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Abstract. In the absence of controlled sufficiency studies, foliar interpretations for
many horticultural crops are based on survey concentrations from small data sets. In
addition, both survey and sufficiency ranges provide little interpretation regarding
zones that are above or below the concentration range deemed “sufficient.” While
providing a critical initial set of ranges, it was based on a limited set of data and
therefore improvements in interpretation of data are needed. This study presents a
novel method based on 1950 data points to create data-driven nutrient interpretation
ranges by fitting models to provide more refined ranges of deficient (lowest 2.5%),
low (2.5% to 25%), sufficient (25% to 75%), high (75% to 97.5%), and excessive
(highest 2.5%). Data were analyzed by fitting Normal, Gamma, and Weibull distribu-
tions. Corresponding P values were calculated based on the Shapiro-Wilk test for
normality for the Normal and Gamma distributions, and the Kolmogorov-Smirnov
test was used for the Weibull distribution. The optimal distribution was selected
based on the lowest Bayesian Information Criterion (BIC) value and visual fitness.
The Weibull distribution best represented nitrogen, phosphorus, potassium, calcium,
manganese, zinc, and copper, and the Gamma distribution best represented magne-
sium, sulfur, iron, and boron. Using the selected distributions, we propose a refined
set of nutrient evaluation ranges for greenhouse-grown lettuce. These refined stand-
ards will aid growers and technical specialists in more accurately interpreting leaf tis-
sue sample data.

Monitoring leaf tissue nutrient concentration
is crucial for assessing the nutritional status of
plants and diagnosing nutrient deficiencies or
toxicities. Nutrient concentration data aid in
evaluating the effectiveness of fertilizer ap-
plications and optimizing nutrient manage-
ment strategies. The optimal concentrations
of nutrients in leaf tissue varies depending
on plant species and growth stage (Bryson
et al. 2014; Reuter and Robinson 1997). This
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requires development of species-specific interpre-
tative ranges for each essential element, which is
challenging due to the number of specialty
crops being grown in horticulture production.

Lettuce (Lactuca sativa L.) is the most com-
mon hydroponically grown crop (Abbey et al.
2019). Researchers have published descriptions
of deficiency symptoms for individual elements
and the critical nutrient concentrations at which
these symptoms appear (Bryson et al. 2014;

Henry et al. 2018; Van Eysinga and Smilde
1981). Providing nutrient fertility rates to pro-
mote optimum plant growth or yield without re-
sulting in luxury consumption is an economic
priority for growers. Veazie et al. (2022) deter-
mined the impact of individual macroelement
fertility concentrations on lettuce growth and
how fertility requirements varied throughout
the production cycle. These studies provided in-
sight into the optimal leaf nutrient concentra-
tions for lettuce, yet with this crop being of
such importance in the industry, further refine-
ment of nutritional ranges is needed.

The use of plant analysis for determining
the nutrient status of a plant was first pro-
posed by Hall (1905) and Hoffer (1926) pro-
posed the application of leaf tissue analysis
for diagnostic purposes. For most specialty
crops, the Survey Approach (SA) of sampling
a specific plant part in grower fields to estab-
lish an overall nutritional norm for a crop (Full-
mer 1957) or focusing on healthy looking plants
to provide a baseline set of leaf tissue nutrient
standards for actively growing, healthy plants
(Bryson et al. 2014) was an important initial
step. Although the SA data were limited in
scope and sample number, they provided an ini-
tial baseline set of values for use in evaluating
tissue samples submitted by growers to analyti-
cal laboratories. Today, many analytical labora-
tories in the United States rely on these SA
values when evaluating specialty crop samples.

More robust evaluation standards that ac-
count for varying growing conditions and
plant development stage were needed. Expan-
sion from the SA has led to several refined
evaluation methods including the Critical
Value Approach (CVA) (Ulrich 1948), the
Diagnosis and Recommendation Integrated
System (DRIS) (Beaufils 1973), and Suffi-
ciency Range Approach (SRA) (Soltanpour
et al. 1995). All three approaches have advan-
tages and limitations when it comes to evalu-
ating and diagnosing plant nutrient status.

The CVA was an advancement step in the
evaluation of leaf tissue nutrient samples
compared with SA. It evaluates leaf nutrient
concentrations against preestablished critical
values or thresholds, which are typically set at
no less than 90% to 95% of the maximum
yield (Jones et al. 1990; Richards and Bevege
1972; Ulrich 1948). Critical values used in the
CVA must be species specific and adjusted
for growth stages or regional variations. An
advantage of the CVA is its relative simplicity
to understand and implement, making it ac-
cessible to a wide range of users, including
growers and agronomists. The CVA pro-
vides a binary assessment of nutrient con-
centrations (deficient or sufficient) based on
fixed thresholds, but the lack of nuanced in-
formation about the severity of a nutrient im-
balance or its impact on plant performance
limits this approach (Caron and Parent 1989).
This may lead to an incomplete understanding
of the overall nutrient status of a plant. In ad-
dition, the primary focus of the CVA is on the
critical point between a deficient and suffi-
cient range but it does not provide information
about the upper end of the excessive range or
toxic nutrient threshold.
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The DRIS method is the most extensive
tool used in evaluating the status of leaf tissue
nutrient values (Beaufils 1973; Partelli et al.
2018). It is viewed as the complementary in-
terpretation of SRA data. The DRIS relies on
calculated indexes for each nutrient, which
are functions that express the concentration
ratio of each element. DRIS identifies specific
nutrient imbalances, providing insights into
the nature and severity of nutrient limitations
or excesses. DRIS standards have been devel-
oped for numerous species including banana
[(Musa sp.) (Villasenor et al. 2020)], oil palm
[(Elaeis guineensis Jacq.) (Matos et al. 2017)],
mandarin orange [(Citrus reticulata Blanco)
(Srivastava and Singh 2008)], pineapple [(4na-
nas comosus L.) (Sema et al. 2010)], potato
[(Solanum tuberosum L.) (Oliveira et al.
2020)], and tomato [(Solanum Ilycopersicum
L.) (Scucuglia and Creste 2014)]. Limitations
of DRIS include the need for a well-established
reference population recommended to number
several thousand observations, extensive nutri-
ent ratios, and yield data (Marschner 1995),
which may not always be readily available,
particularly for specialty crops or specific geo-
graphical regions. Yield data are used to de-
termine the maximum output, but with many
ornamental species, maximal growth may not
be the economic objective. For example, a
higher number of smaller plants grown per
unit area of greenhouse bench space could be
more profitable. In addition, DRIS data com-
pilation involves complex calculations and
statistical procedures, which is time-consum-
ing. Soltanpour et al. (1995) found SRA to be
more robust than DRIS in diagnosing nutrient
disorders in corn (Zea mays L.). Luo et al.
(2022) also evaluated the suitability of CVA,
SRA, and DRIS on diagnosing litchi (Litchi chi-
nensis Sonn.) foliar tissue samples. They con-
cluded that the SRA had a higher degree of
accuracy than CVA or DRIS. Over time, as data-
sets expand, the complementary analysis of
DRIS will likely improve, increase in accuracy,
and expand in usage with specialty crops.

The SRA provides an assessment of indi-
vidual nutrient concentrations (deficient or
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sufficient) but does not explicitly account for
interactions between nutrients that DRIS pro-
vides. Therefore, nutrient imbalances or inter-
actions that may affect plant performance are
not considered in the interpretation. Suffi-
ciency ranges may vary depending on species,
growth stage, and plant part making it essential to
have crop-specific sufficiency range guidelines.
The availability of larger crop datasets would aid
in overcoming this limitation. It has the advantage
of simplicity because it is relatively straightfor-
ward to understand, making it appropriate for a
wide range of data. Sufficiency ranges are based
on extensive research and field observations. The
SRA evolved out of the CVA when it was deter-
mined that there were too many independent vari-
ables to have a specific critical value and a critical
range would be more practical.

The SRA has been used to increase the
number of crops for which recommended leaf
tissue ranges have been defined, including nu-
merous ornamental species such as coral bells
[(Heuchera hybrida 1.) (Owen 2019a)], peren-
nial hibiscus [(Hibiscus hybrid L.) (Owen
2019b)], osteospermum [(Osteospermum ecklo-
nis DC) (Papineau and Krug 2014), geranium
[(Pelargonium *hortorum Bailey) (Krug et al.
2010), and Russian sage [(Perovskia sp.) (Owen
2020)]. These studies were based on the maxi-
mization of growth as the determining factor for
establishing the tissue standard ranges. These
studies offer an improvement of recommended
leaf tissue standards over what is currently avail-
able with the SA method. However, these stud-
ies generally rely on a smaller dataset (~n <
200) and do not differentiate between deficient
and low ranges and high and excessive ranges.

When diagnosing nutrient disorders, know-
ing a critical nutrient concentration aids in
confirming observed foliar symptoms. First
reported in the 1940s, induced nutrient defi-
ciency studies were conducted using high-
quality salts where single nutrients were

withheld to determine critical nutrient defi-
ciency concentrations (Ulrich 1948). Exten-
sive development of these ranges along
with photographic documentation of symp-
tomology has been completed for 26 spe-
cialty species by Gibson et al. (2007) and
others. The more challenging aspect is de-
termining excessive or toxic levels of a nu-
trient. Although uptake curves have been
presented that include the upper excess and
toxic zones (Ulrich 1948), data to support
the actual nutrient concentrations that denote
those values are lacking. Quality characteristics
can be used to determine when nutrients are
excessive. Ulrich and Hills (1990) recom-
mended nitrogen fertilization rates based on
maximizing sugarbeet (Befa vulgaris var. sac-
charifera 1.) sugar concentration instead of
where plant mass was highest. For toxicities,
the visual symptomology for micronutrients
can be induced by adding toxic levels of that
element. In contrast, macronutrient excesses
rarely manifest into actual symptomology of
the nutrient being manipulated, but instead in-
teractions can create antagonisms with uptake
of other elements, such as excessive phospho-
rus levels inducing an iron deficiency or when
potassium is in excess, it may limit uptake of cal-
cium or magnesium (Bryson et al. 2014; Ulrich
1948). Because of the lack of available published
scientific methods or limited data, agronomists in
the southeastern United States leaf tissue labora-
tories use an evaluation method that multiplied
the upper sufficiency value by 1.5 for the macro-
elements and a 2X value for the micronutrients
to established the boundary between high and
toxic levels of an element (Hicks K, personal
communication). The use of a data-driven ap-
proach offers the opportunity of improved refine-
ment of the upper nutrient ranges.

To improve the level of interpretation of
the SRA, data from grower samples sent to
analytical laboratories can be used to provide

Table 1. Sources of lettuce leaf tissue nutrient data used in the development of the sufficiency range

approach (SRA) distribution model.

Sample Sample
Source size type Citation
North Carolina Department of 395 Diagnostic ~ Grower submitted diagnostic and
Agriculture Laboratory predictive samples, unpublished
J.R. Peters Laboratory 292 Diagnostic ~ Grower submitted diagnostic and
) predictive samples, unpublished
North Carolina State University 386 Research’  Veazie et al. (2022)
North Carolina State University 114 Research" ~ Henry et al. (2018)
North Carolina State University 45 Research"  Henry et al. (2019)
USDA-ARS 48 Research™  Meng et al. (2020)
USDA-ARS 15 Research™  Cultivar evaluation for indoor leafy
greens production, unpublished
Michigan State University 379 Research” Improving color and phenolic content
of leafy greens and microgreens
with end of production lighting and
) chilling treatments, unpublished
Cornell University 276 Research”’  Eylands (2023)

" Veazie et al. (2022).

i Henry et al. (2018).
i Henry et al. (2019).
¥ Meng et al. (2020).

¥ Gerovac et al. (2016).
vi Eylands (2023).

USDA-ARS 5 US Department of Agriculture-Agricultural Research Service.
Citations for leaf tissue analysis methods used for data.
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Table 2. Summary of lettuce leaf tissue reference values from prior research, defining deficient, sufficient, or toxicity concentrations, which were used for

comparison with this research project.

Approximate
. . - . €xcess or
Element Unit Deficient' Deficient"" Healthy"" Sufficient" Sufficient' Toxic™" toxicity™
Nitrogen (N) % 2.65 — 2.10-5.60 4.20-5.60 3.50-4.50 — —
Phosphorus (P) % 0.13 <0.59 0.40-0.92 0.62-0.77 0.40-0.80 — —
Potassium (K) % 0.79 <3.91 3.91-9.78 7.82-13.68 5.50-6.20 — —
Calcium (Ca) % 0.29 <0.80 0.88-2.0 0.80-1.20 2.00-2.80 — —
Magnesium (Mg) % 0.07 <0.29 0.36-0.90 0.24-0.73 0.60-0.80 — —
Sulfur (S) % 0.09 <0.25? 0.19-0.41 0.26-0.32 — — —
Iron (Fe) mg/kg 55.1 — 55.9-558.5 168223 — — >500
Boron (B) mg/kg 7.7 <21.6 21.6-64.9 32-43 25-60 >54.0-64.9 50-200
Manganese (Mn) mg/kg 6.88 <22.0 30.2-197.8 55-110 11-250 >197.8-302.5 300-500
Zinc (Zn) mg/kg 13.72 <26.2 32.7-196.1 32-196 20-250 >392.3 100400
Copper (Cu) mg/kg 1.42 <2.54 5.1-17.2 6-16 525 >21.0 20-100
Source Henry et al. Van Eysinga Van Eysinga Bryson et al.  Jones (2005)  Van Eysinga Jones (2005)
(2018) and Smilde and Smilde (2014) and Smilde
(1981) (1981) (1981)

':.Values from greenhouse-based studies.
" Values from field-based studies.

"' Approximate values based on generalized ranges for numerous species.

a more robust dataset. The inclusion of grower
data with research data increases the number
of observations available for data analysis, as
well as provides a broader distribution curve.
From that distribution curve, further categori-
zation of thresholds for deficient, low, high,
and excessive tissue nutrient concentrations in
addition to a refined sufficiency range can be
determined. As a result, SRA can provide a
well-established framework for interpreting nu-
trient concentrations.

To develop an interpretation model with
SRA that includes deficient, low, sufficient,

high, and excessive ranges, the optimal distri-
bution curve must be identified. Most data
tend to be skewed, which makes the Normal
distribution curve less suitable. Two models
that account for possible skewness in distri-
bution curves are Gamma and Weibull (Cera
et al. 2022; Mhango et al. 2021; Slaton et al.
2021; Weibull 1951). The evaluation of all
three models is necessary to determine the
one that most accurately depicts the data.

For the numerous specialty edible and or-
namental crops in which limited nutrient data
exist, the SRA offers the advantage of being

Nitrogen (N) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distributions
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Fig. 1. Nitrogen foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distribu-
tions with interpretation ranges based on a Weibull distribution with four transitional points of defi-
cient 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, respectively. Comparison
ranges: (1) Henry et al. (2018), (2) Jones (2005), and (3) Bryson et al. (2014).
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able to use both research experimental data
and plant tissue laboratory sample data to cre-
ate a robust distribution curve. This provides
more refined and expanded interpretation
standards than what is available with the SA
and provides an improved reference dataset for
use with DRIS analyses. The objective of this
study was to evaluate the suitability of SRA for
predicting the nutritional status of lettuce, the
most common hydroponic crop, lettuce based
on Normal, Gamma, and Weibull distribution
curves.

Materials and Methods

Sample collection. Foliar tissue analysis
samples were obtained from controlled uni-
versity research studies from across the
United States and supplemented with sam-
ples from public and commercial analytical
laboratories. The samples only included
lettuce grown in controlled environments
(greenhouse and growth rooms) (n = 1950)
(Table 1). Leaf tissue samples were analyzed
for each study based on procedures cited.
With the short production time used with
hydroponically grown lettuce, only one set
of nutrient standards for the entire ~30- to
40-d production cycle was developed.

Statistical analysis. Data were statistically
analyzed using R (v. 4.1.1; R Foundation for
Statistical Computing, Vienna, Austria). Each
element was modeled independently and out-
liers that were extremely excessive (greater
than what is biologically feasible or a signifi-
cant break in the population) of any other
samples were removed before further analy-
sis. Data were analyzed by fitting Normal,
Gamma, and Weibull distributions (Cera
et al. 2022; Mhango et al. 2021; Slaton et al.
2021; Weibull 1951). Corresponding P val-
ues were calculated based on the Shapiro-
Wilk test for normality for the Normal and
Gamma distributions, and the Kolmogorov-
Smirnov test was used for the Weibull distri-
bution. The optimal distribution was selected
based on the lowest BIC value and visual fit-
ness. Results were illustrated using ggplot2
(Wickham 2011) in R. The sufficiency range
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Table 3. Revised lettuce leaf tissue nutrient interpretation values based on 1950 samples analyzed by

the Sufficiency Range Approach.

Element Unit Deficient Low Sufficient High Excessive
Nitrogen (N) % <2.84 2.84-4.38 4.38-5.79 5.79-6.89 >6.89
Phosphorus (P) % <0.27 0.27-0.58 0.58-0.96 0.96-1.31 >1.31
Potassium (K) % <2.93 2.93-5.72 5.72-8.82 8.82-11.55 >11.55
Calcium (Ca) % <0.34 0.34-0.79 0.79-1.36 1.36-1.91 >1.91
Magnesium (Mg) % <0.15 0.15-0.31 0.31-0.56 0.56-0.90 >0.90
Sulfur (S) % <0.11 0.11-0.19 0.19-0.30 0.30-0.45 >0.45
Iron (Fe) mg/kg <35.8 35.8-77.6 77.6-148.9 148.9-247.9 >247.9
Boron (B) mg/kg <153 15.3-25.4 25.4-40.3 40.3-58.9 >58.9
Manganese (Mn) mg/kg <18.7 18.7-70.7 70.7-167 167-285.1 >285.1
Zinc (Zn) mg/kg <12.1 12.1-33.9 33.9-65.9 65.9-99.7 >99.7
Copper (Cu) mg/kg <1.5 1.5-4.8 4.8-10.0 10.0-15.9 >15.9

was based on the area between the 0.25 and
0.75 quantiles. The low range corresponded
to the range between the lowest 2.5% of the
observations and the 0.25 quantile, and the
high range was based on the region between
the 0.75 quantile and the highest 2.5% of
the observations. The deficiency range was
established based on the left tail of a 95%
distribution (lowest 2.5% of the samples
which contained >40 observations), and the
excessive range was based on the right tail of
a 95% distribution (highest 2.5% of the
samples that contained >40 observations).

Table 2 contains reference lettuce leaf tissue
values from prior research (Bryson et al. 2014;
Henry et al. 2018; Jones 2005; Van Eysinga
and Smilde 1981) defining deficient, sufficient,
or toxicity concentrations and were used to
evaluate the results of this study.

Results and Discussion

Nitrogen. Of the three examined models,
a Weibull distribution optimally represented
nitrogen (N) foliar concentrations, based on
having the lowest BIC value and the best

Phosphorus (P) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distributions
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1Subjected to Shapiro-Wilk normality test
2Subjected to Kolmogorov-Smirnov test

Fig. 2. Phosphorus foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distri-
butions with interpretation ranges based on a Weibull 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, respectively.
Comparison ranges: (1) Henry et al. (2018), (2) Jones (2005), and (3) Bryson et al. (2014).
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visual representation of the tails of the data
(Fig. 1, Tables 2 and 3). A recommended suf-
ficiency range of 4.38% to 5.79% N expands
the N sufficiency ranges of 4.2% to 5.6% N
(Bryson et al. 2014) and 4.8% to 5.5% N
(Veazie et al. 2022). In addition, the defi-
ciency value of 2.84% N was similar to the
2.65% N reported by Henry et al. (2018),
confirming that <2.84% N is inclusive of pre-
viously reported deficiency values. Although N
toxicity is rare, ammonium (NH,") toxicity
can occur when excessive concentrations are
supplied or growing conditions for conversion
of NH," to nitrate (NO3~) are not optimal
due to low (<20°C) or excessive (>40°C)
temperatures, waterlogged substrates, or low
substrate solution pH (<5.6) (Handreck and
Black 2002). Although no N foliar toxicity
concentrations have been reported for lettuce,
luxury uptake, which constitutes wasteful ap-
plications of N, and potential antagonistic re-
lationships with other elements need to be
considered. High foliar N concentrations can
lead to lower boron (B), copper (Cu), and po-
tassium (K) foliar concentrations (Marschner
1995). Veazie et al. (2022) reported a qua-
dratic plateau regarding N foliar concentration
of 5.41% for 8-week-old lettuce grown using
an N fertility rate of 111.4 mg-L™" N. The
Weibull distribution curve establishes 6.89%
N as the boundary between high and excessive
concentrations and offers a target value for pos-
sible future refinement.

Phosphorus. Phosphorus (P) foliar con-
centrations were best represented using a
Weibull distribution (Fig. 2, Tables 2 and 3).
Although a smaller BIC value was achieved
by a Normal distribution, the tails were better
represented visually by a Weibull distribu-
tion. Based on this curve, a recommended
sufficiency range of 0.58% to 0.96% P would
expand the upper P sufficiency range reported
by Jones (2005) and overlap with the P suffi-
ciency range reported by Bryson et al. (2014).
In addition, this range includes the plateau of
0.6% P reported by Veazie et al. (2022) after
8 weeks of growth when plants were fertilized
with up to 9.86 mg:-L™' P. Van Eysinga and
Smilde (1981) considered <0.59% P to be de-
ficient, but their recommended range of 0.40%
to 0.92% P included that value. The P defi-
ciency foliar concentration threshold of 0.27%
P, based on the lowest 2.5% of the observa-
tions, was greater than the 0.13% P reported
by Henry et al. (2018) and confirms that this
suggested deficiency range encompasses previ-
ously reported deficient values. This method
establishes >1.31% P to be excessive. Al-
though P toxicity values have not been re-
ported in lettuce, P foliar concentrations
exceeding 2% can be considered toxic for
most species (Marschner, 1995). Excessive
P concentrations can antagonize the uptake
of Cu, iron (Fe), and zinc (Zn).

Potassium. Although both the Normal and
Weibull distributions yielded similar BIC val-
ues, the Weibull distribution better visually
represented the right tail of the samples for fo-
liar K concentrations (Fig. 3, Tables 2 and 3).
A recommended sufficiency range of 5.72%
to 8.82% K increases the lower bound from
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Potassium (K) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distributions
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Fig. 3. Potassium foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distribu-
tions with interpretation ranges based on a Weibull distribution with four transitional points of defi-
cient 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, respectively. Comparison
ranges: (1) Henry et al. (2018), (2) Jones (2005), and (3) Bryson et al. (2014).

3.91% K (Van Eysinga and Smilde 1981), ex-
pands the current recommendation of 5.5% to
6.2% reported by Jones (2005), and lowers
the recommended sufficiency range of 7.82%
to 13.68% reported by Bryson et al. (2014). A
deficiency range of <2.93% K is less than the
391% K published by Van Eysinga and
Smilde (1981), but encompasses the defi-
ciency values of 0.79% and 1.14% reported
by Henry et al. (2018) and Veazie et al.
(2022), respectively. The threshold for ex-
cessive K was established at 11.55% K.
When K supply is abundant, luxury con-
sumption of K will often occur and this lux-
ury consumption should be monitored to
limit potential interference of magnesium
(Mg) and calcium (Ca) uptake (Marschner
1995).

Calcium. Ca foliar concentrations were
best represented using a Weibull distribution,
which yielded the smallest BIC value of the
three models (Fig. 4, Tables 2 and 3). Based
on this curve, a recommended sufficiency
range of 0.79% to 1.36% Ca would extend
the upper end of the current Ca sufficiency
range of 0.8% to 1.2% Ca reported by Bryson
et al. (2014), but lower the upper range of
0.88% to 2.0% Ca reported by Van Eysinga
and Smilde (1981) and 2.0% to 2.8% Ca

HorTSciENCE VoL. 59(3) MarcH 2024

reported by Jones (2005). The Ca deficiency
foliar concentration of 0.34% Ca was slightly
greater than the 0.29% Ca reported by Henry
et al. (2018), which confirms that this sug-
gested deficiency range encompasses previ-
ously reported deficient values. Currently,
there are no published Ca excessive or toxic-
ity values for lettuce. However, luxury con-
sumption of Ca can occur when abundant Ca
is supplied and this may be reflected in the
higher recommended range of 2.0% to 2.8%
Ca reported by Jones (2005). Luxury con-
sumption should be monitored for the possi-
bility of interference with P, K, Mg, Fe, B,
manganese (Mn), and Zn uptake (Marschner
1995). Using the Weibull distribution, the up-
per 2.5% of samples set the excessive range
threshold at 1.91% Ca (Fig. 4). The proposed
excessive range establishes an upper thresh-
old to prevent the occurrence of decreased K
and Mg uptake as a result of excessively high
Ca foliar concentrations.

Magnesium. When a Gamma distribution
was applied to Mg foliar concentrations, it
had the lowest BIC value and best repre-
sented the tails and the center compared with
the other two examined distributions (Fig. 5,
Tables 2 and 3). The identified sufficiency
range of 0.31% to 0.56% Mg is lower than

the current recommendation of 0.6% to 0.8%
Mg reported by Jones (2005) and 0.36% to
0.90% Mg listed by Van Eysinga and Smilde
(1981), and it is also narrower than the rec-
ommended sufficiency range of 0.24% to
0.73% Mg reported by Bryson et al. (2014).
A deficiency range of <0.15% Mg encom-
passes deficiency values of 0.07% and 0.10%
Mg reported by Henry et al. (2018) and Vea-
zie et al. (2022), respectively. Magnesium de-
ficiency disrupts the loading of sucrose into
the phloem, resulting in carbon accumulation
in source leaves (Guo et al. 2016); however,
excess leaf tissue Mg can inhibit photosyn-
thesis and plant growth (Rao et al. 1987).
Thus, Mg foliar concentrations must be closely
monitored to promote optimal plant growth
and also avoid antagonisms with K and Ca up-
take. This work establishes the first report of
0.90% Mg as the threshold for excessive Mg
foliar concentrations in lettuce.

Sulfur. Of the three examined models, a
Gamma distribution was determined to opti-
mally represent sulfur (S) foliar concentra-
tions. Although it did not have the lowest
BIC value, the model visually best fit the tails
(Fig. 6, Tables 2 and 3). A recommended suf-
ficiency range of 0.19% to 0.30% S expands
the current S sufficiency range of 0.26% to
0.32% S reported by Bryson et al. (2014), but
is narrower than the 0.19% to 0.41% S
recommended by Van Eysinga and Smilde
(1981). In addition, a deficiency value of
0.11% S was similar to the 0.09% S reported
by Henry et al. (2018), confirming that
<0.11% S is inclusive of previously re-
ported deficiency values. Currently, there
are no reports for excessive or toxic S fo-
liar concentrations of lettuce; however, this
distribution establishes 0.45% S as the
boundary value between high and exces-
sive levels, offering a target value that may
benefit from future refinement.

Iron. Iron foliar concentrations were best
represented using a Gamma distribution, which
yielded the smallest BIC value of the three
models (Fig. 7, Tables 2 and 3). Based on this
curve, a recommended sufficiency range of
77.6 to 148.9 mgkg ™' Fe would decrease the
current Fe sufficiency range reported by Bryson
et al. (2014) of 168 to 223 mg'kg ™' Fe. The Fe
deficiency foliar concentration of 35.8 mgkg ™"
Fe based on the lowest 2.5% of the samples
was less than the 55.1 mg-kg ™' Fe reported by
Henry et al. (2018). Currently, the reported
toxic Fe foliar concentration of lettuce is set at
>500 mgkg~' Fe (Jones 2005). The healthy
range of 55.9 to 558.5 mgkg ™! Fe reported by
Van Eysinga and Smilde (1981) encompasses
the entire spectrum recommended in this
study, from deficient to excessive, but they
also stated that Fe values varied widely and
most likely limited their ability to classify
Fe leaf concentrations. Our research sug-
gests that the excessive zone begins at
247.9 mgkg™' Fe.

Boron. The Gamma distribution had the
lowest BIC and best represented the tails
and the center compared with the other two
examined distributions (Fig. 8, Tables 2
and 3). A recommended sufficiency range
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Calcium (Ca) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distributions
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Fig. 4. Calcium foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distribu-
tions with interpretation ranges based on a Weibull distribution with four transitional points of defi-
cient 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, respectively. Comparison
ranges: (1) Henry et al. (2018), (2) Jones (2005), and (3) Bryson et al. (2014).

of 25.4 to 40.3 mg-kg™' B narrows the cur-
rent recommendations of 25 to 60 mg-kg ™'
B reported by Jones (2005) and 21.6 to 64.9
mgkg™' B listed by Van Eysinga and
Smilde (1981). It also lowers the recom-
mended sufficiency range of 32 to 43 mg-kg ™
B reported by Bryson et al. (2014). A defi-
ciency range of less than 15.3 mgkg™' B en-
compasses the deficiency value of 7.7 mg'kg ™"
B reported by Henry et al. (2018), yet Van
Eysinga and Smilde (1981) considered
<21.6 mg'kg™"' B to be deficient. Differ-
ences in values may be because B deficien-
cies can be the result of the lack of a nutrient
or due to environmental conditions that limit
water and B transpiration in the plant. Cur-
rently, excessive B foliar concentrations of
lettuce are considered to be concentrations
>50 to 200 mgkg~! B (Jones 2005). Van
Eysinga and Smilde (1981) considered >54
to 64.9 mg-kg ™! B to be toxic. This research
increases the transition between high and ex-
cessive to >58.9 mgkg™' B.

Manganese. Of the three examined mod-
els, a Weibull distribution had the lowest BIC
and visually represented the samples in the
tails the best (Fig. 9, Tables 2 and 3). A
recommended sufficiency range of 70.7 to
167.0 mgkg ™' Mn expands the current suffi-
ciency range of 55 to 110 mgkg™' Mn re-
ported by Bryson et al. (2014) and narrows the
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range of 11 to 250 mgkg™' Mn reported by
Jones (2005) and the 302 to 197.8 mgkg '
Mn recommended by Van Eysinga and Smilde
(1981). In addition, the deficiency threshold
of 18.7 mgkg™' Mn is lower than the
<22.0 mgkg™' Mn listed by Van Eysinga
and Smilde (1981), yet encompasses the
previously reported value of 6.88 mgkg™'
Mn by Henry et al. (2018). Reuter and Robinson
(1997) reported toxic Mn foliar concentration
for lettuce to be >333 mg'kg ™' Mn. A wider
range was reported by Van Eysinga and
Smilde (1981), who considered >198 to
302 mgkg™' Mn to be toxic. Our research
decreases the transition between high and
excessive zones to >285.1 mg-kg ™' Mn.
Zinc. Zn foliar concentrations were best
represented using a Weibull distribution,
which best represented the middle and tails of
the observations across all three models even
though it did not have the lowest BIC (Fig. 10,
Tables 2 and 3). Based on this distribution, a
recommended sufficiency range of 33.9 to
65.9 mg-kg ™' Zn would narrow the current Zn
sufficiency ranges of 32 to 196 (Van Eysinga
and Smilde 1981; Bryson et al. 2014) and 20
to 250 mg-kg ™" Zn (Jones 2005). The Zn defi-
ciency foliar concentration of 12.1 mgkg™"
Zn based on the lowest 2.5% of the samples
was similar to the 13.72 mgkg™" Zn reported
by Henry et al. (2018), but lower than the

<26.2 mg-kg™" Zn listed by Van Eysinga and
Smilde (1981). Currently, reported excessive
Zn foliar concentrations of lettuce are
>96 mgkg ' Zn (Reuter and Robinson
1997), whereas Van Eysinga and Smilde
(1981) considered >392.3 mgkg™' Zn to be
toxic concentrations. These previously reported
excessive values of Reuter and Robinson
(1997) concur with this research, which deter-
mined the 97.5 quantile to be 99.7 mgkg™" Zn.

Copper. The Weibull distribution for Cu
concentration had the lowest BIC and best
represented the tails and the center compared
with the other two examined distributions
(Fig. 11, Tables 2 and 3). A recommended
sufficiency range of 4.8 to 10 mgkg™' Cu
narrows the current recommendations of 5.1
to 17.2 mgkg ' (Van Eysinga and Smilde
1981), 5 to 25 mg'kg ' (Jones 2005), and 6
to 16 mg'kg™" Cu (Bryson et al. 2014). A de-
ficiency range of <1.5 mg-kg™' Cu encom-
passes the deficiency value of 1.42 mg-kg™"
reported by Henry et al. (2018), but is
higher than the <2.54 mg-kg™"' Cu reported
by Van Eysinga and Smilde (1981). Cur-
rently, reported toxic Cu foliar concentra-
tions of lettuce are concentrations >21
mgkg™' Cu (Van Eysinga and Smilde
1981) and 20-100 mg~kg71 (Jones 2005).
This current research lowers the transition
between high and excessive zones to >15.9
mgkg™' Cu.

Conclusions

The refinement of leaf tissue nutrient stand-
ards is an ongoing process. Prior reported val-
ues helped develop initial deficient, sufficient,
and in some cases excess ranges. The data
used in creating those ranges were limited,
thus in many cases, such as deficiency values,
they identified a number along a wider contin-
uum, but not the entire zone where deficient
values occurred. For diagnosing nutritional
problems in lettuce, a more refined system was
needed. This study’s approach was to use a
larger dataset and fit appropriate distribution
models using an SRA method to provide more
defined ranges beyond the sufficiency zone to
also enable the identification of samples that
are deficient, low, sufficient, high, or excessive.
The establishment of five ranges helps delin-
eate previously reported lower and upper val-
ues included in the sufficiency range into more
refined zones. These five zones will aid techni-
cal specialists and analytical laboratories in
more accurately classifying and diagnosing nu-
tritional disorders. By using a dataset primarily
composed of controlled experiments and sup-
plemented with testing laboratory samples, it
offers the opportunity to create more defined
leaf tissue nutrient standards. This is especially
important for specialty crops that currently
have only survey values available for evaluat-
ing laboratory results. Finally, the inclusion of
a more robust data set in determining the suffi-
ciency ranges will also be of value in future ef-
forts to establish DRIS indexes.
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Magnesium (Mg) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distributions
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Fig. 5. Magnesium foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distributions with interpretation ranges based on a Gamma
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, respectively. Comparison ranges: (1) Henry et al. (2018), (2) Jones (2005), and (3)
Bryson et al. (2014).

Sulfur (S) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distributions
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Fig. 6. Sulfur foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distributions with interpretation ranges based on a Gamma 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 corre-
spond to 2.5%, 25%, 75%, and 97.5% of sample observations, respectively. Comparison ranges: (1) Henry et al. (2018) and (3) Bryson et al. (2014).
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Iron (Fe) Foliar Concentrations in Lettuce:
Modeling Normal, Gamma, and Weibull Distributions
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Fig. 7. Iron foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distributions with interpretation ranges based on a Gamma distribu-
tion 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, respectively. Comparison ranges: (1) Henry et al. (2018) and (3) Bryson et al. (2014).

Boron (B) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distributions
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Fig. 8. Boron foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distributions with interpretation ranges based on a Gamma 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 corre-
spond to 2.5%, 25%, 75%, and 97.5% of sample observations, respectively. Comparison ranges: (1) Henry et al. (2018), (2) Jones (2005), and (3) Bryson
et al. (2014).
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Manganese (Mn) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distributions
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Fig. 9. Manganese foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distributions with interpretation ranges based on a Weibull
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, respectively. Comparison ranges: (1) Henry et al. (2018), (2) Jones (2005), and (3)
Bryson et al. (2014).

Zinc (Zn) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distribtions
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Fig. 10. Zinc foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distributions with interpretation ranges based on a Weibull 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 corre-
spond to 2.5%, 25%, 75%, and 97.5% of sample observations, respectively. Comparison ranges: (1) Henry et al. (2018), (2) Jones (2005), and (3) Bryson
et al. (2014).
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Copper (Cu) Foliar Concentration in Lettuce:
Modeling Normal, Gamma, and Weibull Distribtions
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Fig. 11. Copper foliar concentrations of lettuce modeled using Normal, Gamma, and Weibull distribu-
tions with interpretation ranges based on a Weibull distribution with four transitional points of defi-
cient 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, respectively. Comparison
ranges: (1) Henry et al. (2018), (2) Jones (2005), and (3) Bryson et al. (2014).
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