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Abstract

Cilantro (Coriandrum sativum L.) is a popular annual culinary herb grown for its leaves
or seeds. With the increase in hydroponic herb production in controlled environments,
a need exists for leaf tissue nutrient standards specific to this production system. The
objective of this study was to develop comprehensive foliar mineral nutrient interpretation
ranges for greenhouse-grown cilantro. Cilantro plants were grown in a hydroponic sand
culture system to induce and document nutritional disorders. Plants were supplied with a
modified Hoagland’s solution, which was adjusted to individually add or omit one nutrient
per treatment while holding all others constant. Deficiency and toxicity symptoms were
photographed, after which the plant tissue was collected to determine plant dry weight
and critical tissue nutrient concentrations. Nitrogen (N), phosphorus (P), potassium (K),
calcium (Ca), magnesium (Mg), sulfur (S), boron (B), iron (Fe), and zinc (Zn) deficiencies,
as well as B toxicity, were induced. Deficiencies of copper (Cu), manganese (Mn), and
molybdenum (Mo) were not observed during the experiment. Additional foliar tissue
analysis data (n = 463) were compiled to create nutrient interpretation ranges for 12 essen-
tial elements based on a hybrid meta-analysis Sufficiency Range Approach (SRA). This
approach defines ranges for deficient, low, sufficient, high, and excessive values. For each
element, the optimal distribution was selected according to the lowest Bayesian Informa-
tion Criterion (BIC) value. A Normal distribution best represented K and S. A Gamma
distribution best represented P, Ca, Mn, and Mo, whereas a Weibull distribution best repre-
sented N, Mg, B, Cu, Fe, and Zn. These interpretation ranges, along with descriptions of
typical symptomology and critical tissue nutrient concentrations, provide useful tools for
both diagnosing nutritional disorders and interpreting foliar nutrient analysis results of
greenhouse-grown cilantro.
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1. Introduction
Coriandrum sativum L., is a popular annual herb grown for its fresh leaves (cilantro)

or seeds (coriander) that are used in culinary dishes [1,2]. While traditionally grown
in open-field conditions, fluctuating weather patterns, particularly rainfall, can lead to
unpredictable yields [3]. Additionally, field cultivation presents a higher risk of biotic
stresses, including pest and disease pressures, which can further impact yield and quality.
Producing cilantro in a controlled environment can mitigate these challenges by providing
consistent and tailored growing conditions that can optimize growth and enable year-
round production [4,5]. By optimizing environmental factors such as temperature, light,
and nutrient availability, controlled environment systems can improve both the quality
and yield of cilantro, making them an increasingly popular production method among
commercial growers.

Effective nutrient management is essential in controlled environment systems in order
to optimize growth and prevent nutrient disorders. Greenhouse-grown cilantro is reported
to have low to moderate fertilizer requirements, with a recommended nitrogen (N) applica-
tion ranging from 100 to 150 mg·L−1 [1]. Owen and Whipker [6] report that insufficient
fertility may cause leaf discoloration and stunted growth. In addition, overfertilization
can hinder plant growth and cause necrosis of older leaves; therefore, cilantro should be
monitored to avoid over- or under-fertilization.

Past studies have evaluated nutrient uptake and specific elemental impacts in cilantro.
Donega et al. [7] evaluated the nutrient demands of cilantro and found that potassium
(K) and N were absorbed in the highest quantities. Additionally, research on the effects of
copper (Cu) deficiency resulted in lower plant dry weight when Cu was limited [8]. Lastly,
Currey et al. [9] observed no impact on plant biomass when the electrical conductivity (EC)
of the nutrient solution ranged between 0.5 and 4.0 mS·cm−1. The study did observe a
decrease in calcium (Ca) and magnesium (Mg) tissue concentration as EC increased, in
addition to an increase in zinc (Zn) tissue concentration. Various growing systems have
also been evaluated for cilantro production in a controlled environment, with hydroponic
methods such as the Deep Flow Technique (DFT) [10] and the Nutrient Film Technique
(NFT) [11] demonstrating higher water use efficiency.

While comprehensive interpretation ranges have yet to be published for greenhouse-
grown cilantro, current foliar mineral nutrient concentration recommendations exist for
cilantro based solely on a survey of field-grown plants [12]. With the increase in hydroponic
herb production in controlled environments and the use of higher fertilization rates, a need
exists for more refined leaf tissue nutrient standards and diagnostic ranges specific to these
unique production systems.

Various approaches for evaluating and interpreting leaf tissue analysis data have been
utilized to develop leaf tissue nutrient standards for specialty crops, including the Survey
Approach (SA) [12], the Critical Value Approach (CVA) [13], the Diagnosis and Recommen-
dation Integrated System (DRIS) [14], and the Sufficiency Range Approach (SRA) [15]. The
SA method is commonly used for specialty crops, as it relies on evaluating the tissue nutri-
ent content of healthy-looking plants to determine general leaf tissue nutrient standards.
While the SA provides a useful, initial baseline tool when comprehensive interpretation
values are not available, it is observational and lacks a research-based connection between
nutrient concentrations and plant growth. The CVA establishes a critical threshold and
categorizes nutrient concentrations as deficient (below the threshold) or sufficient (above
the threshold). This method is effective for determining nutrient deficiencies but does not
categorize excessive or toxic nutrient concentrations. The DRIS method is the most exten-
sive method for interpreting tissue concentration and evaluates multiple factors, including
yield and nutrient interactions. While the DRIS method provides the most robust analysis,
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it requires large datasets that are often not obtainable for specialty crops. Lastly, the SRA
defines a broader sufficiency range for each nutrient and distinguishes between low and
high concentrations. While it does not account for nutrient interactions, the SRA requires a
smaller dataset, making it more applicable to specialty crops.

Evaluation standards do not exist for many culinary herbs grown in controlled envi-
ronmental conditions. These high-value crops need assessment tools to enable the determi-
nation of the nutritional status and diagnosis of problematic situations. With the limited
availability of data, new methods are needed for the creation of more robust evaluation
standards. A novel approach has been developed by using a hybrid metadata analysis
SRA method to establish comprehensive tissue nutrient interpretation ranges for lettuce
(Lactuca sativa L.) [16] and pentas (Pentas lanceolata Forssk.) [17]. By analyzing a dataset of
tissue samples based on using both controlled experimental results and grower samples,
optimal Normal, Gamma, or Weibel distribution curves were developed, which identified
interpretation ranges for deficient, low, sufficient, high, and excessive tissue concentrations.
This expansion of the interpretation ranges provided a more robust diagnostic ability for
interpreting leaf tissue nutrient concentrations and identifying nutrient disorders. The ob-
jectives of this study were to develop a comprehensive symptomology of nutrient disorders
and additionally address the need for more refined nutrient interpretation standards for
greenhouse-grown cilantro.

2. Materials and Methods
2.1. Plant Material

Cilantro ‘Santo’ seeds (Johnny’s Selected Seeds; Winslow, ME, USA) were sown on
24 January 2024 into top grooved 104-count cell sheets, where each cell measured 3.6 cm tall
× 3.4 cm length × 2.3 cm width (Oasis Rootcubes, Oasis Grower Solutions, Kent, OH, USA),
with five seeds per cell. Each sheet was placed in a plastic tray, which was grown indoors
atop heated mats set to 22 ◦C. Trays were covered with humidity domes and hand-misted
or sub-irrigated to maintain moisture content until germination occurred approximately
10 days later. After germination, seedlings were grown under fluorescent lights (AgroBrite
T5 Full Spectrum; Hydrofarm, Petaluma, CA, USA), which provided 17.28 mol·m−2·d−1

based on a 24 h photoperiod, and sub-irrigated with tap water for an additional week.
Seedlings were grown for three weeks in total.

2.2. Experiment 1

The seedlings were transplanted on 13 February 2024 into 11.5 cm-diameter (0.8 L)
plastic pots containing silica-sand [Millersville #2 (0.8 to 1.2 mm diameter); Southern
Products and Silica Co., Hoffman, NC, USA]. Plants were grown in a glass greenhouse in
Raleigh, NC (35◦ N latitude) under ambient light with air temperature setpoints of 22.8 ◦C
(day) and 22.0 ◦C (night). Fertilizer treatments began immediately, using an automated
recirculating irrigation system constructed out of 10.2 cm diameter polyvinylchloride
(PVC) pipe (Charlotte Plastics, Charlotte, NC, USA). Fertilizer treatments consisted of
a modified Hoagland’s solution [18] customized by blending the following individual
technical grade salts (Fisher Scientific, Pittsburgh, PA, USA): calcium nitrate tetrahydrate
[Ca(NO3)2·4H2O], potassium nitrate (KNO3), monopotassium phosphate (KH2PO4), mag-
nesium sulfate heptahydrate (MgSO4·7H2O), potassium chloride (KCl), calcium chlo-
ride dihydrate (CaCl2·2H2O), sodium nitrate (NaNO3), magnesium chloride hexahy-
drate (MgCl2·6H2O), sodium phosphate monohydrate (NaH2PO4·H2O), sodium sulfate
(Na2SO4), iron chelated with diethylenetriaminepentaacetic acid (Fe-DTPA), manganese
chloride tetrahydrate (MnCl2·4H2O), zinc chloride heptahydrate (ZnCl2·7H2O), copper
chloride dihydrate (CuCl2·2H2O), boric acid (H3BO3), and sodium molybdate dihydrate
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(Na2MoO4·2H2O). Deionized (DI) water was used to formulate all the stock solutions. Dis-
order treatments were created by omitting one of the elements as outlined in the Table S1
Solution Mixing chart. The boron toxicity treatment was developed by increasing the boron
concentration 10× to induce a micronutrient overdose. Irrigation lines were randomly
assigned to each treatment before the beginning of the experiment, and eight single plant
replicates were installed. Plants were irrigated every 2 h from 06:00 to 18:00. Additional de-
tails regarding fertilizer treatments, formulations, fertilizer salts, and the irrigation system
are outlined in Barnes et al. [19] and Veazie et al. [20].

2.3. Experiment 1 Data Collection

Plants were photographed and sampled as visual deficiency symptoms appeared,
beginning on the third week, 6 March 2024, with N and phosphorus (P)-deficient plants.
Four representative plants (n = 4) from each fertilizer treatment were selected, and the most
recently matured leaves were sampled for tissue analysis as recommended by Bryson and
Mills [12]. The remaining shoots of each plant were also collected to evaluate the total shoot
dry mass of each sample. For each sampling date, a set of plants from the control treatment,
which received the complete fertilizer solution, was sampled for comparison. The sulfur (S)
and Ca deficiency treatments were sampled on 12 March 2024. The K, Mg, and iron (Fe)
deficiency treatments, as well as both the boron (B) deficiency and toxicity treatments, were
sampled on 20 March 2024. All remaining treatments were asymptomatic and sampled
upon termination of the experiment on 10 April 2024, 8 weeks after transplant.

All plant tissue was rinsed in DI water, washed in a 0.5 M HCl solution, then rinsed
in deionized water a final time. Immediately after sampling and washing, the tissue was
dried at 70 ◦C for 48 h in a forced-air oven, and the dry mass was weighed and recorded.
Total dry mass for each sample was calculated by adding the dry weight of the recently
matured leaves to the remainder of the shoot. After drying, the leaf tissue was ground in a
grinding mill (Foss Tecator Cyclotec™ 1093 Analytical Instruments, LLC; Golden Valley,
MN, USA; <0.5 mm sieve). The ground tissue was then placed in vials and shipped to
the United States Department of Agriculture, Agricultural Research Service (USDA-ARS)
Application Technology Research Unit (Toledo, OH, USA) for analysis as outlined by Boldt
and Altland [21]. To determine foliar N concentration, ≈2.5 mg of plant material was
put into tin capsules (EA Consumables, Marlton, NJ, USA) and analyzed with a CHN
analyzer (vario MICRO cube; Elementar, Hanau, Germany). To determine all other nutrient
concentrations, ≈0.25 g of plant material was combined with 5 mL of nitric acid and heated
to 200 ◦C over 20 min in a programmable microwave (MARS6; CEM Corp., Matthews,
NC, USA), and held at 200 ◦C for an additional 20 min. Once cooled, 1.5 mL of hydrogen
peroxide was added, and the samples were reheated to 200 ◦C and held for another 20 min.
Once cooled a final time, 12 mL of ultra-purified water (18 MΩ) was added, and the
solutions were filtered (Whatman #2). Finally, a 1.3 mL aliquot of solution was diluted with
8.7 mL of 18 MΩ water and analyzed using inductively coupled plasma-optical emission
spectroscopy (ICP-OES; iCAP 6300 Duo, Thermo Electron Corp., Waltham, MA, USA).

2.4. Experiment 1 Data Analysis

Plant dry weight and leaf nutrient concentration data obtained from Experiment 1
were subjected to analysis of variance (ANOVA) using the PROC ANOVA procedure in
SAS (version 9.4; SAS Institute, Cary, NC, USA).

2.5. Experiment 2

The second objective of the project was to create refined leaf tissue interpretation
ranges for cilantro. Additional foliar tissue analysis data were obtained from university
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studies and a public analytical lab (Table 1), which were combined with data obtained from
the present deficiency study for a total of 463 samples.

Table 1. Sources of Coriandrum sativum leaf tissue nutrient data (n = 463) used to develop tissue
nutrient interpretation ranges.

Source Sample Size Sample Type Notes

North Carolina State University 157 Research Present nutrient deficiency study.
North Carolina State University 130 Research Unpublished electrical conductivity rate study.

North Carolina Department of Agriculture 95 Diagnostic Grower submitted samples, unpublished.

Iowa State University 81 Research Published tissue mineral nutrient
concentrations 1.

1 Currey et al. [9].

Distribution analyses were modeled separately for each element using R (v. 4.4.1; R
Foundation for Statistical Computing, Vienna, Austria). Excessive outliers with values
greater than what is biologically feasible were removed before further analysis. Normal,
Gamma, and Weibull distributions were fit to the data [22–25]. Gamma and Weibull distri-
butions were evaluated due to their ability to more accurately depict right-skewed data,
as biological data often does not follow a Normal distribution. p-values were calculated
based on the Shapiro–Wilk test for normality for Normal and Gamma distributions and the
Kolmogorov–Smirnov test for the Weibull distribution. The Bayesian Information Criterion
(BIC) was calculated for each distribution, and the optimal distribution for each element
was selected based on the lowest BIC value (Table 2).

Table 2. Bayesian Information Criterion (BIC) values for Normal, Gamma, and Weibull distribution
models used to develop the sufficiency range approach (SRA) distribution models for each of the
12 essential elements. The lowest BIC value is in bold, indicating the selected model.

Element
BIC Value

Normal Gamma Weibull

N 1512.87 1701.52 1496.91
P 341.52 157.44 215.33
K 1865.07 1975.81 1880.16
Ca 215.88 147.62 262.52
Mg −237.42 −230.15 −244.22
S −699.26 −683.70 −698.65
B 4148.33 4147.32 4129.85

Cu 2740.94 2700.90 2681.44
Fe 4397.09 4409.82 4394.69
Mn 5026.52 4698.78 4791.70
Mo 823.31 581.27 589.58
Zn 4281.32 4259.51 4247.32

Results were illustrated using ggplot2 [26] in R Studio (v. 4.4; Posit, Boston, MA,
USA). The Freedman–Diaconis rule [27] was utilized to determine bin width for optimal
data visualization. For macronutrients (N, P, K, Ca, Mg, and S), the sufficiency range was
defined as the range between the 0.25 and 0.75 quantiles within a 95% confidence interval.
The deficient range was based on the values within the 0.025 quantile, and the low range
was defined as the area between the 0.025 and the 0.25 quantiles. The excessive range
was classified by the right tail (the highest 2.5% of samples), while the high range was
determined by the area between 0.75 and 0.975 quantiles. For micronutrients [B, Cu, Fe,
manganese (Mn), molybdenum (Mo), and Zn], the cutoff between the deficient and low
ranges was defined by the lowest 5% of samples of a 90% confidence interval. Likewise, the
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cutoff between the high and excessive ranges was defined by the top 5% of observations
within a 90% confidence interval.

3. Results and Discussion
3.1. Macronutrient Disorders
3.1.1. Nitrogen

Symptoms of N deficiency began with overall chlorotic foliage and stunted growth. As
symptoms progressed, leaf margins reddened and eventually became necrotic (Figure 1A).
Upon sampling, the N-deficient plants had 94% less dry weight than the control plants.
The N concentration of the N-deficient plants was 58% lower than the control plants, with
N concentrations of 2.50% and 5.92%, respectively (Table 3). The value for control plants
falls within the survey range for field-grown cilantro presented by Bryson and Mills [12],
which suggested an optimum N concentration between 4.00% and 6.00%.

Figure 1. Coriandrum sativum ‘Santo’ visual macronutrient deficiency symptoms. (A) Nitrogen-
deficient plants exhibited overall chlorotic foliage and stunted growth, with the leaf margins eventu-
ally reddening and becoming necrotic. (B) Initial symptoms of phosphorus deficiency were stunted
growth and faint purpling of the leaf margins. (C) Potassium-deficient plants displayed stunted
growth and interveinal chlorosis of the most recently matured leaves, coupled with necrotic speckling
of the oldest leaves. (D) Calcium-deficient plants displayed necrosis of the newest growth and
growing tips. Some leaves had a “cupped” appearance due to the death of the growing tip prior
to leaf expansion. (E) Magnesium-deficient plants exhibited stunted growth and interveinal chloro-
sis of the older leaves, starting near the leaf margin and progressing inward. (F) Sulfur-deficient
plants were stunted and had overall light green-yellow foliage, with the newest leaves having the
lightest coloration.
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Table 3. Coriandrum sativum ‘Santo’ shoot dry weight and tissue nutrient concentration as affected by
each nutrient deficiency or toxicity by column.

Treatment -N -P -K -Ca -Mg -S -B +B -Cu -Fe -Mn -Mo -Zn

Dry weight (g)

Complete control 0.82 0.82 4.98 2.07 4.98 2.07 4.98 20.75 4.98 20.75 20.75 20.75 20.75
Disorder 0.05 0.22 3.23 1.01 3.13 1.01 3.08 4.00 16.27 2.67 22.64 19.35 7.31
p-value 1 *** *** * ** ** ** NS * NS ** NS NS ***

Tissue nutrient concentration

(%) (mg·kg−1)

Element N P K Ca Mg S -B +B Cu Fe Mn Mo Zn
Complete control 5.92 1.02 6.89 0.71 0.35 0.41 50.31 50.31 4.16 74.63 38.65 2.69 18.80

Disorder 2.50 0.18 0.82 0.27 0.11 0.14 8.06 354.98 0.65 67.56 27.10 0.02 10.37

p-value 1 *** *** *** *** *** *** ** *** *** NS NS *** ***

Survey range 2 4.0–
6.0

0.42–
0.85

3.8–
5.0

0.85–
1.25

0.40–
0.75

0.22–
0.35

25–
45

25–
45 5–15 55–

95
46–
80

0.4–
1.0

40–
70

1 *, **, or *** denotes statistically significant differences between the sample means based on F test at p ≤ 0.05,
p ≤ 0.01, or p ≤ 0.001, respectively, and NS indicates differences were not significant (p > 0.05). Data were
presented for each separate element subjected to the disorder treatments. 2 Bryson and Mills [12].

Out of the three models evaluated, a Weibull distribution best fit the N foliar con-
centration data based on the BIC value and visual fitness (Figure 2a, Table 2). A defined
sufficiency range of 3.94% to 5.48% N (Table 4) slightly shifts the previously recommended
range of 4.00% to 6.00% N for field-grown cilantro [12]. The deficiency value of 2.36% N for
this distribution falls slightly below the 2.50% N tissue concentration observed in Expt. 1
for our N-deficient cilantro plants, although they displayed clear deficiency symptomology.
This could be due to young plant age and size at the time of sampling, as tissue values
are typically higher in young plants and decline due to the dilution effect as plant mass
increases [28].

(a)

Figure 2. Cont.
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(b)

Figure 2. Nitrogen (a) and phosphorus (b) foliar concentrations of Coriandrum sativum modeled
using Normal, Gamma, and Weibull distributions. Interpretation ranges are based on the denoted
distribution with four transitional points of deficient to low (D–L), low to sufficient (L–S), sufficient
to high (S–H), and high to excessive (H–E), which correspond to 2.5%, 25%, 75%, and 97.5% of
sample observations (n = 463), respectively. Survey ranges from Bryson and Mills [12] are overlayed
for reference.

Table 4. Coriandrum sativum ‘Santo’ nutrient distribution interpretation ranges defined from the distri-
bution models, denoting deficient, low, sufficient, high, and excessive foliar elemental concentrations.

Element Unit
Nutrient Range

Deficient Low Sufficient High Excessive

N % <2.36 2.36–3.94 3.94–5.48 5.48–6.73 >6.73
P % <0.16 0.16–0.37 0.37–0.77 0.77–1.35 >1.35
K % <1.70 1.70–3.64 3.64–6.21 6.21–8.40 >8.40
Ca % <0.57 0.57–0.85 0.85–1.23 1.23–1.69 >1.69
Mg % <0.15 0.15–0.35 0.35–0.61 0.61–0.87 >0.87
S % <0.17 0.17–0.31 0.31–0.47 0.47–0.60 >0.60
B mg·kg−1 <19.68 19.68–39.55 39.55–74.76 74.76–102.14 >102.14

Cu mg·kg−1 <1.79 1.79–4.63 4.63–11.01 11.01–16.84 >16.84
Fe mg·kg−1 <39.04 39.04–71.96 71.96–123.03 123.03–189.71 >189.71
Mn mg·kg−1 <23.36 23.36–46.96 46.96–101.89 101.89–160.23 >160.23
Mo mg·kg−1 - <0.20 0.20–2.03 2.03–5.48 >5.48
Zn mg·kg−1 <15.97 15.97–34.21 34.21–68.53 68.53–96.32 >96.32

3.1.2. Phosphorus

Initial symptoms of P deficiency were stunted growth and faint purpling of leaf
margins on lower leaves (Figure 1B). As symptoms progressed, the purpling of the foliage
became more prominent, with some leaves becoming entirely purple. The P-deficient plants,
upon onset of symptoms, had 73% less dry weight and a P tissue concentration 82% lower
than the control plants (Table 3). While the P concentration of the deficient plants (0.22% P)
fell below the survey range of 0.42% to 0.85% P presented by Bryson and Mills [12], the
control value (0.82% P) was greater than the upper end of their range. Greenhouse-grown
plants typically have higher leaf tissue concentrations than their field-grown counterparts
because of higher fertilizer applications and optimized cultural practices and environmental
conditions [29].
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A Gamma distribution had the lowest BIC value and best represented P foliar con-
centration (Figure 2b, Table 2). The recommended P sufficiency range of 0.37% to 0.77%
(Table 4) recommends lower P concentrations than the previously recommended range of
0.42% to 0.85% P [12]. This updated range shifts the lower target value downward, which
may encourage lower P applications and help prevent overapplication, thus minimizing
potential environmental impacts. The control plants in Expt. 1 had a P concentration above
the established sufficiency range, which suggests the P concentration (30.97 mg·L−1) of
the modified Hoagland’s solution was higher than necessary for cilantro. A deficiency
value of 0.16% P was determined, which was similar to the mean P concentration of 0.18%
observed in our P-deficient plants. This distribution also established the excessive tissue
concentration range as >1.35% P.

3.1.3. Potassium

Potassium-deficient plants initially displayed stunted growth, interveinal chlorosis of
the most recently matured leaves, and necrotic speckling of the oldest leaves (Figure 1C).
Over time, the most recently matured leaves exhibited a downward, cupped orientation.
At the time of harvest, the K-deficient plants had 35% less dry weight and a K tissue
concentration 88% lower than the control plants (Table 3). As expected, the K concentration
of the K-deficient plants (0.82% K) was below the recommended range of 3.80% to 5.00%
from Bryson and Mills [12]. The 6.89% K concentration of the control plants was greater
than the 5.00% upper value of the K range.

While a K tissue concentration was best represented by a Normal distribution
(Figure 3a, Table 2), the visual distribution of data exhibited a low number of samples
between 3.50% to 5.00% K. While this is not characteristic of a Normal distribution, the
gap represents a difference of about 10 samples, and would likely disappear given a larger
set of samples. Based on a Normal distribution, the K sufficiency range of 3.64% to 6.21%
(Table 4) broadens the survey range of 3.80% to 5.00% K [12]. While the upper value of
the refined range suggests concentrations between 5.0% and 6.21% K to be sufficient, these
higher K values likely represent luxury consumption. A larger dataset may decrease the
upper value of the sufficiency range. The K deficiency range was determined to be <1.70%,
which included the mean K concentration of the K-deficient plants in Expt. 1. Additionally,
K tissue concentrations >8.40% were defined as excessive.

(a)

Figure 3. Cont.
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(b)

Figure 3. Potassium (a) and calcium (b) foliar concentrations of Coriandrum sativum modeled using
Normal, Gamma, and Weibull distributions. Interpretation ranges are based on the denoted distri-
bution with four transitional points of deficient to low (D–L), low to sufficient (L–S), sufficient to
high (S–H), and high to excessive (H–E), which correspond to 2.5%, 25%, 75%, and 97.5% of sample
observations (n = 463), respectively. The survey ranges from Bryson and Mills [12] are overlayed
for reference.

3.1.4. Calcium

Initially, Ca-deficient plants displayed necrosis of the new, unfurled, or unfurling
leaves and stems at the growing point. Unfurled leaves exhibited necrosis of the leaf tips,
resulting in cupped leaves unable to fully expand (Figure 1D). Calcium-deficient plants
were also noticeably stunted, and the dry weight was 51% of the control plants. The Ca
concentration of Ca-deficient plants was 62% lower than that of the control plants, with the
Ca concentrations being 0.27% and 0.71%, respectively (Table 3). Both these values fell below
the suggested range of 0.85% to 1.25% presented by Bryson and Mills [12]. With the control
plants receiving 75 mg·L−1 Ca, which should be adequate for proper growth, it is uncertain
why the Ca concentration of the control plants falls below the recommended sufficiency
range. This may be due to lower transpiration rates in a greenhouse environment resulting
from the less negative vapor pressure deficit, compared to open field conditions [30],
but further research is needed to determine if a higher Ca fertilization rate is necessary
for cilantro.

The Gamma distribution was most representative of the Ca tissue data (Figure 3b,
Table 2). The recommended sufficiency range of 0.85% to 1.23% Ca (Table 4) supports the
survey range recommended by Bryson and Mills [12], with minimal adjustment. The defi-
ciency range of <0.57% was also supported by the mean Ca concentration of the Ca-deficient
plants in Expt. 1, which exhibited clear Ca deficiency systems. The established range for
excessive Ca concentrations was >1.69% Ca. While Ca can accumulate at higher foliar
concentrations without inhibiting plant growth for some species [28], high application rates
can inhibit the uptake of other essential elements, particularly K and Mg. Unintentionally
high Ca concentrations are most likely to occur in limestone bedrock regions, where high
water alkalinity and associated hardness provide additional Ca on top of what may be
supplied through fertilizer applications.
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3.1.5. Magnesium

Initial symptoms of Mg deficiency were stunted growth and interveinal chlorosis
of the older leaves, starting near leaf margins and progressing inward (Figure 1E). As
symptoms progressed, some leaves became entirely necrotic. Upon the onset of symptoms,
Mg-deficient plants had 37% less dry weight and a 69% lower Mg tissue concentration than
the control plants (Table 3). Although the Mg tissue concentrations of the Mg-deficient and
control plants (0.11% and 0.35%, respectively) both fell below the suggested range of 0.40%
to 0.75% [12], control plants did not display deficiency symptoms.

A Weibull distribution best represented the Mg tissue data (Figure 4a, Table 2). The
sufficiency range of 0.35% to 0.61% Mg (Table 4) shifts the previously suggested sufficiency
range downward and now includes the Mg concentration of the control plants in Expt. 1.
Similarly to Ca, Mg is often present in the tap water in overlying limestone bedrock and may
be available at a sufficient concentration, so the need for additional Mg fertilizer provision
should be evaluated. Additionally, the deficiency range of <0.15% was corroborated by the
mean Mg concentration of the Mg-deficient plants. Magnesium deficiency may occur in
cilantro plants if the substrate pH falls below 5.4, as this can inhibit nutrient uptake even
when Mg is sufficiently applied [12]. The Weibull distribution also established an excessive
range of >0.87% Mg. Above this, uptake of other essential nutrients, particularly Ca and K,
can be inhibited [28].

3.1.6. Sulfur

Sulfur-deficient plants were stunted and had overall light green-yellow foliage, with
the newest leaves having the lightest coloration (Figure 1F). The deficient plants had 51%
less dry weight and a 66% lower S concentration than the control plants (Table 3). The
deficient tissue value (0.14% S) was below the recommended range presented by Bryson
and Mills [12], which suggested 0.22% to 0.35% S. The control tissue value (0.41% S) was
above the upper end of this range.

A Normal distribution yielded the lowest BIC value (Table 2) of the three models eval-
uated (Figure 4b) and was found to best represent S foliar concentration. The established
sufficiency range was defined as 0.31% to 0.47% S (Table 4), which is an upward shift from
the previously recommended range of 0.22% to 0.35% [12]. Sulfur deficiency was one of the
first nutrient disorders to develop, suggesting that cilantro is sensitive to low S concentra-
tions. The updated sufficiency range reflects these findings and shifts the lower limit of
the sufficiency range to avoid low S concentrations. Additionally, the predicted deficiency
range for cilantro was <0.17% S, which was corroborated by the mean S concentration of
the S-deficient plants in Expt. 1. The boundary between high and excessive S concentration
ranges was 0.60%.

3.2. Micronutrient Disorders
3.2.1. Boron

Boron (B)-deficient plants exhibited marginal to interveinal chlorosis of the most
recently mature leaves, with some leaf margins having a purple coloration (Figure 5A). The
leaves curled downward, and both leaves and stems were thick and brittle to the touch.
The newest leaves failed to unfurl, becoming necrotic and eventually abscising.

Despite visual symptoms, dry weights of the B-deficient and control treatments were
not statistically different from each other (p > 0.05), likely due to sample size (n = 4) and
variability among the plants within treatments. The B concentration of the B-deficient
plants was 8.06 mg·kg−1, while the control plants had a concentration of 50.31 mg·kg−1

(Table 3). The survey range provided by Bryson and Mills [12] suggests 25 to 45 mg·kg−1 B.
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While the deficient tissue was below this range, the control tissue was above the upper end
of the range.

(a)

(b)

Figure 4. Magnesium (a) and sulfur (b) foliar concentrations of Coriandrum sativum modeled using
Normal, Gamma, and Weibull distributions. Interpretation ranges are based on the denoted dis-
tribution with four transitional points of deficient to low (D–L), low to sufficient (L–S), sufficient
to high (S–H), and high to excessive (H–E), which correspond to 2.5%, 25%, 75%, and 97.5% of
sample observations (n = 463), respectively. Survey ranges from Bryson and Mills [12] are overlayed
for reference.
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Figure 5. Coriandrum sativum ‘Santo’ visual micronutrient deficiency and toxicity symptoms.
(A) Recently matured leaves of boron-deficient plants exhibited marginal chlorosis and a “cupped”
appearance, with newer leaves and stems becoming thick and brittle. (B) Plants receiving the
boron-toxicity treatment exhibited marginal chlorosis of the older leaves, which quickly turned
into necrosis. (C) Iron-deficient plants exhibited interveinal chlorosis of the recently mature leaves.
(D) Control plant.

Plants receiving the B-toxicity treatment exhibited marginal chlorosis, which turned
into necrosis on older leaves (Figure 5B). Eventually, the newest leaves also became necrotic
before expanding and unfurling. Upon sampling, the B-toxicity plants had 20% less dry
weight than the control plants. The B tissue concentrations for the B-toxicity and control
plants were 354.98 mg·kg−1 and 50.31 mg·kg−1, respectively (Table 3). Both tissue values
were greater than the aforementioned survey range provided by Bryson and Mills [12].

A Weibull distribution best represented foliar B concentration (Figure 6a, Table 2). The
established sufficiency range was 39.6 to 74.8 mg·kg−1 B (Table 4), which significantly shifts
upward the recommended survey range provided by Bryson and Mills [12]. This suggests
a higher B concentration is necessary for sufficient growth in greenhouse environments.
This was corroborated by the control plants, which had a mean foliar B concentration of
50.31 mg·kg−1 in Expt. 1. The recommended deficiency range of <19.68 mg·kg−1 was also
supported by the B concentration of the B-deficient plants, which displayed clear deficiency
symptoms. Lastly, the excessive range was determined to be >102.14 mg·kg−1, above which
toxicity symptoms may occur.
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(a)

(b)

Figure 6. Boron (a) and copper (b) foliar concentrations of Coriandrum sativum modeled using Normal,
Gamma, and Weibull distributions. Interpretation ranges are based on the denoted distribution with
four transitional points of deficient to low (D–L), low to sufficient (L–S), sufficient to high (S–H),
and high to excessive (H–E), which correspond to 5%, 25%, 75%, and 95% of sample observations
(n = 463), respectively. The survey ranges from Bryson and Mills [12] are overlayed for reference.

3.2.2. Copper

Plants that were not supplied with Cu appeared asymptomatic upon experiment ter-
mination. Despite a lack of visual symptoms, plants that did not receive Cu had a Cu foliar
concentration 84% lower than the control plants, with Cu concentrations of 0.65 mg·kg−1

and 4.16 mg·kg−1, respectively (Table 3). Both values were below the suggested range
of 5 to 15 mg·kg−1 determined by Bryson and Mills [12]. The dry weights between the
-Cu treatment (0 mg·L−1 Cu) and the control treatment were also not statistically different
(p > 0.05).

A Weibull distribution was most representative of Cu foliar concentrations (Figure 6b,
Table 2). The model suggests a sufficiency range between 4.6 and 11.0 mg·kg−1 Cu (Table 4).
This narrows the range provided by Bryson and Mills [12], which suggested an upper
sufficiency value of 15 mg·kg−1 Cu. The foliar Cu concentration of the control plants
fell just below the sufficiency range, which could have been due to the high N supply
impeding Cu translocation [28]. Plants from the Cu deficiency treatment fell within the
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newly established deficiency range, which was <1.79 mg·kg−1 Cu, even though no visual
symptoms were present. Due to a lack of symptoms, despite low and deficient tissue
values, further research is needed to examine the Cu deficiency value in cilantro. Lastly,
the boundary value between high and excessive ranges was 16.84 mg·kg−1 Cu. Excessive
Cu can result in Cu toxicity and may impede the uptake of N, P, Zn, Fe, and Mo [31].

3.2.3. Iron

The primary symptom of Fe deficiency was interveinal chlorosis of the most recently
matured leaves (Figure 5C). The Fe-deficient plants had 46% less dry weight than the
control plants. However, the tissue Fe concentrations of the deficient and control plants
were not statistically different (p > 0.05); the foliar Fe concentration of the deficient and
control plants was 67.56 mg·kg−1 and 74.63 mg·kg−1, respectively (Table 3). Although Fe
deficiency symptoms were observed, the foliar Fe concentration of the Fe-deficient plants
was within the survey range presented by Bryson and Mills [12], which suggested a range
of 55 to 95 mg·kg−1 Fe. The discrepancy between Fe-deficiency symptoms and tissue
concentrations may be due to Fe precipitation in the apoplasm of the leaves, where it is not
physiologically available to the plant but is detected during destructive analysis [28].

The Weibull model had the lowest BIC value of the three models evaluated (Table 2)
and best represented Fe foliar concentrations (Figure 7a). The recommended sufficiency
range was 72.0 to 123.0 mg·kg−1 Fe (Table 4), which increased the previously recommended
range and suggests a higher Fe concentration is required for greenhouse-grown cilantro.
This may explain why cilantro plants with an Fe concentration of 67.56 mg·kg−1 displayed
visual deficiency symptoms in Expt. 1, despite falling within the previously recommended
range provided by Bryson and Mills [12]. The established deficient and excessive ranges
were defined as <39.04 mg·kg−1 Fe and >189.71 mg·kg−1 Fe, respectively. At a high
substrate or hydroponic nutrient solution pH, Fe deficiency can be induced due to an
inhibition of Fe uptake, despite supplying an adequate concentration [6]. While the Weibull
model best represents the data, the visual distribution of data reflects a low number
of samples with Fe concentrations between 35 mg·kg−1 and 45 mg·kg−1. Because Fe
availability and uptake is driven by pH [28], we hypothesize that the emergence of two
populations of data may be due to varying forms of Fe application. The use of Fe chelates
can enhance Fe availability at a higher pH, thus resulting in plants with higher Fe content.

(a)

Figure 7. Cont.
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(b)

Figure 7. Iron (a) and manganese (b) foliar concentrations of Coriandrum sativum modeled using Nor-
mal, Gamma, and Weibull distributions. Interpretation ranges are based on the denoted distribution
with four transitional points of deficient to low (D–L), low to sufficient (L–S), sufficient to high (S–H),
and high to excessive (H–E), which correspond to 5%, 25%, 75%, and 95% of sample observations
(n = 463), respectively. The survey ranges from Bryson and Mills [12] are overlayed for reference.

3.2.4. Manganese

After 8 weeks of treatment, plants that were not supplied with Mn did not exhibit any
visual deficiency symptoms. Additionally, the dry weight and foliar Mn concentration of
plants from the Mn deficiency treatment (0 mg·kg−1 Mn) were not significantly different
than that of the control plants. The foliar Mn concentrations for plants from the Mn
deficiency treatment and the control treatment were 27.10 mg·kg−1 and 38.65 mg·kg−1,
respectively (Table 3). Both fell below the survey range of 46 to 80 mg·kg−1 [12], although
none of the plants had any deficiency symptoms.

Of the three models, a Gamma distribution best represented Mn foliar concentrations
(Figure 7b, Table 2). A recommended sufficiency range of 47.0 to 101.9 mg·kg−1 Mn (Table 4)
expands the survey range, which previously had an upper boundary of 80 mg·kg−1. The
established deficiency range of <23.36 mg·kg−1 Mn is slightly lower than the mean Mn
foliar concentration of the plants in Expt. 1 grown under Mn-deficient conditions. While
this deficiency range provides a guideline for growers, visual deficiency symptoms were
not induced to support this critical deficiency value. The distribution also defined Mn foliar
concentrations >160.23 mg·kg−1 to be excessive. While an excessive Mn concentration can
result in toxicity, it can also induce deficiencies of Ca and Mg [28].

3.2.5. Molybdenum

Plants not supplied with Mo did not exhibit visual deficiency symptoms during the
experiment. However, there was a significant difference in foliar Mo concentration between
plants from the Mo deficiency treatment (0 mg·kg−1 Mo) and the control treatment. Plants
from the Mo deficiency treatment had a foliar concentration of 0.02 mg·kg−1 Mo, whereas
the control had a concentration of 2.69 mg·kg−1 Mo (Table 3). Both values fell outside the
suggested range 0.40 to 1.00 mg·kg−1 reported by Bryson and Mills [12]. The dry weights
of the two treatments were not statistically different (p > 0.05).

The foliar Mo interpretation ranges were determined using a smaller sample size
(n = 286) because a subset of the tissue analysis data did not include Mo tissue concen-
trations. Further, Mo concentrations that fell below the detection limit were assigned a
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concentration of 0.01 mg·kg−1 Mo for analysis purposes. A Gamma distribution had the
lowest BIC value and best represented foliar Mo concentrations (Figure 8a, Table 2). Based
on this distribution, the suggested sufficiency range is 0.06 to 1.47 mg·kg−1 Mo (Table 4),
which expands the survey range provided by Bryson and Mills [12]. Due to a lack of
visual deficiency symptoms in Expt. 1 and numerous very low Mo concentration values, a
deficiency value could not be established. As a result, the deficiency and low bins were
combined, and the value for the deficient/low range was <0.06 mg·kg−1 Mo. Although
some crops are highly sensitive to Mo deficiency, the present study indicated that cilantro
was not significantly affected by low Mo levels. This distribution established 4.92 mg·kg−1

Mo as the boundary between high and excessive concentrations. While Mo toxicity is
relatively rare, many crops, such as French marigold (Tagetes patula L.) do not show Mo
toxicity symptoms until much higher concentrations, with reports indicating symptoms
at 5010 mg·kg−1 [32]. Although Mo toxicity has not been observed in cilantro, further
research is needed to determine if the upper limit for Mo is higher than currently reported.
While the Gamma distribution was deemed the best fit, the high level of variation among
samples suggests further refinement would be advantageous. A larger sample size may
address these issues and provide a more representative distribution.

(a)

(b)

Figure 8. Molybdenum (a) and zinc (b) foliar concentrations of Coriandrum sativum modeled using
Normal, Gamma, and Weibull distributions. Interpretation ranges are based on the denoted distri-
bution with four transitional points of deficient to low (D–L), low to sufficient (L–S), sufficient to
high (S–H), and high to excessive (H–E), which correspond to 5%, 25%, 75%, and 95% of sample
observations; n = 286 and n = 463, respectively. For Mo, the deficient and low ranges were combined,
creating one low range corresponding to the lowest 30% of sample observations. The survey ranges
from Bryson and Mills [12] are overlayed for reference.
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3.2.6. Zinc

The only visual symptom exhibited by the Zn-deficient plants was noticeable stunted
growth. Leaf coloration was similar between the Zn-deficient treatment and the control.
The Zn-deficient plants had 65% less dry weight than the control plants. Tissue analysis
revealed that the Zn-deficient plants had a Zn concentration of 10.37 mg·kg−1, while the
control plants had a concentration of 18.80 mg·kg−1 (Table 3). Both Zn concentration values
were below the range of 40 to 70 mg·kg−1 suggested by Bryson and Mills [12].

Out of the three models tested, a Weibull model yielded the smallest BIC value and
thus best represented Zn foliar concentrations (Figure 8b). The recommended sufficiency
range of 34.2 to 68.5 mg·kg−1 Zn (Table 4) expands the recommendation provided by
Bryson and Mills [12]. Based on this model, the deficiency range fell below 15.97 mg·kg−1

Zn, while the excessive range was established as above 96.32 mg·kg−1 Zn. It is worth noting
that while the control plants had a mean Zn concentration of 18.80 mg·kg−1, which would
have placed them in the low Zn range, they did not exhibit any visual deficiency symptoms.

4. Conclusions
This research provides the first documented photographs, descriptions of symptoms,

and tissue concentrations for all observed nutrient disorders, which will aid growers in
identifying the nutrient problems of greenhouse-grown cilantro. Refined foliar nutrient
interpretation ranges were needed for greenhouse-grown cilantro. By expanding upon the
hybrid SRA method, foliar nutrient interpretation ranges were defined for deficient, low,
sufficient, high, and excessive tissue concentrations. These expanded interpretation ranges
will enable growers to evaluate foliar tissue concentrations that fall above or below the suf-
ficiency range. This information greatly expands the diagnostic ability of cilantro growers.
Collectively, these documented deficiencies and toxicity symptoms and comprehensive
interpretation ranges will provide important guidelines for classifying and diagnosing
nutritional disorders of cilantro.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app15179266/s1, Table S1. Nutrient disorder solution
mixing recipe based on 100 liters of fertilizer.

Author Contributions: Conceptualization, B.W. and D.C.; methodology, B.W. and D.C.; software,
P.V., B.W. and D.C.; validation, B.W. and D.C.; formal analysis, P.V., B.W. and D.C.; investigation,
B.W. and D.C.; resources, B.W. and D.C.; data curation, J.B., C.C., N.F., K.W., K.H., B.W. and D.C.;
writing—original draft preparation, B.W. and D.C.; writing—review and editing, B.W., J.B., C.C., N.F.,
K.W., P.V., and K.H.; visualization, D.C.; supervision, B.W.; project administration, B.W. and D.C.;
funding acquisition, B.W. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded in part by the USDA Specialty Crop Research Initiative
(2022-51181-38331).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets presented in this article are not readily available because
of client privacy. Requests to access the datasets should be directed to the corresponding author.

Acknowledgments: We would like to thank Douglas Sturtz and Mona-Lisa Banks at the USDA-ARS
for technical assistance and elemental analysis of the USDA-ARS cilantro leaf tissue samples. Mention
of trade names or commercial products in this publication is solely for the purpose of providing
specific information and does not imply recommendation or endorsement by the U.S. Department of
Agriculture. USDA is an equal opportunity provider and employer.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/app15179266/s1


Appl. Sci. 2025, 15, 9266 19 of 20

References
1. Nau, J.; Calkins, B.; Westbrook, A. (Eds.) Ball RedBook, 19th ed.; Ball Publishing: West Chicago, IL, USA, 2021; Volume 2,

ISBN 978-1-7332541-2-0.
2. Horn, L.N.; Mulima, E.P.; Fwanyanga, F.M. Coriander cultivation and agricultural practices. In Handbook of Coriander (Coriandrum

sativum), 1st ed.; Ramadan, M.F., Ed.; CRC Press: Boca Raton, FL, USA, 2023; ISBN 978-100-320-462-6.
3. Kassu, K.; Dawit, H.; Wubengeda, A.; Almaz, A.; Asrat, M. Yield and yield components of coriander under different sowing dates

and seed rates in tropical environment. Adv. Hortic. Sci. 2018, 32, 193–203. [CrossRef]
4. Silva, M.G.; Gheyi, H.R.; Soares, T.M. Greenhouse production of coriander. In Handbook of Coriander (Coriandrum sativum), 1st ed.;

Ramadan, M.F., Ed.; CRC Press: Boca Raton, FL, USA, 2023; ISBN 978-100-320-462-6.
5. Dixit, A. Performance of leafy vegetables under protected environment and open field condition. Asian J. Hortic. 2007, 2, 197–200.
6. Owen, G.W.; Whipker, B.E. Cilantro (Coriandrum sativum). Fert. Dirt Squirt 2020, 3, 1–5. Available online: http://www.

fertdirtandsquirt.com/factsheets.php (accessed on 3 August 2023).
7. Donega, M.; Mello, S.; Moraes, R.; Cantrell, C. Nutrient uptake, biomass yield and quantitative analysis of aliphatic aldehydes in

cilantro plants. Ind. Crops Prod. 2013, 44, 127–131. [CrossRef]
8. Zaouali, W.; Mahmoudi, H.; Salah, I.B.; Mejri, F.; Casabianca, H.; Hosni, K.; Ouerghi, Z. Copper-induced changes in growth,

photosynthesis, antioxidative system activities and lipid metabolism of cilantro (Coriandrum sativum L.). Biologia 2020, 75, 367–380.
[CrossRef]

9. Currey, C.J.; Walters, K.J.; Flax, N.J. Nutrient solution strength does not interact with the daily light integral to affect hydroponic
cilantro, dill, and parsley growth and tissue mineral nutrient concentrations. Agronomy 2019, 9, 389. [CrossRef]

10. Silva, M.; Soares, T.; Gheyi, H.; Costa, I.; Vasconcelos, R. Growth, production and water consumption of coriander grown under
different recirculation intervals and nutrient solution depths in hydroponic channels. Emir. J. Food Agric. 2020, 22, 281–294.
[CrossRef]

11. Da Silva, M.G.; Soares, T.M.; Gheyi, H.R.; de Oliveira, I.S.; da Silva Filho, J.A.; do Carmo, F.F. Frequency of recirculation of
nutrient solution in hydroponic cultivation of coriander with brackish water. Rev. Bras. Eng. Agríc. Ambient. 2016, 20, 447–454.
[CrossRef]

12. Bryson, G.M.; Mills, H.A. (Eds.) Plant Analysis Handbook IV, e-Edition; Micro-Macro Publishing, Inc.: Athens, GA, USA, 2015;
ISBN 978-1-878148-03-2.

13. Ulrich, A. Plants analysis–methods and interpretation of results. In Diagnostic Techniques for Soils and Crops; Kitchen, H.B., Ed.;
American Potash Institute: Washington, DC, USA, 1948.

14. Beaufils, E.R. Diagnosis and Recommendation Integrated System (DRIS); Soil Science Bulletin; University of Natal: Pietermaritzburg,
South Africa, 1973.

15. Soltanpour, P.N.; Malakouti, M.J.; Ronaghi, A. Comparison of diagnosis and recommendation integrated system and nutrient
sufficiency range for corn. Soil Sci. Soc. Am. J. 1995, 59, 133–139. [CrossRef]

16. Veazie, P.; Chen, H.; Hicks, K.; Holley, J.; Eylands, N.; Mattson, N.; Boldt, J.; Brewer, D.; Lopez, R.; Whipker, B.E. A data-driven
approach for generating leaf tissue nutrient interpretation ranges for greenhouse lettuce. HortScience 2024, 59, 267–277. [CrossRef]

17. Veazie, P.; Chen, H.; Hicks, K.; Boldt, J.; Whipker, B. Pentas: A data-driven approach for generating leaf tissue nutrient
interpretation ranges. J. Plant Nutr. 2024, 48, 418–428. [CrossRef]

18. Hoagland, D.R.; Arnon, D.I. The Water-Culture Method for Growing Plants Without Soil, 2nd ed.; Circular: California Agricultural
Experiment Station: Berkeley, CA, USA, 1950.

19. Barnes, J.; Whipker, B.; McCall, I.; Frantz, J. Nutrient disorders of ‘Evolution’ mealy-cup sage. HortTechnology 2012, 22, 502–508.
[CrossRef]

20. Veazie, P.; Pandey, P.; Young, S.; Ballance, M.; Whipker, B. Impact of macronutrient fertility on mineral uptake and growth of
Lactuca sativa ‘Salanova Green’ in a hydroponic system. Horticulturae 2022, 8, 1075. [CrossRef]

21. Boldt, J.K.; Altland, J.E. Petunia (Petunia × hybrida) cultivars vary in silicon accumulation and distribution. HortScience 2021, 56,
305–312. [CrossRef]

22. Cera, A.; Montserrat-Martí, G.; Drenovsky, R.E.; Ourry, A.; Brunel-Muguet, S.; Palacio, S. Gypsum endemics accumulate excess
nutrients in leaves as a potential constitutive strategy to grow in grazed extreme soils. Physiol. Plant 2022, 174, e13738. [CrossRef]
[PubMed]

23. Mhango, J.K.; Hartley, W.; Harris, W.E.; Monaghan, J.M. Comparison of potato (Solanum tuberosum L.) tuber size distribution
fitting methods and evaluation of the relationship between soil properties and estimated distribution parameters. J. Agric. Sci.
2021, 159, 643–657. [CrossRef]

24. Slaton, N.A.; Drescher, G.L.; Parvej, M.R.; Roberts, T.L. Dynamic critical potassium concentrations in soybean leaves and petioles
for monitoring potassium nutrition. Agron. J. 2021, 113, 5472–5482. [CrossRef]

25. Weibull, W. A statistical distribution function of wide applicability. J. Appl. Mech. 2021, 18, 293–297. [CrossRef]
26. Wickham, H. The split-apply-combine strategy for data analysis. J. Stat. Soft 2011, 40, 1–29. [CrossRef]

https://doi.org/10.13128/ahs-21304
http://www.fertdirtandsquirt.com/factsheets.php
http://www.fertdirtandsquirt.com/factsheets.php
https://doi.org/10.1016/j.indcrop.2012.11.004
https://doi.org/10.2478/s11756-020-00419-9
https://doi.org/10.3390/agronomy9070389
https://doi.org/10.9755/ejfa.2020.v32.i4.2094
https://doi.org/10.1590/1807-1929/agriambi.v20n5p447-454
https://doi.org/10.2136/sssaj1995.03615995005900010021x
https://doi.org/10.21273/HORTSCI17582-23
https://doi.org/10.1080/01904167.2024.2405637
https://doi.org/10.21273/HORTTECH.22.4.502
https://doi.org/10.3390/horticulturae8111075
https://doi.org/10.21273/HORTSCI15486-20
https://doi.org/10.1111/ppl.13738
https://www.ncbi.nlm.nih.gov/pubmed/35765177
https://doi.org/10.1017/S0021859621000952
https://doi.org/10.1002/agj2.20819
https://doi.org/10.1115/1.4010337
https://doi.org/10.18637/jss.v040.i01


Appl. Sci. 2025, 15, 9266 20 of 20

27. Freedman, D.; Diaconis, P. On the histogram as a density estimator:L2 theory. Probab. Theory Relat. Fields 1981, 57, 453–476.
[CrossRef]

28. Marschner, H. Mineral Nutrition of Higher Plants, 2nd ed.; Academic Press: San Diego, CA, USA, 1995; ISBN 0-12-473543-6.
29. Li, X.; Hu, X.; Song, S.; Sun, D. Greenhouse management for better vegetable quality, higher nutrient use efficiency, and healthier

soil. Horticulturae 2022, 8, 1192. [CrossRef]
30. Sonneveld, C.; Voogt, W. Plant Nutrition of Greenhouse Crops; Springer: Dordrecht, The Netherlands, 2009; ISBN 978-90-481-2531-9.
31. Kabata-Pendias, A. Trace Elements in Soils and Plants, 4th ed.; CRC Press: Boca Raton, FL, USA, 2010; ISBN 978-0-429-19203-6.
32. Choi, J.; Pak, C.; Lee, C.W. Micro nutrient toxicity in French marigold. J. Plant Nutr. 1996, 19, 901–916. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/BF01025868
https://doi.org/10.3390/horticulturae8121192
https://doi.org/10.1080/01904169609365169


Copyright of Applied Sciences (2076-3417) is the property of MDPI and its content may not
be copied or emailed to multiple sites or posted to a listserv without the copyright holder's
express written permission. However, users may print, download, or email articles for
individual use.


	Introduction 
	Materials and Methods 
	Plant Material 
	Experiment 1 
	Experiment 1 Data Collection 
	Experiment 1 Data Analysis 
	Experiment 2 

	Results and Discussion 
	Macronutrient Disorders 
	Nitrogen 
	Phosphorus 
	Potassium 
	Calcium 
	Magnesium 
	Sulfur 

	Micronutrient Disorders 
	Boron 
	Copper 
	Iron 
	Manganese 
	Molybdenum 
	Zinc 


	Conclusions 
	References

