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Abstract

This research evaluated how different forms of nitrogen (nitrate and am-
monium) and substrate mixtures (peat and rice husk) influence blueberry
growth during its hardening-off phase in a greenhouse, with the aim of
identifying the most efficient option for producing higher-quality plants.
The results showed that the optimal combination was the nutrient solu-
tion with a predominance of ammonium (75%) together with a substrate
with a high peat content (80%), which generated plants with greater
height, greater stem thickness and up to double the biomass compared
with other mixtures. The study concludes that this synergy between am-
monium and peat produces more vigorous plants of better overall quality,
further confirming that the Dickson Quality Index is the best indicator for
evaluating the seedlings, thus offering clear technical recommendations
for optimizing blueberry production under controlled conditions.

Keywords: Dickson Quality Index, nitrogen nutrition, peat, vegetative
growth.

Resumen

Esta investigacion evalud como diferentes formas de nitrégeno (nitrato y
amonio) y mezclas de sustrato (turba y cascarilla de arroz) influyen en el
crecimiento del ardndano durante su fase de endurecimiento en inverna-
dero, con el objetivo de identificar la opcion mas eficiente para producir
plantas de mejor calidad. Los resultados mostraron que la combinacion
optima fue la solucion nutritiva con predominio de amonio (75%) junto
con un sustrato con alto contenido de turba (80%), la cual generd plantas
con mayor altura, mayor grosor de tallo y hasta el doble de biomasa en
comparacion con otras mezclas. El estudio concluye que esta sinergia
entre amonio y turba produce plantas mas vigorosas y de mejor calidad
integral, confirmando ademas que el Indice de Calidad de Dickson es
el mejor indicador para evaluar las plantulas, ofreciendo asi recomen-
daciones técnicas claras para optimizar la produccioén de arandano bajo
condiciones controladas.

Palabras clave: crecimiento vegetativo, Indice de Calidad de Dickson,
nutricién nitrogenada, turba.
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1. Introduction

The blueberry (Vaccinium corymbosum), belonging
to the Ericaceae family, is a species native to the
Northern Hemisphere that has acquired great global
economic relevance, with the United States, Peru, Ca-
nada and Chile being the main traditional producers;
thus demonstrating the region’s enormous potential
for this crop (Organizacion de las Naciones Unidas
para la Alimentacion y la Agricultura [FAO], 2025;
Undurraga Diaz & Vargas Schiildes, 2013).

In this context, Ecuador has begun to introduce
blueberry as a productive alternative for export, spe-
cifically the Biloxi variety from Chile, which stands
out for its adaptation, vigor and productivity, requi-
ring a minimum of 400 chill hours and producing
medium-sized, firm fruit with excellent flavor (Fall
Creek Farm & Nursery, 2026; Morales Alcayaga,
2017; Retamales et al., 2014 Spiers et al., 2002; Un-
durraga Diaz & Vargas Schiildes, 2013; Vasquez-Cas-
tillo et al., 2026).

However, the main challenge for its cultivation
in Ecuador lies in the species’ demanding soil requi-
rements, which call for loose soils, an acidic pH be-
tween 4 and 5, and a high organic matter content (10
to 20%), with pH management being especially criti-
cal during the first years (Gordo, 2008).

Given the difficulty of naturally finding these soil
conditions and the variability of existing soils (Cru-
zatty & Vollmann, 2012), Ecuadorian growers have
opted for substrate-based cultivation systems, a glo-
bal trend that seeks to overcome soil limitations and
optimize the use of water and fertilizers (Rivicre &
Caron, 2001). The choice of materials and mixtures
is crucial, as they must guarantee adequate physical
properties such as high porosity (>85%) and a balan-
ce between moisture retention and drainage, with the
incorporation of organic materials, such as peat, able
to improve these characteristics (Jones et al., 2025;
Ortiz-Delvasto et al., 2023; Schafer & Lerner, 2022).

However, in Ecuador these mixtures are prepared
without prior physicochemical characterization, ge-
nerating root development problems and water and
nutritional imbalances that compromise the viability
of the crop. Added to this problem is the need to opti-
mize nitrogen nutrition during the greenhouse harde-
ning-off phase, since it is not known how the different
substrate mixtures interact with the nitrate/ammo-
nium ratio, a key factor for this acidophilic species.

For this reason, this research seeks to evaluate how
different nitrate/ammonium ratios and substrate mixtu-
res influence blueberry growth during its greenhouse
hardening-off phase, with the aim of identifying the most
efficient option for producing higher-quality plants.

The study is justified by the need to generate local
knowledge that makes it possible to standardize and
optimize substrate cultivation, moving away from
empirical practices that have caused production failu-
res, and addressing the knowledge gap regarding the
interaction between substrate and nitrogen nutrition,
in order to provide technically grounded recommen-
dations that improve the production and quality of
this new crop of interest for Ecuadorian exports.
Through this study, the aim is to determine the op-
timal combination of substrate and nitrate/ammonium
ratio that maximizes plant growth and vigor during
the hardening-off phase, characterizing the agronomic
behavior of the variety under different conditions in
order to generate a technically grounded recommen-
dation that reduces uncertainty in crop establishment
and lays the foundation for a more efficient, compe-
titive and sustainable local blueberry production, in
line with the demands of the international market.

2. Materials and Methods

The research was carried out in the greenhouse of the
Soil and Water Management Department [DMSA, De-
partamento de Manejo de Suelos y Aguas in Spanish]
of the Santa Catalina Experimental Station [EESC,
Estacion Experimental Santa Catalina in Spanish]
of Instituto Nacional de Investigaciones Agropecua-
rias [INIAP], in Cutuglagua, Mejia canton, Pichincha
province, at an altitude of 3,059 m a.s.l., at latitude
0° 22°2.07” S and longitude 78° 33’ 18.72” W. The
greenhouse had, on average, 33.7, 6.0 and 19.85 °C
as maximum, minimum and average temperature, res-
pectively; as well as 75.6% relative humidity.

Two factors were studied in the experiment: nu-
trient solutions [S] and substrate mixture [M] (Table
1), from which the different treatments were formed
(Table 2). The biological material consisted of clonal
blueberry seedlings of the Biloxi variety. A comple-
tely randomized design [CRD] was used. The experi-
mental unit was one plant inside a 2-liter plastic bag.
Ten observations were obtained from each treatment,
for a total of 50 plants in the experiment.

Regarding chemical fertilization (Tables 3 and 4),
the nutrient solution was applied manually at a rate of
200 ml per plant per day for all treatments evaluated,
with a weekly check of the electrical conductivity and
pH of the applied solution also carried out. A chemical
analysis of the irrigation water (sourced from springs
or piped catchments on Atacazo hill, applied directly,
without any osmotization process) was performed at
the EESC Soil, Plant and Water Management Labora-
tory (Table 5), for which a 1 L sample was taken.
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Table 1. Factors under study.

Factor under study

Description

Nutrient solutions [S]
sl

s2

75% nitrate and 25% ammonium

25% nitrate and 75% ammonium

Substrate mixtures [M]

ml 80% rice husk and 20% peat
m2 20% rice husk and 80% peat
Table 2. Treatments.
Treatment Code Nutrient solution Substrate mixture
T1 slml sl ml
T2 slm2 sl m?2
T3 s2ml s2 ml
T4 s2m?2 s2 m2
T5 Control Water only 100% rice husk

Table 3. Concentration of the chemical fertilizers used.

Fertilizer Formula MW#* N P K Ca Mg S
(%)

Potassium nitrate KNO, 101 13 38

Calcium nitrate Ca(NO,),.4H,0 236 15 18

Ammonium nitrate NO,(NH,) 80 33

Potassium sulfate K,SO, 174 41 18

Magnesium sulfate MgSO0,.7H,0 246 9 13

Ammonium sulfate (NH,),.S0, 132 21 24

Phosphoric acid H,PO, 98 30

Sulfuric acid H,SO, 98 32

* MW = Molecular weight. Tradecorp AZ was used for the micronutrients (5.5, 3, 0.7, 0.4, 1.4 and 0.2% Fe, Mn, Zn, Cu, B and Mo, respectively).

Response variables were evaluated over a four-
month period, with records taken every 30 days from
the transplant date. Plant height was determined
by measuring the length of the main stem from the
plant’s crown to the terminal bud using a ruler, with
results expressed in centimeters (Mesa Torres, 2015).
The basal diameter of the main stem was recorded
in millimeters using a vernier caliper, with the
measurement taken at 1 cm above the plant’s crown
(Mesa Torres, 2015). From these data, the Robustness
Index [RI], or slenderness index, was calculated
using the height/diameter ratio, which is an indicator
of the plants’ morphological quality: low values
indicate sturdier plants (thicker and of lower relative
height), while high values indicate more slender
plants (taller relative to their thickness), which may

be more susceptible to bending and post-transplant
stress (Mollericona Alfaro & Calle Laime, 2021). At
the end of the evaluation period (four months after
transplanting), biomass was obtained by separating
the aerial part and the root of each plant. Each sample
was placed in paper bags duly identified by treatment
and observation, and placed in a forced-ventilation
drying oven, Shel Lab brand, at 65 °C, for 48 hours
or until constant weight was reached. The samples
were then weighed on a precision balance (Shimadzu
brand: Libror EB-4300S), obtaining the aerial and root
dry biomass values expressed in grams per plant (g
plant™), the sum of which made it possible to determine
the total biomass. The aerial dry biomass/root dry
biomass ratio (ADB/RDB), calculated by dividing the
dry weight of the aerial part by the dry weight of the
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Table 4. Ionic composition of the nutrient solutions used.

Nutrient EC* Tonic species (meq L) ]
. NH,"/NO,
solution @m") NO;  HPO;, SO} K Ca*  Mg*  NH/
sl 5.0 1.00 1.50 1.25 7.25 2.31 1.37 1.82 4.50 75/25
s2 5.0 1.00 4.50 1.25 7.25 2.31 1.37 1.82 1.50 25/75
* EC = Electrical Conductivity. Micronutrients (mg L) Fe: 1.5; Mn: 1.5; Zn: 0.15; Cu: 0.10; B: 0.6.
Table 5. Chemical analysis of irrigation water used.
Element Mg* Ca*» K* Na* NH« B ClIT HCOs COs> H:POs NOs SO«
Result 036 097 007 042 0 001 048  2.19 0 0 0 001
(meq L)

root, is an important indicator of the balance between
the aerial part (source of photosynthates) and the root
part (absorption organ), where high values indicate
a greater allocation of biomass to the aerial part,
while low values indicate greater investment in roots
(Mollericona Alfaro & Calle Laime, 2021). Finally, the
Dickson Quality Index [DQI] was determined, which
integrates multiple morphological attributes (height,
diameter, biomass) into a single value, where higher
values indicate better plant quality, using equation [1]
(Mollericona Alfaro & Calle Laime, 2021).

DOI = Total dry weight (g)/
Q= (RI + ADB/RDB)

The respective statistical analysis was applied to the
results obtained for the variables analyzed, as fo-
llows: the Shapiro-Wilks test was applied to deter-
mine normal distribution, and Levene’s test to deter-
mine homogeneity of variance. Analysis of variance
[ANOVA] was calculated, determining the coefficient
of variation as a percentage. Mean separation tests
were applied to the treatments (Tukey at 5%) and
to the factors under study (LSD) when a significant
difference existed. Likewise, correlation tests (Pear-
son) were performed between the variables evaluated.
Data analysis was carried out using the SAS statistical
software, 9.4 version.

(1]

3. Results and Discussion
3.1. Plant height

According to the analysis of variance for plant height
(Table 6), during the first 60 days after transplanting
[DAT] no significant differences were recorded be-
tween treatments, the nutrient solution [S] and subs-
trate mixture [M] factors, or their interaction, reflec-
ting homogeneous growth in the initial phase. At 90

DAT differences began to appear, with a significant
effect only from factor M, indicating that the com-
position of the growing medium was beginning to
influence height. It was at 120 DAT that highly signi-
ficant differences were observed for both main factors
(S and M) and their interaction, showing that, by the
end of the experimental period, both the nitrate/am-
monium ratio and the proportion of peat and husk in
the substrate, and their combination, decisively affec-
ted plant growth. The control vs. other treatments
contrast showed no significance at any evaluation,
although differences did exist between specific treat-
ments at the end of the trial (Table 7); the coefficients
of variation (11.48% to 20.30%) were acceptable, and
the overall average height increased progressively
from 11.02 cm to 26.39 cm, confirming continuous
growth throughout the hardening-off phase.

The late appearance of differences, starting at 90
DAT, is consistent with the nature of blueberry, which
requires an establishment period before nutritional
and substrate treatments show their effect on height
growth; the significance of both main factors at the
end of the experiment confirms the importance of op-
timizing both nitrogen nutrition (NH,”/NO; ratio) and
the physical characteristics of the substrate to maxi-
mize vegetative growth during the hardening-off pha-
se (Anwar et al., 2024).

Regarding the nutrient solution factor [S] (Table
7), during the first 90 DAT no statistically significant
differences were observed between sl and s2. It was
at 120 DAT that highly significant differences became
established: solution s2 (25/75 NH,"/NO;’) reached
29.35 cm, exceeding solution s1 (24.46 cm) by 4.89
cm (approximately 20%), confirming that the predo-
minance of ammonium in nitrogen nutrition promo-
tes greater height growth in blueberry during the final
hardening-off phase.

This result is consistent with the physiology of
blueberry, an acidophilic species of the Ericaceae fa-
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Table 6. Variance analysis for plant height.*

Mean square

Sources of Variation df

1 DAT 30 DAT 60 DAT 90 DAT 120 DAT
Total 49
Treatments 4 11.20 ns 6.12 ns 248 ns 51.83 * 238.43  **
S (Solution) 1 12.10 ns 14.04 ns 1.71 ns 31.39 ns 23956  **
M (Mixture) 1 1440 ns 9.70 ns 3.19 ns 163.05 * 593.74  **
SxM 1 062 ns 0.07 ns 0.74 ns 11.96 ns 67.88 *
Control vs. Rest 1 17.68 ns 0.68 ns 572 ns 0.93 ns 52.54 ns
Error 45  5.00 434 3.22 14.31 15.60
CV (%) 20.30 15.68 11.48 18.03 14.96
Average (cm) 11.02 13.28 15.63 20.97 26.39

* df = degrees of freedom; CV = coefficient of variation; ** = highly significant difference (p-value < 0.01); * = significant difference (p-value < 0.05);

ns = not significant (p-value > 0.05); DAT = days after transplanting.

Table 7. Average plant height by type of nutrient solution and by type of substrate mixture.*

Average height (cm)
Factor under study
1 DAT 30 DAT 60 DAT 90 DAT* 120 DAT*

Nutrient solution (S)

sl 11.28 13.94 16.01 20.16 2446 b

s2 10.18 12.75 15.60 21.93 29.35 a
Substrate mixture (M)

ml 11.33 13.84 16.09 19.02 b 2305 b

m2 10.13 12.85 15.52 23.06 a 3076 a

* Because statistical significance was only found in these periods, the LSD test was applied; DAT = days after transplanting.

mily, which shows a natural preference for absorbing
ammoniacal nitrogen [NH,"] rather than nitric nitro-
gen [NO,], because in its native ecosystems—acidic
forest and peatland soils—ammonium is the predo-
minant form of available nitrogen; NH," absorption
favors the maintenance of an acidic pH in the rhi-
zosphere, an essential condition for the proper nu-
trition of this species (Espinoza-Orozco et al., 2025;
Mshweshwe et al., 2025; Osorio et al., 2020).
Regarding the effect of the substrate mixture factor
[M] on plant height (Table 7), during the first 60 DAT
no statistically significant differences were observed
between ml (20% peat) and m2 (80% peat), indi-
cating that both mixtures offered adequate physical
conditions for initial establishment. At 90 DAT sig-
nificant differences began to appear: mixture m2 rea-
ched 23.06 cm, exceeding m1 (19.02 cm) by 4.04 cm
(approximately 21%), showing that the higher peat
content was beginning to favor growth. This trend
was consolidated at 120 DAT with highly significant
differences, where m2 achieved 30.76 cm compared
to 23.05 cm for m1, representing an advantage of 7.71
cm (nearly 33% higher), confirming that the higher
proportion of peat in the substrate optimizes bluebe-

rry height growth during the hardening-off phase.

This result may be possible due to the physicoche-
mical properties of peat (where the mixture with 80%
peat -m2- generated the most favorable conditions
for blueberry growth), owing to its high moisture re-
tention capacity (500-800%), high cation exchange
capacity (ensuring a stable moist environment and
efficient nutrient availability), and its acidic character
(pH 3.5-4.5), essential for micronutrient absorption,
with the exception of molybdenum (Ortiz-Delvasto et
al., 2023).

According to the height averages for the five treat-
ments evaluated (Table 8), during the first 60 DAT
no statistically significant differences were observed,
confirming the homogeneity of the plant material at
the outset. At 90 DAT significant differences began to
appear, forming a top group (a) made up of T2 (s1m2)
with 22.72 cm and T4 (s2m2) with 23.40 cm, both
characterized by sharing the substrate with 80% peat
(m2), regardless of the nutrient solution; an interme-
diate group (ab) made up of T3 (s2ml) and control
T5; and a lower group (b) occupied by T1 (s1m1) with
17.59 cm, showing that at three months the determi-
ning factor was the substrate.
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Finally, at 120 DAT the differences became significantly
more pronounced, forming four clearly defined
groups: T4 (s2m2) led with 31.90 cm, significantly
outperforming the rest; T2 (s1m2) followed with 29.61
cm, not statistically differing from the former; at a
lower level were T3 (s2m1) with 26.80 cm and control
T5 with 24.34 cm; while T1 (s1m1) showed the poorest
performance with 19.30 cm.

This behavior confirms that the combination of a
peat-rich substrate with an ammoniacal nitrogen sour-
ce optimizes blueberry height growth during the har-
dening-off phase. These results are in line with tho-
se reported by Anwar et al. (2024), in soilless crops,
where high NH," concentrations increased vegetati-
ve growth; and by Ortiz-Delvasto et al. (2023), who
found greater height in substrates with high peat con-
tent, because it favored moisture retention and cation
exchange capacity.

On the other hand, it is worth noting that TS (water
only + 100% rice husk) was statistically similar to T3
(25% nitrate, 75% ammonium + 80% rice husk +20%
peat), even though the control was initially expected
to show the lowest growth. This suggests that a higher
proportion of ammonium did not by itself guarantee a
superior response, probably because in blueberry the
effect of N depends on its interaction with the subs-
trate and on the balance between both nitrogen forms
(Anwar et al., 2024; Ortiz-Delvasto et al., 2023; Xu et
al., 2021). It is also possible that mixture m1, contai-
ning only 20% peat, did not offer sufficient physical
and chemical conditions for ammoniacal fertilization
to express a clear advantage, since peat improves wa-
ter retention, cation exchange capacity and the acidity
of the medium, key factors in this crop (Anwar et al.,
2024; Bignami et al., 2022; Tamir et al., 2025). The-
refore, the similarity between TS5 and T3 reinforces
that growth during hardening-off depended more on
substrate quality and the NH,":NO," balance than on
the addition of N alone (Anwar et al., 2024; Arias et
al., 2024; Yang et al., 2025).

3.2. Main stem diameter

The analysis of variance for main stem diameter
(Table 9) showed that during the first 30 DAT there
were no significant differences between treatments,
indicating homogeneous development in the initial
phase, with non-significant coefficients of variation
(23.07% and 22.93%). At 60 DAT highly significant
differences began to appear between treatments,
attributable mainly to the control vs. other treatments
contrast, indicating that plants with nutrient solution
already exceeded the control in diameter. At 90 DAT
highly significant differences became established,
with significant effects from both main factors
(nutrient solution S and substrate mixture M) and
their interaction, showing that both nitrogen nutrition
and substrate characteristics, and their combination,
decisively influenced stem thickening. Finally, at
120 DAT the highly significant differences for S and
M were maintained, although the interaction lost
significance, suggesting independent and additive
effects by the end of the cycle.

The control vs. other treatments contrast was only
significant at 60 DAT, while the overall averages in-
creased progressively from 0.68 mm to 2.12 mm, re-
flecting continuous thickening throughout the harde-
ning-off phase, with coefficients of variation reaching
high precision (2.56% at 90 DAT).

The significance of both main factors at the end of
the experiment indicates the importance of optimizing
both nitrogen nutrition (NH,/NO," ratio) and the phy-
sical characteristics of the substrate to maximize stem
thickening during the hardening-off phase (Gurrola
Nieblas, 2020).

The analysis of main stem diameter by type of
nutrient solution (Table 10) showed that, during the
first 60 DAT, no significant differences were recorded
between sl (75% nitrate) and s2 (75% ammonium);
however, at 90 DAT the differences became highly
significant, with solution s2 reaching 1.96 mm, re-

Table 8. Average plant height per treatment.*

Average height (cm)
Treatment
1 DAT 30 DAT 60 DAT 90 DAT* 120 DAT*

T1 (slml) 11.75 14.47 16.16 17.59 b 19.30 d
T2 (s1m2) 10.80 13.40 15.87 22.72 a 29.61 ab
T3 (s2ml) 10.90 13.20 16.02 20.46 ab 26.80 be
T4 (s2m2) 9.45 12.30 15.18 23.40 a 31.90 a
TS5 (Witness)

12.21 13.05 14.96 20.70 ab 24.34 c

TS5 (Control)

* Because statistical significance was only found in these periods, Tukey’s 5% test was applied (values with the same letter are not significantly different:

p = 0.05); DAT = days after transplanting.
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presenting an advantage of 0.35 mm (approximately
22%) over sl (1.61 mm). This trend was consolidated
at 120 DAT, where s2 achieved 2.38 mm compared to
1.99 mm for s1, widening the difference to 0.39 mm
(nearly 20% higher), confirming that the solution with
a predominance of ammonium (s2: 25/75 NH,"/NO,")
promotes greater stem thickening in blueberry during
the final hardening-off phase.

This result is consistent with the physiology of
blueberry, an acidophilic species adapted to preferen-
tially absorb nitrogen in ammoniacal form [NH, ], so
solution s2 (75% ammonium) provided the nitrogen
source most compatible with its metabolism, favoring
the maintenance of an acidic pH in the rhizosphere
that optimizes the availability of micronutrients such
as iron, manganese and zinc, essential for vascular
development and stem thickening (Bowerman, 2012).

Regarding the analysis of main stem diameter ave-
rages by type of substrate mixture (Table 10), during
the first 60 DAT no significant differences were obser-
ved between m1 (20% peat) and m2 (80% peat), indi-
cating that both mixtures offered adequate conditions
for initial stem development during the establishment
phase. However, at 90 DAT the differences became
highly significant: mixture m2 reached 1.99 mm, ex-
ceeding m1 (1.58 mm) by 0.41 mm (approximately
26%), showing that the higher peat content was be-
ginning to favor stem thickening. This trend was con-
solidated and became more pronounced at 120 DAT,
where m2 achieved 2.45 mm compared to 1.93 mm
for m1, widening the difference to 0.52 mm (nearly
27% higher), confirming that the mixture with 80%
peat (m2) significantly optimizes blueberry stem dia-
meter during the final hardening-off phase. This re-
sult can be explained, according to authors such as

Bowerman (2012) and Ortiz-Delvasto et al. (2023),
by the physicochemical characteristics of peat, which
generated the most favorable conditions for bluebe-
rry stem thickening due to its high moisture retention
capacity, which ensures a constant water supply for
cell division and elongation processes; its high cation
exchange capacity, which allows a gradual and conti-
nuous release of nutrients essential for the formation
of structural tissues; and its acidic character, which
optimizes the availability of micronutrients such as
iron, manganese and zinc, key for lignin synthesis;
in addition, the water-air balance, by combining low
bulk density with high porosity, favors greater stem
growth.

According to the analysis of main stem diameter
averages for the five treatments evaluated (Table 11),
during the first 30 DAT no statistically significant
differences were observed. At 60 DAT significant
differences began to appear, with an initially
unexpected result standing out: control T5 (water +
100% rice husk) showed the largest diameter (1.32
mm), possibly due to lower osmotic tension; however,
a key trend became evident: treatments with the 75%
ammonium solution (s2) (T4 and T3) formed the
intermediate group and began to differ from those
with 75% nitrate (s1) (T1 and T2), which occupied
the lower group, indicating that the ammoniacal
nitrogen source was already exerting a favorable effect
regardless of the substrate. At 90 DAT the differences
became more pronounced, with a clear advantage
consolidating for T4 (s2m2) at 2.20 mm. Finally, at
120 DAT the differences consolidated into two well-
defined groups: T4 (s2m2) led with 2.64 mm in the
top group (a), significantly outperforming the rest; T2
(2.26 mm) and T3 (2.13 mm) were in an intermediate

Table 9. Analysis of variance for the main stem diameter variable.*

Mean square

Sou'rce.s of df

Variation 1 DAT 30 DAT 60 DAT 90 DAT 120 DAT
Total 49

Treatments 4 0.04 ns 0.03 ns 0.18 ** 0.78 ** 1.25 *=*
S (Solution) 1 0.07 ns 0.01 ns 0.19 ns 1.20 ** 1.52 *
M (Mixture) 1 0.06 ns 0.03 ns 0.08 ns 1.73 ** 2,69 **
SxM 1 0.01 ns 0.03 ns 0.09 ns 0.05 * 0.01 ns
Control vs. Rest 1 0.02 ns 0.06 ns 037 ** 0.13 ns 0.81 ns
Error 45 0.02 0.04 0.04 0.13 0.29
CV (%) 23.07 22.93 19.42 2.56 25.35
Average (mm) 0.68 0.95 1.14 1.75 2.12

* df = degrees of freedom; CV = coefficient of variation; ** = highly significant difference (p-value < 0.01); * = significant difference (p-value < 0.05);

ns = not significant (p-value > 0.05); DAT = days after transplanting.
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Table 10. Average for the main stem diameter by type of nutrient solution and by type of substrate mixture.*

Average main stem diameter (mm)

Factor under study

1 DAT 30 DAT 60 DAT 90 DAT* 120 DAT*
Nutrient solution (S)
sl 0.72 0.92 1.03 1.61 b 1.99 b
s2 0.63 0.94 1.18 1.96 a 2.38 a
Substrate mixture (M)
ml 0.72 0.90 1.06 1.58 b 1.93 b
m2 0.64 0.96 1.15 1.99 a 245 a

* Because statistical significance was only found in these periods, the LSD test was applied; DAT = days after transplanting.

Table 11. Average for the main stem diameter per treatment.*

Average main stem diameter (mm)

Treatment
1 DAT 30 DAT 60 DAT* 90 DAT* 120 DAT*

T1 (slml) 0.77 0.92 1.04 b 1.44 b 1.73 b
T2 (slm2) 0.67 0.92 1.03 b 1.78 ab 2.26 ab
T3 (s2m1) 0.66 0.89 1.08 ab 1.71 b 2.13 ab
T4 (s2m2) 0.61 1.00 1.27 ab 2.20 a 2.64 a
T5 (Witness)

0.73 1.03 1.32 a 1.66 b 1.87 b

T5 (Control)

* Because statistical significance was only found in these periods, Tukey’s 5% test was applied (values with the same letter are not significantly different:

p = 0.05); DAT = days after transplanting.

position (ab), not statistically differing from T4 or
from the lower group made up of T1 (1.73 mm) and
T5 (1.87 mm). This result (at 120 DAT) indicates that
stem diameter responded to the interaction between
the form of N and substrate composition. The higher
value in T4 (75% ammonium + 80% peat) suggests
that a high fraction of NH," was more effective when
combined with a substrate with a higher peat content,
capable of offering better water retention, greater
cation exchange capacity and a pH more suitable for
blueberry (Bignami et al., 2022; Tamir et al., 2021;
Tamir et al., 2025). In contrast, T2 and T3 showed
an intermediate response, indicating that favoring
only the nitrogen source or only the substrate was
not enough to maximize stem thickening. Thus, the
data confirm that, during hardening-off, blueberry
structural growth depended more on the appropriate
combination of higher peat content and ammonium
predominance than on each factor separately (Anwar
et al., 2024; Arias et al., 2024; Bryla et al., 2025).

In summary, this behavior confirms that the sy-
nergy between an ammoniacal nitrogen source and
a substrate with a high peat content optimizes blue-
berry stem thickening during the final hardening-off
phase. These results are in line with those obtained by
Espinoza-Orozco et al. (2025), where NH, " increased
biomass and thickening under saline conditions. The

effect of peat is consistent with studies indicating that
it improved water and nutrient availability, emphasi-
zing its role in structural tissues (Bowerman, 2012;
Ortiz-Delvasto et al., 2023).

3.3. Robustness Index [RI]

According to the analysis of variance for RI (Table
12), during the first 30 DAT no statistically signifi-
cant differences were observed between treatments,
with relatively high coefficients of variation (27.08%
and 30.18%) typical of the establishment stage. At
60 DAT highly significant differences were recorded
between treatments, where the nutrient solution fac-
tor [S] showed a significant effect and the control vs.
other treatments contrast was also highly significant,
indicating that the nitrate/ammonium ratio was begin-
ning to influence plant robustness and that the control
clearly differed from the treatments with nutrient so-
lution; however, the substrate factor [M] and its inte-
raction with the solution did not reach significance. At
90 and 120 DAT the differences between treatments
ceased to be significant, both for the main factors and
for their interaction, showing a convergence toward
the end of the experiment where the plants tended to
balance their height/diameter ratio, probably becau-
se height growth and stem thickening occurred pro-
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portionately across all treatments. The coefficients of
variation ranged between 22.60% and 30.18%, accep-
table values for this morphological index, while the
overall RI average showed a decreasing trend from
16.68 to 12.87, indicating that stem diameter increa-
sed proportionally more than height over time, resul-
ting in sturdier plants by the end of the experimental
period.

Regarding the analysis of robustness index ave-
rages by type of nutrient solution (Table 13), during
the first 30 DAT no statistically significant differen-
ces were observed between sl (75% nitrate) and s2
(75% ammonium). However, at 60 DAT significant
differences were recorded: plants with s1 showed an
RI of 16.31 (more slender morphology), while those
with s2 reached 13.70, representing a 19% reduction
and showing a more robust architecture favored by
the predominance of ammonium. In the final evalua-
tions (90 and 120 DAT), the differences ceased to be
statistically significant: at 90 days, sl recorded 13.02
and s2 a numerically lower value of 11.40; at 120
days, both treatments reached practically identical va-

lues (12.90 for s1 and 13.00 for s2). This convergence
indicates that, although the ammonium solution pro-
moted greater robustness at intermediate stages, by
the end the plants of both treatments balanced their
height/diameter ratio during the hardening-off phase.
This temporal behavior can be explained from bluebe-
rry physiology through three key processes. Initially,
at 60 days after transplanting, the greater robustness
induced by the solution with a predominance of am-
monium (s2) reflects an early response in which rhi-
zosphere acidification, derived from NH," absorption,
optimizes micronutrient availability and stimulates
accelerated stem thickening relative to height growth
(Tamir et al., 2021; Yuan-Yuan et al., 2021). Toward
the final evaluations (90-120 DAT), a morphological
compensation occurs (Yuan-Yuan et al., 2021). This
convergence is due to a morphological homeostasis
mechanism typical of the species, which tends to res-
tore balanced structural proportions toward the end
of the growth cycle, regardless of the temporary al-
terations induced by the nutritional treatments (Car-
denas-Navarro et al., 2024; Cardenas-Navarro et al.,

Table 12. Analysis of variance for the robustness index variable.*

Sources of o Mean square

Variation 1ddt 30 ddt 60 ddt 90 ddt 120 ddt
Total 49

Treatments 4 2.04 ns 41.13 ns 53.79 ok 9.12 ns 2.16 ns
S (Solution) 1 0.00 ns  60.12 ns  67.70 * 2632 ns  0.08 ns
M (Mixture) 1 0.30 ns 62.45 ns 37.36 ns 2.76 ns 0.48 ns
SxM 1 5.49 ns 0.55 ns 13.97 ns 5.92 ns 7.80 ns
E;’;”Ol Ve 1 239 ns 4142 ns 9613  ** 150 ns 028  ns
Error 45 20.40 19.81 12.19 7.72 10.36
CV (%) 27,08 30.18 24.40 22.60 24.78
Average 16.68 14.74 1431 12.29 12.87

* df = degrees of freedom; CV = coefficient of variation; ** = highly significant difference (p-value < 0.01); * = significant difference (p-value < 0.05);

ns = not significant (p-value > 0.05); DAT = days after transplanting.

Table 13. Average robustness index by type of nutrient solution and by type of substrate mixture.*

Average robustness index

Factor under study

1 DAT 30 DAT 60 DAT* 90 DAT 120 DAT
Nutrient solution (S)
sl 16.57 16.43 16.31 a 13.02 12.90
s2 16.57 13.98 13.70 b 11.40 13.00
Substrate mixture (M)
ml 16.66 16.45 15.97 12.47 13.06
m2 16.48 13.95 14.04 11.95 12.84

* Because statistical significance was only found in these periods, Tukey’s 5% test was applied (values with the same letter are not significantly different:

p > 0.05); DAT = days after transplanting.
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2025; Yuan-Yuan et al., 2021).

The analysis of robustness index averages by type
of substrate mixture (Table 13) shows that no statis-
tically significant differences were observed between
ml (20% peat) and m2 (80% peat) at any evaluation
time (1, 30, 60, 90 and 120 DAT). This indicates that,
although the substrate mixtures had significant effects
on height and diameter individually, the relations-
hip between the two variables (RI) remained similar
between both substrates throughout the experiment;
mixture m2 produces larger plants in absolute terms,
with greater height and diameter, while the fact that
the height/diameter ratio remains similar indicates
that the plant’s basic architecture is not compromised
by the use of mixtures with lower peat content.

The analysis of robustness index averages by treat-
ment (Table 14) indicates that during the first 30 DAT
no statistically significant differences were observed
between treatments. At 60 DAT significant differen-
ces were recorded, forming two opposing groups:
the most slender plants (higher RI) corresponded to
the top group (a), made up of T1 (slml) with 16.68
and T2 (s1m2) with 15.93, both characterized by the
75% nitrate solution (s1); in contrast, the sturdiest
plants (lower RI) formed the bottom group (b), with
T4 (s2m2) reaching 12.15 and control T5 at 11.54. In
the final evaluations (90 and 120 DAT), the differen-
ces ceased to be significant, with a clear convergence
of values observed: at 90 days, although T4 kept the
lowest RI (10.75) and T1 and T2 the highest (up to
13.15), the range narrowed to 2.4 units; at 120 days,
all treatments converged into an even smaller range of
1.1 units, with values between 12.45 (T4) and 13.55
(T3), reflecting that, regardless of the initial differen-
ces, plants tend to balance their height-diameter ratio
toward the end of the cycle, reaching a proportiona-
lly similar morphology. These results agree with the
study by Yuan-Yuan et al. (2021), where the treat-
ments applied balanced height/diameter later on. The

disappearance of significant differences in the robust-
ness index at 90 and 120 days after transplanting can
be explained by a morphological convergence typical
of the hardening-off stage, where blueberry plants
tend to stabilize their height-diameter ratio, acting as
a homeostatic attractor that prevails over the initial
differences induced by the treatments (Rojas Mego,
2024). This final uniformity is due to coordinated and
compensatory growth, since the treatments that pro-
moted greater height (such as T4) also proportionally
stimulated stem thickening, keeping the ratio within
similar margins (Pefiuelas Montoya et al., 2024).
Time reduced the differences between treatments un-
til they became non-significant, reflecting a progressi-
ve growth adjustment (Pefiuelas Montoya et al., 2024;
Rojas Mego, 2024).

3.4. Aerial dry biomass [ADB], root dry bio-
mass [RDB], total dry biomass [TDB],
ADB/RDB ratio and Dickson Quality In-
dex [DQI]

The analysis of variance for the biomass and quality
variables evaluated at 120 DAT (Table 15) revealed
that the treatments had highly significant effects on
all variables.

The nutrient solution factor [S] showed highly
significant effects on ADB, TDB, the ADB/RDB ra-
tio and DQI, but was not significant for root dry bio-
mass [RDB], suggesting that root development was
more influenced by the physical characteristics of the
substrate than by the form of nitrogen. The substrate
mixture factor [M] showed highly significant effects
on all variables (ADB, RDB, TDB, ADB/RDB and
DQI), confirming that the proportion of peat versus
rice husk affects all aspects of growth and quality.
The S x M interaction was significant only for ADB
and ADB/RDB, indicating that the factors acted sy-
nergistically in biomass partitioning toward the ae-

Table 14. Average robustness index per treatment.*

Average robustness index

Treatment
1 DAT 30 DAT 60 DAT* 90 DAT 120 DAT

T1 (slml) 16.29 17.56 16.68 a 12.90 12.57
T2 (s1m2) 16.85 15.30 15.93 ab 13.15 13.24
T3 (s2ml) 17.03 15.35 15.26 ab 12.05 13.55
T4 (s2m2) 16.12 12.61 12.15 b 10.75 12.45
TS5 (Witness)

17.12 12.93 11.54 b 12.65 13.14

TS5 (Control)

* Because statistical significance was only found in these periods, Tukey’s 5% test was applied (values with the same letter are not significantly different:

p > 0.05); DAT = days after transplanting.
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Table 15. Analysis of variance for the biomass and quality variables.*

Sources of Mean squares
Variation df

BSA BSR BST ADB/RDB DQI
Total 49
Treatments 4 44.04 ** 0.78 ** 56.01 ** 1526 ** 0.14 **
S (Solution) 1 29.73 ** 0.10 ns 3334 ** 2548 ** 0.06 **
M (Mixture) 1 131.44 ** 244 ** 169.74 ** 27.50 ** 044 **
SxM 1 6.31 * 0.04 ns 7.39 ns 7.80 * 0.01 ns
Control vs. Rest 1 8.69 * 0.54 * 13.58 * 0.26 ns 0.04 *
Error 45 1.58 0.09 2.02 1.94 0.01
CV (%) 27.44 29.16 25.29 31.39 26.06
Average 458¢ 1.03 g 562¢ 4.44 0.32

* df = degrees of freedom; CV = coefficient of variation; ** = highly significant difference (p-value < 0.01); * = significant difference (p-value < 0.05);
ns = not significant (p-value > 0.05); DAT = days after transplanting.” followed by “* ADB = aerial dry biomass, RDB = root dry biomass, TDB = total

dry biomass, DQI = Dickson Quality Index.”

rial part, while for RDB, TDB and DQI the effects
were mainly additive (independent). The control vs.
other treatments contrast showed significant differen-
ces for ADB, RDB, TDB and DQI, but not for the
ADB/RDB ratio, showing that the nutrient solutions
increased biomass production and quality without al-
tering the relative partitioning between the aerial part
and the root. The coefficients of variation (25.29%
to 31.39%) were acceptable for this type of variable.
The LSD test for the biomass and quality variables
evaluated (Table 16), in relation to factor S, shows
that the solution with a predominance of ammonium
(s2: 25% NO, / 75% NH,") is superior to the solu-
tion with a predominance of nitrate (s1: 75% NO, /
25% NH,") for the production of blueberry plants
during the hardening-off phase. Plants grown with
s2 showed significantly greater aerial biomass (44%
increase), total biomass (37% increase), ADB/RDB
ratio (44% increase) and Dickson Quality Index (27%
increase). Although root biomass showed no signifi-
cant differences, the superiority in the other variables,
particularly in DQI, which integrates multiple quality
attributes, confirms that the solution with 75% ammo-
nium produces plants of better overall quality.

The observed results have clear physiological ba-
ses that explain the better performance of the 75%
ammonium solution (s2). First, blueberry, as an aci-
dophilic species, is evolutionarily adapted to acidic
soils where ammonium [NH, "] predominates over ni-
trate [NO,], which translates into greater efficiency
in its absorption and assimilation (Yuan-Yuan et al.,
2021; Zhang et al., 2022). From an energy standpoint,
ammonium requires a lower metabolic cost, since it
can be incorporated directly into amino acids via the
enzymes glutamine synthetase and glutamate syntha-
se, unlike nitrate, which must be reduced in a process

that consumes NADH and reducing power, freeing
up resources for greater biomass production (Lang-
enfeld y Bugbee, 2025; Zhang et al., 2022). In addi-
tion, NH," absorption induces the excretion of protons
(H") into the rhizosphere, acidifying the environment
and favoring the availability of micronutrients such as
iron, manganese, zinc and copper, essential for pho-
tosynthesis and enzymatic activity (Tamir et al., 2021;
Yang et al., 2025). The nitrogen form modulates the
hormonal balance: ammonium stimulates cytokinins
and aerial growth, while nitrate promotes auxins and
root development (De la Pena et al., 2022; Langen-
feld & Bugbee, 2025; Yang et al., 2025). This would
explain the greater investment in aerial biomass with
ammonium (s2), although without significant diffe-
rences in roots.

On the other hand, the LSD test for the biomass
and quality variables studied, in relation to factor M
(Table 16), indicates that the substrate mixture with
80% peat and 20% rice husk (m2) is superior to the
mixture with 20% peat and 80% rice husk (m1) for
the production of blueberry plants during the harde-
ning-off phase. Plants grown in m2 showed: more
than double the aerial biomass (122% increase), 60%
more root biomass, more than double the total bio-
mass (108% increase), 46% higher ADB/RDB ratio,
and 91% better Dickson Quality Index. These diffe-
rences are explained by the properties of peat: high
moisture retention capacity, high cation exchange ca-
pacity, an acidic pH suitable for the species, and phy-
sical stability (Bowerman, 2012; Ortiz-Delvasto et al.,
2023). Tukey’s 5% test for the biomass and quality
variables analyzed by treatment (Table 17) shows that
treatments with substrate m2 (80% peat) are superior
to those with substrate m1 (20% peat) in all the bio-
mass and quality variables evaluated. The combina-
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Table 16. DMS test for the biomass and quality variables by type of nutrient solution and by type of substrate mixture.

Average
Factor under study
ADB (g) RDB (g) TDB (g) ADB/RDB DQI

Nutrient solution (S)

sl 3.93 b 1.04 4.97 b 3.61 b 0.30 b

s2 5.65 a 1.14 6.80 a 5.20 a 0.38 a
Substrate mixture (M)

ml 2.98 b 084 b 3.82 b 3.58 b 0.23 b

m2 6.61 a 134 a 7.94 a 5.23 a 0.44 a

tion T4 (s2m2: 25/75 solution + 80% peat substrate)
produces the best results in all variables, with aerial
biomass (7.07 g), root biomass (1.36 g), total biomass
(8.43 g) and DQI (0.47) values significantly higher
than the other treatments, except for T2, with which
it forms a homogeneous group. Treatment T2 (s1m2)
is a viable alternative, with no statistical differences
from T4, provided that substrate m2 is used. Treat-
ment T1 (slml) should be avoided, since it produces
the worst plant quality, with biomass and DQI values
even lower than the unfertilized control. The control
(T5), although it produces plants without fertilization
(with 100% rice husk substrate), only reaches mode-
rate levels of biomass and quality, far below those
achieved with the optimal combinations.

The superiority of T4 is due to the synergy between
peat, which provides acidity, moisture and cation
exchange capacity (Ortiz-Delvasto et al., 2023),
and the 75% ammonium, which takes advantage of
blueberry’s preference and acidifies the rhizosphere
(Yang et al, 2025; Zhang et al, 2022). This
combination produces plants with more than double
the biomass and a quality index 2.6 times higher than
the worst combination. These results are in line with
those obtained by Espinoza-Orozco et al. (2025) and
Yang et al. (2025), where NH," favored biomass by
acidifying and releasing Fe/Mn; and with those of
Ortiz-Delvasto et al. (2023), where peat optimized
roots and assimilates.

3.5. Correlation analysis of variables

The Pearson correlation coefficients, and their
respective significance levels for all the variables
evaluated at the end of the experiment (Table 18),
reveal a pattern of correlations that has important
implications for evaluating plant quality in blueberry
during the hardening-off phase.

Strong to very strong positive correlations exist
between most of the morphological variables (PH,
MSD) and biomass variables (ADB, RDB, TDB), as

well as with DQI. This indicates that height growth,
stem thickening and biomass accumulation occur in
a coordinated and proportionate manner. DQI is con-
firmed as the best integrative quality indicator, with
strong to very strong correlations with all variables
except RI. Its near-perfect correlation with TDB (r =
0.92) and very strong correlation with ADB (r = 0.90)
and RDB (r = 0.81) validate it as an excellent tool for
assessing the plants’ overall quality. RI does not co-
rrelate significantly with any biomass variable or with
DQY, indicating that it should not be used as the sole
quality indicator. A plant can be sturdy (low RI) but
have little biomass, or slender (high RI) but have a lot
of biomass and good overall quality. PH and MSD are
good predictors of quality, with strong correlations
with DQI (0.78 and 0.72, respectively), which justi-
fies their use as quick indicators in field evaluations.
Aerial biomass (ADB) is an excellent predictor of
total biomass (r = 0.99) and of DQI (r = 0.90), sug-
gesting that, in the absence of the possibility of calcu-
lating DQI, ADB can be a good substitute indicator.
These findings have important practical implica-
tions for evaluating plant quality in blueberry nur-
series: it is recommended to use DQI as the main
quality indicator, complemented with height and dia-
meter measurements, in agreement with the studies
by Osorio-Espinoza et al. (2025). RI, although use-
ful for describing morphology, should not be the sole
quality criterion, and the strong correlation between
ADB and RDB (r = 0.71) indicates that the plants are
developing balanced aerial and root systems, which is
favorable for their subsequent field performance.

4. Conclusions

Both the nitrate/ammonium ratio and the substrate
mixture significantly influenced the vegetative
growth of blueberry, with the optimal combination
being treatment T4 (s2m2), characterized by a
nutrient solution with a predominance of ammonium
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Table 17. Tukey’s test (5%) for the biomass and quality variables per treatment.

Treatment Average”
ADB (g) RDB (g) TDB (g) ADB/RDB DQI
T1 (slml) 1.72 c 0.76 b 2.48 c 2.34 b 0.18 c
T2 (s1m2) 6.14 a 1.32 a 7.46 a 4.88 a 0.41 a
T3 (s2ml) 4.24 b 0.93 b 5.17 b 4.82 a 0.29 b
T4 (s2m2) 7.07 a 1.36 a 8.43 a 5.59 a 0.47 a
T5 (Witness)
3.75 b 0.83 b 4.58 b 4.59 a 0.26 be
T5 (Control)
* Values with the same letter are not significantly different (p > 0.05).
Table 18. Pearson test correlation for evaluated variables.
Variable 1 Variable 2 Pearson* p-value**
PH MSD 0.62 <0.0001
PH RI 0.1 0.5107
PH ADB 0.9 <0.0001
PH RDB 0.6 <0.0001
PH TDB 0.89 <0.0001
PH ADB/RDB 0.62 <0.0001
PH DQI 0.78 <0.0001
MSD RI -0.65 <0.0001
MSD ADB 0.57 <0.0001
MSD RDB 0.28 0.0482
MSD TDB 0.55 <0.0001
MSD ADB/RDB 0.48 0.0004
MSD DQI 0.72 <0.0001
RI ADB 0.07 0.6274
RI RDB 0.17 0.2503
RI TDB 0.09 0.5458
RI ADB/RDB -0.06 0.6968
RI DQI -0.21 0.134
ADB RDB 0.71 <0.0001
ADB TDB 0.99 <0.0001
ADB ADB/RDB 0.64 <0.0001
ADB DQI 0.9 <0.0001
RDB TDB 0.78 <0.0001
RDB ADB/RDB -0.04 0.7686
RDB DQI 0.81 <0.0001
TDB ADB/RDB 0.56 <0.0001
TDB DQI 0.92 <0.0001
ADB/RDB DQI 0.39 0.0047

* Correlation coefficient between the corresponding variables: a coefficient equal to zero indicates a lack of association, while the closeritisto 1 or -1,

the greater the strength of the association (Coyne & Thompson, 2006).

** Probability associated with the hypothesis test for null correlation (no correlation) (Balzarini et al., 2008).
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(25% NO; / 75% NH,") and a substrate with a high
peat content (80%), especially from 90 days after
transplanting onward, establishing itself as the best
option for producing vigorous plants.

The plant’s overall quality, evaluated using DQI, was
significantly higher in treatment T4, which combined
the ammoniacal nitrogen source (s2) with the peat-
rich mixture (m2), since it produced the highest accu-
mulations of aerial, root and total dry biomass, with
values more than double those of the least efficient
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