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1. INTRODUCTION

Abstract

This study evaluated the effects of fertilizer placement methods on soil
nutrient availability and cocoa leaf nutrient status. The experiment was
conducted from 2 February to 2 April 2024 in Lawe Sagu Hulu Village,
Southeast Aceh Regency, Indonesia, using a non-factorial randomized
complete block design with three treatments stake, bracket, and disc each
replicated six times. Soil total nitrogen (N), available phosphorus (P),
exchangeable potassium (K), and leaf N, P, and K concentrations were
measured before and after fertilization. Fertilizer placement did not
significantly affect soil N or leaf N and P concentrations. The disc method
produced the highest soil available P value (2.95), which was 31.1% and
32.3% higher than the stake and bracket methods, respectively. Soil
exchangeable K was higher under the stake and bracket methods than
under the disc method. The stake method produced the highest leaf K
concentration (2.14%), exceeding the bracket and disc methods by 13.8%
and 15.1%, respectively. These findings show that fertilizer placement
affects soil nutrient retention and cocoa leaf nutrient status differently.
The disc method may be considered when increasing soil P availability is
the main objective, whereas the stake method may be more suitable for
improving leaf K status. Site-specific recommendations should be
supported by periodic soil and leaf analyses.
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plantation areas, low fertilizer efficiency remains a

The cocoa plant (Theobroma cacao L.) is one
of the strategic plantation commodities that plays a
vital role in the regional and national economies.
Cocoa productivity is highly influenced by the
availability of adequate nutrients in the soil, making
nutrient management a crucial aspect of its
cultivation system (Espinoza Herrera et al., 2022;
Weinstein et al., 2025). In many smallholder

major constraint that directly impacts vegetative
growth, fruit set, and cocoa yield quality (Puspita et
al., 2024; Santosa, 2024).

Fertilizer efficiency is determined not only by
the type and dose of fertilizer applied but also by the
application method used in the field. Fertilizer
application methods influence fertilizer distribution,
nutrient loss rates, and nutrient availability in the
active root zone (Weinstein et al, 2025).
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Macronutrients such as nitrogen (N), phosphorus
(P), and potassium (K) play a crucial role in plant
physiological processes, ranging from vegetative
tissue formation, photosynthetic activity, to seed
filling (Puentes-Paramo et al., 2014). Therefore, the
availability of these nutrients in the soil will
significantly determine the rate of uptake by cocoa
plants.

Fertilizer efficiency is determined not
only by the type and dose of fertilizer applied
but also by the application method used in
the field. Fertilizer application methods
influence fertilizer distribution, nutrient loss
rates, and nutrient availability in the active
root zone.

Plant nutrient status is commonly evaluated
through leaf analysis because leaf nutrient
concentrations integrate the effects of nutrient
availability in the soil, root acquisition, internal
nutrient transport, and plant physiological demand.
Consequently, leaf analysis can provide a more
direct indication of the nutritional condition
experienced by the plant than soil analysis alone
(Murillo et al., 2013; Prado & Rozane, 2020).
Nevertheless, soil nutrient availability and leaf
nutrient concentrations represent related but distinct
components of the soil-plant nutrient system. A
high concentration of a nutrient in the soil does not
necessarily result in a corresponding increase in leaf
concentration because nutrient acquisition is also
influenced by nutrient mobility, root distribution,
soil moisture, root—fertilizer contact, and
interactions among nutrients. Therefore, the
simultaneous assessment of soil N, P, and K
availability and leaf N, P, and K concentrations
provides a more comprehensive basis for evaluating
how fertilizer placement affects cocoa plant nutrient
status.

Plant nutrient status is commonly

evaluated through leaf analysis because leaf

nutrient concentrations integrate the effects

of nutrient availability in the soil, root
acquisition, internal nutrient transport, and
plant physiological demand.

Previous studies have improved the
understanding of nutrient management in cocoa, but
their experimental emphasis has differed from that
of the present study. Espinoza Herrera et al. (2022),
for example, evaluated interactions among N, P, and
K fertilization in relation to soil characteristics,
vegetative growth, and fruit quality, whereas
Weinstein et al. (2025) examined cacao growth,
macronutrient demand, and water use under
different N fertigation levels in controlled
conditions. Meyer zu Drewer et al. (2022)
demonstrated that fertilizer placement within the
root zone could influence foliar P concentration and
the growth of young cocoa plants; however, that
investigation used biochar-based fertilizers in a pot
experiment with cocoa seedlings. These studies
provide important evidence regarding fertilizer
rates, nutrient interactions, and localized root-zone
application, but they do not directly explain how
conventional mineral fertilizer placement patterns
affect both soil nutrient availability and leaf nutrient
status in productive cocoa trees under field
conditions.

Accordingly, a specific knowledge gap remains
regarding the comparative effects of stake, bracket,
and disc fertilizer placement methods on the
distribution of soil nutrients and their corresponding
concentrations in cocoa leaves. Evidence is
particularly limited for studies that evaluate soil and
leaf N, P, and K simultaneously before and after
fertilizer application under smallholder plantation
conditions. The present study addresses this gap by
comparing three fertilizer placement methods in a
productive cocoa plantation in Southeast Aceh and
by jointly evaluating changes in soil total N,
available P, and exchangeable K, together with leaf
N, P, and K concentrations. This paired soil-leaf
assessment provides field-based information on
whether fertilizer placement methods that increase
nutrient availability in the soil also correspond to
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improved plant nutrient status. Therefore, this study
aimed to determine the effects of stake, bracket, and
disc fertilizer placement methods on soil nutrient
availability and cocoa plant nutrient status, as
indicated by leaf N, P, and K concentrations.

The present study addresses this gap by
comparing three fertilizer placement
methods in a productive cocoa plantation in
Southeast Aceh and by jointly evaluating
changes in soil total N, available P, and
exchangeable K, together with leaf N, P, and
K concentrations

2. METHODS

2.1 Study site and initial soil characteristics
The study was conducted from 2 February to 2
April 2024 in a productive cocoa plantation located

in Lawe Sagu Hulu Village, Lawe Bulan
Subdistrict, Southeast Aceh Regency, Aceh
Province, Indonesia. The experimental site was
located at 4°10404” N and 97°12'434" E,
corresponding to 4.177889° N and 97.212056° E.
The location of the field study site in Lawe Sagu
Hulu Village, Lawe Bulan Subdistrict, Southeast
Aceh Regency, Aceh Province, Indonesia, is
presented in Figure 1. The selected plantation
represented the prevailing cocoa-production
conditions in the study area. Productive cocoa trees
with relatively uniform age, canopy development,
and general growth condition were selected to
minimize initial variation among experimental
units. Soil and leaf nutrient analyses were conducted
at the Soil and Plant Laboratory following standard
analytical procedures.
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Figure 1. Location of the field study site in Lawe Sagu Hulu Village, Lawe Bulan Subdistrict, Southeast
Aceh Regency, Aceh Province, Indonesia.
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Before fertilizer application, initial soil
characterization was conducted using 18
independent composite soil samples, corresponding
to the 18 experimental units. Each composite
sample consisted of four soil subsamples collected
from different points around the active root zone of
each experimental tree at a depth of 020 cm. The
subsamples were thoroughly mixed and
homogenized to produce one representative
composite sample for each experimental unit. Soil
samples were air-dried, gently crushed, and passed
through a 2-mm sieve before laboratory analysis.

Each composite sample consisted of

four soil subsamples collected from different
points around the active root zone of each
experimental tree at a depth of 0-20 cm.

Soil pH was measured potentiometrically in a
1:2.5 soil-to-water suspension. Soil organic carbon
was determined using the Walkley—Black method,
while soil organic matter was calculated by
multiplying the organic carbon concentration by
1.724. Soil particle-size distribution was determined
using the hydrometer method, and the textural class

was 1identified using the USDA textural triangle.
Total nitrogen was determined using the Kjeldahl
method, available phosphorus using the Bray I
extraction method, and exchangeable potassium and
cation exchange capacity using 1 M ammonium
acetate extraction at pH 7. The initial
physicochemical characteristics of the experimental
soil are presented in Table 1. Soil pH, organic
carbon, organic matter, total nitrogen, available
phosphorus, and exchangeable potassium were
determined to characterize the initial fertility status
of the experimental soil. These soil properties
provide complementary information on the physical
and chemical conditions affecting nutrient
availability in cocoa-growing soils (Arthur et al.,
2022).

Total nitrogen was determined using the
Kjeldahl method, available phosphorus
using the Bray I extraction method, and
exchangeable  potassium and  cation
exchange capacity using 1 M ammonium
acetate extraction at pH 7.

Table 1. Initial physicochemical characteristics of the experimental soil before fertilizer application

Soil property Comparison value
Soil pH (H20, 1:2.5) 5.42
Soil organic carbon 1.36
Soil organic matter 2.34
Total nitrogen 0.20
Available phosphorus 18.0

Exchangeable potassium 0.39

Unit Analytical method

— Potentiometric method
% Walkley-Black method
% Organic C x 1.724

% Kjeldahl method

% Bray I method

cmol(+) kg™ 1 M NH4OACc extraction
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2.2 Experimental materials and design

Productive cocoa trees (Theobroma cacao L.)
approximately 8-10 years old were used as the
experimental plants. The selected trees had
relatively uniform canopy size, stem condition, and
general growth performance. Trees showing severe
pest or disease symptoms, substantial physical
damage, or abnormal growth were excluded to
minimize initial variability among experimental
units. The trees were planted at a spacing of 3 X 3 m
under the existing plantation-management system.
NPK Phonska compound fertilizer containing 15%
N, 15% P:0s, and 15% K>O was used as the
fertilizer source.

The experiment was arranged in a non-factorial
randomized complete block design with fertilizer
placement method as the single treatment factor.
Three fertilizer placement methods were evaluated:
stake (S1), bracket (S2), and disc (S3). Each
treatment was replicated six times, resulting in 18
experimental units. Six blocks were established
based on the spatial position of the trees within the
plantation and the similarity of their initial growth
conditions to reduce the influence of small-scale
field heterogeneity. Each block contained three
experimental trees, and the three fertilizer placement
treatments were randomly assigned to the trees
within each block. Each experimental unit consisted
of one cocoa tree, resulting in a total of 18
experimental trees. Based on the planting distance
of 3 x 3 m, each tree represented an effective
experimental area of approximately 9 m? The same
experimental trees were used for soil and leaf
sampling before and after fertilizer application.

2.3 Fertilizer placement treatments and crop
management

NPK Phonska compound fertilizer containing
15% N, 15% P20s, and 15% K20 was applied once
at the beginning of the experimental period at a rate
of 500 g tree'. This rate supplied approximately 75
g N, 75 g P:Os, and 75 g KO tree’. All

experimental trees received the same fertilizer rate;
therefore, the treatments differed only in the
fertilizer placement method.

Under the stake method (S1), the fertilizer was
divided equally among four wvertical holes
positioned at approximately equal distances around
the canopy projection. Each hole received
approximately 125 g of fertilizer and was prepared
to a depth of 40-50 cm. The holes were arranged
around the active root zone to distribute the fertilizer
on four sides of the tree. Under the bracket method
(S2), the fertilizer was divided equally between two
semicircular trenches positioned on opposite sides
of the tree along the canopy projection. Each trench
received approximately 250 g of fertilizer and was
prepared to a depth of 20-30 cm. The semicircular
arrangement was intended to increase fertilizer
contact with a broader section of the active root zone
while avoiding direct fertilizer placement near the
tree trunk. Under the disc method (S3), the fertilizer
was distributed uniformly in one continuous circular
trench constructed along the canopy projection. The
trench was prepared to a depth of 2030 cm, and the
entire fertilizer dose was spread evenly around the
tree to promote uniform nutrient distribution within
the root zone. Following application, the fertilizer
was covered with the excavated soil in accordance
with the general principle of subsurface root-zone
placement, which positions applied nutrients closer
to the rooting zone while limiting direct exposure at
the soil surface (Rychel et al., 2023).Schematic
representation is presented in Figure 2.

Immediately after fertilizer application, all
holes and trenches were covered with the excavated
soil to reduce fertilizer exposure, surface runoff, and
nutrient loss. Weed control, pruning, pest and
disease management, and other plantation-
maintenance practices were applied uniformly to all
experimental trees throughout the study. No
additional fertilizer was applied during the
experimental period.
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Figure 2. Schematic representation of the fertilizer placement treatments applied to cocoa trees: (a) stake
method using four vertical holes, (b) bracket method using two semicircular trenches, and (c) disc method
using one continuous circular trench along the canopy projection

24 Soil and leaf sampling and
preparation

Soil and leaf samples were collected twice,
immediately before fertilizer application and 60
days after treatment application. The same 18
experimental cocoa trees were sampled at both
sampling times to ensure that changes in soil and
leaf nutrient status were evaluated from the same
experimental units.

Soil samples were collected from the active
root zone of each experimental tree at a depth of 0—
20 cm. Four soil subsamples were taken from four
approximately equidistant points around the canopy
projection, representing the main fertilizer-
placement and root-activity zones. The four
subsamples from each tree were thoroughly mixed
to form one composite soil sample per experimental
unit at each sampling time. Accordingly, 18
independent composite soil samples were obtained
before treatment and another 18 composite samples
after treatment, resulting in a total of 36 soil samples.
Sampling tools were cleaned between experimental
units to minimize cross-contamination. The

sample

composite soil samples were placed in labeled
polyethylene bags and transported to the laboratory.
Samples were air-dried at room temperature, gently
crushed, homogenized, and passed through a 2-mm
sieve before chemical analysis. Visible plant
residues, stones, and other foreign materials were
removed during sample preparation.

Leaf samples were collected from mature, fully
expanded leaves located in the middle canopy of
each experimental tree. The selection of mature,
fully expanded leaves and the distribution of
sampling positions around the canopy followed the
general approach used in recent nutrient-assessment
studies on cocoa (Schmidt, Hasan, Ward, Firl, &
Khalsa, 2025). Eight leaves were collected per tree,
consisting of two leaves from each of the four
cardinal directions—north, east, south, and west—
to reduce variation associated with canopy position
and sunlight exposure. Leaves showing symptoms
of pest attack, disease, physical damage,
senescence, or abnormal development were
excluded. The same sampling criteria were applied
before and after fertilizer treatment. Leaf samples
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were placed in individually labeled paper bags and
transported to the laboratory. The leaves were
initially washed with clean water followed by
distilled water to remove dust and surface
contaminants. The samples were oven-dried at 65°C
until a constant weight was reached, ground to a fine
powder, passed through a 0.5-mm sieve, and stored
in sealed labeled containers before nitrogen,
phosphorus, and potassium analysis.

2.5 Laboratory analysis of soil and leaf nutrients

Soil and leaf nutrient analyses were conducted
at the Soil and Plant Laboratory using standard
analytical procedures. Soil samples were analyzed
for total nitrogen, available phosphorus, and
exchangeable potassium. Soil total nitrogen was
determined using the Kjeldahl method, which
involved acid digestion, distillation, and titration.
Available phosphorus was extracted using the Bray
I solution and quantified using the molybdenum-
blue method with a UV—visible spectrophotometer
at a wavelength of 882 nm. Exchangeable
potassium was extracted using 1 M ammonium
acetate at pH 7.0 and measured using a flame
photometer. Soil total nitrogen, available
phosphorus, and exchangeable potassium were
expressed as percentage, mg kg™', and cmol(+) kg™,
respectively.  For  leaf nutrient analysis,
approximately 0.50 g of oven-dried and finely
ground leaf material was used for each analytical
sample. Leaf nitrogen concentration was
determined using the Kjeldahl method. Leaf
phosphorus and potassium were determined
following wet digestion using a nitric acid—
perchloric acid mixture. Phosphorus concentration
in the resulting digest was quantified using the
molybdenum-blue spectrophotometric method at
882 nm, whereas potassium concentration was
determined using a flame photometer. Leaf
nitrogen, phosphorus, and potassium concentrations
were expressed as percentages of leaf dry matter.

All soil and leaf samples were analyzed
according to the same analytical procedures to
ensure comparability between the initial and post-

treatment measurements. Soil nutrient
measurements were used to represent nutrient
availability in the root zone, whereas leaf N, P, and
K concentrations were used as indicators of cocoa
plant nutrient status. The analytical framework was
consistent with procedures used in cacao nutritional
studies, in which nitrogen and mineral-element
concentrations are determined from dried and
ground plant tissues following digestion and
instrumental analysis (Arévalo-Heméndez et al.,
2022). Leaf nutrient concentrations were not
interpreted as total nutrient uptake or nutrient-use
efficiency because plant biomass and whole-plant
nutrient accumulation were not measured.

2.5 laboratory analysis of soil and leaf nutrients

Soil total nitrogen, available phosphorus,
exchangeable potassium, and leaf nitrogen,
phosphorus, and potassium concentrations were
analyzed separately. Because soil and leaf samples
were collected from the same experimental trees
before and 60 days after fertilizer application, the
data were analyzed using a repeated-measures linear
mixed-effects model. Fertilizer placement method
(stake, bracket, and disc), sampling time (before and
after fertilizer application), and their interaction
were included as fixed effects. Block and
experimental tree nested within block were included
as random effects, with the experimental tree treated
as the subject of repeated measurements. Before
statistical analysis, the data were screened for
recording errors and extreme observations. The
normality of model residuals was evaluated using
the Shapiro—Wilk test and normal quantile—quantile
plots, whereas homogeneity of variance was
assessed using Levene’s test. When necessary, data
were log- or square-root-transformed to satisfy the
assumptions of the statistical model. Statistical
analyses were performed using the transformed
data, while untransformed means were reported to
facilitate biological interpretation.

The significance of the main effects of fertilizer
placement method and sampling time, as well as
their interaction, was evaluated at p < 0.05. When a
significant treatment X sampling-time interaction
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was detected, the effects of fertilizer placement
methods were examined separately within each
sampling time. Pairwise comparisons among
estimated marginal means were conducted using
Tukey’s adjustment at the 5% significance level.
Results are presented as means + standard errors
based on six independent replications. Statistical
analyses were performed using IBM SPSS Statistics
version 26.0.

3. RESULT AND DISCUSSION

3.1 Soil nutrient availability

The initial soil nitrogen (N), phosphorus (P),
and potassium (K) values before fertilizer
application were 0.20%, 0.18%, and 0.39%,
respectively. These baseline values were presented
descriptively to characterize the initial nutrient
conditions of the experimental soil and were not
included as an additional fertilizer placement

treatment. The post-treatment soil nutrient
responses under the stake, bracket, and disc methods
are presented in Table 2 and Figure 3.

Fertilizer placement method did not
significantly affect soil N (Fz,10=1.262, p = 0.324).
Soil N values were 0.190 + 0.007%, 0.210 +
0.008%, and 0.200 £ 0.007% under the stake,
bracket, and disc methods, respectively. All
treatments belonged to the same DMRT group,
indicating that their numerical differences were not
statistically significant. The limited response of soil
N during the 60-day observation period may reflect
the dynamic nature of N in the soil-plant system,
including mineralization, immobilization, leaching,
root acquisition, and changing plant demand.
Nitrogen availability and demand in cacao are also
closely associated with plant growth and water use,
which may not be fully represented by a single post-
treatment soil measurement (Weinstein et al., 2025).

Table 2. Initial and post-treatment soil and cocoa leaf nutrient contents under different fertilizer placement

methods
Nutrient parameter Initial value Stake

Soil nutrients

Total N (%) 0.20 0.190 =+
0.0072
Available P (%) 0.18 2250 +
0.053b
Exchangeable K (%) 0.39 1.490 +
0.0412
Leaf nutrients
Leaf N (% dry matter) 1.58 2010 =+
0.0332
Leaf P (% dry matter) 0.16 0200 =+
0.0062
LeafK (% dry matter) 1.25 2.140 =+

0.0372

Bracket Disc F-value p-value
0.210 0.200 1.262 0.324
0.0082 0.0072
2.230 2.950 36.038  <0.001
0.061° 0.0572
1.450 1.140 14.537  0.001
0.0492 0.037°
1.920 1.950 1.378 0.296
0.029: 0.0372
0.180 0.190 1.891 0.201
0.0072 0.0062
1.880 1.860 12.816  0.002
0.041° 0.033°
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In contrast, soil P differed significantly among
fertilizer placement methods (Fz,10 = 36.038, p <
0.001). The disc method produced the highest soil P
value of 2.950 + 0.057% and was significantly
higher than the stake and bracket methods, which
produced values of 2.250 + 0.053% and 2.230 +
0.061%, respectively. The latter two treatments did
not differ significantly according to DMRT at the
5% significance level. The continuous circular
trench used in the disc method distributed fertilizer
across a broader soil area and increased fertilizer—
soil contact along the canopy projection. This
distribution pattern is particularly relevant for P
because of its relatively low mobility and tendency
to remain near the application zone through
adsorption and precipitation processes (Sutarta et
al., 2017; Yazid et al., 2024). Root-zone placement
can therefore alter the spatial distribution and
persistence of applied nutrients within the soil

surrounding cocoa roots (Meyer zu Drewer et al.,
2022).

Soil K was also significantly affected by
fertilizer placement method (Fz,10 = 14.537, p =
0.001). The stake and bracket methods produced
soil K values of 1.490 + 0.041% and 1.450 +
0.049%, respectively, and were statistically
comparable. Both values were significantly higher
than that produced by the disc method, at 1.140 +
0.037%. The more localized placement used in the
stake and bracket methods may have maintained
higher K concentrations within the sampled root-
zone soil, whereas the continuous trench used in the
disc method may have distributed K across a larger
soil volume. Previous studies have similarly
indicated that fertilizer placement affects the spatial
distribution of nutrients and their accessibility
within the root zone (Putri et al., 2022; Meyer zu
Drewer et al., 2022).
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Figure 3. Post-treatment soil nitrogen, phosphorus, and potassium contents under the stake, bracket, and
disc fertilizer placement methods. Bars represent means + standard error (SE; n = 6). Different lowercase
letters above bars for the same nutrient indicate significant differences among fertilizer placement methods
according to Duncan’s multiple range test at p < 0.05.
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3.2 Cocoa leaf nutrient concentrations

Before fertilizer application, leaf nitrogen (N),
phosphorus (P), and potassium (K) concentrations
were 1.58%, 0.16%, and 1.25% of leaf dry matter,
respectively. These baseline values were used
descriptively to characterize the initial nutrient
status of the cocoa trees. Fertilizer placement
method did not significantly affect leaf N
concentration (Fz,i10 = 1.378, p = 0.296). The stake
method produced the numerically highest leaf N
concentration at 2.010 + 0.033%, followed by the
disc method at 1.950 + 0.037% and the bracket
method at 1.920 £ 0.029%. However, all treatments
belonged to the same DMRT group, indicating that
the observed differences were not statistically
significant.

Similar response was observed for leaf P
concentration. The effect of fertilizer placement
method was not significant (F2,0 = 1.891, p =
0.201), with values of 0.200 + 0.006%, 0.180 +
0.007%, and 0.190 £ 0.006% under the stake,
bracket, and disc methods, respectively. Although
the stake method produced the highest numerical
value, the three placement methods resulted in
statistically comparable leaf P concentrations. This
finding indicates that the greater soil P concentration
observed under the disc method was not
accompanied by a proportional increase in leaf P
during the 60-day observation period. In contrast,
fertilizer placement significantly affected leaf K
concentration (Fz,i0 = 12.816, p = 0.002). The stake
method produced the highest leaf K concentration at
2.140 + 0.037% and was significantly higher than

the bracket and disc methods, which produced
values of 1.880 + 0.041% and 1.860 + 0.033%,
respectively (Figure 4). The bracket and disc
methods did not differ significantly from each other.

The higher leaf K concentration under the stake
method may be associated with the localized
placement of fertilizer in several vertical holes
within the active root zone. This placement pattern
may create nutrient-enriched microsites that
increase root access to K and support its subsequent
transport to leaf tissues. Studies on cocoa have
similarly shown that nutrient responses are
influenced by fertilizer placement, nutrient supply,
root-zone conditions, and plant developmental stage
(Meza-Calderon et al., 2019; Meyer zu Drewer et
al., 2022; Mutagqin et al., 2025). Nevertheless, the
present study did not measure root proliferation,
nutrient fluxes, or total plant nutrient accumulation;
therefore, this explanation should be regarded as a
plausible mechanism rather than direct evidence of
increased nutrient uptake.

Leaf nutrient analysis reflects the integrated
nutritional status of the plant and can complement
soil analysis when evaluating fertilizer responses
(Prado and Rozane, 2020). However, leaf nutrient
concentration should not be interpreted as total
nutrient uptake or nutrient-use efficiency because
plant biomass and whole-plant nutrient
accumulation were not measured. Overall, the stake
method improved leaf K concentration, whereas its
higher numerical leaf N and P values represented
tendencies rather than statistically significant
advantages.
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Figure 4. Effects of fertilizer placement method on cocoa leaf nutrient concentrations: (a) nitrogen, (b)
phosphorus, and (c) potassium. Bars represent means =+ standard error (SE; n = 6). Different lowercase
letters above the bars within each panel indicate significant differences among fertilizer placement methods
according to Duncan’s multiple range test at p < 0.05.

3.3 Relationship between soil nutrient
availability and cocoa leaf nutrient status

Soil nutrient availability and cocoa leaf nutrient
concentrations were related but did not respond
proportionally to fertilizer placement methods. The
disc method produced the highest soil P value,
whereas leaf P concentrations remained statistically
comparable among the stake, bracket, and disc
methods. Conversely, the stake method produced
the highest leaf K concentration and maintained a
relatively high soil K value. These contrasting
patterns indicate that the amount of a nutrient
detected in the soil does not necessarily correspond
directly to its concentration in cocoa leaves. The
difference between soil and leaf P responses is
particularly important. The higher soil P value under
the disc method suggests that a greater proportion of
P remained extractable within the sampled soil
layer. However, the absence of a corresponding

increase in leaf P indicates that soil P availability
alone did not determine the short-term nutritional
response of the cocoa trees. Nutrient acquisition by
perennial plants also depends on the spatial
coincidence between active roots and nutrient-
enriched soil zones, root interception, nutrient
transport across root membranes, internal
translocation, and physiological demand. soil N was
moderately and negatively correlated with leaf N
concentration (r = —0.569, p = 0.014), whereas soil
P showed no relationship with leaf P concentration
(r = 0.007, p = 0.979). In contrast, soil K was
positively correlated with leaf K concentration (r =
0.658, p =0.003), indicating a more consistent soil—
leaf response for K than for N and P. These results
support the view that soil nutrient availability does
not always produce a proportional response in cocoa
leaf nutrient status (Figure 5).
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Figure 5. Relationships between post-treatment soil nutrient availability and cocoa leaf nutrient
concentrations under different fertilizer placement methods: (A) soil total N and leaf N concentration, (B)
soil available P and leaf P concentration, and (C) soil exchangeable K and leaf K concentration. Each point
represents one experimental unit (n = 18). Different symbols indicate the stake, bracket, and disc fertilizer
placement methods. Solid lines represent fitted linear relationships. Pearson’s correlation coefficients and
associated p-values are presented in each panel.

The stake and bracket methods maintained
higher soil K values than the disc method, while the
stake method resulted in the significantly highest
leaf K concentration. Localized fertilizer placement
under the stake method may have positioned K
within nutrient-enriched zones accessible to active
roots, thereby supporting its movement from the soil
to leaf tissues. Nevertheless, leaf K concentration
represents plant nutrient status at the time of
sampling and does not quantify total K uptake
because plant biomass and whole-tree nutrient
accumulation were not measured.

Soil and leaf N showed no significant
differences among fertilizer placement methods.
This limited response may reflect the dynamic
behavior of N in the soil-plant system, where
mineralization, immobilization, leaching,
volatilization, root acquisition, and internal
redistribution can occur simultaneously. The 60-day
observation period may also have been insufficient
to capture longer-term differences in N availability
and its accumulation in mature cocoa leaves. The
non-proportional responses observed in the present
study agree with evidence that soil nutrient
measurements and cocoa leaf  mineral
concentrations may show weak or inconsistent
relationships under field conditions (de Abreu
Loureiro et al., 2024). Soil analysis primarily

characterizes nutrients that remain extractable
within a defined soil layer, whereas leaf analysis
integrates root acquisition, internal transport, plant
demand, and physiological regulation over time.
Therefore, soil and leaf analyses should be
interpreted as complementary rather than
interchangeable indicators of cocoa nutritional
status (Prado and Rozane, 2020).

Overall, fertilizer placement influenced
nutrient retention in the soil and nutrient expression
in cocoa leaves through different pathways. The
higher soil P under the disc method and the higher
leaf K under the stake method demonstrate that
greater soil nutrient availability does not
automatically produce a proportional leaf response.
Interpretation of these findings is limited by the
absence of measurements of root distribution, soil
moisture, nutrient fluxes, plant biomass, and total
nutrient accumulation. Longer-term  studies
incorporating these variables are required to clarify
the processes linking fertilizer placement, soil
nutrient dynamics, and cocoa plant nutrition.

34 Nutrient response mechanisms under
different fertilizer placement methods

The contrasting soil and leaf nutrient responses
observed among the fertilizer placement methods

can be interpreted from differences in fertilizer
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distribution, nutrient concentration gradients,
fertilizer—soil contact, and proximity to active roots.
The stake method concentrated fertilizer in several
vertical holes, the bracket method distributed
fertilizer within two semicircular trenches, and the
disc method placed fertilizer continuously around
the canopy projection. These spatial configurations
likely created different nutrient-enriched zones
within the cocoa root system and consequently
affected nutrient retention in the soil and nutrient
accessibility to roots.

The stake method created localized zones with
relatively high nutrient concentrations. Roots
located near these fertilizer-enriched microsites may
have had greater access to readily available K,
which could explain the higher leaf K concentration
recorded under this treatment. Localized fertilizer
placement may also stimulate root activity near the
application points, although root proliferation was
not measured in the present study. Research on root-
zone fertilizer application in young cocoa plants
similarly demonstrated that the position of fertilizer
relative to the root system can influence plant
nutritional responses, although the magnitude of the

Intermediate
fertilizer
distribution

Higher soll K .-

S _. '. &1 ", 9 s
/ VA
Relatively high soil K | .-~~~

response depends on fertilizer composition, root
development, and growing conditions (Meyer zu
Drewer et al., 2022).

The bracket method represented an
intermediate spatial arrangement between the highly
localized stake method and the continuously
distributed disc method. Its two semicircular
trenches increased the treated soil area while
maintaining relatively concentrated fertilizer zones.
This configuration may explain why the bracket
method maintained soil K values comparable to
those under the stake method but did not produce an
equally high leaf K concentration. The result
suggests that nutrient concentration in the sampled
soil alone was insufficient to determine the leaf
response, as nutrient acquisition also depended on
the distribution and physiological activity of roots
within the fertilized zones. The proposed
mechanisms underlying the contrasting soil and leaf
nutrient responses among the stake, bracket, and
disc fertilizer placement methods are conceptually
illustrated in Figure 6.
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Figure 6. Conceptual illustration of the proposed nutrient-response mechanisms under the stake, bracket,
and disc fertilizer placement methods in cocoa
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In contrast, the disc method distributed
fertilizer over a broader and more continuous soil
volume. This arrangement increased fertilizer—soil
contact and may have promoted P retention within
the sampled layer because P is relatively immobile
and readily interacts with soil mineral surfaces. The
broader distribution of P may therefore have
increased its extractable concentration in the soil
without producing a proportional short-term
increase in leaf P. A continuous fertilizer band may
also reduce nutrient concentration at individual
points compared with localized placement,
potentially limiting the formation of highly
concentrated nutrient microsites accessible to
particular root segments.

The differing responses of N, P, and K further
indicate that fertilizer placement interacted with the
chemical behavior of each nutrient. Soil N remained
relatively similar among placement methods, which
may be associated with its dynamic transformations
and movement within the soil-plant system. By
contrast, the stronger soil P response reflected its
limited mobility and greater sensitivity to fertilizer—
soil contact, whereas the soil and leaf K patterns
were more closely associated with the location and
concentration of fertilizer within the active root
zone. Nutrient requirements in cocoa also change
with plant growth, physiological demand, and water
availability, which can influence the extent to which
soil nutrient differences are expressed in leaf tissues
(Weinstein et al., 2025).

These interpretations indicate that no single
fertilizer placement method was consistently
superior for all measured nutrients. The disc method
favored P retention in the sampled soil, whereas the
stake method was more closely associated with
increased leaf K concentration. The bracket method
produced an intermediate response by combining
partial spatial coverage with localized fertilizer
placement. However, these mechanisms cannot be
confirmed solely from soil and leaf nutrient
concentrations. Measurements of root-length
density, soil moisture, nutrient concentration
gradients, P-sorption characteristics, microbial

activity, and total plant nutrient accumulation would
be required to determine how fertilizer placement
regulates nutrient movement and acquisition in
productive cocoa plantations.

3.5 Practical implications and study limitations

The contrasting responses among fertilizer
placement methods have practical implications for
nutrient management in productive cocoa
plantations. The disc method may be considered
when the primary objective is to increase or
maintain P within the fertilized soil layer, whereas
the stake method may be more suitable when the
management objective is to improve leaf K status.
The bracket method produced an intermediate
response, particularly by maintaining soil K
concentrations comparable to those under the stake
method. These findings indicate that fertilizer
placement should be selected according to the target
nutrient and the initial soil and plant nutrient
conditions rather than assuming that one method
will be equally effective for all nutrients.

Soil and leaf analyses should therefore be used
jointly when developing fertilizer
recommendations.  Soil  analysis  provides
information on nutrients remaining or extractable
within the root-zone soil, whereas leaf analysis
reflects the integrated nutritional status of cocoa
trees. Their combined interpretation can help
identify whether a fertilizer placement method
primarily affects nutrient retention in the soil or
nutrient expression in plant tissues (Prado and
Rozane, 2020; Loureiro et al., 2024). Periodic soil
and leaf testing is particularly important because
nutrient demand and fertilizer responses may
change with plant growth, water availability, and
production stage (Weinstein et al., 2025).

The results do not support identifying a single
fertilizer placement method as universally superior.
Although the disc method increased soil P and the
stake method increased leaf K, these responses were
evaluated over only 60 days and were not
accompanied by measurements of vegetative
growth, cocoa yield, bean quality, or economic
return. Consequently, the observed improvements
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in soil or leaf nutrient status cannot yet be interpreted
as evidence of higher productivity or fertilizer-use
efficiency. Labor requirements, application costs,
soil disturbance, and the practicality of constructing
holes or trenches were also not evaluated and should
be considered before recommending a method for
large-scale adoption.

Future studies should evaluate fertilizer
placement methods across multiple seasons, soil
types, cocoa cultivars, and plantation ages.
Measurements should include root-length density,
soil moisture, nutrient concentration at several
distances and depths from the fertilizer-placement
zone, plant biomass, total nutrient accumulation,
yield, bean quality, labor requirements, and
economic return. Combining these variables would
provide a stronger basis for determining whether the
disc, stake, or bracket method offers the greatest
agronomic and economic benefit under specific
cocoa-production conditions.

4. CONCLUSION

Fertilizer placement methods produced
different responses in soil nutrient availability and
cocoa leaf nutrient status during the 60-day
observation period. The disc method resulted in the
highest soil available P, whereas the stake method
produced the highest leaf K concentration and
maintained relatively high soil exchangeable K.
Fertilizer placement did not significantly affect soil
N or leaf N and P concentrations, indicating that no
single method was consistently superior for all
measured nutrients. For practical nutrient
management, cocoa farmers may consider the disc
method when increasing P availability in the
fertilized soil layer is the primary objective, whereas
the stake method may be considered when
improving leaf K status is the main concern. The
selection of a fertilizer placement method should
also consider the target nutrient, initial soil and leaf
nutrient conditions, labor requirements, and field
feasibility. Periodic soil and leaf analyses are
recommended to support site-specific fertilization
decisions. These recommendations should be

interpreted cautiously because plant growth, cocoa
yield, fertilizer-use efficiency, and economic returns
were not evaluated.
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