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Abstract

Aluminum (Al) toxicity constrains plant performance in acidic volcanic soils, yet nitrogen
(N) fertilization may influence Al availability and plant responses. This study evaluated
the effects of N source and rate under contrasting soil liming conditions on vegetative
growth, mineral nutrition, and physiological performance of non-bearing northern highbush
blueberry (Vaccinium corymbosum L. cv. Blue Ribbon®) plants. A split-split-plot experiment
was conducted in southern Chile using urea or potassium nitrate applied at 0, 20, or
40 kg N ha™! to plants grown in unlimed soil or soil amended with calcium carbonate or
magnesium oxide. Vegetative growth, tissue mineral composition, stomatal conductance,
chlorophyll fluorescence, and leaf chlorophyll were monitored during the first season.
Growth responded primarily to soil liming rather than N supply, indicating low N demand
and substantial soil N mineralization under the experimental conditions. Foliar N increased
from 1.36 to 1.70% with increasing N rates. Urea nutrition reduced foliar Al concentration
by 12% compared with nitrate. Under unlimed conditions, representing maximal soil Al
availability, urea fertilization was associated with 70% higher Al retention in roots relative
to nitrate. Chlorophyll content was consistently higher under urea supply, while the
maximum photochemical efficiency of photosystem II remained unaffected. These findings
indicate that N form influences plant Al partitioning independently of growth responses.
Although the underlying mechanisms were not directly assessed, the observed patterns
suggest that urea fertilization may reduce Al translocation to shoots under conditions of

high Al availability.
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1. Introduction
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In addition, Andisols are chemically characterized by inherently low pH, high aluminum
(Al) availability and phosphate retention, and low base content [2,3,5].

Nitrogen (N) is the most essential mineral nutrient for blueberry growth and develop-
ment, significantly affecting vegetative vigor, biomass accumulation, and fruit production
and quality [6-9]. Blueberry uses N in organic and inorganic forms but shows a preference
for ammonium (NH4") over nitrate (NO3 ™), possibly due to diminished nitrate reductase
activity in roots [10,11]. Across different types of blueberries, multiple studies have sug-
gested that plants display higher growth and/or greater N accumulation with NH,* as the
N source [12]. Consequently, ammonium- and urea-based fertilizers are the most used in
blueberry production.

In acidic soils, the form of N supplied can strongly influence rhizosphere pH and,
consequently, the availability of toxic elements such as Al. Ammonium- and urea-based
fertilization typically promotes rhizosphere acidification through nitrification and proton
release during plant uptake, whereas nitrate nutrition can induce a relative alkalinization
effect [13,14]. These pH shifts directly affect Al solubility, as a lower pH increases the
concentration of phytotoxic AI** species in the soil solution. Thus, N form not only deter-
mines plant nutritional status but also modulates the chemical environment governing Al
availability and toxicity. Under such conditions, Al** toxicity becomes a major constraint to
plant growth, as even micromolar concentrations of soluble AI** can inhibit root elongation,
impair nutrient and water uptake, and reduce biomass accumulation [15-19]. Root growth
inhibition is accompanied by oxidative stress responses and metabolic adjustments involv-
ing antioxidant enzyme regulation and organic acid exudation mechanisms that mitigate
Al injury [20,21]. These adaptive responses are particularly relevant for blueberries, which
possess shallow root systems that are efficient in acidic substrates yet potentially vulnerable
to elevated metal solubility [22].

Despite the recognized interactions between N form, soil acidification, and AP tox-
icity, relatively few studies have evaluated how fertilization N source and rate interact
with soil acidity to influence physiological performance in young blueberry plants. This
knowledge gap is especially relevant during the establishment phase, when vegetative
growth and root system development strongly determine long-term productivity and
stress resilience [23]. Therefore, the objective of this study was to evaluate the effects of
N fertilization rate and source under contrasting soil acidity conditions on the vegetative
growth and physiological performance of ‘Blue Ribbon®” blueberry plants during their first
growing season in an acidic volcanic soil. We hypothesize that young plants of Vaccinium
corymbosum grown in an acidic volcanic soil exhibit limited physiological responsiveness to
increasing N supply, and that urea-based fertilization enhances Al phytotoxicity by pro-
moting soil acidification and increasing Al availability in the rhizosphere. By integrating
growth measurements with physiological indicators, this work aims to contribute to an
improved understanding of nutrient-metal interactions and to support the optimization of
fertilization strategies for sustainable blueberry production systems.

2. Materials and Methods
2.1. Experimental Site and Plant Material

An outdoor field trial was conducted during 2023-2024 growing season at the Experi-
mental Station of the Universidad Austral de Chile (39°47'14" S; 73°13’53"” W, 17 m a.s.l.) in
southern Chile. Plants of the ‘Blue-Ribbon®” highbush blueberry (Vaccinium corymbosum L.),
a high-chill cultivar with early harvest maturity, were established in October 2023. Plants
were propagated in vitro by Fall Creek Farm and Nursery, Inc. (Lowell, OR, USA),
and obtained from Hijuelas Nursery, Valparaiso, Chile (32°49'58.44" S, 71°07'48.95" W,
281 m a.s.l.). Before planting, plants were maintained for four weeks in a greenhouse at the
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Experimental Station, where minimal pruning was performed to remove flower buds or
weak and low-growing shoots.

According to the Képpen-Geiger Climate Classification [24], the regional climate is
temperate oceanic (Cfb). Mean monthly air temperature ranges from 24.5 °C in January
to 4.3 °C in July. The site accumulates approximately 1137 growing degree days annually
(base 10-30 °C) and 918 chilling hours (<7.2 °C) by July 31. The 30-year mean annual
precipitation is 1947 mm, with no dry season [25].

The soil is classified as Duric Hapludands (Valdivia Series) according to USDA soil
taxonomy. It is a moderately deep volcanic ash-derived soil developed over tuffaceous
material locally known as ‘cancagua’, characterized by compacted volcanic deposits mixed
with weathered clasts. The terrain presents complex topography with 5-8% slope and good
drainage. Surface texture is silty loam, transitioning to sandy loam at depth [26].

2.2. Field Experiment

Blueberry plants were established in north-south oriented beds covered by black
high-density polyethylene mulch. Bushes were spaced 3 x 1 m (3333 plants ha~!) and
irrigated through a double-drip line system with 4 L h~! emitters located every 0.5 m along
the rows. Irrigation scheduling maintained soil water content near field capacity based
on monitoring with time-domain reflectometry sensors. Plants were irrigated daily from
planting (October) through late March, totaling approximately 8714 m® ha~! of applied
water. No pruning other than pre-planting trimming was conducted.

Prior to the planting (5 May 2023), soil chemical properties were analyzed at the
Agroanalysis Service Laboratory of the Pontificia Universidad de Chile (PUC) using stan-
dardized Chilean procedures [27]. The soil exhibited high organic matter content and
elevated extractable Al, typical of young volcanic soils. Concentrations of K, S (13 mg kg 1)
and cation micronutrients (Fe 73 mg kg~!, Cu 1.77 mg kg !, Mn 4.55 mg kg ~!) were ade-
quate, whereas soil pH was strongly acidic, with high exchangeable Al and Al saturation
and low availability of P, Ca, Mg, B, and Zn (Table 1). Based on these results, a basal
fertilization was applied before bed construction (late August 2023) following regional
recommendations for blueberry cultivation on volcanic soils [2]. Fertilizers equivalent to
600 kg P,0s ha~!, 140 kg MgO ha—!, and 10 kg B ha~! were broadcast and incorporated
into the soil using triple superphosphate (46% P,0Os), magnesium sulfate (13% S; 16% MgO),
and calcium borate (7% B; 15% CaOQ) as sources, respectively.

Table 1. Soil analysis (0—20 cm depth) before trial establishment (May 2023) and three months after
liming and basal fertilization (December 2023).

After Planting (December 2023)

Pre-Planting

Soil Variables (May 2023) N‘},IL;;“ CaCOs-Limed Plot MgO-Limed Plot
Organic matter (%) 17.8 16.3 17.0 17.3
pH water (1:2.5) 5.60 5.56 5.77 6.11
pH CaCl, 4.72 4.77 5.10 5.45
Olsen-P (mg kg~ 1) 12 33 35 39
K (mg kg1 166 185 233 256
Ca (cmol kg™1) 1.48 2.13 5.18 249
Mg (cmol kg™ 1) 0.63 1.11 1.33 7.46
Na (cmol kg™1) 0.08 0.12 0.11 0.13
Exchangeable Al (cmol kg™1) 0.52 0.35 0.13 0.08
Al saturation (%) 16.61 8.30 1.76 0.74
B (mg kg~ !) 0.53 3.09 493 4.88
Zn (mg kg ) 0.63 0.77 1.36 0.99
Extractable Al (mg kg™') 1665 1515 1543 1393
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The experiment followed a split-split-plot design with three replicate blocks and one
plant per experimental unit. Given the use of clonally propagated and phenotypically
uniform material, individual plants were considered independent experimental units.
Soil liming (CaCO3, MgO or no lime) was the main plot, N source (urea or nitrate) the
sub-plot, and N rate (0, 20 or 40 kg N ha~!) the sub-sub-plot. Liming materials were
applied on September 4, 2023 at rates equivalent to 2100 kg CaCO3 ha~! and incorporated
before bed formation. N fertilizers (urea, 46% N; potassium nitrate, 14% N; and 45% K,O)
were applied in three split applications (December 6, January 5, February 14). Fertilizers
were dissolved in water, applied manually below emitters, and immediately incorporated
through irrigation.

2.3. Measured Variables

Meteorological variables were obtained from an ATMOS 41 weather station connected
to a ZL6 datalogger (Meter Group, Pullman, WA, USA) located 40 m from the experimental
site. Soil temperature and volumetric water content at 10 cm depth were recorded hourly
using a TEROS 11 sensor connected to an Em50G solar datalogger (Meter Group, USA).

From early November 2023 through mid-March 2024, vegetative growth and physio-
logical traits were measured periodically. Shoot length was measured on two shoots per
plant from base to apex, and plant height from crown to apex of central stems, using a
measuring tape.

Physiological status was evaluated by measuring stomatal conductance, chlorophyll
fluorescence, and relative chlorophyll content between 12:00 and 15:00 h on fully expanded
and healthy leaves located in the middle third of current-season shoots.

Stomatal conductance was measured on one leaf per plant using an SC-1 porometer
(Meter Group, USA) following instrument calibration. Chlorophyll fluorescence was
measured on one leaf per plant using a Pocket PEA portable fluorometer (Hansatech
Instruments Ltd., King’s Lynn, UK). Minimum (Fo) and maximum (Fm) fluorescence were
recorded after 15-20 min dark adaptation, and variable fluorescence was calculated as
Fv = Fm — Fo. Measurements were conducted at 2,000 pumol m~2 s~! light intensity [28].
Relative chlorophyll content was estimated using a SPAD-502 meter (Konica Minolta
Holdings, Inc., Tokyo, Japan); three readings per plant were averaged. Measurements were
taken biweekly and one week after each N application.

Soil chemical characteristics were assessed in composite samples (0-20 cm depth)
before planting (5 May 2023) and 88 days after corrective fertilization and liming
(11 December 2023) (Table 1). Plant nutritional status was determined via foliar and root
mineral analyses. Leaf samples were collected in late February from the middle third of
non-fruiting shoots. Due to plant size limitations, 18 composite samples were generated
across liming levels and N sources without N rate separation. Root samples were collected
in late March exclusively from the no-lime plot considering N source and rate combina-
tions. This decision was made to prioritize the assessment under conditions of maximum
Al availability, thereby enhancing the detection of potential differences associated with
N source (nitrate vs. urea). Plant tissues were oven-dried (65 °C, 48 h), ashed (500 °C),
digested in 2 M HCl, and analyzed for mineral content using a 5110 ICP-OES (Agilent
Technologies, Santa Clara, CA, USA) at the Agroanalysis Services Laboratory (PUC).

2.4. Statistical Analysis

Means and standard errors were calculated from triplicate measurements. Effects of
liming, N source, N rate, and interactions were assessed by factorial ANOVA (« = 0.05)
for each sampling date. When interactions were nonsignificant, factors were analyzed
independently. In cases where sampling constraints prevented separation by N rate, data
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were analyzed by grouping across liming levels and N sources only when these factors, as
well as their interactions with N rate, were not significant. Mean separation was performed
using Tukey’s test (95% confidence).

Seasonal shoot length and plant height dynamics were analyzed using nonlinear
regression with sigmoidal growth models fitted for each liming treatment. The suitability
of a common model across liming treatments was also evaluated, using the extra sum-
of-squares F test. Instantaneous shoot growth rates (cm day ') were obtained from first
derivatives of fitted curves. Seasonal variation in leaf chlorophyll content was evaluated
via linear regression fitted by N source and N rate. Regression analyses were performed
independently for each treatment combination to describe temporal trends, and model
adequacy was assessed based on goodness-of-fit statistics.

All statistical analyses were conducted using STATISTICA 10 (StatSoft Inc., Tulsa,
OK, USA), and figures were generated with GraphPad Prism 9.5.1 (GraphPad Software
Inc., Boston, MA, USA). The dataset underlying all statistical analyses is provided as
Supplementary Material (Dataset S1).

3. Results
3.1. Soil and Climate Variables

Approximately three months after application, the effects of the basal fertilization
and liming were evaluated through soil analysis (Table 1). The results indicated clear
increases in P, Mg, and B levels across the main plots, exceeding the expected variability
associated with laboratory analysis and soil heterogeneity, and thus reflecting the effect of
the corrective treatments. In limed plots, soil acidity parameters were adjusted to levels
considered suitable for blueberry cultivation, with exchangeable Al concentrations well
below critical thresholds reported for volcanic soils [2]. In the MgO limed plot, soil pH
exceeded the target value (5.8) due to their higher neutralizing value compared to CaCOs.
As expected, Ca concentration only increased in the plot limed with CaCOj3, whereas Mg
concentration was markedly elevated in the MgO-treated plot (Table 1).

Meteorological records from the on-site weather station indicated a typical seasonal
temperature pattern for a temperate environment (Figure 1). Mean air temperature reached
23.5 °C in late January and then declined to below 15 °C by early autumn (March). Mini-
mum temperatures remained above freezing but were low early in the season, reaching
0.6 °C on 12 November 2023. Mean daily soil temperature at 10 cm depth followed a similar
trend, with smaller diurnal variation, ranging from approximately 13 °C early in the season
to 23 °C in early February.

Cumulative precipitation between November and March totaled 161 mm and occurred
primarily at the beginning and end of the growing season. During dry periods, irrigation
maintained the soil volumetric water content close to field capacity (Figure 1).

3.2. Vegetative Growth

Vegetative growth, expressed as shoot length and plant height, was affected only
by soil liming, with no interaction with N source or rate (Figure 2). Separate nonlinear
growth curves were required for each shoot-length dataset, reflecting differences in growth
dynamics. By the end of the season, plants grown in the CaCOjz-limed plot produced longer
shoots (30.0 cm) than those in the MgO-limed (27.5 cm) or unlimed plots (26.2 cm). These
differences were primarily associated with variations in the duration of the growth period
rather than differences in the maximum growth rate (Figure 2).
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Figure 1. Daily data of volumetric water content (VWC) at 10 cm depth, precipitation, and air and
soil temperature at 10 cm depth at the experimental site (Valdivia, Chile). FC, field capacity; PWP,

permanent wilting point.
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Figure 2. Effect of soil liming on plant height and shoot length in blueberry plants during first
growing season. Continuous lines indicate sigmoidal curve fitted to each data set (Y = Bottom + (Top
— Bottom) /(1 + exp((V50 — X)/Slope)). The dotted lines indicate the first derivative of fitted curves
or the growth rate. Red line indicates that a single curve (global or shared) was suitable for two data
sets (no lime and CaCQO3). Source data are available in Supplementary Dataset S1.
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In contrast, plant height was lower in the MgO-limed plot than in CaCOs3-limed
or unlimed plots. The latter two datasets were adequately described by a shared curve,
indicating similar growth dynamics. Final plant height was greater in the unlimed and
CaCOs-limed plots (45.2 cm) than in the MgO-limed plot (41.5 cm), reflecting a reduced
growth rate and earlier growth cessation under MgO treatment (Figure 2).

3.3. Nutritional Status

Foliar concentrations of N, Ca, and Mg were significantly affected only by the N rate
without significant interactions (Figure 3A). Foliar N concentration increased linearly with
increasing N supply, ranging from 1.36% to 1.70% between 0 and 40 kg N ha~!, regardless
of the N source. Foliar Ca and Mg concentrations exhibited negative linear trends with
increasing N rates; however, the slopes were not significantly different from zero.
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Figure 3. Effects of the experimental factors on foliar nutrient concentration in blueberry plants
during first growing season. (A) N rate on N, Ca and Mg concentration, (B) N rate x N source
on K concentration, (C) N source and (D) soil liming on P concentration. Different letters indicate
significant differences between N source or soil liming (Tukey’s test, p < 0.05). Source data are
available in Supplementary Dataset S1.

Foliar K concentration was influenced by both N source and N rate, with a significant
interaction between factors (Figure 3B). Regression analysis showed that K concentration
increased with N rate in nitrate-fertilized plants, whereas no significant relationship was
observed in urea-fertilized plants.

Foliar P concentration was affected independently by N source and liming (Figure 3C,D).
Plants receiving nitrate exhibited higher foliar P levels than those receiving urea. Similarly,
the CaCOs-limed plot resulted in a higher foliar P concentration compared with unlimed
or MgO-limed plots.

Foliar Al concentration was not influenced by liming but was affected by the N source,
with a significant interaction with the N rate (Figure 4A). Overall, plants fertilized with urea
showed a lower foliar Al concentration than those fertilized with nitrate (197 vs. 225 mg kg’l).
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Root analysis in the unlimed plot indicated greater Al accumulation in roots of urea-fertilized
plants compared with nitrate-fertilized plants (8024 vs. 4753 mg kg~ !; Figure 4B).
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Figure 4. Effects of N source on (A) foliar Al concentration and (B) root Al concentration in blueberry
plants during first growing season. Different letters indicate significant differences between N sources
(Tukey’s test, p < 0.05). Note the different x-scale for each figure. Source data are available in
Supplementary Dataset S1.

3.4. Physiological Status

Leaf chlorophyll content (SPAD units) was significantly influenced by the N source
and N rate, with no interaction between factors (Figure 5). Regression analysis indicated
a linear seasonal increase in SPAD values, with higher values observed for urea-based
fertilization (Figure 5A) and for N rates different than zero (Figure 5B).
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Figure 5. Effects of (A) N source and (B) N rate on chlorophyll content in blueberry plants during
the first growing season. Different color lines indicate lines fitted to each data set. Source data are
available in Supplementary Dataset S1.

Stomatal conductance was consistently affected by soil liming and N rate throughout
the growing season, with no interaction between factors (Figure 6). Plants grown in unlimed
or CaCOs-limed plots generally exhibited higher conductance than those in the MgO-limed
plot. The only exception occurred early in the season (7 December 2023; 62 days after
planting), when conductance was greater under MgO liming. A mid-season decline in
conductance was observed across all liming treatments (Figure 6).

None of the experimental factors consistently affected chlorophyll fluorescence ex-
pressed as maximum photochemical efficiency of PSII (Fv/Fm), which ranged from 0.69
to 0.83 across measurements. The only significant effect occurred late in the season
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(14 February 2024; 131 days after planting), when nitrate-fertilized plants exhibited lower
Fv/Fm values than urea-fertilized plants (0.72 vs. 0.75; p < 0.01).
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Figure 6. Effects of soil liming on stomatal conductance in blueberry plants during first growing
season. Different letters for a given sampling time indicate significant differences between soil liming
treatments (Tukey’s test, p < 0.05). Source data are available in Supplementary Dataset S1.

4. Discussion

In accordance with what was initially hypothesized, higher N rates were not required
to maximize vegetative growth in ‘Blue Ribbon®” blueberry plants during the first sea-
son after planting, regardless of N source or soil liming. These findings confirm that
young, non-bearing blueberry plants have a moderate N demand on the order of tens of
kg N ha~! yr~1[6,29,30]. Indeed, it was reported that the total plant N content in ‘Bluecrop’
at the end of the first growing season ranged from 1559 to 4215 mg plant ! across N rates,
corresponding to approximately 4.3 to 11.7 kg N ha~! yr~! when adjusting for planting
density [29]. Similarly, another study estimated a net requirement of 34.8 kg N ha~! for the
same plants over the two first growing seasons, including the first fruit harvest [6].

The experimental soil was volcanic with high organic matter content (17.8%), and plant
N demand was likely met largely through soil net N mineralization. This process would
have been favored by mild soil temperatures (13 °C to 23 °C; Figure 1) and moist conditions
during the experimental period [31]. For example, in a Chilean Andisol with similar
properties, N mineralization reached 218 kg NH;*-N ha~! yr—!, even without irrigation
or recent N fertilization [32]. Consistently, Ref. [33] highlighted that mineralization from
organic matter substantially contributes to N in mature blueberry systems, reducing the
responsiveness to fertilizer inputs even under low organic matter conditions Thus, the
combination of a modest N demand and high soil mineralization plausibly explains the
lack of a vegetative growth response to N source and rate.

In contrast, soil liming affected shoot length and plant height with improved perfor-
mance in the CaCOjz-limed plot. This likely reflects both enhanced soil pH and reduced
Al availability, as well as increased Ca availability (Table 1). Although MgO produced a
comparable acidity correction, it resulted in lower Ca and higher Mg levels in soil (Table 1).
Blueberry, a calcifuge species, typically exhibits relatively low foliar Ca concentrations yet
maintains adequate growth through efficient uptake and use [12,22]. However, nutritional
imbalances may arise when Ca and other elements dominate. While Ca-Mg antagonism for
uptake has not been documented specifically in blueberry, excessive Mg has been shown to
impair K* and Ca?" uptake in tomato and cucumber [34,35]. In the present study, foliar Ca
and Mg concentrations were unaffected by soil liming, yet plants in the MgO-limed plot
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exhibited reduced height due to slower growth rates and earlier cessation of elongation
(Figure 2). Comparable growth retardation has been observed in cucumber under Mg
excess, attributed to physiological stress affecting photosynthesis [36]. Although maximum
PSII efficiency (Fv/Fm) was not reduced here, potential sublethal effects cannot be excluded
and warrant further study.

The influence of experimental factors on foliar nutrient concentration varied among
elements. Leaf N concentration increased linearly with N rate and was unaffected by the
N source or liming. Concentrations were within a sufficient range at non-zero rates but
deficient at 0 kg N ha~! according to guidelines for mature northern highbush blueberry in
Oregon, USA (1.76% to 2.00% [8]). Given that growth responses to increasing N rate were
absent, indicating that the growth was not N-limited [37], current sufficiency thresholds
may require adjustment for plant age and regional conditions [38]. Unexpectedly, higher
soil Ca and Mg availability and lower Al levels in limed plots (Table 1) were not reflected
in foliar concentrations (Figures 3A and 4A). Instead, Ca and Mg exhibited negative trends
with increasing N rates, independent of the N form (Figure 3A). This pattern contrasts with
general models of cation—anion uptake balance [39], although such effects are typically
demonstrated under hydroponic conditions. Even more, nitrification of NH;* from urea
decomposition would have been favored by mild, moist and well-aerated conditions of
the soil (3-14 days after NH4 ™" liberation [13]), which should have stimulated Ca and Mg
uptake [39,40]. These effects were not observed in this experiment.

Foliar Al concentration was influenced by the N source, with lower values under
urea fertilization (Figure 4A). Concentrations were comparable to those reported for both
sensitive and relatively resistant cultivars exposed to Al in hydroponic systems [41,42].
Plants with a lower foliar Al concentration (urea-fertilized) also showed higher chloro-
phyll content (Figure 5A), yet no differences in Fm/Fv were observed, consistent with
evidence that this parameter may lack sensitivity to Al stress [41]. Other photosynthetic
indicators like effective quantum yield of PSII, electron transport rate or non-photochemical
quenching, not measured here, may provide greater sensitivity. The absence of stomatal
conductance differences between N sources (Figure 6) further suggests a degree of tolerance
in ‘Blue Ribbon®’, similar to responses reported in newer cultivars under short-term Al
exposure [41].

Foliar K increased linearly with nitrate fertilization due to the use of potassium nitrate
as NO3 ™ source, whereas no such trend occurred with urea (Figure 3B). Elevated foliar K
should not confound interpretation because soil K was previously corrected to sufficient
levels and growth responses remained absent [37]. Foliar P concentrations were higher
under nitrate nutrition and CaCO; liming (Figure 3C,D). The increase associated with
nitrate may reflect synergistic uptake interactions linked to enhanced K acquisition, as
observed in grapevine [43]. Again, the adequate soil P status and lack of growth response
suggest that these shifts were nutritionally non-limiting.

Al tolerance involves both restricted uptake and limited translocation to shoots [15,44].
In this context, several findings indicate that ‘Blue Ribbon®’ plants accumulate Al primarily
in the root, restricting translocation to the aerial organs: (i) foliar Al was unaffected by
liming despite wide variations in soil Al availability (Table 1); (ii) in unlimed conditions,
urea-fertilized plants exhibited lower foliar but higher root Al concentrations, with less
variability observed in the leaves than in the roots (Figure 4); and, (iii) root Al concentrations
exceeded those in the leaves by more than 20-fold (Figure 4). It should be noted that root-
level responses were assessed only in the no-lime treatment, representing conditions of
maximal Al availability; therefore, potential bias cannot be excluded, and extrapolation
across liming treatments should be made with caution pending further validation.
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The Al partitioning observed for blueberry plants (Figure 4) is consistent with patterns
reported in sweet cherry and citrus [21,44]. This behavior would be explained by Al binding
to negatively charged carboxylic groups in the pectin matrix of the root cell [18], and exclu-
sion through organic acid exudation to the rhizosphere where they chelate Al ions, forming
non-toxic compounds that are not readily taken up by roots [19,45]. In fact, blueberry stud-
ies showed that the root exudation of oxalate plays an important role in the Al resistance
of highbush blueberry genotypes [20], although it does not necessarily correspond with
reduced shoot Al accumulation [41], leaving the mechanistic interpretation unresolved.

Specifically, the present study suggests that urea nutrition partially alleviated Al stress
in young ‘Blue Ribbon®” blueberry plants by limiting shoot Al accumulation while pro-
moting retention in the roots. This response, contrary to the initial hypothesis, may be
tentatively explained by processes that were not directly assessed in this study. Potential
mechanisms could include transient rhizosphere alkalinization during urea hydrolysis [46],
as well as ammonium-mediated alterations in root cell surface charge or Al-binding
sites [47,48]. Analogous nutrient-metal interactions have been described for cadmium,
where ammonium-regulated signaling pathways enhance antioxidant activity and reduce
metal accumulation [49]. Whether comparable molecular pathways operate in blueberry
remains to be elucidated. However, these findings support a role for ammonium-driven
physiological and molecular processes in modulating metal stress.

On the other hand, the use of potassium nitrate as the NO3;~ source in the nitrate
treatment, without balancing K inputs in urea-fertilized plants, may represent a limitation
of the experimental design, despite soil K levels being within a sufficient range. The higher
foliar K concentrations observed under nitrate fertilization indicate that K supply was
indeed increased in these plants and may have exerted a measurable nutritional effect. To
address this potential confounding factor, supplemental K was applied to urea-fertilized
plants in subsequent growing seasons. To our knowledge there is no direct evidence indi-
cating that K interferes with Al uptake and transport. In contrast, the literature consistently
demonstrates that Al toxicity reduces K uptake by impairing the function of K transport
proteins [50,51]. However, the possibility of K displacement or competition with Al for
binding sites on the root cell wall or on the plasma membrane cannot be entirely excluded,
as has been reported for other cations such as MgJr2 [52] and Ca*? [53]. Nevertheless, such
interactions are less likely in the case of K™ and Al*® due to the greater differences in
charge and hydrated ionic radius between these ions [39,54,55]. Therefore, the lower Al
concentration observed in the roots of plants fertilized with potassium nitrate are more
likely attributable to the effect of nitrate rather than to the K supply.

5. Conclusions

Overall, N fertilization exerted a limited influence on the vegetative growth of high-
bush blueberry plants during the first growing season, likely reflecting substantial soil N
mineralization, whereas liming and N form affected mineral nutrition and Al partitioning.
Specifically, urea fertilization was associated with greater Al retention in roots and lower
Al concentrations in shoots compared with nitrate supply. These results are consistent with
the hypothesis that early-stage blueberry plants have relatively low N requirements but do
not support the hypothesis that urea-based fertilization enhances Al phytotoxicity. While
the underlying mechanisms were not directly assessed, the observed patterns suggest that
N form may influence Al dynamics at the plant level under conditions of high Al avail-
ability. Therefore, these findings contribute to a broader understanding of nutrient-metal
interactions in Andisols and indicate that N form could be a relevant factor to consider in
the management of Al stress in perennial fruit crops, although further studies are required
to confirm these responses and elucidate the mechanisms involved.
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