the same P rate as
that used for BBFs. With the additional supply of Zn, alongside the other factors involved
in its availability, as mentioned above, most BBFs led to grain Zn concentration around this
threshold. All of this reveals that the antagonistic effect of P applied as BBFs is lower with
BBFs than with soluble mineral fertilizers. This agrees with previous evidence showing
no antagonism between P and Zn when organic fertilizers are used [44]. In any case, the
potential effect of P supply on Zn uptake cannot be separated from the availability status of
P and Zn in soil [15]. In soils poor in P and Zn, the joint supply of both P and Zn has been
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shown to enhance Zn biofortification in cereals [45]. Our results reveal that not only the P
supply but also the form of P supplied is relevant to explaining the interaction between P
and Zn. Moreover, plant internal regulations on the transport of P and Zn from roots to
shoots are relevant factors explaining potential antagonism between both nutrients [14],
and these internal regulations can be affected by the supply of organic fertilizers [46].
Finally, the effects of BBFs on the rhizospheric microbiome as a result of organic C supply
can contribute to increased Zn accumulation in plants when P fertilizer is applied [34].

It is also interesting to note that with SP, an antagonism between Zn and Fe in sun-
flower was observed, but the same was not observed in wheat. Thus, it seems that the
antagonism is not evident in crops that efficiently mobilize soil Fe [39]. Interestingly, this
antagonism was not observed with BBFs in either of the two crops. Moreover, the concen-
tration of Fe in grains correlated with that of Zn in wheat with BBFs. Thus, it appears that
the additional input of Zn and Fe from these products mitigates this negative interaction
and may have benefits for both Zn and Fe accumulation in the edible parts of the crops.
This is consistent with previous research showing that the co-application of Zn and Fe
increases the concentration of both nutrients in wheat grains [47]. It is noteworthy that
Zn concentration in grain/seed was correlated with that in the straw only with SP, unlike
in the case of Fe. This reveals different transport and accumulation patterns between
both nutrients [48], which may be affected by fertilization treatments. In this regard, Zn
accumulation in grains relative to other organs can be enhanced by additional supply of N
with some BBFs [49]. Furthermore, changes in the homeostasis of this nutrient can occur
due to the supply of organic matter and the inoculation with microorganisms that can alter
the distribution of Zn between wheat grains and straw, as well as the P:Zn ratio in the
grains [46]. This can be promoted by certain BBFs, which provide organic C and contribute
to changes in soil microbial communities [32]. Thus, physiological effects on plants ascribed
to the supply of organic matter and subsequent changes in the soil microbial communities
after BBFs application cannot be ruled out.

The increased Zn availability to plants by some BBFs also explained their effect
on Zn concentration in the straw in both crops. This concentration was higher in the
carbonate-rich soil (Type 2) than in the Fe oxide-rich soil (Type 1). This implies a higher
grain—straw Zn concentration ratio in the Fe-oxide rich soil and contributes to explaining
the differences in the P:Zn ratio in straw between the soils. At basic pH, Zn adsorption
onto oxides is almost irreversible [50,51], constraining the availability of Zn supplied to
plants. However, with this decreased Zn availability in the Fe oxide-rich soil, there is no
decreased accumulation in grain. Thus, it seems that soil factors limiting Zn availability
affect its transport and accumulation in the different plant organs, likely to preserve the
accumulation in reproductive organs. This agrees with previous evidence indicating Zn
remobilization from vegetative organs to wheat grains when its supply is not ample [52].

4.4. Practical Recommendations

Some BBFs, which are efficient P suppliers [3], have positive effects on Zn biofortifi-
cation and improve the acquisition of this nutrient by crop. This represents an additional
benefit in the use of these products as P fertilizers. Furthermore, organic C supplied with
some BBFs is positive in terms of improving soil organic C as a major factor involved
in soil health. The use of compost and vermicompost rich in organic C has been shown
to increase microbial biomass, microbial diversity, and biochemical properties related to
nutrient cycling in soils [32,53]. All these are relevant factors involved in soil health and
the provision of ecosystem services. The main limitation in the use of efficient BBFs rich in
organic C is their low P concentration, which implies the use of high quantities of product
per hectare. This entails high transportation cost and could make the practice unprofitable.
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However, this type of product is considered for use at the farm gate, since its production by
farmers is feasible, avoiding high transportation costs. On the other hand, other BBFs have
higher P concentration, and transportation costs could be lower. The complex processes
sometimes required in their production make the products more expensive. Furthermore,
some of these products are still produced on an experimental scale [3,19], so conclusions
cannot be drawn about their potential profitability. Moreover, considering rising P fertilizer
prices [54], these alternative sources will be necessary in sustainable agriculture and likely
profitable. It can be concluded that the economic aspects of using BBFs should take into
account not only the P supplied to crops but also the additional benefits regarding biofor-
tification, improved soil health, and the societal benefits derived from circular economic
approaches to fertilizer production.

5. Conclusions

Most of the bio-based fertilizers (BBFs) studied increased Zn uptake by crops and
its concentration in the edible parts when compared with SP applied at the same P rate.
This effect was not dependent on the soil. The supply of Zn and organic C, as well
as the dominant P forms in BBFs, were the main factors explaining Zn biofortification.
Furthermore, some BBFs also decreased the P:Zn ratio in grains relative to SP, although
this effect varied depending on the soil. Thus, in addition to P supply, these products can
promote crop biofortification and increase grain quality. However, this positive effect was
not observed with Fe. As additional nutritional benefits to crops, BBFs also decreased the
antagonism between P and Zn and that between Fe and Zn. In addition, BBFs altered
Zn homeostasis. These effects can likely be ascribed to physiological changes in crops
promoted by organic matter supply or changes in microbial communities in soils attributed
to BBFs.
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Appendix A

Table Al. Effects of the different fertilizer treatments on Zn concentration in the straw of both crops

and the P-to-Zn ratio in the edible parts of wheat and sunflower straw depending on the soil. An

analysis of the combination of both factors has been performed via one-way ANOVA since the

interaction between both factors was significant.

BBFs Wheat Straw Sunflower Wheat Grain Sunflower Sunflower
Straw Seeds Straw
mg Zn kg1 P:Zn Molar Ratio
Soil CaCOj (Soil Type 2)
C 88.0 ab 88.6 a 85.0 f 53.3 fghij 6.4m
SP 25% 49.8 cdef 66.2 abc 115.1 bedef 59 bedefghij 9.4 klm
SP 50% 27.3 fghij 55.5 cdef 128.5 bedef 57.3 defghij 10.8 ijklm
SP 100% 13.114j 43.7 cdefgh 144.6 bede 61.6 bcdefgh  14.9 fghijklm
SP 200% 15.8 hij 36.0 fghijk 167.7b 59.0 cdefghij  18.7 defghijk
OHC 76.7 abc 874 a 123.1 bedef 49.3j 6.3 m
MSW 78.7 ab 63.2 abcde 100.2 def 48.4j 8.9 jklm
HMV 46.4 def 44 .4 cdefgh 110.9 bedef 55.8 efghij 12.0 ijklm
MD 14.3 jj 31.7 ghijk 163.6 b 55.4 efghij 19.5 defghi
APP 96.0 a 80.4 ab 105.5 cdef 51.8 ghij 9.8 jklm
BM 73.6 abc 89.6a 132.1 bedef 55.2 efghij 791m
PLC 418 fg 42.1 cdefgh 123.2 bedef 55.6 efghij 16.5 efghijkl
SLA 31.7 fghij 36.9 efghij 118.1 bedef 54.9 efghij 18.2 defghijk
SFA 67.7 bede 61.3 bed 148.6 bed 51.9 ghij 10.7 ijklm
PLA 70.9 bed 63.8 bc 122.7 bedef 50.7 jj 11.0 jjklm
STR 39.4 fgh 51.6 cdefg 150.4 bedef 54.5 fghij 13.2 hijklm
Soil Fe oxides (Soil Type 1)
C 36.7 fghi 43.1 cdefgh 129.4 bedef 59.3 cdefghij 13.5 ghijklm
SP 25% 20.0 ghij 33.5 fghijk 142.3 bedef 62.1 bedefghi  17.8 defghijkl
SP 50% 13.6 jj 28.1 hijk 159.8 bc 66.8 bed 22.5 defg
SP 100% 8.7 18.2 ijk 235.6 a 70.2b 33.9 bc
SP 200% 8.6j 13.6 k 230.8 a 89.5a 449 a
OHC 23.3 fghij 33.8 fghijk 126.9 bedef 55.8 efghij 13.8 ghijklm
MSW 37.5 fghi 30.6 ghijk 94.9 def 55.2 efghij 18.8 defghij
HMV 18.7 ghij 23.9 hijh 90.6 ef 58.6 cdefghij 25.9 cde
MD 10.5j 13.8 jk 159.7 bc 65.6 bede 45.0 a
APP 42.8 efg 49.0 cdefgk 124.6 bedef 55.1 efghij 13.1 ghijklm
BM 29.9 fghij 40.6 defghi 123.1 bedef 63.7 bedef 17.4 defghijk
PLC 14.0 jj 17.9 ijk 162.2 bc 62.8 bedefg 38.3 ab
SLA 19.7 ghij 15.3 jk 129.1 bedef 68.6 bc 35.7 ab
SFA 29.8 fghij 24.6 hijk 97.3 def 58.8 cdefghij 23.7 def
PLA 30.2 fghij 27.9 hijk 131.4 bedef 57.8 defghij 21.7 defgh
STR 18.7 ghij 25.4 hijk 166.8 b 60.9 bedefgh 26.2 cd

SP, superphosphate; OHC, olive husk compost; MSW, municipal solid waste compost; HMV, horse manure
vermicompost; MD, maize digestates; APP, animal and plants mixed pellets; BM, bone meal; PLC, poultry litter
compost; SLA, sewage sludge ashes; SFA, sunflower by-products ashes; PLA, poultry litter ashes; STR, struvite.
Means with different letters are significantly different according to the Tukey test (p-value < 0.05).
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