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Abstract

This research addressed the lack of standardization in the nutritional interpretation of pecan nut
kernels. The objective was to evaluate the effect of kernel defatting on nutrient concentration,
generate correction factors for each element, and establish nutritional standards through the
Integrated Differential Diagnosis (IDD). For this purpose, 222 kernel samples of the Western Schley
variety were analyzed, collected at the “El Eden” orchard from 2023 to 2025 in Aldama, Chihuahua,
Mexico. In these samples, the concentration of macro and micronutrients was determined on a
defatted basis and compared with their non-defatted equivalent using a comparison of sample means
by paired observations. From this, correction factors were calculated, and subsequently, nutritional
standards were generated, which were validated internally and externally in an orchard with similar
conditions. The results revealed that defatting significantly increased the concentrations of N, P, K,
Mg, Fe, Mn, and Zn, while Ca and Na showed a significant decrease, and Cu showed no changes in
its concentration. The correction factors allowed the transformation of concentrations from the
defatted basis to the non-defatted basis, facilitating comparison with previously reported literature.
The validation of the standards indicated that they were useful for detecting nutritional imbalances
consistent with soil characteristics, highlighting deficiencies of P, Mn, and Cu, as well as an excess of
Na.

Keywords: pecan; kernel; integrated differential diagnosis, IDD; defatting; correction factors;
nutritional standards; mineral composition

1. Introduction

The pecan tree (Carya illinoinensis [Wangenh.] K. Koch) is a crop of great global importance due
to the nutritional and economic value of its nut [1,2]. It is grown in 54 countries, with China, the
United States, Turkey, Iran, Chile, and Mexico as the main producers [3]. In Mexico, 165,660 hectares
were planted in 2024, with a production of 168,733 tons [4].

Pomological parameters, mainly yield and quality, are conditioned by several factors, among
which the nutritional status of the trees stands out [5]; this is generally determined through foliar
analysis [6,7]. On the other hand, direct kernel analysis has been proposed because it allows us to
know the quality of the fruit destined for human consumption [8] and to detect possible nutritional
imbalances that are not always reflected in foliar tissue [9].

A problem when analyzing the kernel is that its composition is rich in lipids, which can represent
65 to 75% of its dry weight, making extraction difficult or altering compound quantification [10]. For
this reason, some studies perform defatting on kernel samples using solvents such as hexane,
chloroform, and methanol [11,12]. As a result, homogeneous samples are obtained, but by reducing
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the sample mass, results may be altered, since the concentration of some minerals may increase [13]
while others may be lost due to mechanical carryover or because they are associated with the lipid
fraction of the kernel [14,15].

It is important to consider this bias because most studies report concentrations on a non-defatted
kernel basis [16,17]. Others have worked with the defatted basis, especially in studies of bioactive
compounds [11,18] and nutritional content [12]. The lack of standardization can hinder comparison
among studies. For this reason, correction factors are proposed to transform concentrations on a
defatted basis to their non-defatted equivalent. These factors vary according to the element, defatting
methodology, and seed type [12,14]. For example, in soybean and flaxseed, defatting has been
documented to cause significant losses of P, Mn, Zn, Na, and Mg [14], while in sunflower, losses of
Fe and Mg have been reported [15]. For pecan, no studies have reported the effect of defatting on
macro- and micronutrient concentrations, nor have specific correction factors been developed for this
species.

Another problem is how to interpret kernel nutrient concentrations for use in further research.
Comparing with values proposed in the literature is insufficient because it does not consider
edaphoclimatic variability and crop management [19]. An alternative is Integrated Differential
Diagnosis (IDD), developed by Uvalle-Bueno et al. [20] and applied to crops such as apple [21,22],
blueberry [23], pomegranate [24], and pecan [25]. IDD is based on universal biochemical principles
(enzyme kinetics, cellular energy charge, and the Quo thermal coefficient) and differs from other
systems such as DRIS (Diagnosis and Recommendation Integrated System) and CND (Compositional
Nutrient Diagnosis) mainly due to its physiological foundation and its ability to distinguish whether
a problem originates from a nutritional or physiological imbalance [20,24].

The objectives of this study were: to determine the effect of defatting on the concentrations of N,
P, K, Ca, Mg, Na, Fe, Mn, Zn, and Cu in pecan kernels of the Western Schley variety; to generate
correction factors for each element to convert concentrations from a defatted basis to a non-defatted
basis; and finally, to generate nutritional sufficiency ranges using the IDD method, both on a defatted
basis and on a corrected non-defatted basis, and to validate these ranges in a different orchard with
similar soil and climate conditions but different management.

2. Materials and Methods

2.1. Study Area

The site where the samples used in this research were collected was the orchard called “El Edén”
with a Surface of 30 hectares, located in the municipality of Aldama, Chihuahua, Mexico. It is located
at coordinates 28.838732° N and -105.893811° W at an altitude of 1268 m. The prevailing climate is
warm semi-arid with an average annual temperature of 20.8 °C and an average precipitation of 429.4
mm.

The orchard soil has a texture classified as clay loam (23.23% sand, 38.54% clay, 38.13% silt).
Regarding its chemical characteristics, a pH of 7.56, an electrical conductivity of 0.880 dS m7, a
calcium carbonate concentration of 4.37%, and organic matter content of 1.74% were reported.
Macronutrient concentrations (g kg) were: 0.0658 N, 0.0319 P, 0.333 K, 2.87 Ca, 0.492 Mg, and 0.508
Na; and micronutrients (mg kg™): 1.84 Cu, 2.84 Fe, 11.71 Mn, and 8.44 Zn.

The irrigation water used in the orchard had a pH of 7.94, an electrical conductivity of 0.335 dS
m~, and a sodium adsorption ratio of 4.71, corresponding to a C2-51 classification.

To determine the nutritional status of the trees, a foliar analysis was performed, which found
macronutrient concentrations (g kg) of 25.1 N, 1.8 P, 9.7 K, 26.2 Ca, 5.0 Mg, and 0.13 Na. Regarding
micronutrients (mg kg™), values of 6.04 Cu, 135.82 Fe, 899.82 Mn, and 48.66 Zn were recorded.

2.2. Sample Collection

Pecan nut samples of the Western Schley variety used in this research were collected during the
2023, 2024, and 2025 growing seasons. In each season, 74 samples were collected, each consisting of
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30 nuts. The trees from which samples were collected were randomly selected; all were 44-year-old
adult trees, planted at a density of 69 trees per hectare. These trees have been reported to have an
average yield of 2.50 t ha and 157 nuts per kilogram.

2.3. Kernel Defatting

The analyses performed in this research were carried out at the Soil Laboratory of the Faculty of
Agrotechnological Sciences of the Autonomous University of Chihuahua. To begin the defatting
process, the kernel was manually separated from the shell, and once the samples were prepared,
defatting was performed according to the methodology of Villarreal-Lozoya et al. [11] with slight
modifications. The ground sample was mixed and homogenized with hexane at a 1:20 (w/v) ratio.
Subsequently, the mixture was vacuum filtered at 35 °C using a Buchner funnel and slow-speed filter
paper. The retained solid was subjected to two additional washes with hexane following the same
procedure. Once defatted, the sample was dried in an oven at 35 °C for 2 h and stored in plastic bags
at 4 °C until nutrient analyses were performed.

2.4. Nutrient Analysis

For the nutrient analysis of the defatted pecan kernel basis, N concentration was obtained using
the Kjeldahl method (Novatech®, Houston, TX, USA; Micro Kjeldahl apparatus Labconco®, Kansas,
MO, USA), and P using the ammonium metavanadate (NH4+VOs) method. The determination of the
concentration of elements such as Ca, K, Mg, Na, Fe, Mn, Zn, and Cu was performed using tri-acid
digestion (HNOs:HCIO4+:H2S0s, 10:10:25 v:v:v), applying 25 mL of the acid mixture on a hot plate
under a fume hood. Element quantification was carried out by atomic absorption spectrophotometry
using an Analyst 100® spectrometer (PerkinElmer®, Waltham, MA, USA).

2.5. Correction Factor

To evaluate the effect of kernel defatting on each nutrient element, an comparison of simples
means by paired observations was used. Sixteen nuts of the same variety and origin were taken; after
manually removing the shell, the kernel was separated into two portions: one was analyzed without
defatting and the other was defatted according to the previously described protocol. Concentrations
of N, P, K, Ca, Mg, Na, Fe, Mn, Zn, and Cu were measured under both conditions, and the data were
statistically analyzed using Student’s t-test for paired samples. Based on the means obtained, the

relative correction factor was estimated:
__ X Nondefatted

Fe= X Defatted

A correction factor < 1 indicates that the element becomes concentrated in the defatted fraction.
A factor > 1 suggests relative loss.

To verify whether these factors were applicable to the samples from the three years, the
concentrations on the defatted basis of the 2023-2025 samples were compared with those used for the
paired study. No significant differences were found (independent samples t-test, p > 0.05), indicating
that the elemental concentrations of the samples were similar and that the factors could be used.
Thus, the mean concentration of each element in the defatted samples from the three years was
multiplied by the corresponding correction factor for each element, obtaining the estimated values
for non-defatted kernels.

2.6. Integrated Differential Diagnosis

To generate nutritional standards for both the defatted pecan kernel basis and the estimated non-
defatted kernel basis, the IDD methodology proposed by Uvalle-Bueno et al. [20] was used. This
approach allows us to distinguish whether a nutrient deficiency is related to the availability of
elements in the soil or to physiological alterations caused by climatic conditions or plant metabolic
processes [21-23,25]. This methodology uses critical values, which are based on universal
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biochemical principles, such as enzyme kinetics, cellular energy charge, and the Qi thermal

coefficient [20,24].

Nutritional situation ~ Value  Range Suggested

(NS) Interpretation (RSI)

Deficient (D) <025 Deficient Plant - Climate Relationship

Very Low (VL) 0.25-0.50 Very Low (VL) (Physiological imbalance, PI)

Low (L) 0.50-0.71 Low (L)

Med. Low (ML)  0.71-0.84 Med. Low (ML)

Optimum (O) 0.84-1.19 Sufficient (S)

Additional values ] A3
for physiological ad (=] c oo i
B 1.19 1.41 0 4.0
Nutritional ~ Physiological ~ /2
Values Value
Physiological Value Range Suggested
0.92 1.09 Situation (PS) Interpretation (RSI)
0.96 104 Optimum (O) 0.84-1.19 Sufficient (S)
0.98 1.02 Plant - Soil Relationship / Med. High (Mh)  1.19-1.41  Med. High (Mh)
0.98 101 (Nutritional deficiency, ND) High (H) 1.41-2.,00  High(H)
Very High (VH)  2.00-4.00  Very High (VH)

0.99 1.01 Excess >4.00 Excess (E)

Figure 1. Flowchart for the identification of nutritional imbalances (NI) and/or physiological imbalances (PI) and
for the determination of the Suggested Interpretation Range (SIR) between observed conditions and those
considered ideal [23].

To construct the standard, the mean concentration of each nutrient from the 222 analyzed
samples was used, without filtering by yield or visual symptoms, assuming that this population
represents the typical variability range of the orchard. From this, the intervals for the nine IDD
categories were generated by multiplying the mean concentration by each critical value of the scale
(0.25, 0.5, 0.71, 0.84, 1.19, 141, 2, 4, and 16), where the product obtained for a given critical value
corresponds to the upper limit of the associated category. This same procedure was applied to all
macro- and micronutrients, using their respective means on a defatted basis (Table 1) and on an
estimated non-defatted kernel basis (Table 2).

Table 1. Nutritional standard for the defatted pecan kernel basis for macro and micronutrients.

Deficien Very Low Medium Sufficie Mec'hum High Vfary Excess
Range t Low (B) Low (ML) nt High H) High (E)
(D) (vL) (S) (MH) (vH)
IDD 0.25 0.5 0.71 0.84 1.19 1.41 2 4 16
Nutrie Mea
nt n
087- 1.72- 2.88 - 483- 6.85-
N 342 <086 171 943 2.43-287 407 4.08 - 4.82 6.84 1368 13.69
0.16- 0.30- 0.50 - 0.83- 1.17-
P 058 <015 0.29 041 0.42-0.49 0.69 0.70 - 0.82 116 03 2.33
022- 044- 0.73 - 122-  1.73-
K 086 <021 0.43 0.61 0.62-0.72 102 1.03-1.21 172 343 3.43
0.07- 0.13- 0.20 - 033- 047-
Ca 023 <0.06 012 016 0.17-0.19 007 0.28 - 0.32 0.46 0o 0.93
0.07- 0.13- 0.20 - 033- 047-
Mg 023 <0.06 012 016 0.17-0.19 0.7 0.28 - 0.32 0.46 0o 0.93
0.004 0.0013- 0.0025- 0.0035- 0.0041- 0.0058- 0.0069 - 0.0097 -
Na s 0.0012 0.0024 00034 00040 00057 00068 0.009 00192 00193
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20.3 - 40.6 - 68.1 - 114.1- 161.9-

Fe 8090 <20.2 405 574 57.5-68.0 96.3 96.4-114.1 161.8 3936 >323.7
148.7 37.3 - 75.5 - 105.7 - 125.0 - 177.1 - 209.8- 2975-

Mn 0 <372 74.4 105.6 124.9 177.0 209.7 297.4 594.8 > 594.9
12.0 - 23.9 - 40.1 - 67.2 - 95.3 -

Zn 4760 <11.9 238 338 33.9-40.0 56.6 56.7 - 67.1 95.2 1904 >190.5

Cu 1140 <298 2.99 - 598 - 8.48 — 10.03 - 14.20 - 16.82 — 23.86 — > 4561

5.97 8.47 10.02 14.19 16.81 23.85 45.60
Note: Values of N, P, K, Ca, Mg, Na are presented in %, and Fe, Mn, Zn, Cu in mg kg™

Table 2. Nutritional standard for the estimated non-defatted pecan kernel basis for macro and

micronutrients.
Deficien Very Low Medium Sufficien Mecliium ig szry Excess
Range t Low (B) Low (ML) t High (H) High (E)
(D) (VL) (S) (MH) (vH)
IDD 0.25 0.5 0.71 0.84 1.19 1.41 2 4 16
Nutrie Mea
nt n

N 219 <055 0.56-1.101.11-1.55 1.56-1.84 1.85-2.60 2.61-3.09 3.10-4.39 4.40-8.76 >8.76

P 036 <0.09 0.10-0.180.19-0.25 0.26-0.30 0.31-0.42 0.43-0.50 0.51-0.710.72-1.42 >1.43

K 030 <0.08 0.09-0.150.16-0.22 0.23-0.25 0.26-0.36 0.37-0.43 0.44-0.61 0.62-1.21 >1.22
0.04- 0.07- 0.18- 0.25-

Mg 012 <0.03 0.06 0.08 0.09-0.100.11-0.140.15-0.17 0.04 0.48 >(0.48

16.08-  32.17- 45.67- 54.04- 76.55- 90.68- 128.64-

Fe 6432 <1607 32.16  45.66 54.03 76.54 90.68 128.63  257.26 >257.26
17.48-  34.95- 49.63- 58.72- 83.18- 98.55- 139.78-

Mn 69.89 <1747 3494  49.62 58.71 83.17 98.54 139.78  279.56 »279-56
6.27-  12.53- 17.79- 21.04- 29.80- 35.31-  50.09-

Zn 2504 <626 12.52 17.78 21.03 29.79 35.30 50.08  100.15 ~100.16

Cu* 1140 <298 299- 598- 848-  10.03- 1420- 16.82- 23.86- S 4561

5.97 8.47 10.02 14.19 16.81 23.85 45.60
Note: Values of N, P, K, Mg are presented in %, and Fe, Mn, Zn, Cu in mg kg™. Copper was not

corrected (non-significant difference); its original value from the defatted basis is presented as
reference. Ca and Na are not included in this table because defatting caused actual losses; their values
are found in Table 1.

2.7. Validation of Standards

For the validation of the standards, pecan nut samples of the Western Schley variety were
collected from randomly selected trees during the 2025 growing season from a neighboring orchard,
located in the same municipality of Aldama, Chihuahua. It should be mentioned that this orchard
has an area of 300 hectares, from which the samples were obtained. This orchard shares the same
edaphic and climatic conditions as the “El Edén” orchard, but has different cultural management
practices, such as fertilization programs, irrigation, and phytosanitary control.

The soil of this orchard has a texture classified as clay loam, consisting of 29.63% sand, 36.48%
clay, and 33.89% silt. Regarding its chemical characteristics, a pH of 7.78, an electrical conductivity of
2.02 dS m™, a calcium carbonate concentration of 2.33%, and 0.51% organic matter were reported.
Macronutrient concentrations (g kg) were: 0.0460 N, 0.00764 P, 0.443 K, 3.45 Ca, 0.406 Mg, and 0.815
Na; and micronutrients (mg kg™): 0.56 Cu, 1.11 Fe, 5.03 Mn, and 1.25 Zn.

No additional water analysis was performed in the neighboring orchard, assuming that
conditions are the same because they share the same water supply source.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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To determine the nutritional status of the trees in the neighboring orchard, a foliar analysis was
performed, which found macronutrient concentrations (g kg™) of 279 N, 2.5 P, 11.6 K, 16.4 Ca, 10.5
Mg, and 0.3 Na. Regarding micronutrients (mg kg™), values of 7.62 Cu, 142.88 Fe, 527.42 Mn, and
35.92 Zn were recorded.

The first was an external validation with 21 non-defatted kernel samples from the neighboring
orchard, compared against the nutritional standard ranges for the estimated non-defatted kernel
basis (Table 2). The second was an additional external validation with 32 defatted samples from the
same neighboring orchard, compared against the nutritional standard ranges for the defatted basis
(Table 1). The third was an internal validation with 20 defatted samples from the same “El Edén”
orchard, but independent from those used to generate the nutritional standard, also compared
against Table 1 to evaluate internal consistency.

3. Results

3.1. Correction Factors Obtained

When comparing the paired means, defatted basis versus non-defatted basis of pecan kernels,
significant differences (p < 0.05) were observed in practically all analyzed elements. The only
exception was Cu, where no significant difference was detected (p > 0.05). The correction factors
obtained were as follows: N = 0.64, P = 0.62, K =0.35, Mg = 0.53, Fe = 0.80, Mn = 0.47, Zn = 0.53, Ca =
1.68, Na = 1.55. For Cu, a CF of 1.00 was assumed.

3.2. Nutritional Standards

Table 1 presents the nutritional standard calculated directly from the concentrations measured
in the defatted samples (original basis). Table 2 shows the values corrected to non-defatted kernels
using factors applied only to N, P, K, Mg, Fe, Mn, and Zn. No correction was applied to Ca and Na
(they are reported only in Table 1). For Cu, the same concentration is assumed under both conditions

3.3. Characteristics of the Validation Sites

To facilitate interpretation of the validation results, Table 3 compares soil, foliar, and kernel
conditions between the “El Edén” orchard, where the standards were generated, and the neighboring
orchard used for external validation.

Table 3. Integrated comparison of soil-foliar-kernel conditions between the standard generation orchard (“El

Edén”) and the validation orchard (neighboring).

Level Parameter  “El Edén” Orchard Neighboring Orchard Observed congruence

Suelo Texture Clay loam Clay loam Similar
pH 7.56 7.78 Similar
EC (dS m™) 0.88 2.02 Higher in neighbor
MO (%) 1.74 0.51 Lower in neighbor
P (g kg™ 0.0319 0.00764 Lower in neighbor
K (gkg™) 0.333 0.443 Higher in neighbor
Na (g kg™) 0.508 0.815 Higher in neighbor
Mn (mg kg™) 11.71 5.03 Lower in neighbor
Cu (mg kg™) 1.84 1.11 Lower in neighbor
Foliar N, P, K Adequate Adequate No visible deficiencies
Mn, Cu, Zn Adequate Adequate No visible deficiencies
IDD
Kernel  Classification Standard base P: 100% deficient

Consistent with soil

(Tabla 2) analysis

Mn: 100% low
Cu: 100% low

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Na: 41% very high

3.4. Validation of Nutritional Standards

3.4.1. External Validation with Non-Defatted Samples

Twenty-one non-defatted kernel samples from a neighboring orchard were analyzed. These
values were directly compared with the standard corrected to non-defatted kernels (Table 2). The
results are shown in Table 4.

Table 4. Classification of 21 non-defatted kernel samples (neighboring orchard) according to the nutritional
standard for the estimated non-defatted pecan kernel basis (Table 2).

DeficientVery Low Low  Medium Sufficient Medium High Very Excess

Nutdent ") L)  (B) Low(ML)  (S)  High (MH) (H) High WH) (E)
N 0 0 0 0 16 5 0 0 0
P 21 0 0 0 0 0 0 0 0
K 0 0 4 6 10 1 0 0 0
Mg 0 0 0 0 0 0 6 5 0
Fe 0 0 0 0 14 6 1 0 0
Mn 0 4 6 11 0 0 0 0 0
Zn 0 0 0 1 13 4 3 0 0
Cu 0 0 5 16 0 0 0 0 0

All samples were deficient in P, Mn, and Cu. This coincides with soil analyses of the neighboring
orchard (Table 3), which reported low concentrations of P (18.33 kg ha™), Mn (5.03 mg kg™), and Cu
(0.56 mg kg™). In contrast, N, Fe, and Zn showed a majority of samples in the sufficient range (76%,
67%, and 62%, respectively). For Mg, most samples were classified as high and very high in the
neighboring orchard, reflecting soil conditions (EC =2.02 dS m™', Na =815 mg kg), which differ from
sites reported in the international literature.

3.4.2. External Validation with Defatted Samples
Thirty-two defatted pecan kernel samples from the same neighboring orchard were analyzed

and compared with the standard on a defatted basis (Table 1). The results are shown in Table 5.

Table 5. Classification of 32 defatted pecan kernel samples from the neighboring orchard according to the
nutritional standard for the defatted basis (Table 1).

Very

Nutrien Deficient ZZEZ Low  Medium Sufficient Medium High High Excess
t (D) L) (B)  Low (ML) (S) High MH) (H) (vH) (E)
N 0 0 0 2 23 6 1 0 0
P 0 0 1 5 25 1 0 0 0
K 0 0 2 20 10 0 0 0 0
Ca 0 2 7 10 12 0 1 0 0
Mg 0 0 0 5 12 13 2 0 0
Na 0 0 0 0 0 9 10 13 0
Fe 0 0 0 4 8 1 19 0 0
Mn 0 0 10 7 12 3 0 0 0
Zn 0 0 0 0 1 10 21 0 0
Cu 1 0 11 10 9 1 0 0 0

Na concentrations were entirely classified above the sufficient range (41% in “very high”), which
is consistent with the high electrical conductivity of the neighboring orchard soil (2.02 dS m™) and its

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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elevated Na concentration (815.22 mg kg™) (Table 3). Fe and Zn concentrations showed a tendency
toward high values, with 59% and 66% in “high”, respectively. A difference was observed in P
classification between Table 4 (all deficient) and Table 5 (78% sufficient).

3.4.3. Internal Validation

To evaluate whether the nutritional standard on a defatted basis has internal consistency, 20
defatted samples from the same “El Edén” orchard, different from those used to generate the
standard, were compared against Table 1. The results are shown in Table 6.

Table 6. Classification of 20 defatted pecan kernel samples from the “El Edén” orchard against the nutritional
standard for the defatted basis (Table 1).

Deficient Very Low  Medium Sufficient Medium High High Very Excess

Nutrient 1 100,  (B) Low (ML) S) (MH) (H) 1({‘:31)1 (E)
N 0 0 0 2 16 2 0 0 0
P 0 0 0 5 11 4 0 0 0
K 0 0 0 3 14 3 0 0 0
Ca 0 1 1 4 9 5 0 0 0

Mg 0 0 0 3 11 4 1 0 0
Na 0 0 0 1 18 0 0 1 0
Fe 0 0 0 1 13 5 1 0 0
Mn 0 0 0 4 13 3 0 0 0
Zn 0 2 0 1 13 4 0 0 0
Cu 0 0 2 5 7 5 1 0 0

Between 55% and 90% of the samples per nutrient fell into the “sufficient” category, with the
highest values for N (80%), K (70%), Na (90%), and Mn (65%). This behavior is consistent with soil
analyses of the “El Edén” orchard (Table 3), which showed adequate concentrations of N (157.92 kg
ha), K (333.25 mg kg), and Mn (11.71 mg kg), as well as a moderate Na level (507.50 mg kg™) that
did not generate toxicity in the kernel. The presence of some samples in categories from moderately
low to moderately high reflects the natural variability of the orchard and is expected for a nutritional
standard constructed from the mean of a high-yielding population. This confirms the internal validity
of the standard.

4. Discussion

The pecan kernel contains approximately 65-75% lipids, while proteins, fiber, carbohydrates,
and minerals make up 25-35% [10,11]. It has been demonstrated that oil extraction, using mechanical
or chemical methods, often leads to a higher concentration of nutrients compared to non-defatted
samples [12,14]. This may be because once the oil is extracted, the total sample weight decreases while
nutrients remain in the defatted fraction, increasing their concentration per gram of sample [14]. In
this study, the same behavior was observed for most of the analyzed elements, including N, P, K, Mg,
Fe, Mn, and Zn, confirming that lipid extraction with hexane concentrated these nutrients in the
defatted fraction.

However, this increase does not always occur, as some nutrients may be lost due to mechanical
carryover during lipid extraction. This has been reported in soybean (Glycine max L.), where losses of
P, Mn, and Zn were observed [14]; in flaxseed (Linum usitatissimum L.), losses of Na and Mg were
found [13,14]; and in sunflower (Helianthus annuus L.), losses of Fe and Mg were also documented
[15]. In the present study, this behavior was particularly evident for Ca and Na, whose concentrations
decreased after defatting, in contrast to most other elements that became concentrated. For Cu, no
significant differences were found, indicating that this element is not affected by the defatting process
under the experimental conditions used. These results indicate that the effect of defatting is element-
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specific and depends both on the affinity of the element for the lipid fraction and its susceptibility to
mechanical carryover during filtration.

The correction factors obtained will allow the transformation of concentrations measured on a
defatted basis to their non-defatted equivalent. The usefulness of these factors was confirmed by
comparing the concentrations of samples from three consecutive years (2023-2025) with those used
in the paired study, finding no significant differences (p > 0.05).

Comparison of the nutritional standard obtained from the corrected data (Table 2) with values
reported in the literature showed greater agreement than when using the standard derived directly
from the defatted basis (Table 1), since the latter values were considerably higher than those
documented by various authors [16,17,28]. For example, the K sufficiency range on a defatted basis
(0.73-1.02%) is much higher than that typically reported in non-defatted kernels [8,17], whereas the
corrected range (0.26-0.36%) agrees with those reports. This reinforces the need to use correction
factors when comparing studies that use different reporting bases (defatted vs. non-defatted), and it
is recommended that future studies explicitly specify the defatting status of samples.

Comparison of the nutritional standard obtained from the corrected data (Table 2) with values
reported in the literature showed greater similarity than when using the standard derived directly
from the defatted basis (Table 1), since the latter values were higher than those reported by several
authors.

For nitrogen, the corrected sufficiency range (1.85-2.60%) coincides with that found by Celik [17]
in Turkey, who reported an N percentage of 1.85%. For phosphorus, the sufficiency range (0.31-
0.42%) showed greater similarity with concentrations reported for different pecan varieties grown in
Mexico, Uruguay, the United States, and Australia. The values reported for the Western variety in
Australia (0.325%) coincide with our ranges, this being the same variety used in the present study
[8,16,19,29].

Potassium showed behavior similar to that previously reported, reinforcing the reliability of the
ranges obtained in this study. Flores-Cérdova et al. [8] found concentrations of 0.326% in the Western
variety and 0.367% in the Wichita variety, both grown in Mexico. Likewise, similarity was observed
with values reported in Turkey, China, and Poland [17,26,27].

Regarding Mg, its obtained correction factor (0.53) allowed the nutritional standard on a non-
defatted basis (0.11-0.14%) to agree with values reported for the Western variety in Australia [29],
Mexico [8], Uruguay [19], and China [27]. However, under high salinity and sodicity conditions
(neighboring orchard), the Mg concentration in kernels was higher (classified as high/very high),
which is consistent with the higher Mg concentration in foliar analysis (1.05%) and suggests that the
correction factor is consistent even under contrasting edaphic conditions.

Regarding calcium, the sufficiency range on the defatted basis (0.20-0.27%) showed agreement
only with that reported by Moodley et al. [20] in South Africa (0.208% Ca); it should be noted that
they also used a defatted basis for element determination. The lack of agreement with most studies
that did not defat samples suggests that calcium in pecan kernels may be associated with compounds
in the lipid fraction that are removed during the defatting process, or may be mechanically carried
over during filtration. This finding reinforces the recommendation to explicitly report the defatting
status of samples when comparing calcium concentrations.

Regarding sodium, based on the sufficiency range of the nutritional standard on the defatted
basis (0.0041-0.0057%), great variability was observed compared to values reported by different
authors. Literature values ranged from deficient to high or very high within the generated standard
[8,26]. The only agreement within the sufficiency range was with that reported by Wakeling et al. [29]
in Australia for the Western variety, with a Na value of 0.0047%.

Regarding manganese, the sufficiency range (58.72-83.17 mg kg™) was consistent with that
reported by most of the consulted authors for different varieties and regions of the world [19,27,28].
The agreement with findings in China and Australia for the Western variety is notable, where
concentrations of 65.6 and 83.0 mg kg are reported, respectively.
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On the other hand, the iron sufficiency range (54.04-76.54 mg kg) agrees with a large proportion
of varieties grown in China, notably coinciding with the Western variety, with a value of 65.6 mg kg™
[27].

In the case of zinc, most concentrations found in the literature are classified in the moderately
high [8], high [19,27,28] to very high [29] ranges. However, the Zn concentration of 27 mg kg
reported by Celik [17] in Turkey coincides with our sufficiency range. The discrepancy between our
ranges and most international reports could reflect lower zinc availability in the soils of the Aldama
region, resulting in a lower concentration in the kernel, or differences in the absorption efficiency of
the Western Schley variety under local edaphoclimatic conditions.

Finally, the only element that showed no significant difference in the paired study between the
defatted and non-defatted samples was copper. Its concentration in our ranges is consistent with that
reported in other studies, coinciding with our sufficiency range (10.03-14.19) [16,19,26].

Some reports on the mineral composition of pecan kernels, such as that of Curiel-Maciel et al.
[30], present concentrations well above those normally documented in the literature, which may limit
their usefulness as a nutritional reference for kernels. This reinforces the need to generate regional
nutritional standards using methodologies such as IDD.

Although the IDD method has previously been applied to various crops for the generation of
nutritional standards, most of these studies have not incorporated any type of external or internal
validation [22-25]. In this context, the present study provides an additional approach by evaluating
the consistency of the generated standards through their application under independent field
conditions.

External validation in a neighboring orchard with different management but similar
edaphoclimatic conditions demonstrated the ability of the generated standards to detect nutritional
imbalances consistent with soil analyses. The 21 non-defatted samples from the neighboring orchard
were all classified as deficient in P, Mn, and Cu (Table 4), which coincides with the low levels of these
elements present in the soil of that orchard (P: 18.33 kg ha!, Mn: 5.03 mg kg™, Cu: 0.56 mg kg™).
Likewise, external validation with 32 defatted samples from the same orchard showed that 100% of
the samples classified above the sufficient range for Na (41% in “very high”), consistent with the high
electrical conductivity (2.02 dS m™) and high Na content in the soil (815.22 mg kg1).

In the internal validation with 20 samples from the same “El Edén” orchard, it was found that
between 55% and 90% of samples per nutrient were classified in the “sufficient” category, with the
highest values for N (80%), K (70%), Na (90%), and Mn (65%). This behavior is consistent with the
soil analysis of the “El Edén” orchard, which showed adequate concentrations of N (157.92 kg ha™),
K (333.25 mg kg'), and Mn (11.71 mg kg™). The presence of some samples in categories from
moderately low to moderately high reflects the natural variability of the orchard and is expected for
a nutritional standard constructed from the mean of a high-yielding population.

Overall, the three validation exercises demonstrate that the nutritional standards generated by
IDD (Tables 1 and 2) are sensitive to differences in soil nutrient availability and are internally
consistent, supporting their use as a nutritional diagnostic tool in pecan orchards in the Aldama
region, Chihuahua, Mexico.

5. Conclusions

Based on the results obtained in this study, it was found that defatting of pecan kernels with
hexane affects the concentration of the analyzed elements. Notably, there was a significant increase
in the concentration of N, P, K, Mg, Fe, Mn, and Zn due to the reduction in kernel mass from the lipid
fraction. In contrast, Na and Ca showed a significant loss in concentration, which may be due to actual
loss by mechanical carryover during the defatting process. Finally, Cu concentration was not
significantly affected by the methodology employed.

Nutritional sufficiency ranges for pecan kernels were established using the IDD methodology,
both for the defatted basis and for the estimated non-defatted basis. The corrected ranges showed
high agreement with values reported in the literature for non-defatted kernels, validating the

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202606.1331.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 June 2026 d0i:10.20944/preprints202606.1331.v1

11 of 13

correction procedure. In contrast, the ranges on the defatted basis were notably higher,
demonstrating the need to apply correction factors when comparing studies that use different
reporting bases.

The three validation exercises (external validation with non-defatted samples, external
validation with defatted samples, and internal validation) demonstrated that the generated
nutritional standards are consistent. The standards detected nutritional imbalances in the
neighboring orchard, which were congruent with the soil analyses of that orchard. Internal validation
in the “El Edén” orchard showed that between 55% and 90% of the samples were classified in the
“sufficient” category, adequately reflecting the nutritional conditions of the site of origin.

It is recommended that future research on the mineral composition of pecan kernels explicitly
state whether samples were defatted or not. When using a defatted basis, the application of the
correction factors proposed here will allow a more precise comparison with existing literature. The
generated IDD nutritional standards constitute a reliable diagnostic tool for pecan orchards in the
Aldama region, Chihuahua, Mexico.

A limitation of this study is that the standards were generated from a single population and
validated in only one neighboring orchard with similar conditions. Although the IDD method has
been used with this approach to establish regional sufficiency ranges, it is essential to highlight the
need to obtain a larger number of samples from different regions of the state, covering different
edaphoclimatic conditions. This is essential to generate a robust and representative standard at the
state level before making extensive use of the proposed standards. However, it should be noted that
the IDD methodology can be extrapolated to other regions, to other quantitative measurements, and
even to other crops.
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