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Abstract: This study evaluated a novel slow-release copper fertiliser (soileos Cu) as a sustainable alternative to con-
ventional copper sources for improving wheat yield and nutrient use efficiency. Traditional Cu fertilisers are often
limited by rapid leaching and low efficiency, especially on sandy soils with low organic matter, contributing to envi-
ronmental pollution. They also exhibit low plant-use efficiency due to strong adsorption and immobilisation in soils
rich in organic matter and clay minerals, thereby reducing copper availability in the soil solution and contributing
to environmental pollution. A multi-scale approach was employed, including laboratory incubation, greenhouse ex-
periments, and multi-site field trials. Copper release was quantified in water over 30 days. Greenhouse experiments
compared soileos Cu with copper sulfate (CuSO,) across multiple application rates, assessing grain yield, biomass,
spike count, chlorophyll index (SPAD), and tissue and grain nutrient concentrations. Field trials were conducted
at four sites in Canada and the United States with contrasting soil Cu availability. Soileos Cu exhibited controlled,
non-linear Cu release with substantially reduced leaching compared to CuSO,. In greenhouse conditions, soileos
Cu achieved maximum grain yield, biomass, and spike number at 25-26% lower Cu application rates than CuSO,,
indicating higher nutrient use efficiency. Field trials confirmed that yield responses were strongly dependent on ba-
seline soil Cu levels, with the greatest yield increase (up to 13.3%) observed at a Cu-deficient site. Overall, soileos Cu
provides an effective and environmentally responsible strategy for improving Cu nutrition and wheat productivity,
particularly under Cu-limiting conditions.
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Improving nutrient use efficiency is essential for
sustainable agricultural production, as rising fer-
tiliser consumption places increasing pressure on
agroecosystems (Yuvaraj et al. 2024). Conventional
fertilisers often exhibit low efficiency, with 40—
70% of applied nutrients lost through leaching or
soil immobilisation, leading to soil degradation,
groundwater contamination, eutrophication, and
increased greenhouse gas emissions (Benlamlih
et al. 2021, Malhi et al. 2021). Improving ferti-
liser efficiency is critical to sustaining crop pro-
ductivity while reducing environmental impacts
(Kumar et al. 2023). Wheat (Triticum aestivum L.)
is a globally important crop, yet its productivity is

frequently constrained by copper (Cu) deficiency,
particularly in the Canadian Prairies (Rahman et al.
2021, Rahman and Schoenau 2022, Singh Dhaliwal
et al. 2023). Copper is essential for enzyme activa-
tion, nitrogen metabolism, and chlorophyll synthesis
(Kumar et al. 2021), underscoring the need for more
effective Cu-delivery systems.

Although controlled- and slow-release fertilisers
can improve nutrient efficiency, many existing formu-
lations rely on petroleum-derived polymer coatings
that contribute to the accumulation of microplastics
and nanoplastics in soils and aquatic systems (Kumar
et al. 2023). Environmentally responsible nutrient
delivery technologies are urgently needed to enhance
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nutrient bioavailability while minimising ecological
risks (Duan et al. 2023, Magaletti et al. 2023).

Soileos Cu, a novel biopolymer-based slow-release
copper fertiliser, aims to slowly release the copper
micronutrient to the crop, improve nutrient delivery,
and positively impact crop growth and ultimately
yield. This study evaluated a novel biopolymer-based
slow-release copper fertiliser, soileos Cu, in green-
house and field trials on wheat. Developed using
patented technology (Branda et al. 2023), soileos
Cu binds Cu ions to cellulose derived from agricul-
tural by-products, reducing solubility and enabling
controlled release in response to biological demand
(Nourmohammadian et al. 2025). The formulation
promotes circularity by utilising crop-processing
residues and contains organic carbon that supports
microbial activity and Cu mobilisation in the rhizos-
phere. The performance of soileos Cu was compared
with conventional CuSO, by assessing wheat growth,
yield components, SPAD values, and tissue and grain
nutrient concentrations.

MATERIAL AND METHODS

Micronutrient release quantification. A leaching
experiment was conducted to compare Cu release from
soileos Cuand CuSO,-5 H,O with three replicates per
treatment in water. Soileos Cu was evaluated for long-
term metal ion release in a 30-day laboratory incubation.
For release assessment, 25 g of soileos Cu and 5.82 g of
CuSO, were suspended in 500 mL of distilled water in
1 L glass Mason jars with tightly closed lids during the
experiment, providing initial Cu concentrations of 2 953
mg/L. Due to the low Cu solubility in soileos, this load-
ing was selected to ensure accurate measurement of Cu
leaching within the lower limit of detection while mini-
mising sampling error. At designated intervals, 0.25 mL
aliquots were collected for Cu quantification by EDTA
complexometric titration (PiZeta et al. 2015). Sampling
occurred one hour after immersion, daily for the first
four days, and 2—3 times per week thereafter for 30 days.

Greenhouse study. The greenhouse efficacy study
was conducted in 2023 at Simon Fraser University,
Burnaby, Canada. Spring wheat (Triticum aestivum L.,
cv. AAC Brandon) was grown in 5-L pots containing
sterilised peat moss-perlite (70:30) under controlled
conditions (16/8 h photoperiod, 450 + 50 umol/m?/s
photosynthetically active radiation (PAR), 22/18 +
2 °C day/night, 45 + 5% relative humidity (RH)) with
specific irrigation and potting media detailed in
Table 1. Six seeds were sown per pot and thinned to

three plants at 7 days after sowing, fertigated twice
weekly with Cu-omitted modified Hoagland solution
(pH 5.8-6.5) to induce Cu deficiency (Hoagland and
Arnon 1950).

The efficacy of two Cu fertiliser sources on wheat
yield was evaluated using a randomised complete
block design with five replications and two subsam-
ples per treatment. Each pot was filled with 1.6 kg of
steriliesd peat moss-perlite mixture (70:30). Copper
treatments were applied before sowing by thoroughly
mixing the appropriate amount of Cu fertilisers into
the media to achieve target concentrations of 0, 3, 6,
and 12 ppm of actual Cu (equivalent to 0, 1, 2, and
4.3 Ibs/acre actual Cu) using soileos Cu (contain-
ing 5.9% Cu) and CuSO, (containing 25% Cu) as Cu
sources. Soileos Cu and conventional CuSO, were
applied at four rates (0, 3, 6, and 12 ppm) by mixing
fertilisers into 1.6 kg of potting media per treatment.
To promote nutrient mobilisation, enhance microbial
activity, and prevent microbial infections, 1 g of root
shield (Trichoderma harzianum strain T-22) and
100 mL of a 1% Serenade (Bacillus subtilis Group
44 strain QST713) solution were also incorporated
into the media. The treated media were then placed
in the pots, and wheat seeds were sown in each pot.

Sampling and measurements. Leaf physiological sta-
tus, elemental composition, and yield components were
assessed during the growing cycle and at harvest. Leaf
chlorophyll content was measured at BBCH growth stage
32 using a handheld SPAD chlorophyll analyser (Konica
Minolta 502, Tokyo, Japan). Measurements were taken
from the youngest fully expanded leaf at three positions
(apex, middle, and base) on each plant, and mean values
were calculated per pot (Song et al. 2021). Before harvest,
flag leaf samples were collected for elemental analysis,
and concentrations of P, K, Mg, Zn, Cu, Fe, Mn, and B
were determined using inductively coupled plasma-mass
spectrometry (Thermo Scientific iCAP™Q ICP-MS). Yield
components were evaluated by recording the number
of tillers per plant at 90 days after sowing. Plants were
harvested at BBCH growth stage 92 (105 days after sow-
ing), and above-ground dry biomass, spike number, and
grain weight were measured separately for each plant.

Field study. The field study was conducted at
four different locations in the United States and
Canada, as shown in Figure 1. (A) 3MG North, Olivia,
Minnesota, US; (B) ABG AG Services, Toronto, South
Dakota, US; (C) New Era Ag Technologies Inc., Swan
River, Manitoba, Canada and (D) Mackenzie Applied
Research Association, Fort Vermilion, Alberta,
Canada in 2024.
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Figure 1. Field trial locations in the United States and Canada

Uniform seeds of spring wheat (Triticum aestivumL.)
were used in all experiments. Given the likely dif-
ferences in climatic conditions and variety adapt-
ability, AAC Viewfield, Wheatland, Starflex, and SY
Valda were used by MacKenzie, New Era, 3MG, and
ABG, respectively. Soil sampling and analysis were
conducted before seeding at each site (a composite
sample from the depth of 0—15 cm). Soil samples from
3MG and ABG were analysed for Cu using DTPA
extraction in the US, while those from New Era and
MacKenzie were analysed using Mehlich-3 extraction
in Canada. The soil physicochemical properties are
presented in Table 2.

A randomised complete block design (RCBD) was
used for these field experiments with six replications
and three treatments with consideration of farmers’
traditional practices: T1 — Grower Standard (GS) as
described in the following; T2 — 11.2 kg/ha soileos
Cu (0.62 kg/ha of Cu); and T3 — 22.4 kg/ha soileos
Cu (1.23 kg/ha of Cu). Additionally, depending on
soil conditions at each site, they received a basal
macronutrient application (N, P, and K). At 3MG,
grower standard nutrients were applied at 134.5 kg
N/ha, 19.5 kg P/ha, and 55.9 kg K/ha. At ABG, 67.3 kg
N/ha was applied, with no P or K. At New Era, fer-
tilisation consisted of 154.7 kg N/ha, with no P or

Table 1. The physicochemical characteristics of (A) irrigation water and (B) potting media

Conductivity Na Cl Ca K N P Cu
(A) (mS/cm) pH (ppm)
0.05 6.5 2.1 2.2 5.8 ~0 ~0 ~0 ~0
Cation exchange media organic K N P Cu
®) capacity (mmol,/100g) pH texture carbon (%) (ppm)
16 6 /0% PeatMoss 28.1 17 1 3 0.2

+ 30% Perlite
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Table 2. The physicochemical characteristics of soil

i i i P K C
Trial Soil texture Cation exchange capacity Organic u

(mmol /100 g) carbon (%) (ppm)

(A) 3MG clay-loam 21.4 7.1 2.8 68 306 1.7
(B) ABG silty-clay-loam 14.1 5.3 2.5 38 92 1
(C) New Era sandy-clay-loam 30 6 3.5 17 238 0.73
(D) MacKenzie sandy-loam 7.7 7.1 1.3 32 131 0.36

K applied. At MacKenzie, nutrients were applied at
144.6 kg N/ha, 0 kg P/ha, and 11.2 kg K/ha. Agronomic
practices are represented in Table 3.

Yield. After the growing cycle, the plants were har-
vested, and the grain weight was carefully recorded
per plot, expressed as kilograms per hectare (kg/ha).
Detailed information regarding the harvest date and
plot size for each trial is summarised in Table 3, pro-
viding a comprehensive overview of the conditions
under which the data were collected.

Statistical analysis. Statistical analyses were con-
ducted using the R statistical language (version 4.5.1;
R Core team 2025). The tidyverse meta-package
(version 2.0) was used for data preprocessing and
visualisation (Wickham et al. 2019), the mgcv package
(version 1.9.4) for the General Additive Modelling
(GAM) (Wood 2023), and the least square difference
(LSD) test was performed using the Agricolae pack-
age (version 1.3.7) (de Mendiburu 2023).

The fertiliser release rate was determined by fitting
the logarithm base 10:

Y = log (X) (1)
where: Y — outcome (soileos Cu leaching rate); X — time
(days).

The GAM framework, an extension of generalised
linear models, allows flexible modelling of non-linear
relationships (Chambers and Hastie 1992) and has
been widely applied in agricultural and ecological
studies (Guillermo et al. 2021, Wellington et al. 2023).
The general model form was:

where: 3, — intercept andfj(xj) are smooth functions of pre-
dictor variables. In this study, GAMs were used to quantify
wheat yield responses to Cu fertilisation under field condi-

tions.

RESULTS

Micronutrient release quantification in water.
Regression analysis showed that Cu leaching from
soileos Cu followed a non-linear pattern over time.
A log,, model provided a good fit for the leaching
data (R* = 0.56, P < 0.05), as reflected in the cumula-
tive release pattern (Figure 1). Leaching increased
linearly from 1% to 3% during the first five days,
then transitioned to a non-linear trend, reaching
a maximum of 3.3% by day 13. The average Cu leach-
ing rate over 30 days was approximately 0.1% per day
(Figure 2). In contrast, CuSO, dissolved completely
within 2 days.

Greenhouse study. Copper application signifi-
cantly improved wheat growth and physiological
performance compared with the untreated and grower
standard controls (Figure 3).

Plants without Cu exhibited severe reductions
in grain weight, biomass, spike number, and SPAD
values, confirming the effects of Cu deficiency. Both
CuSO, and soileos-Cu markedly increased grain
weight (from 0.6 to ~9-13 g/plant), above-ground
biomass (from 3.6 to ~21-27 g/plant), spike count
(from 3.7 to ~11.9 spikes/plant), and SPAD values

p (from 25.8 to ~40.2). Growth responses increased
n=po + Z i) (2) sharply from 0 to 3 ppm Cu and then plateaued, indi-
j=1
Table 3. Agronomic practices of field trials
. . Plot dimension Sowing Harvest Previous )
Trial Cultivar (m?) date (2024)  date (2024) crop Tillage
(A) 3MG Starflex 20 Jun 10 Oct 04 soybean
(B) ABG SY Valda 13.9 Apr 10 Aug 23 soybean 15 c¢cm of conventional
(C) New Era Wheatland 20.8 May 13 Sep 02 soybean till
(D) MacKenzie AAC Viewfield 7.8 May 23 Sep 06 fallow
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Figure 2. Cumulative copper (Cu) leaching of soileos-Cu in distilled water over 30 days, fitted using the y = log(X)

function

cating Cu sufficiency, with no significant differences
among the higher rates (Figure 4). The improvement
in grain weight (yield), biomass, and SPAD values
achieved at 3 ppm Cu were statistically significant.
The improvement in Cu rate higher than 3 ppm was
not significant, indicating sufficient Cu for the plant.

General additive model (GAM) analysis showed that
both soileos-Cu and CuSO, achieved peak grain yield,

biomass, spike count, and SPAD values at moderate
Cu application rates, followed by declines at higher
rates (Figure 5). Importantly, soileos-Cu consistently
reached equivalent maximum responses at lower Cu
inputs than CuSO,. Peak grain yield (~14.2-14.4 g/
plant) and spike count were achieved at approximately
6-7 ppm for soileos-Cu compared with 8 ppm for
CuSO,, representing a ~25% reduction in Cu require-
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Figure 3. Boxplots displaying the effect of copper (Cu) treatment rate on (A) grain weight; (B) above-ground bio-
mass; (C) spike count, and (D) chlorophyll index (SPAD). Points and bracketed values indicate treatment medians
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Figure 4. Effect of different copper (Cu) application rates on (A) grain weight; (B) above-ground biomass; (C)
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Figure 6. Flag leaf and grain elemental analysis at BBCH 97 growth stage

ment. Similarly, maximum biomass and SPAD values
were attained with 15-26% less Cu using soileos-Cu.
These results demonstrate the greater nutrient use
efficiency of the soileos-Cu formulation.

Correlation analysis showed that soileos-Cu en-
hanced Cu uptake compared with CuSO, (Figure 6),
reflecting improved Cu bioavailability and sustained
release. This increased availability promoted Cu
absorption and translocation from vegetative tissues
to grain (Figure 6).

Soileos-Cu not only improved Cu uptake but also
enhanced the absorption of several other nutrients,
including phosphorus, potassium, zinc, and iron,
compared with CuSO,, while leaf boron levels re-
mained unaffected (Figure 7).

Field study. Field trials confirmed the effective-
ness of soileos-Cu in increasing wheat grain yield
compared with the grower standard (GS) (Figure 8).
The strongest response occurred at the Cu-deficient
MacKenzie site (0.36 ppm soil Cu), where soileos-Cu
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Figure 7. Tissue elemental analysis 65 days after sowing. BBCH stage 39 or Zadoks stage 47-49, once the flag

leaf is fully developed and expanded
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Figure 8. Effect of two application rates of soileos copper (Cu) on wheat (Triticum aestivum L.) yield compared

to control under various soil copper content scenarios

increased yield by 13.3% and 9.1% at application with 1

1.2 kg/ha. Overall, these results demon-

rates of 22.4 and 11.2 kg/ha, respectively (Figures 8  strate that soileos-Cu is most effective at enhancing
and 9). Yield improvements were also observed at  wheat productivity, and a higher application rate is

other sites, including increases of 6.8% at 3MG, and more e

fficient under Cu-deficient soil conditions

smaller gains at ABG (1.8%) and New Era (1.4%) (Figure 9).
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Figure 9. Comparison of yield improvement at two application rates of soileos copper (Cu) compared to control
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DISCUSSION

As expected, 98% of CuSO, dissolved within 2 h
(Chiaregato and Faez 2021). However, since Cu
in soileos is chemically bonded to cellulose fibres
(Branda et al. 2023), less than 4% of the Cu was
released from soileos after 30 days of water incuba-
tion. The initial ~3% Cu release likely originated
from readily available, unbound Cu, followed by
a slow, sustained release consistent with first-order
kinetics (Wei et al. 2019) (Figure 2).

Due to the antimicrobial properties of Cu
(Lamichhane et al. 2018), no visible microbial growth
was observed in soileos Cu suspensions until day 25.
The formulation binds Cu to biopolymers derived
from food-processing by-products, substantially
reducing water solubility and extending nutrient
longevity. Cu release is governed by gradual micro-
bial decomposition of the cellulosic carrier, enabling
synchronised nutrient availability with plant demand
(Nourmohammadian et al. 2025).

Greenhouse study. Boxplots showed that Cu fertilisa-
tion significantly improved wheat growth and physio-
logical traits, including grain weight, above-ground
biomass, spike count, and SPAD values, compared
with the untreated control (Figure 3). Grain weight
increased from 0.6 g/plant in the control to 9.3-12.9
g/plant with Cu application, with the greatest response
observed at 3 ppm (P < 0.05). Higher Cu rates did not
yield additional gains, indicating that Cu requirements
for maximum grain production were met at lower
application levels, consistent with previous findings
(Alloway 2008). Copper uptake by plants occurs primar-
ily through roots as Cu* ions in the soil solution and
is mediated by membrane transport proteins such as
members of the COPT/CTR transporter family, which
regulate copper absorption and homeostasis in plant
cells (Wairich et al. 2022, Xu et al. 2024).

Above-ground biomass increased from 3.6 g to 25-27
g/plant (P < 0.01), accompanied by higher SPAD values,
suggesting improved photosynthetic capacity and nutri-
ent assimilation. Spike count also increased significantly
with Cu treatment, from 3.7 to approximately 10 spikes/
plant (P < 0.05), reflecting enhanced reproductive devel-
opment (Marschner 2012). SPAD values were significantly
higher in Cu-treated plants (mean = 40) than in the
control (25.8), confirming the role of Cu in chlorophyll
synthesis and photosynthetic efficiency (Giunta et al.
2002). Uniform responses beyond 3 ppm indicate that
relatively low Cu inputs are sufficient to restore optimal
physiological function in Cu-deficient wheat.
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Effect of copper treatments on wheat growth and
physiology. Copper application significantly influ-
enced wheat growth and physiological traits, in-
cluding grain weight, above-ground biomass, spike
count, and SPAD values (Figure 4). Both CuSO, and
soileos-Cu exhibited similar response patterns, with
severe reductions observed at 0 ppm Cu, confirm-
ing the essential role of Cu in plant metabolism as
a structural component of several enzymes involved
in photosynthetic electron transport, respiration,
and oxidative stress regulation, thereby supporting
plant growth and productivity under adequate Cu
supply, photosynthesis, and reproductive develop-
ment (Chia et al. 2025). Growth responses increased
sharply between 0 and 3 ppm Cu, reflecting correc-
tion of Cu deficiency, and plateaued beyond 6 ppm,
indicating Cu sufficiency. At the optimal rate of
3 ppm, soileos-Cu produced higher grain weight (11.8 vs.
9.3 g/plant), biomass (25.8 vs. 20.9 g/plant), and
SPAD values (39.6 vs. 38.5) than CuSO,, suggesting
improved Cu availability due to slow-release kinetics.
Maximum responses for CuSO, occurred at 6 ppm,
with no further gains at higher rates. These results
support the hypothesis that soileos-Cu provides more
controlled Cu release and improved bioavailability
without inducing toxicity, while both sources meet
crop demand once Cu sufficiency is reached.

Modelling the dose-response relationship. The
GAM analysis quantified the Cu dose-response re-
lationship for both fertilisers, with strong model
fits (R* = 0.6-0.83, P < 0.001), indicating that Cu
concentration explained most variation in growth
and SPAD parameters (Figure 5). Modelled response
curves identified optimal Cu application rates of
6—8 ppm, consistent with experimental results (Figure 4),
followed by slight declines at higher rates, suggest-
ing potential Cu excess effects. Although maximum
responses occurred within this range, they were not
statistically different from those at 3 ppm Cu. Notably,
soileos-Cu achieved peak grain yield, spike count, bio-
mass, and SPAD values at 15-26% lower Cu input than
CuSO,, demonstrating greater nutrient use efficiency.

Effects of copper fertiliser sources on micronutri-
ent accumulation. At 65 days after sowing (BBCH 39;
Zadoks 47-49), distinct nutrient interaction patterns were
observed between Cu sources (Figure 7). Both soileos-Cu
and CuSO, showed strong positive correlations between
Cu application and leaf Mg concentration (r = 0.82 and
0.79, respectively), indicating a synergistic relationship
during late vegetative growth, likely associated with
enhanced metabolic activity (Setiawati et al. 2025).
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Soileos-Cu also exhibited a significant positive
correlation with Zn (r = 0.52, P < 0.05), whereas the
response under CuSO, was not significant, suggest-
ing improved micronutrient bioavailability or shared
divalent cation transport pathways under the slow-
release formulation. In contrast, Mn showed signifi-
cant negative correlations with Cu for both sources
(r = -0.51 to —0.58), consistent with competitive
Cu-Mn interactions during uptake or translocation
(Wairich et al. 2022).

Other nutrients displayed weak or source-depend-
ent relationships with Cu. Under CuSO,, P and Fe
showed negative trends, whereas these associations
were weak or slightly positive under soileos-Cu.
Boron exhibited moderate positive correlations
with Cu under both treatments, significant only for
CuSO,. Overall, soileos-Cu promoted more favour-
able synergistic nutrient interactions than CuSO,,
indicating that Cu release characteristics influence
micronutrient balance in wheat tissues.

Effect of soileos Cu on wheat yield in different
field soils. Field trials across four sites (3MG, ABG,
New Era, and MacKenzie) showed that wheat yield
responses to soileos-Cu were strongly dependent
on baseline soil Cu availability (Figure 8). Yield in-
creases were modest at sites with near-sufficient soil
Cu, including 3MG (1.7 ppm) and ABG (1.0 ppm),
ranging from approximately 1% to 6.8%, consistent
with soils near the critical Cu threshold for wheat
(Bolland and Brennan 2006).

In contrast, substantially greater yield responses
were observed at Cu-deficient sites, particularly at
MacKenzie (0.36 ppm) and New Era (0.73 ppm),
where soileos-Cu increased grain yield by up to
13.3% at 22.4 kg/ha. These results highlight wheat’s
sensitivity to Cu deficiency, especially during repro-
ductive development, when Cu-dependent enzymes
and pollen viability are critical for grain set (Yruela
2009). Due to high variability in field conditions, the
differences are not statistically significant, unlike
those observed in the greenhouse under controlled
conditions. Overall, soileos-Cu showed the greatest
agronomic efficiency under Cu-limiting soil condi-
tions, supporting targeted micronutrient manage-
ment (Figure 9).

Dose response and application rate effects. Both
11.2 and 22.4 kg/ha application rates of soileos-Cu in-
creased wheat yield across all sites, although responses
were not consistently dose-dependent. At the 3MG
and ABG sites, the lower rate achieved comparable or
slightly greater yield gains, indicating that 11.2 kg/ha

was sufficient to meet crop Cu demand. This response
reflects a typical diminishing returns pattern for mi-
cronutrient fertilisation, where yield gains plateau
once sufficiency is achieved. The absence of significant
differences between rates highlights the efficiency of
the soileos-Cu formulation, which provided consistent
yield benefits across environments, including increases
of up to 13.3% in Cu-deficient soils. It supports its
high nutrient-use efficiency and its suitability for
sustainable nutrient management. Consequently, in
Cu-deficient soils, applying 22.4- kg/ha of soileos Cu can
increase yield by up to 13%. In soils with low to mar-
ginal or even adequate Cu levels, applying 11.2 kg/ha
of soileos Cu can improve yield by 1.4—6.8% compared
to the grower standard.

Acknowledgement. The authors acknowledge
Andy Huang and Vincent Cheung for assistance with
leaching studies. Thank the British Columbia Centre
for Agritech Innovation (BCCAI) for funding this
project, BCCAI-Lucent P1- 2024. We also acknowl-
edge the use of the 4D LABS core facility at Simon
Fraser University (SFU), supported by the Canada
Foundation for Innovation (CFI), the British Columbia
Knowledge Development Fund (BCKDF), and Pacific
Economic Development Canada (PacifiCan).

REFERENCES

Alloway B.J. (2008): Micronutrient Deficiencies in Global Crop
Production. Dordrecht, Springer. ISBN: 978-1-4020-6859-1

Benlamlih F.Z., Lamhamedi M.S., Pepin S., Benomar L., Messad-
deq Y. (2021): Evaluation of a new generation of coated fertilizers
to reduce the leaching of mineral nutrients and greenhouse gas
(N,0O) emissions. Agronomy, 11: 1129.

Bolland M.D.A., Brennan R.F. (2006): Phosphorus, copper and zinc
requirements of no-till wheat crops and methods of collecting
soil samples for soil testing. Australian Journal of Experimental
Agriculture, 46: 1051-1059.

Branda N.R., Nourmohammadian F., Gross P. (2023): Composi-
tions, systems and methods for delivery of an element in response
to biological demand. United States Patent No. US11691928B2.

Chambers J.M., Hastie T.J. (eds.) (1992): Statistical Models in S.
1%t Edition. New York, Routledge. ISBN-10: 0-534-16765-9

Chia J.C., Zavodna T.O., Shatokhina H., Kavulych Y., Vatamaniuk
O.K. (2025): Copper connections: coordinating transport, sens-
ing and systemic signalling in plants. Quantitative Plant Biology,
6: e36.

Chiaregato C., Faez R. (2021): Micronutrients encapsulation by
starch as an enhanced efficiency fertilizer. Carbohydrate Poly-
mers, 271: 118419.

237



Original Paper

Plant, Soil and Environment, 72, 2026 (4): 228—238

De Mendiburu F. (2023): Agricolae: Statistical Procedures for Agri-
cultural Research. R package. Vienna, R Foundation for Statisti-
cal Computing.

Duan Q, Jiang S., Chen F, Li Z., Ma L., Song Y., Yu X., Chen Y.,
Liu H., Yu L. (2023): Fabrication, evaluation methodologies and
models of slow-release fertilizers: a review. Industrial Crops and
Products, 192: 116075.

Giunta F.,, Motzo R., Deidda M. (2002): SPAD readings and asso-
ciated leaf traits in durum wheat, barley and triticale cultivars.
Euphytica, 125: 197-205.

Hoagland D.R., Arnon D.I. (1950): The water culture method for
growing plants without soil (revised). Berkeley, University of
California College of Agriculture Experiment Station, 1-38.

Kumar N., Samota R., Venkatesh K., Tripathi S. (2023): Global trends
in use of nano-fertilizers for crop production: advantages and con-
straints — a review. Soil and Tillage Research, 228: 105645.

Kumar V., Pandita S., Singh Sidhu G.P.,, Sharma A., Khanna K., Kaur
P, Bali A.S., Setia R. (2021): Copper bioavailability, uptake, tox-
icity and tolerance in plants: a comprehensive review. Chemos-
phere, 262: 127810.

Kumar V., Singh E., Singh S., Pandey A., Bhargava P.C. (2023): Mi-
cro- and nano-plastics as emerging pollutant in groundwater:
environmental impact, potential risks, limitations and sustain-
able management. Chemical Engineering Journal, 459: 141568.

Lamichhane J.R., Osdaghi E., Behlau F, Ko6hl J., Jones J.B., Au-
bertot J.N. (2018): Thirteen decades of antimicrobial copper
compounds applied in agriculture: a review. Agronomy for Sus-
tainable Development, 38: 28.

Magaletti R., Pizzetti F.,, Masi M., Rossi F. (2023): Biobased materi-
als as promising tools for the slow-release of urea. ACS Agricul-
tural Science and Technology, 11: 957-969.

Malhi G.S., Kaur M., Kaushik P. (2021): Impact of climate change
on agriculture and its mitigation strategies: a review. Sustainabil-
ity, 13: 1318.

Marschner H. (2012): Marschner’s Mineral Nutrition of Higher
Plants. 3" Edition. London, Academic Press. ISBN-13: 978-0-
12-384905-2

Nourmohammadian F., Solouki H., Palmer J., Dossou-Yovo W.,
Riedijk M. (2025): Evaluating carbon sequestration and soil or-
ganic carbon enhancement with innovative slow-release micro-
nutrient products. Open Journal of Soil Science, 15: 627-645.

Pizeta 1., Sander S., Hudson R., Omanovi¢ D., Baars O., Barbeau
K., Buck K., Bundy R., Carrasco G., Croot P., Garnier C., Ger-
ringa L., Gledhill M., Hirose K., Kondo Y., Laglera L., Nuester
J.» Rijkenberg M., Takeda S., Wells M. (2015): Interpretation of
complexometric titration data: an intercomparison of methods
for estimating models of trace metal complexation by natural or-

ganic ligands. Marine Chemistry, 173: 3-24.

238

https://doi.org/10.17221/41/2026-PSE

Rahman N., Schoenau J. (2022): Zinc and copper interactions un-
der variable soil phosphorus and moisture conditions in selected
Saskatchewan soils. Journal of Plant Nutrition, 45: 311-331.

Rahman N., Hangs R., Peak D., Schoenau J. (2021): Chemical and molecu-
lar scale speciation of copper, zinc, and boron in agricultural soils of
the Canadian prairies. Canadian Journal of Soil Science, 101: 581-595.

Setiawati T.C., Rewisa V.K., Febiola D., Mutmainah L., Wafa A.,
Efendi S., Susilowati L.E. (2025): Synergistic effect of phosphorus,
magnesium, and copper on phenolic and flavonoid production in
paddy rice. Jurnal Penelitian Pendidikan IPA, 11: 1003-1013.

Singh Dhaliwal S., Sharma V., Kumar Shukla A., Singh Shivay Y.,
Hossain A., Verma V., Kaur Gill M., Singh J., Singh Bhatti S,
Verma G., Singh J., Singh P. (2023): Agronomic biofortification
of forage crops with zinc and copper for enhancing nutritive po-
tential: a systematic review. Journal of the Science of Food and
Agriculture, 103: 1631-1643.

Song Y., Teng G., Yuan Y., Liu T, Sun Z. (2021): Assessment of wheat
chlorophyll content by multiple linear regression of leaf image fea-
tures. Information Processing in Agriculture, 8: 232-243.

Wairich A., De Conti L., Lamb T.I., Keil R., Neves L.O., Brunetto
G., Sperotto R.A., Ricachenevsky FK. (2022): Throwing copper
around: how plants control uptake, distribution, and accumula-
tion of copper. Agronomy, 12: 994.

Wei H.L., Wang H., Chu H., Li J. (2019): Preparation and charac-
terization of slow-release and water-retention fertilizer based on
starch and halloysite. International Journal of Biological Macro-
molecules, 133: 1219-1228.

Wellington M.J., Lawes R., Kuhnert P. (2023): A framework for
modelling spatio-temporal trends in crop production using gen-
eralized additive models. Computers and Electronics in Agricul-
ture, 212: 108111.

Wickham H., Averick M., Bryan J., Chang W., McGowan L.D., Fran-
cois R., Grolemund G., Hayes A., Henry L., Hester J., Kuhn M.,
Pedersen T.L., Miller E., Bache S.M., Miiller K., Ooms J., Robin-
son D., Seidel D.P,, Spinu V., Takahashi K., Vaughan D., Wilke C.,
Woo K., Yutani H. (2019): Welcome to the tidyverse. Journal of
Open Source Software, 4: 1686.

Wood S.N. (2023): mgcv: Mixed GAM Computation Vehicle with
Automatic Smoothness Estimation. R package version 1.9-0.

Yruela L. (2009): Copper in plants: acquisition, transport and inter-
actions. Functional Plant Biology, 36: 409—430.

Yuvaraj M., Cyriac J., Subramanian K.S., Hussien E.T. (2024):
Slow-release nanofertilizer for sustainable agriculture. In: Abd-El-
salam K.A. (ed.): Nanofertilizer Delivery, Effects and Application
Methods. Nanobiotechnology for Plant Protection, 53—69.

XuE, Liu Y,, Gu D, Zhan X,, Li J., Zhou K., Zhang P, Zou Y. (2024):
Molecular mechanisms of plant responses to copper: from deficien-

cy to excess. International Journal of Molecular Sciences, 25: 6993.
Received: January 23, 2026

Accepted: March 31, 2026
Published online: April 16, 2026



