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ARTICLE INFO ABSTRACT

Keywords: Agronomic biofortification of Zinc (Zn) and iron (Fe) in cereal grains is a critical strategy to address human
Biofortification deficiencies in these micronutrients. Our study examined the effects of crop rotation and farming system on Zn
Crop rotation and Fe bioavailability in wheat grains, using data from 2011 to 2020 from the Glenlea Long-term Crop Rotation
g;;i‘;‘;“f::::ing Study, Canada’s longest running study on organic farming. Two crop rotations, continuous annual (spring wheat,
Phytate flax, oat, soybean) and annual-perennial (spring wheat, flax, alfalfa, alfalfa), managed both organically and

conventionally, were fully phased. Compared to conventional farming, organic farming significantly increased
grain Zn concentration in six out of ten years, with no significant effect on grain Fe. Additionally, grain Zn was
also significantly higher in the annual-perennial rotation compared to the annual rotation in seven of the ten
years. A significant interactive effect was observed for grain phytate, which was approximately 35 % lower in the
annual-perennial rotation under organic farming than in other treatments. Consequently, the diversified rotation
under organic farming significantly reduced the phytate/Zn and phytate/Fe molar ratios, indicating enhanced
micronutrient bioavailability for human consumption. However, these effects were strongly associated with
reduced phosphorus (P) availability in organic systems, particularly following alfalfa, which limited grain yields.
Livestock manure-based compost application improved grain yield and nutrient uptake, but reduced Zn/Fe
bioavailability due to increased phytate accumulation. This study demonstrates that diversified crop rotation and
organic farming could improve micronutrient bioavailability, but at a cost of lower grain production tied to
reduced P availability.

1. Introduction

Zinc (Zn) and iron (Fe) are essential micronutrients for the growth
and development of plants, animals, and humans. In plants, Zn serves as
a functional, structural or regulatory co-factor for numerous enzymes
and proteins involved in critical biochemical processes. In animals and
humans, approximately 3000 proteins, or 10 % of all proteins, require
adequate Zn for their optimal function (Cakmak and Kutman, 2018).
Zinc is a critical component in all six classes of enzymes including oxi-
doreductases, transferases, hydrolases, lyases, isomerases, and ligases
(Barak and Helmke, 1993). Similarly, Fe is an integral part of hemo-
globin and myoglobin, where it is directly involved in oxygen transport,
DNA synthesis, enzymatic functions, and energy production. Malnutri-
tion resulting from Zn and Fe deficiencies, commonly referred to as
“hidden hunger”, represents one of the most significant global health
challenges. It is estimated that over 60 % of the global population is

affected by Fe deficiency, while more than 30 % are suffering from Zn
deficiency (White and Broadley, 2009). According to Hotz and Brown
(2004), about one-third of the global population lives in countries at
high risk for Zn deficiency, leading to approximately 1.1 billion people
are at risk, with 90 % residing in Asia and Africa (Kumssa et al., 2015).

The primary cause of Zn and Fe deficiencies is inadequate dietary
intake, particularly in regions where people rely heavily on cereal-based
foods that have lower Zn and Fe concentrations, and bioavailability
compared to animal-based foods. Cereal crops naturally have low Zn and
Fe concentration and cultivating them on nutrient-deficient soil further
reduces their bioavailability in grains (Cakmak, 2008). Wheat (Triticum
aestivum L.), the most extensively grown cereal crop in the world, pro-
vides 70 % of daily calorie intake and feeds around 40 % of the world’s
population (Giraldo et al., 2019). Despite being the most traded com-
modity globally, wheat is considered a poor source of minerals, partic-
ularly Zn, Fe, and vitamins. A meta-analysis of 109 studies reported that
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Zn concentrations in wheat grain from major wheat-producing regions
around the world vary from 20.4 to 30.5 mg kg~! with an average of
27.3 mg kg! (Chen et al, 2017), far below the target level of
40-60 mg kg’1 to meet needs of human body (Cakmak, 2008). Minerals
in wheat grain are concentrated in the aleurone layer, which is usually
removed during milling, resulting in refined flour with only small
amounts of Zn and Fe. Bioavailability of micronutrients such as Zn and
Fe is further impacted by presence of phytate, which is the dominant
storage form of phosphorus (P) in cereal grains and binds micronutrients
strongly to prevent their absorption by the human digestive system. The
phytate to Zn or Fe molar ratio has been generally used to categorize
their bioavailability (Bouis and Welch, 2010).

Several strategies are employed to tackle micronutrient deficiency,
including supplementation, food fortification, dietary diversification,
and biofortification. Supplementation provides nutrients directly in the
form of chemical or pharmaceutical products. Food fortification in-
volves adding nutrients to commonly consumed foods, beverages or
condiments to increase their nutrient contents, such as iodized salt.
Dietary diversification focuses on expanding the variety of nutrient-rich
foods consumed to improve overall nutritional intake. These strategies,
however, often face challenges related to accessibility and affordability,
particularly in remote or impoverished regions where dietary options
are limited. Biofortification, which increases nutrient levels in edible
plant parts through agricultural practices, could offer a more sustainable
solution to global nutritional deficiencies. For Zn biofortification in food
crops, a combination of conventional breeding, genetic engineering, and
agronomic practices like soil amendments and fertilization is typically
used (Yadav et al., 2023; Younas et al., 2023). Compared to breeding or
genetic approach, the agronomic approaches provide a timesaving,
economical, and effective solution to improving Zn bioavailability in
cereal grains, along with increased grain yield (Zou et al., 2012; Zulfigar
et al.,, 2020). Many studies have demonstrated that soil and foliar Zn
fertilization effectively improved wheat grain Zn concentration and
bioavailability (Rehman et al., 2018; Erdal et al., 2002; Cakmak, 2008;
Wang et al., 2015). In contrast, the impact of crop rotation and farming
system management on micronutrient biofortification in crop grain has
not been extensively explored.

Organic farming can influence the concentration and uptake of
micronutrients in crop grains through its practices of soil management,
crop rotation, and the avoidance of synthetic fertilizers. Specifically,
organic farming often promotes more diverse crop rotation and the use
of natural sources like compost and manure, which can enhance soil
organic matter and microbial activity. These factors may improve the
availability of micronutrients in the soil, leading to higher uptake by
plants. However, the effects of organic farming on grain Zn concentra-
tion are not always consistent, as they can vary depending on soil type,
crop variety, and specific management practices. For example, a study
by Ryan et al. (2004) found that organic grown wheat grain had higher
Zn concentrations compared to conventionally grown wheat, which was
attributed to increased mycorrhizal colonization in organic systems.
Similarly, Nelson et al. (2011) reported higher Zn concentrations in
wheat grown organically on the Canadian Prairies, with effects varying
by wheat cultivar. Preliminary results from the same site as the current
study showed that wheat produced organically in the perennial rotation
had higher Zn than annual rotation, whereas there was no crop rotation
effect when wheat was produced conventionally (Turmel et al., 2009).
Conversely, Mader et al. (2007) reported no significant differences in Zn
concentration between organic and conventional wheat after a 21-year
field experiment, despite 14 % lower yields in the organic system; this
indicated that grain Zn differences between the two systems was not
related to yield dilution. In addition to Zn, it has also been documented
that Fe levels in organically produced crops are 21 % greater than in
conventionally grown crops (Rembiatkowska, 2007). However, other
studies have found no significant differences in the nutrient quality
between organically and conventionally produced food (Dangour et al.,
2009; Smith-Spangler et al., 2012). These inconsistent results indicates
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that while organic farming has the potential to enhance grain Zn and Fe
levels, the outcomes may vary depending on the specific rotation and
environmental conditions. Moreover, none of these studies have inves-
tigated how these agricultural practices affect grain phytate levels and
their impact on Zn and Fe bioavailability. Therefore, to fully understand
the nutritional impact of different farming systems and crop rotations,
future research should explore the relationship between Zn/Fe con-
centration and phytate levels in crop grains.

The Glenlea Long-term Crop Rotation Study Site, established in
1992, is Canada’s longest-running organic farming systems field plots.
The present study, conducted as part of this long-term research, aims to
investigate how farming systems and crop rotations affect Zn and Fe
bioavailability in wheat grain. The specific objectives are 1) to compare
micronutrient bioavailability of wheat grain produced organically
versus conventionally; 2) to evaluate the differences in micronutrient
bioavailability between wheat grown under annual crop rotation and
annual-perennial crop rotation; 3) to examine the relationships between
grain Zn levels and other mineral nutrients, grain protein, and crop
yield, as influenced by different farming systems and crop rotation
strategies; and 4) to understand whether correcting P deficiencies in
organic production would compromise Zn and Fe bioavailability due to
increases in P availability.

2. Materials and methods
2.1. Experimental site and design

The Glenlea Long-term Crop Rotation Study Site (N 49.39.0, W
97.7.0) is located in the Red River Valley in Southern Manitoba, Canada.
The site lies within a glaciolacustrine clay floodplain of near-level
topography (0 to < 2 % slope) and has an extreme humid-continental
climate (Koppen Dfb). The soils at this site are classified as Gleyed
Humic Vertisols under the Canadian soil classification system and as
Typic Humicryerts under the US system, with a clay texture (65 % clay,
26 % silt and 9 % sand).

The experimental design included two crop rotations: annual (oat-
soybean-spring wheat-flax) and annual-perennial (spring wheat-flax-
alfalfa-alfalfa), both of which were managed under organic and con-
ventional systems. These rotations were fully phased each year across
three replicate blocks from 2011 to 2020, during which data for the
present study were collected. Under organic management, no synthetic
fertilizer herbicide or pesticide were used, whereas under conventional
management, fertilizer application followed soil tests and local recom-
mendations for each crop rotation. The experiment employed a ran-
domized complete block design in a split-plot arrangement, where crop
rotation served as the main plot and the farming system as the subplot.
The plot size for organic systems were 12 m by 4 m, while the conven-
tional systems had a plot size of 28 m by 4 m. Seeding rates were typi-
cally 165 kg ha™! for the organic plots and 125 kg ha™! for the
conventional plots, with occasional adjustments made depending on
spring conditions. The spring wheat cultivar used in this experiment was
Cardale, a semi-dwarf hard red cultivar released in 2011 by Agriculture
and Agri-Food Canada (Fox et al., 2013). Additionally, a comparison of
compost and non-compost treatments was implemented within the
annual-perennial crop rotation under the organic farming to evaluate
their effects on crop productivity and micronutrient bioavailability. The
compost treatment involved the annual application of composted beef
cattle manure to achieve a target rate of 80 kg ha™! of P in the soil from
2011 to 2020. Throughout the study years, same source of beef solid
manure was used for the compost. The total N content ranged from
0.54 % to 0.84 %, P20Os ranged from 0.65 % to 0.91 %, KO ranged from
1.1 % to 3.9 %, total Zn ranged from 65 mg kg ! to 219 mg kg1, and
total Fe ranged from 6176 mg kg™! to 9100 mg kg~!. Total N was re-
ported on an as-received basis for solid manure, while other nutrients
were reported on a dry-mass basis. All analyses were conducted by
Agvise Laboratories (Northwood, ND, USA). Herbicide and pesticide
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were applied at the recommended rates in the conventional plots only.

2.2. Analysis of grain samples for nutrient concentration

Wheat grain was harvested using a custom plot combine in late
August or early September, depending on crop maturity and weather
conditions. Harvested grain samples were dried on specialized drying
beds, cleaned using a Carter Day dockage tester, and then determined
for dry yield. Subsequently, a representative sample was finely ground
using a zirconium ball mill, and then digested using a mixture of sulfuric
acid and hydrogen peroxide (Westman, 1990). Briefly, 0.4 g of ground
wheat grain was added to 4.4 mL of acid solution, left at room tem-
perature for 1 hour, then digested for 1 hour at 100°C followed by
2 hours at 350 °C. Nitrogen (N) in the digest solution was determined
using a Technicon Autoanalyzer II (Technicon Industrial Systems, Tar-
rytown, NY, USA). Other nutrients, including Zn, Fe, P, Mg, Mn and Cu
were analyzed using an ICP-MS (Agilent 7850, Agilent, Santa Clara,
USA). Grain protein concentration was calculated assuming a protein to
N ratio of 6.25.

2.3. Analysis of grain samples for phytate concentration and Zn/Fe
bioavailability

Grain phytate was determined according to Haug and Lantzsch
(1983), with slight modifications. Finely ground wheat grain samples
(0.15 g each) were extracted in 25 mL of 0.2 N HCL. The solutions were
vortexed, and 0.5 mL of each solution was transferred to 2 mL centrifuge
tube, followed by the addition of 1 mL ferric solution. The mixtures were
heated in a water bath at 100°C for 30 minutes, then immediately cooled
in an ice water bath for 15 minutes before returning to room tempera-
ture. After centrifugation at 5700 rpm for 30 minutes, 1 mL of super-
natant was mixed with 1.5 mL of 2,2’-bipyridine solution (prepared by
dissolving 5 g of 2,2’-bipyridine and 5 mL of thioglycolic acid in
deionized water, then diluted to 500 mL). Phytate concentration was
measured by the decrease in absorbance of the pink color developed by
unreacted Fe with 2,2’-bipyridine at 519 nm using a UV/visible spec-
trophotometer (Ultrospec 2100 pro, GE Healthcare, UK). All grain
samples for nutrient and phytate determinations were prepared and
analyzed in triplicates. Grain nutrient and phytate uptake were calcu-
lated by multiplying grain yield with their respective concentrations.
Molar ratios of phytate to Zn or Fe were calculated to estimate the
bioavailability of Zn and Fe in wheat grain, with lower ratios indicating
higher bioavailability.

(phytate concentration in mg kg™')/660.04
(Zn concentration in mg kg™')/65.38

Phytate : Zn molar ratio =

(phytate concentration in mg kg™)/660.04

Phytate : Fe molar ratio =
ytate : ¥e molar ratio (Fe concentration in mg kg™')/55.85

2.4. Statistical analysis

Data analysis was conducted using SAS 9.4 software (SAS Institute
Inc., Cary, NC, USA). An initial three-way analysis of variance (ANOVA)
was performed with the Mixed procedure, treating farming system and
crop rotation as fixed effects and year as a random effect. For each in-
dividual year, a two-way ANOVA was applied to evaluate the main and
interactive effects of farming system and crop rotation. When significant
main or interactive effects were detected, means were compared using
Tukey’s Honestly Significant Differences test. Differences between
compost and non-compost treatments within the annual-perennial crop
rotation under the organic farming system were assessed using a paired
t-test. Linear regression was used to examine relationships between
measured parameters. In all analyses, statistical significance was set at a
5 % probability level.
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3. Results

3.1. Impact of farming system and crop rotation on grain nutrients,
protein and yield

Wheat grain yield and nutrient concentrations of Zn, Mg and P were
significantly (p < 0.05) affected by farming system, crop rotation, year
and their interactions (Table 1). Grain protein concentration was
significantly (p < 0.05) affected by crop rotation and year. Additionally,
grain Cu concentration varied across years, and was significantly
(p < 0.05) impacted by the interactions between farming system and
crop rotation. In contrast, grain Fe concentration differed between years
but did not show significant response to farming systems, crop rotation,
or their interactions. Grain Mn concentration was only affected by the
three-way interaction among farming system, crop rotation and year,
but was not significantly affected by each factor individually.

Compared to conventional farming, organic farming exhibited
significantly (p < 0.05) higher Zn concentrations in wheat grain in six
out of ten years (Table 2). Across the study period, grain Zn concen-
trations ranged between 25.6 and 36.9 mg kg~! for the organic system,
and between 19.7 and 31.7 mg kg ™! for the conventional system. The
10-year average Zn concentration in the organic system was 16.9 %
higher than that in the conventional system. Wheat in the annual-
perennial rotation had significantly (p < 0.05) higher grain Zn concen-
trations than that in the continuous annual rotation in seven out of ten
years. As a result, the 10-year average grain Zn in the annual-perennial
rotation was 19.6 % higher than that in the annual rotation. In six out of
ten years, grain Zn was significantly (p < 0.05) affected by an interac-
tion between farming system and crop rotation, where the combination
of organic system and annual-perennial rotation consistently had the
highest grain Zn concentrations.

There was a large variation in grain Fe concentration among
different years, ranging from 25.5 to 71.1 mg kg™ over the 10-year study
period, with relatively higher values observed in 2017 and
2018compared to other years (Table 3). Farming system, crop rotation
and their interaction did not influence grain Fe concentration in any
individual year (p > 0.05), except for 2016, where the annual-perennial
rotation exhibiting significantly (p < 0.05) higher Fe concentration
compared to the annual rotation.

In each of the ten years, wheat grain yield was significantly
(p < 0.05) lower in the organic system compared to the conventional
system (Table 4). The 10-year average yield in the organic system was
only approximately half of that in the conventional system. In five out of
ten years, yields were significantly (p < 0.05) lower in the annual-
perennial rotation compared to the annual rotation, leading to a 35 %
lower 10-year average for the annual-perennial rotation. Additionally,
the 10-year average yield was significantly (p < 0.05) affected by the
interaction between farming system and crop rotation, which was
contributed to that wheat yields were significantly lower in the annual-
perennial rotation than the annual rotation for the organic system but
yields between the two crop rotations were comparable for the con-
ventional system.

3.2. Impact of farming systems and crop rotation on phytate, and molar
ratios of phytate to Zn/Fe

Over the 10-year study period, the organic annual-perennial rotation
had a phytate concentration of 7.9 mg g}, which was 34.2 % lower
(p < 0.05) than in the other treatments (Fig. 1A). Additionally, the
[Phytate]:[Zn] ratio ranged from 24.6 to 50.7, and the [Phytate]:[Fe]
ratio ranged from 18.4 to 32.3. Both ratios were significantly lower
(p < 0.05) in the organic annual-perennial rotation system compared to
other treatments (Fig. 1B, C), suggesting improved bioavailability of Zn
and Fe.

3.3 Impact of compost application on grain Zn and Fe bioavailability
under annual-perennial crop rotation in the organic farming system
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Table 1
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p-values of three-way ANOVA evaluating the effect of farming system (FS), crop rotation (CR) and year (Y) on wheat grain nutrient concentrations, protein and yield

from the Glenlea Long-term Crop Rotation study over 2011-2020.

Source DF Mg P Mn Fe Cu Zn Protein Yield

FS 1 < 0.0001 < 0.0001 0.0696 0.5236 0.5720 < 0.0001 0.9208 < 0.0001
CR 1 < 0.0001 < 0.0001 0.1720 0.1899 0.3155 < 0.0001 0.0046 < 0.0001
Y 9 < 0.0001 < 0.0001 0.0962 < 0.0001 0.0043 < 0.0001 < 0.0001 < 0.0001
FS x CR 1 < 0.0001 < 0.0001 0.3304 0.7398 0.0131 < 0.0001 0.9353 0.0003
FSxY 9 < 0.0001 0.0011 0.1023 0.4329 0.0370 0.0347 0.7687 0.0396
CR xY 9 0.2601 0.1433 0.1985 0.7794 0.0692 0.2956 0.1626 0.0024
FSxCR xY 9 0.0189 0.0210 0.0475 0.7284 0.1984 0.0197 0.7208 0.0394

Table 2

Effect of farming system (FS) and crop rotation (CR) on wheat grain

Zn concentration at the Glenlea Long-term Crop Rotation study site over 2011-2020.

Grain Zn concentration (mg kg™')

Treatment 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2011-2020

FS

Org. 279+ 1.6 28.5+ 2.4 25.6 +1.5 25.6 + 2.1 26.9 + 1.7 27.2+1.1 29.1 +2.9 31.5+ 3.4 30.8 + 2.6 36.9 +1.9 29.0 £ 0.8a
a a a a a a a a a a

Conv. 225+ 2.2 22.2+0.6 23.3+0.7 21.9+ 0.4 25.3 +0.5 25.0 + 0.4 19.7 £ 0.6 29.4 +1.3 27.1+1.1 31.7 £ 0.9 24.8 +£ 0.5
a b b b a b b b a b b

CR

A. 229+23 224+ 0.8 22.4+0.6 21.5+0.5 243+ 0.6 24.7 £ 0.5 21.8+1.5 26.4+1.1 26.1 +£2.2 326+1.9 245+ 0.6
a b b b b b b b a a b

A.P. 27.6 +1.6 28.3+ 2.4 264 +1.2 26.0 +1.9 279+ 1.3 27.5+ 0.9 27.0 + 3.6 34.5+ 2.0 31.8+1.2 36.0 + 1.5 29.3+0.7a
a a a a a a a a a a

FS x CR

Org.-A. 26.4 + 2.8 23.6 +1.3 225+1.2 21.1 +1.1 23.5+0.1 25.1 +1.0 23.3+28 25.24+ 0.8 27.2+ 4.6 35.1 +3.6 25.3+ 0.9
a b b b b b b c a a b

Conv.-A. 19.3+ 25 21.2+0.4 223+ 0.5 22.0 £ 0.2 25.1 +£0.9 24.3 +0.2 20.3+1.1 27.7 £ 1.9 25.0 + 1.1 30.2+ 0.6 23.7 £ 0.7
a b b b b b b be a a b

Org.-A.P. 29.4 +1.6 33.3+1.7 28.7 £ 0.9 30.1 + 1.0 30.3+1.7 29.3+0.5 349+ 0.5 379+ 0.4 34.4+0.9 388 +1.6 326 +0.7a
a a a a a a a a a a

Conv.-A. 25.7 + 2.7 23.2+0.6 242+ 1.2 21.9+0.8 25.5+ 0.7 25.7 £ 0.6 19.0 £ 0.5 31.1 £ 0.9 29.3 +£ 0.6 33.2+1.3 25.9+ 0.8

P. a b b b b b b b a a b

Analysis of Variance

Source Pr>F

FS 0.0613 0.0005 0.0215 0.0018 0.1460 0.0087 0.0002 0.0363 0.1704 0.0365 < 0.0001

CR 0.0922 0.0007 0.0018 0.0007 0.0082 0.0025 0.0042 0.0001 0.0501 0.1443 < 0.0001

FS x CR 0.5140 0.0086 0.0296 0.0006 0.0146 0.0647 0.0014 0.0017 0.5504 0.8710 0.0015

Abbreviations: Org. = Organic farming, Conv. = Conventional farming, A. = Annual crop rotation, A.P. = Annual-perennial crop rotation, FS = Farming system, CR
= Crop rotation.
Data presented are means =+ standard error (n = 3).
Per column, within the farming system, or crop rotation, or their interaction, means followed by different letters are significantly different at p < 0.05.

Table 3

Effect of farming system (FS) and crop rotation (CR) on wheat grain Fe concentration at the Glenlea Long-term Crop Rotation study site over 2011-2020.

Grain Fe concentration (mg kg'l)

Treatment 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2011-2020

FS

Org. 41.8+72 307+17 283+25 255+1.0 294+26 428+6.6 68.1+7.2 53.0 + 4.9 32.8+ 4.6 46.2 +12.4 394 +2.4
a a a a a a a a a a a

Conv. 326+22 294+07 27.0+03 29.1+14 33.0+4.1 35.7 + 3.6 70.3+143 71.1+11.1 5374103 39.5+25 42.1+29
a a a a a a a a a a a

CR

A. 33.2+27 31.2+16 263+1.0 28.0+1.7 274+09 296+1.1 67.8+14.0 56.0+7.3 39.9+54 46.2 +12.4 38.6+2.6
a a a a a b a a a a a

AP. 413+72 289+06 29.0+22 266+1.0 350+43 489+4.6 70.6 + 7.7 68.1+£12.3 46.6+11.7 39.6 +2.4 429 +2.7
a a a a a a a a a a a

Analysis of Variance

Source Pr>F

FS 0.2905 0.5071 0.6217 0.0534 0.4688 0.0688 0.9009 0.2398 0.1296 0.6154 0.4651

CR 0.3477 0.2450 0.3337 0.4227 0.1440 0.0006 0.8736 0.4229 0.6036 0.6178 0.2519

FS x CR 0.8205 0.8675 0.5055 0.1388 0.7846 0.0596 0.3941 0.8885 0.8357 0.2613 0.8471

Abbreviations: Org. = Organic farming, Conv. = Conventional farming, A. = Annual crop rotation, A.P. = Annual-perennial crop rotation, FS = Farming system, CR
= Crop rotation.
Data presented are means =+ standard error (n = 3).
Per column, within the farming system or crop rotation, means followed by different letters are significantly different at p < 0.05.
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Table 4
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Effect of farming system (FS) and crop rotation (CR) on wheat grain yield at the Glenlea Long-term Crop Rotation study site over 2011-2020.

Wheat grain yield (kg ha™)

Treatment 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2011-2020

FS

Org. 586 + 120 1521 1691 1789 1140 + 248 1675 1904 1479 1014 1256 1405 + 107
b +281b +452b +359b b +108 b +540b + 256 b +345b +226b b

Conv. 1952 3606 3266 2885 2508 + 149 3183 3775 2038 2038 3146 + 83 2840 + 115
+107 a +554a +240a +299a a +210a +193a +271a +324a a a

CR

A. 1325 2705 3142 2688 2142 + 221 2416 3317 2341 2185 2104 2436 + 114
+294a +311la +338a +308a a +294a + 253 a +137a +330a +477 a a

AP. 1214 2422 1814 1987 1506 + 426 2443 2362 1175 867 2298 1809 + 162
+353a + 846 a +469 b +441a b +443a +723b +144b +214b +429a b

FS x CR

Org.-A. 713 + 168 2091 2582 2506 1677 +61b 1823 3043 2052 + 37 1615 1167 1927 + 146
b + 259 ab +437 a + 222 ab +107 b +391a b + 468 b +497 b b

Conv.-A. 1937 3319 3703 2869 2608 + 151 3008 3591 2631 + 94 2754 3040 2946 + 116
+169a + 197 ab +256a +627 a a + 266 a +304a a +47a +111a a

Org.-A.P. 460 + 167 950 + 37 b 800 1073 602 + 120c 1527 765 + 85 906 + 157 414 1344 + 20 885 + 77¢
b +196 b +288b +156 b b d + 130c b

Conv.-A. 1967 3893 2829 2901 2409 + 280 3358 3959 1444 + 82 1321 3252 2733 £199

P. +170a + 1190 a +174a +230a ab +346a +243a c + 85 bc +179a a

Analysis of Variance

Source Pr>F

FS < 0.0001 0.0089 0.0011 0.0204 < 0.0001 0.0002 0.0002 0.0001 0.0033 < 0.0001 < 0.0001

CR 0.2819 0.6241 0.0026 0.1026 0.0062 0.9131 0.0053 < 0.0001 0.0007 0.477 < 0.0001

FS x CR 0.1844 0.1689 0.1427 0.0903 0.035 0.2112 0.001 0.8080 0.6512 0.948 0.0040

Abbreviations: Org. = Organic farming, Conv. = Conventional farming, A. = Annual crop rotation, A.P. = Annual-perennial crop rotation, FS = Farming system, CR

= Crop rotation.
Data presented are means =+ standard error (n = 3).

Per column, within the farming system, or crop rotation, or their interaction, means followed by different letters are significantly different at p < 0.05.

Compost application had no effect on grain Fe concentration but
significantly (p < 0.05) reduced Zn concentration to 26.4 mg kg™,
compared to 32.6 mg kg! in the non-compost control (Table 5). As ex-
pected, compost application significantly (p < 0.05) increased grain P
concentration from 1.3 g kg! to 1.8 g kg™, and phytate from 7.9 mg g’
to 10.6 mg g'l. Consequently, the [Phytate]:[Zn] and [Phytate]:[Fe]
ratios were significantly (p < 0.05) higher with compost application
compared to the non-compost control. Additionally, compost nearly
doubled grain yield but significantly (p < 0.05) reduced grain protein
concentration from 15.3 % to 13.9 % (Table 5). As a result, compost
application significantly increased grain Zn uptake by 56 %, and nearly
doubled Fe uptake. More notably, compost led to a 1.6-fold increase in
grain P and phytate uptake (Table 6).

3.3. Relationships of grain Zn concentration with grain P concentration,
yield and protein concentration

Over the 10-year study, grain Zn concentration showed a signifi-
cantly (p < 0.001) negative correlation with both grain P concentration
(r =-0.423) and grain yield (r = -0.555) (Fig. 2A, B). In contrast, grain
Zn was positively correlated with protein concentration (r = 0.585)
(Fig. 2C).

4. Discussion

4.1. Annual-perennial crop rotation with organic farming enhanced grain
Zn and Fe bioavailability

This study revealed key findings on the impact of farming system and
crop rotation on micronutrient concentration and bioavailability in
wheat grain, focusing on Zn and Fe. Organic farming significantly
enhanced Zn concentration compared to conventional systems, while
the annual-perennial crop rotation was more effective than continuous
annual rotation. Further, the combination of organic farming and
annual-perennial rotation led to significantly higher Zn concentration,
lower phytate level, and consequently a reduced [phytate]:[Zn] ratio,

indicating improved bioavailability for human consumption. These
findings are consistent with those of Ryan et al. (2004) and Turmel et al.
(2011), who also reported higher Zn and lower P concentration in
organic systems with annual-perennial rotations. Therefore, our study
confirms that organic farming, particularly when combined with diverse
crop rotations, is a promising strategy for enhancing Zn bioavailability
in wheat grain. Unlike conventional systems, organic systems’ reliance
on natural inputs and the absence of synthetic fertilizers could promote
the long-term sustainability of micronutrient biofortification in crops.
However, despite these improvement, Zn and Fe bioavailability in
wheat grain in the current study remains suboptimal to meet human
consumption needs. A [phytate]:[Zn] ratio exceeding 15:1 and [phy-
tate]:[Fe] ratio over 1:1 are associated with poor absorption by humans
(Gibson et al., 1997; Hurrell and Egli, 2010). In our study, the organic
annual-perennial system had ratios of 24.4 for Zn and 18.2 for Fe,
exceeding critical thresholds. Similarly, previous studies have also re-
ported low Zn and Fe bioavailability in wheat varieties. For example,
Hussain et al. (2011) reported [phytate]:[Zn] ratios ranging from 23.9 to
41.1 in 65 bread wheat varieties in Pakistan, indicating low Zn
bioavailability. Magallanes-Lopez et al. (2017) and Tran et al. (2020)
analyzed 46 and 101 wheat genotypes, respectively, and found that all
genotypes fell into the low bioavailability category for both Zn and Fe.
This outcome is not surprising, given that wheat grain inherently con-
tains low levels of Zn and is rich in compounds such as polyphenols and
phytate that inhibit micronutrient absorption (Cakmak, 2008).
Furthermore, we observed a considerable trade-off between
improved micronutrient bioavailability and reduced yield productivity,
highlighting the challenges for organic farming systems. At the Glenlea
study site, organic systems produced only about half the yield of the
conventional systems. Organic farming often produces lower yields due
to reliance on natural inputs, slower nutrient availability, higher weed
pressure, and potential soil nutrient depletion over time, particularly P
deficiency (Welsh et al., 2009; Nelson et al., 2011). A survey of 14
organic farms in the Canadian prairie provinces and North Dakota
revealed that while these farms generally maintain sufficient levels of N,
K, and S, they often lack adequate P (Entz et al., 2001). Similarly, a
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Fig. 1. Effect of farming system (organic vs. conventional) and crop rotation
(continuous annual vs. annual-perennial) on grain phytate content (A), and
molar ratio of phytate to grain Zn (B) and Fe (C). Data presented are the
2011-2020 means =+ standard error (n = 30). Bars with different letters indi-
cate statistically significant differences (p < 0.05).

long-term crop rotation study conducted in Saskatchewan of Canada
also reported significant soil P depletion, particularly when legume hay
crops are part of the rotation (Campbell et al., 1993). In the current
study, wheat was grown after two years of alfalfa in the rotation. High
nutrient removal of harvesting alfalfa appeared to be responsible for
depleted soil P reserves (Welsh et al., 2009). Therefore, the reduced P
availability and its effects on subsequent wheat grain yield and nutrient
composition are partially attributed to the two years of alfalfa in the
rotation.

Additionally, higher Zn concentration in organic than conventional
systems could be attributed to enhanced root arbuscular mycorrhizal

Table 5
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fungi (AMF) colonization, which facilitate nutrient absorption. For
instance, on low-P soils in Australia, Ryan et al. (2004) reported higher
Zn concentration in organically grown wheat grains, which correlated
positively with the percentage of root length colonised by AMF. Previous
studies at the Glenlea study site also reported greater colonization and
spore populations of AMF in organic than conventional systems (Welsh,
2006) but with less AMF in the manure amended organic system
compared with the unmanured organic system (Mukungu et al., 2024).
Therefore, the enhanced Zn and Fe bioavailability in organic farming
with diversified crop rotation can be attributed to several factors
including a concentration effect due to yield reduction, reduced phytate
accumulation, and increased Zn uptake facilitated by mycorrhizal fungi.
While the organic systems show promise for improving micronutrient
bioavailability, the associated yield reductions highlight the need for
strategies that enhance productivity while at the same time reducing P
accumulation in the crop (Carkner et al., 2023).

4.2. Compost application decreased Zn and Fe bioavailability for organic
annual-perennial crop rotation

Though livestock manure-based compost is a good source of micro-
nutrients, we observed that compost application significantly increased
grain [Phytate]:[Zn] and [Phytate]:[Fe] ratios, indicating reduction of
their bioavailability. The decreased Zn bioavailability was a combina-
tion of a yield dilution impact and an increase in phytate level resulted
from compost application. The doubling of wheat yields following
compost application reflects its effectiveness in replenishing soil P re-
serves, a common limitation in organic systems that rely on natural in-
puts (Ryan et al., 2004). Studies have shown that the benefits of
compost, such as improved soil water retention and nutrient availability,
are critical for maintaining yields in organic systems, which often suffer
from lower productivity compared to conventional systems (Edmeades,
2003). As evidenced in the current study, enhanced yield productivity
by compost application accompanied with significant increases in grain
uptake of micronutrients including Zn and Fe. However, compost
application also resulted in significantly higher grain phytate concen-
tration and uptake, leading to decreased Zn and Fe bioavailability. This
highlights the complexity of nutrient management in organic systems,
where interventions aimed at improving macronutrient availability can
inadvertently hinder micronutrient biofortification. Effective compost
management, therefore, must consider enhancing the bioavailability of
essential micronutrients like Zn and Fe, while promoting yield in organic
farming systems. For instance, selecting manure sources with low P

Table 6
Effect of compost application on uptake of Zn, Fe, P and phytate in wheat grains
under annual-perennial crop rotation in organic farming system.

Treatment Zn Fe P Phytate

(g ha™ (gha™ (kg ha™) (kg ha™)
Non-compost 29.0+27b 35.8+4.4b 1.2+0.1b 7.1+0.7b
Compost 45.1+33a 75.2+9.8a 31+02a 186+t1.3a

Means within each column followed by different letters are significantly
different at p < 0.05.
Data presented are the 2011-2020 means =+ standard error (n = 30).

Effect of compost application on grain phytate content, molar ratio of phytate to Zn and Fe, protein concentration and yield of wheat under annual-perennial crop

rotation in organic farming system.

Treatment Zn Fe P Phytate (mg g'l) [Phytate]:[Zn] [Phytate]:[Fe] Protein Yield

(mg kg™ (mg kg™ (gkg™ (%) (kg ha™)
Non-compost 326 +0.7 a 419+36a 1.3+0.03b 7.9+03b 246 +1.2b 182+15b 153+ 04a 884.7 £77.1b
Compost 26.4+09b 46.0 £ 6.3a 1.8+0.04a 106 £0.2a 411+15a 26.4+24a 13.9+0.3b 1764.1 +127.8 a

Means within each column followed by different letters are significantly different at p < 0.05.

Data presented are the 2011-2020 means + standard error (n = 30).
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Fig. 2. Linear relationships of grain Zn with grain P (A), wheat yield (B), and
protein concentration (C). * ** indicated significance at p < 0.001.

content could possibly maintain a balanced nutrient profile in the soil,
and minimize phytate accumulation in crop grains. This approach can
thus help achieve a more sustainable nutrient management in organic
farming to improve crop productivity and nutritional quality.

4.3. Grain Zn concentration correlates negatively with grain P
concentration, but positively with protein concentration

We found that grain Zn concentration was negatively correlated with
grain P concentration, confirming the well-recognized P-Zn antagonistic
relationship in plant nutrition (Bindraban et al., 2020). Ryan et al.
(2008) reported that P fertilizer application increased grain P and
phytate level and wheat yield, but reduced grain Zn concentration by
33 %-39 % due to decreased root AMF colonization. This aligns with our
previous findings at the same study site, where high soil P availability in
conventional systems led to reduced root AMF colonization than organic
systems (Entz et al., 2004), but manure still had higher AMF than con-
ventional production (Mukungu et al., 2024). Additionally, our most
recent study demonstrated that AMF inoculation significantly increased
Zn and Fe uptake in spring wheat under conditions of low soil P avail-
ability (Gao and Zhang, 2024). The positive correlation between grain
Zn and protein agrees with previous studies, supporting that protein acts
as a sink for Zn in the grain (Dapkekar et al., 2018; Cakmak et al., 2010;
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Kutman et al., 2011; Helfenstein et al., 2016). It implies that strategies
aimed at enhancing grain Zn concentration are likely to also increase
grain protein concentration, providing dual nutritional benefits for
human health. These findings suggest that managing the
macronutrient-micronutrient balance is critical to ensuring their avail-
ability for plant growth, and the maintenance of micronutrient
bioavailability, particularly in organic farming systems.

4.4. Implications for organic farming and micronutrient bioavailability

Our study highlights a key challenge in organic farming system: the
trade-off between wheat grain yield and micronutrient bioavailability,
particularly for Zn and Fe. Organic farming with diverse crop rotation is
an effective strategy to improve micronutrient biofortification, whereas
it remains a challenge to maintain crop productivity through an optimal
nutrient management. The reduced yields observed in the organic
annual-perennial crop rotation were likely due to P limitations. There-
fore, the reduced phytate and increased Zn levels in the organic system
are more likely a consequence of reduced P availability rather than an
intrinsic effect of the organic management system. Compost application
presents a promising solution to this dilemma by addressing P de-
ficiencies and substantially increasing yields. However, it also led to a
marked reduction in grain Zn and Fe bioavailability. This trade-off could
be mitigated by using compost sources rich in micronutrient or enrich-
ing manure sources with organic micronutrient additives to balance
yield and nutrient quality. Such a strategy is particularly valuable for
organic farming systems in regions like the Canadian prairies, where P
deficiency is prevalent and difficult to manage (Entz et al., 2001). This
study thus highlights how P management strategies influence grain
nutrient composition is closely tied to soil and climate conditions, and
the findings from the current study may not be generalized to all organic
systems worldwide. Furthermore, selecting and breeding wheat culti-
vars with enhanced P uptake capacity while minimizing P accumulation
in grain could help offset the negative effects of P addition on wheat
grain Zn concentration (Carkner et al., 2023; Yang et al., 2023). Inte-
grating these approaches could optimize both yield and micronutrient
bioavailability in organic farming systems, promoting sustainable agri-
culture and better nutritional outcomes.

5. Conclusion

Our long-term field study reveals that crop management can affect
the bioavailability of micronutrients in wheat grain. Organic farming,
particularly using annual-perennial crop rotations, significantly
enhanced grain Zn and Fe bioavailability in wheat. However, the trade-
off between achieving high yields and maintaining micronutrient
availability presents a significant challenge for organic farming, pri-
marily due to P limitations. While compost application effectively
addressed P deficiency and substantially increased grain yields and
micronutrient uptake, it also resulted in higher grain phytate levels,
thereby reducing Zn and Fe bioavailability. Therefore, our attempt to
produce wheat grains with high bioavailability of Zn and Fe was suc-
cessful only in scenarios where organic yields were unsustainably low.
Addition research is required to find more effective mechanisms to raise
organic wheat yields at lower levels of available P. We observed that
grain Zn correlated negatively with grain P and positively with protein,
suggesting the importance of managing the macronutrient-
micronutrient balance. To optimize both yield and micronutrient
bioavailability, future approaches should emphasize using compost
sources rich in micronutrients and low in P, and breeding wheat culti-
vars with high P uptake efficiency but low accumulation in grain. These
integrated strategies could promote sustainable agriculture and improve
nutritional outcomes in organic farming systems.



J. Hou et al.
CRediT authorship contribution statement

Jing Hou: Writing - original draft, Validation, Methodology,
Investigation, Formal analysis. Xiaopeng Gao: Writing — review &
editing, Supervision, Project administration, Methodology, Investiga-
tion, Funding acquisition, Conceptualization. Martin Entz: Writing —
review & editing, Supervision, Data curation, Conceptualization.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Xiaopeng Gao reports financial support was provided by Natural Science
and Engineering Research Council of Canada. If there are other authors,
they declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work
reported in this paper.

Acknowledgements

The authors sincerely acknowledge the financial support of the
Natural Science and Engineering Research Council (NSERC) of Canada
(Award Number: RGPIN-2022-04122) and the GO-EC Seed Project by
the University of Manitoba. We also extend our thanks to Roman Song
for his assistance with sample analysis and to Sarah Wilcott for coordi-
nating data and information collection at the Glenlea Study Site.

Data Availability

Data will be made available on request.

References

Barak, P., Helmke, P.A., 1993. The chemistry of zinc. In: Robson, A. (Ed.), Zinc in Soils
and Plants. Kluwer Academic Publishers, pp. 1-13.

Bindraban, P.S., Dimkpa, C.O., Pandey, R., 2020. Exploring phosphorus fertilizers and
fertilization strategies for improved human and environmental health. Biol. Fertil.
Soils 56 (3), 299-317.

Bouis, H.E., Welch, R.M., 2010. Biofortification: a sustainable agricultural strategy for
reducing micronutrient malnutrition in the global south. Crop Sci. 50, $20-S32.

Cakmak, 1., 2008. Enrichment of cereal grains with zinc: agronomic or genetic
biofortification? Plant Soil 302, 1-17.

Cakmak, 1., Kalayci, M., Kaya, Y., Torun, A.A., Aydin, N., Wang, Y., Arisoy, Z., Erdem, H.,
Yazici, A., Gokmen, O., Ozturk, L., Horst, W.J., 2010. Biofortification and
localization of zinc in wheat grain. J. Agric. Food Chem. 58 (16), 9092-9102.

Cakmak, I., Kutman, U.B., 2018. Agronomic biofortification of cereals with zinc: a
review. Eur. Eur. J. Soil Sci. 69 (1), 172-180.

Campbell, C.A., Lafond, G.P., Zentner, R.P., 1993. Spring wheat yield trends as
influenced by fertilizer and legumes. J. Prod. Agric. 6 (4), 564-569.

Carkner, M.K., Gao, X., Entz, M.H., 2023. Ideotype breeding for crop adaptation to low
phosphorus availability on extensive organic farms. Front. Plant Sci. 14, 1225174.

Chen, X.P., Zhang, Y.O., Tong, Y.P., Xue, Y.F., Liu, D.Y., Zhang, W., Guo, W., Sun, Y.X.,
Ye, Y.L, Wang, Z.H., Jia, L.L., Ma, W.O., He, R., Zhang, X.Y., Kou, C.L,, Li, Y.T.,
Tan, D.S., Cakmak, 1., Zou, C.Q., 2017. Harvesting more grain zinc of wheat for
human health. Sci. Rep. 7, 7016 (Article).

Dangour, A.D., Dodhia, S.K., Hayter, A., Allen, E., Lock, K., Uauy, R., 2009. Nutritional
quality of organic foods: a systematic review. Am. J. Clin. Nutr. 90 (3), 680-685.

Dapkekar, A., Deshpande, P., Oak, M.D., Paknikar, K.M., Rajwade, J.M., 2018. Zinc use
efficiency is enhanced in wheat through nanofertilization. Sci. Rep. 8, 6835 (Article).

Edmeades, D.C., 2003. The long-term effects of manures and fertilisers on soil
productivity and quality: a review. Nutr. Cycl. Agroecosystems 66, 165-180.

Entz, M.H., Guilford, R., Gulden, R., 2001. Crop yield and soil nutrient status on 14
organic farms in the eastern portion of the northern Great Plains. Can. J. Plant Sci.
81 (2), 351-354.

Entz, M.H., Penner, K.R., Vessey, J.K., Zelmer, C.D., Thiessen Martens, J.R., 2004.
Mycorrhizal colonization of flax under long-term organic and conventional
management. Can. J. Plant Sci. 84 (4), 1097-1099.

Erdal, I, Yilmaz, A., Taban, S., Eker, S., Torun, B., Cakmak, I., 2002. Phytic acid and
phosphorus concentrations in seeds of wheat cultivars grown with and without zinc
fertilization. J. Plant Nutr. 25 (1), 113-127.

Fox, S.L., Humphreys, D.G., Brown, P.D., McCallum, B.D., Fetch, T.G., Menzies, J.G.,
Gilbert, J.A., Fernandez, M.R., Despins, T., Niziol, D., 2013. Cardale hard red spring
wheat. Can. J. Plant Sci. 93 (2), 307-313.

Gao, X., Zhang, K., 2024. Enhancing iron and zinc uptake in spring wheat through
commercial arbuscular mycorrhizal fungi inoculation under different soil

Field Crops Research 322 (2025) 109710

phosphorus addition levels. Can. J. Soil Sci. https://doi.org/10.1139/cjss-2024-
0049.

Gibson, R.S., Donovan, U.M., Heath, A.L.M., 1997. Dietary strategies to improve the iron
and zinc nutriture of young women following a vegetarian diet. Plant Foods Hum.
Nutr. 51, 1-16.

Giraldo, P., Benavente, E., Manzano-Agugliaro, F., Gimenez, E., 2019. Worldwide
research trends on wheat and barley: a bibliometric comparative analysis. Agronomy
9 (7), 352.

Haug, W., Lantzsch, H.-J., 1983. Sensitive method for the rapid determination of phytate
in cereals and cereal products. J. Sci. Food Agric. 34, 1423-1426.

Helfenstein, J., Miiller, L., Griiter, R., Bhullar, G., Mandloi, L., Papritz, A., Siegrist, M.,
Schulin, R., Frossard, E., 2016. Organic wheat farming improves grain zinc
concentration. PLoS ONE 11 (8), e0160729.

Hotz, C., Brown, K.H., 2004. Assessment of the risk of zinc deficiency in populations and
options for its control. Food Nutr. Bull. 25 (ement 2), $91-S202.

Hurrell, R., Egli, I., 2010. Iron bioavailHurrell, R., Egli, I., 2010. Iron bioavailability and
dietary reference values. Am. J. Clin. Nutr. 1461S-1467S (91(suppl)).ability and
dietary reference values. Am. J. Clin. Nutr. 14615-1467S, 91(suppl).

Hussain, S., Magsood, M.A., Miller, L.V., 2011. Bioavailable zinc in grains of bread wheat
varieties of Pakistan. Cereal Res. Commun. 40 (1), 62-73.

Kumssa, D.B., Joy, E.J., Ander, E.L., Watts, M.J., Young, S.D., Walker, S., Broadley, M.R.,
2015. Dietary calcium and zinc deficiency risks are decreasing but remain prevalent.
Sci. Rep. 5, 10974.

Kutman, U.B., Yildiz, B., Cakmak, 1., 2011. Improved nitrogen status enhances zinc and
iron concentrations both in the whole grain and the endosperm fraction of wheat.
J. Cereal Sci. 53 (1), 118-125.

Mader, P., Hahn, D., Dubois, D., Gunst, L., Alfoldi, T., Bergmann, H., Oehme, M.,
Amado, R., Schneider, H., Graf, U., Velimirov, A., FlieBbach, A., Niggli, U., 2007.
Wheat quality in organic and conventional farming: results of a 21-year field
experiment. J. Sci. Food Agric. 87 (9), 1826-1835.

Magallanes-L6pez, A.M., Hernandez-Espinosa, N., Velu, G., Posadas-Romano, G.,
Ordonez-Villegas, V.M.G., Crossa, J., Ammar, K., Guzman, C., 2017. Variability in
iron, zinc and phytic acid content in a worldwide collection of commercial durum
wheat cultivars and the effect of reduced irrigation on these traits. Food Chem. 237,
499-505.

Mukungu, L.V., Entz, M.H., Amarakoon, ., King, M.T.M., Carkner, M.K., 2024.
Arbuscular mycorrhizal colonization of flax as affected by low-input, manure
application, and mineral fertilizer in a long-term field study. Can. J. Plant Sci. (In
review).

Nelson, A.G., Quideau, S.A., Frick, B., Hucl, P.J., Thavarajah, D., Clapperton, M.J.,
Spaner, D.M., 2011. The soil microbial community and grain micronutrient
concentration of historical and modern hard red spring wheat cultivars grown
organically and conventionally in the black soil zone of the Canadian prairies.
Sustainability 3 (3), 500-517.

Rehman, A., Farooq, M., Ozturk, L., Asif, M., Siddique, K.H.M., 2018. Zinc nutrition in
wheat-based cropping systems. Plant Soil 422 (1-2), 283-315.

Rembiatkowska, E., 2007. Quality of plant products from organic agriculture. J. Sci. Food
Agric. 87 (15), 2757-2762.

Ryan, M.H., Derrick, J.W., Dann, P.R., 2004. Grain mineral concentrations and yield of
wheat grown under organic and conventional management. J. Sci. Food Agric. 84
(3), 207-216.

Ryan, M.H., Mclnerney, J.K., Record, L.R., Angus, J.F., 2008. Zinc bioavailability in
wheat grain in relation to phosphorus fertiliser, crop sequence and mycorrhizal
fungi. J. Sci. Food Agric. 88 (7), 1208-1216.

Smith-Spangler, C., Brandeau, M.L., Hunter, G.E., Bavinger, J.C., Pearson, M.B.,
Eschbach, P.J., Sundaram, V., Liu, H., Schirmer, P., Stave, C., Bravata, D.M., 2012.
Are organic foods safer or healthier than conventional alternatives? A systematic
review. Ann. Intern. Med. 157 (5), 348-366.

Tran, B.T.T., Cavagnaro, T.R., Able, J.A., Watts-Williams, S.J., 2020. Bioavailability of
zinc and iron in durum wheat: a trade-off between grain weight and nutrition?
Plants. People, Planet 2 (5), 473-486.

Turmel, M.S., Entz, M.H., Bamford, K.C., Thiessen Martens, J.R., 2009. The influence of
crop rotation on the mineral nutrient content of organic vs. conventionally produced
wheat grain: preliminary results from a long-term field study. Can. J. Plant Sci. 89,
915-919.

Turmel, M.S., Entz, M.H., Tenuta, H., May, W.E. LaFond, G.P., 2011. The influence of a
long-term black medic (Medicago lupulina cv. George) cover crop on arbuscular
mycorrhizal fungal colonization and nutrient uptake in flax (Linum usitatissimum)
under zero-tillage management. Can. J. Plant Sci. 91 (6), 1071-1076.

Wang, Z., Liu, Q., Pan, F., Yuan, L., Yin, X., 2015. Effects of increasing rates of zinc
fertilization on phytic acid/zinc molar ratio in zinc bio-fortified wheat. Field Crops
Res. 184, 58-64.

Welsh, C. (2006). Organic management can decrease labile soil P and promote
mycorrhizal association of crops. MSc Thesis. The University of Manitoba.

Welsh, C., Tenuta, M., Flaten, D.N., Thiessen-Martens, J.R., Entz, M.H., 2009. High
yielding organic crop management decreases plant-available but not recalcitrant soil
phosphorus. Agron. J. 101 (5), 1027-1035.

Westman, R.L., 1990. Soil Testing and Plant Analysis. Soil Science Society of America,
Madison, WI, USA.

White, P.J., Broadley, M.R., 2009. Biofortification of crops with seven mineral elements
often lacking in human diets - iron, zinc, copper, calcium, magnesium, selenium and
iodine. N. Phytol. 182 (1), 49-84.

Yadav, A.K., Seth, A., Kumar, V., Datta, A., 2023. Agronomic biofortification of wheat
through proper fertilizer management to alleviate zinc malnutrition: a review.
Commun. Soil Sci. Plant Anal. 54 (2), 154-177.


http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref1
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref1
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref2
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref2
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref2
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref3
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref3
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref4
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref4
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref5
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref5
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref5
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref6
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref6
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref7
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref7
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref8
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref8
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref9
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref9
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref9
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref9
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref10
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref10
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref11
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref11
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref12
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref12
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref13
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref13
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref13
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref14
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref14
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref14
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref15
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref15
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref15
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref16
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref16
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref16
https://doi.org/10.1139/cjss-2024-0049
https://doi.org/10.1139/cjss-2024-0049
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref18
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref18
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref18
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref19
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref19
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref19
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref20
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref20
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref21
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref21
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref21
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref22
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref22
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref23
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref23
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref23
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref24
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref24
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref25
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref25
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref25
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref26
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref26
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref26
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref27
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref27
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref27
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref27
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref28
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref28
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref28
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref28
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref28
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref29
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref29
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref29
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref29
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref30
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref30
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref30
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref30
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref30
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref31
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref31
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref32
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref32
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref33
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref33
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref33
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref34
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref34
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref34
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref35
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref35
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref35
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref35
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref36
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref36
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref36
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref37
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref37
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref37
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref37
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref38
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref38
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref38
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref39
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref39
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref39
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref40
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref40
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref41
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref41
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref41
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref42
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref42
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref42

J. Hou et al.

Yang, J., Xu, J., Wang, Z., Zhang, X., Guo, Z., Wang, L., Liu, C., Sun, Q., Li, C., Chen, Y.,
Shi, M., Wang, Z., 2023. High-Zn wheat alleviates P-Zn antagonism by improving Zn
activation, acquisition, and translocation at key growth stages. Field Crops Res. 304,
109149.

Younas, N., Fatima, I., Ahmad, L.A., Ayyaz, M.K., 2023. Alleviation of zinc deficiency in
plants and humans through an effective technique; biofortification: a detailed
review. Acta Ecol. Sin. 43 (3), 419-425.

Zou, C.Q., Zhang, Y.Q., Rashid, A., Ram, H., Savasli, E., Arisoy, R.Z., Ortiz-Monasterio, I.,
Simunji, S., Wang, Z.H., Sohu, V., Hassan, M., Kaya, Y., Onder, O., Lungu, O.,

Field Crops Research 322 (2025) 109710

Mujahid, M.Y., Joshi, A.K., Zelenskiy, Y., Zhang, F.S., Cakmak, 1., 2012.
Biofortification of wheat with zinc through zinc fertilization in seven countries. Plant
Soil 361 (1-2), 119-130.

Zulfiqar, U., Hussain, S., Ishfaq, M., Matloob, A., Ali, N., Ahmad, M., Alyemeni, M.N.,
Ahmad, P., 2020. Zinc-induced effects on productivity, zinc use efficiency, and grain
biofortification of bread wheat under different tillage permutations. Agronomy 10
(10), 1566.


http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref43
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref43
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref43
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref43
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref44
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref44
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref44
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref45
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref45
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref45
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref45
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref45
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref46
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref46
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref46
http://refhub.elsevier.com/S0378-4290(24)00463-5/sbref46

	Enhancing zinc and iron bioavailability through crop rotation and organic farming: Insights from a long-term study
	1 Introduction
	2 Materials and methods
	2.1 Experimental site and design
	2.2 Analysis of grain samples for nutrient concentration
	2.3 Analysis of grain samples for phytate concentration and Zn/Fe bioavailability
	2.4 Statistical analysis

	3 Results
	3.1 Impact of farming system and crop rotation on grain nutrients, protein and yield
	3.2 Impact of farming systems and crop rotation on phytate, and molar ratios of phytate to Zn/Fe
	3.3 Relationships of grain Zn concentration with grain P concentration, yield and protein concentration

	4 Discussion
	4.1 Annual-perennial crop rotation with organic farming enhanced grain Zn and Fe bioavailability
	4.2 Compost application decreased Zn and Fe bioavailability for organic annual-perennial crop rotation
	4.3 Grain Zn concentration correlates negatively with grain P concentration, but positively with protein concentration
	4.4 Implications for organic farming and micronutrient bioavailability

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Data Availability
	References


