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ABSTRACT

One approach for the development of fertilizer recommendations is
based on field-measured yield response to added fertilizer. The crop nutrient
requirement {CNR) is the total amount of thal element needed by the crop
during the production season to produce optimum economic yield, and is
equivalent to the fertilizer raie above which no significant increase in yield
occurs, Published and unpublished fertilization research done in Solan-
aceae, tomato (Lycopersicon esculentumy, eggplant (Sofanum melongena),
and sweet pepper {Capsicum annuum), in Puerto Rico over the past 25
years was used to calculate CNR values for nitrogen (N}, phosphorus {P)
and polassium (). The mean yields obtained from each fertilizer treatment
were converted from a unit area basis (ton/ha or kg/ha) to percentage rela-
tive yieid (RY). The RYs were then plotied against rates of nuirient applied
and fitted to linear, quadratic, linear-plateau, quadratic-plateau, exponential,
and Cate-Nelson models to determine CNR values. Plant response to K was
not observed in soils dominated by 2:1 clays (2:1 clay soils). Large variabil-
ity and few experimental data points precluded fitting equations to the data
in soils dominated by 1:1 clays (1:1 clay soils}. For P and N, predicted CNR
values varied widely, depending on the selected model. The hest model was
selected on the basis of coefficients of determination, standardized residual
plots, and was corroborated with economic returns. For 1:1 clay soils, pre-
dicted CNR values were 113 and 255 kg P,0./ha and 150 and 207 kg N/ha for
the Cate-Nelson and quadratic models, respectively. For 2:1 clay soils, pre-
dicted CNR values were 50 and 148 kg P,0./ha for the Cate-Nelson and {in-
ear-plateau models, respectively, and 50 and 120 kg N/ha for the Cate-
Neison and exponential models, respectively.
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RESUMEN
Interpretaciones de trabajos de fertilizacién con Solanaceae en Puerto Rico

Una metodologia para realizar recomendaciones de fertilizacion se basa
en relaciones entre niveles de fertilizacién y medidas correspondientes de
rendimiento. El requisito nutricional del cultive (RNC) es 1a totalidad dei gje-
mento que requiere el cultivo durante el ciclo de produccion para producir
renditmientos econdmicos optimos, y es eguivalente al nivel de fertilizacién
(cuando el suelo suple poca o ninguna cantidad del nutrimento} por encima
det cual ho existe un aumento significativo en rendimiento. Investigaciones
realizadas con la familia Solanaceae: tomate (Lycopersicon esculentum),
berenjena (Solanum melongena), y pimiento {Capsicum annuum) en Puerto
Rico se ulilizaron para calcular valores de RNC para nitrogeno (N), fosforo
{P) ¥ potasio (K). Los valores promedios obtenidos de cada nivef de fertiliza-
cion fueron convertidos de unidad por drea (ton/ha, kg/ha, cajas/acre) a ren-
dimiento relativo (RR). Los valores de RR fueron graficados contra niveles
de aplicacion de nuirimentos y se ajustaron diferenies modelos (lineal,
cuadratico, Hneal-inesela, cuadratico-meseta, exponencial y Cate-Nelson)
para determinar fos valores de RNC. No se observo respuesta a la apli-
cacion de K en suelos dominados por arcillas 2:1 (suelos 2:1). En suelos
dominados por arcillas 1:1 (sueios 1:1) ninguna de las ecuaciones se ajusio
adecuadamente a los datos porque habia pocos datos experimentales y aita
variabilidad entre los valores de rendimiento. Para P y N, los valores de RNC
predichos variaron segun el modelo utilizado. El mejor madefo se escogic
hasandose en los coeficientes de determinacion y graticos de residuales
eslandarizados, y corroborados con retornos economicos. En los suelos
1:1, fos valores de RNC predichos fueron 113 y 255 kg P,O./ha vy 150 y 207
kg N/ha para los modeios Cate-Nelson y cuadratico, respectivamente, En
los suefos 2:1, los valores predichos fueron 50 y 148 kg P,0O./ha para los
modelos Cate-Nelson y lineal-meseta, respectivamente, y 50 y 120 kg N/ha
para los modelos Cate-Nelson y exponencial, respectivamente.

INTRODUCTION

Several strategles are possible for the development of fertilizer ap-
plication rates for major agronomic and horticultural crops. [n Puerto
Rico, for example, development of fertilizer recommendations for ba-
nanas (Irizarry et al., 1288), plantains (Irizarry et al.,, 1980), yams
(Irtzarry and Rivera, 1885), tannier (Vicente-Chandler et al., 1982),
cassava (Irizarvy and Rivera, 1983), and forages (Vicente-Chandler et
al., 1983) has been based on the crop nutrient uptake approach:

N N,
Wy =t [
f
where N, is the amount of fertilizer of the particular nutrient to be ap-
plied; N is the quantily of the particular nutrient that is accumulated
in the aboveground dry matter to attain desived yield; N, is the amount
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of particular nutrient supplied by the soil; and E,is the efficiency of fer-
tilization of the specific nutrient. The application of this technique is
described by Grove (1979).

Positive aspects of the use of this technique deal with the ease in
which the numeric values for calculating N can be obtained. For exam-
ple, estimates for all three terms can easily be obtained from the
scientific literature and substituted into the equation. When values for
N, are not available, field experiments that measured crop uptake of
various nutrients simultaneously were performed, and estimates of N,
and E; for each of the nutrients were determined from the literature.
Balanced formulations of complete fertilizers for particular crops were
thus established.

Although there are practical merits associated with the use of the
erop nutrient uptake approach, there are potential limitations. One is
that NV, estimated by a soil test does not indicate an absolute amount of
nutrient available to the crop but rather is an index of availability, and
values of N estimated by crop nutrient uptake for a particular soil can-
not be extrapolated to other sites, because soil management and
fertilizer application history have a marked influence on soil nutrient
availability. Values for the term E, do not exist for the majority of crops
and soils, and reported values in the literature can vary two- to four-
fold. The amountis of nutrient extracted by a crop can vary hecause of
expected yield, nutrient conceniration variability, changes in nutrient
distribution in vegetative parts, and luxury consumption among other
variables that sometimes cannot be assessed. Thus, any given estima-
tion of nutrient application rate is subject to the inherent limitations
associated with each of the terms in equation 1, as well as to the bias
imposed by the individual when choosing the appropriate values from
the wide range in values reported in the literature.

One alternative approach is based on the sufficiency concept, in
which fertilizer recommendations are based on yield response curves
from the level of nutrient applied, Yield response diminishes with in-
creasing rate of fertilization as optimum yield is approached.
Hochmuth and Hanlon (1995) refer to this philosophical approach as
the crop nutrient requirement (CNR) system and define it as the total
amount of that element needed by the crop (which can come from soil,
air, water or fertilizer) during the production season to produce opti-
mum economic yield. Nutrient rate recommendations from fertilizers
are made to supplement nutrients already present in the sotl which can
contribute to eptimum crop response previously indexed by a soil test.
The totality of the CNR should be applied when the soil supplies little
or no nutrients to the growing crop. Only when the soil test for a par-
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ticular nutrient has been adequately calibrated can the soil test value
be used as an index for making such fertilizer recommendations (Kid-
der, 1993; Mitchell, 1993).

Environmental and economic constraints imposed by modern agri-
culture as well asg recent technological advances such as drip irrigation
and fertigation, have changed the focus from applying complete fertil-
izer formulations to specific nutrient management strategies for
supplying crop nutrient needs. In Puerto Rico (although not exclusive to
the island), it is common for farmers who grow high-value horticultural
crops to fertilize with single or binary fertilizer raw materials at rates
many times exceeding the crop nutrient requirements. This practice
might be commoen because of the risks associated with growing such
crops, yet it resulis in unwanted nutrient losses from agricultural fields
leading to potential ground- and surface-water contamination. Within
modern spectfic nutrient management strategies, it is important to
quantify optimum fertilizer rates to optimize crop yield and guality,
maximize profitability, and reduce the risk of environmental pollution.

Field fertility research performed with Solanaceae, such as tomato
{(Lycopersicon esculentum), eggplant (Solanum melongena), and pepper
(Capsicum annpum) in Puerto Rico, has produced a large database of
research results that documents yield response to varying rates of fer-
tilizer application. Individual interpretation of the results from each of
the studies leads to slightly different CNR estimates hecause of the
wide range in yield variability obtained. Objective optimum fertilizer
application rates are thus difficult to ascertain unless data from vari-
ous fleld experiments are combined and fitted to several statistical
models to determine CNR values. Since in many areas similar fertilizer
recommendations are given for the solanaceaus crops (Tyler and
Lovenz, 1999; Hochmuth and Hanlon, 1995), it is appropriate to group
results from the fertilizer studies to obtain CNR values for the three
erops combined. The objective of this study was to improve nitrogen
(N), phosphorus (P), and potassium (K) fertilizer recommendations for
Solanaceae in Puerto Rico by (i) performing a quantitative summary of
fertilization research performed over the past 25 years, (i1) fitting the
data to published stalistical models, (1il) comparing various statistical
models, and (iv) estimating CNR values.

MATERIALS AND METHODS

The experimental data used in this study were obtained from field
fertility research performed in Puerto Rico over the past 25 years deal-
ing specifically with crop yield response to fertilizer applied N, P and K
{Table 1). Most of the data were obtained from studies that were pub-




TABLE 1. Summary of fertilizer research in Puerto Rico from 1975 to 2001, which eveluated Solanaceae (tomato, pepper. und eggplant)

response to applied N, P and K.

Metheod Nutrient Maximum
Study Nutrient of nutrient rates Maximum nutrient
Reference No.  evaluated application evaluated vield rate! Crop Cultivar Soil*
------------- ketha-vvveeonmna-
Abramsetal., 1 N Soil 0,112, 224, 21,800 224 Tomato Floradel Coto clay (Oxisol
1975 448
Abramsetal, 1 P,0, Soil 0,112, 224, 20,760 224  Tomato Floradel Coto clay (Oxisol)
1975 448
Abramsetal, 1 KO Soil 0,112,224, 17,390 NR? Tomato Floradel Coto clay (Oxisol)
19%5 448
Gonzalezand 7 N Soil 0. 78, 150, 22,110 75 Sweet Pepper Blanco del Pais Coto clay (Oxisel)
Beale, 1987 225, 300, 375
Gonzalez and 7 PO, Soil 0, 75, 150. 19,840 NR Sweet Pepper Blanco del Pais Coto clay (Oxisoly
Beale, 1887 225, 300,375
Mangual- b N Seil applied, incor- 0, 113, 225, 38,100 338 Eggplant Rosita Coto clay (Oxisol:
Crespo, 1851 porated into bad 338, 450
Mangual- 9a N Soil applied, incor- 0,113, 225, 36,800 450 Hgeplant Rosita Coto clay (Oxisal)
Crespo, 1951 porated into bed 338,430
Mangual- 9b PO,  Soil applied, incor- 0, 113, 225, 27,270 NR Eggplant Rosita Cote clay (Oxisol?
Crespo, 1981 porated into bed 338, 450
Mangual- 9a PO, Soil applied, incor- 0,113, 225, 25,400 NR Egeplant Rosita Coto clay (Oxisol}
Crespo, 1981 porated into bed 338, 450
Mangual- 9l ¥,0 Seil appiied, incor- 0, 113, 225, 28,067 225 Eggplant Rosita Coto clay (Oxizol)
Crespo, 1981 porated into bed 338, 450
Manguai- 9a K.0 301} apphed, incor- 0, 113, 225, 27,750 225 Eggplant Rosita Coto clay (Oxisol}
Crespo, 1581 porated into bed  338.450

Maximum nutrient rate applied at which optimum plant response was obtained.
2S0il series where the research was perfermed with the soil order in parenthesis.
3NR indicates that a value for this parameter was not reported.
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TABLE 1.~(CONTINUED) Summary of fertilizer research in Puerto Rico from 1975 to 2001, which evaluated Solunaceae (tomato, pepper, and

eggplant! regponse to applied N, B and K,

Method Nutrient Maximum

Study  Nutrient of nutrient rates Maximum mutrient
Reference No. evaluated application evaluated yield ratet Crop Cultivar Sail?
Rivera and 12 PO,  Soil applied 0,50, 100 289,525 NR Sweet Pepper Senta Isabel
Irizarry, 1984 clay (Mollisol
Alers-Alers 2 PO,  Soil applied 0,448 38.560 NR Sweet Pepper Blanco del Pais San Antén
and Crengo (Mollisol)
Santiagoy, 1977
Crespo-Ruiz 8 N Fertigation split @, 150, 300, 51,251 300 Sweet Pepper Cubannelie San Antén
et al., 1988 in 11 applications 500 {Mollisal)
(O'Hallorans 11 N Fertigation 0, 56,112, 85,260 NR Tomato Capitan San Anton
et al,, 1993 168 {(Mollisol)
Mufioz and 10a N Fertigation split 0,112,224 60,884 112 Pepper Key Largo San Antén
Colberg, 1980 in 9 applications {Mollisol)
Muiioz and 10b N - Fertigation spiit 0,112,224 50,168 112 Pepper Key Largo San Antoén
Colberg, 1990 in 9 applications [Mollizgol)
Velez-Ramos 14z KO Soil applied 0,84, 168, 42,932 NR Tomato Duke San Anton
et al, 1891 banded 252 336 (Mollisol)
Velez-Ramos 14b K.0 Fertigation 0.56, 112, 43455 NR Tomato Duke San Antén
et al.. 1991 168 {Molliscl
Beale and 4a N Banded + Fertiga- 0, 84, 168, 45,720 168 Sweet Pepper Xey Largo San Anton
Rivera, 1989 ticn 252, 336 loam (Mollisol)
Beale and 4b N Banded + Pertiga- 0, 84, 168, 34,840 168 Sweet Pepper Cuhannelle San Antdn
Rivera, 1989 tion 252, 336 loam (Mollisol}
Beale and 3 N Soil, splitin 2 ap- 0, 100, 200, 27.520 100 Sweet Pepper Cubannelle  San Antdén
Rivera, 1987 plications at plant- 300 iMollisol)

ing and after 6 wk

Maximum nutrient rate applied at which optimum plant response was obtained.
*8oil series where the research was performed with the soil order in parenthesis.
*NR indicates that a value for this parameter was not reported.
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TaBLE 1.—(CONTINUED) Summary of fertilizer research in Puerto Rico from 1975 to 2001, which evaluated Solanaceae ftomato, pepper. and

eggplant) response to applied N, P, and K,

Method Nutrient Maximum
Study Nutrient of nutrient rates Maximum nutrient
Reference No. evaluated application evaluated yield rate! Crop Cultivar Soil*
Beale and 3 PO, Soilisplitin2ap- 0,100,260 28,800 NR Sweet Pepper Cubzannelle  San Antén
Rivera. 1987 plications at plant- {Mollisol)
ing and after 6 wk
Beale and 3 K0  Soil.splitin 2ap- 0,125,250, 27.370 NR Sweet Pepper Cubannelle  San Antén
Rivera, 1987 plications at plant- 375 {Mollisol
ing and after 6 wk
Beale et al., Ba N Banded + 6,50,84,100, 26,680 269 Sweet Pepper Kev Largo San Anton
1990 Fertigation 134, 168,185, {Mollisol:
218, 269
Beale et al.. 5b N Banded + 0,50, 84, 100, 25,280 269 Sweet Pepper Cubannelle San Antén
1990 Fertigation 134,168, 185, {Molligol
218, 269
Lugo et al., 8 PO, ¢, 56,112, 28,610 NR Sweet Papper Cubannelle San Antdn clay
1987 168, 224, 280 Ipama (Mollisoli
Lugo et al., 8 K0 0,45,90, 134, 28430 NR Sweet, Pepper Cubannelle San Antén clay
1987 224 loars (Mollisol)
Sotomayor 13 N Fertigation split 0,65, 130, 53,074 130 Tomato Bonanza Fraternidad clay
et al., 2000 i 4 applications 195, 260 {Vertigol:
Sotomayor 14 N Fertigation gplit 0,85, 130, 74,096 NR Tomato Bonanza San Antén clay
et al, 2000 in 4 applications 195, 260 loam (Mollisol}

"Maximum nutrient rate applied at which optimum plant response was obtained.
2Soil series where the research was performed with the soil order in parenthesis,

“NR indicates that a value for this parameter was not reported.
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lished in peer-reviewed journals; other data were obtained from annual
research progress reports to the University of Puerto Rico, Agricultural
fixperiment Station, and others were obtained from proceedings of sci-
enfific meetings and forums. When possible, the data were cross
checked with progress reports that dealt with particular experiments.
Most studies reported results from one experiment, whereas others re-
ported results from two or more experiments performed either
simultaneously within the same field, simultancously in different
fields, or concurrently at different seasons.

Soils dominated by 1:1 clays and 2:1 clays differ in their chemical
properties thus influencing N, P and K availability to crops. For example,
1:1 clay soils may contain similar total N values as compared to those of
2:1 clay soils but may differ in terms of potentially minevalizable pools
and rate constants {Sierra and Marban, 2000; Greenland et al., 1992).
Soil P buffering capacity will be greater in 1:1 clay soils, so the soils will
fix greater amounts of applied P (Havlin et al., 1999; Fox, 1982). Potas-
gitm buffering capacity is expected to be greaterin 2:1 clay soils because
of higher cation exchange capacity; therefore, greater amounts of plant
available K will exist in solution at given soil test values. For these rea-
sons, relationships between crop yield and fertilizer applied N, P and K
were studied separately in 1:1 clay soils and 2:1 clay soils.

For each reported experiment, the mean yields obtained from each
fertilizer treatment were converted from a unit area basis {(boxes/acre,
ton/ha or kg/ha) to percentage relative yield (RY) The maximum re-
sponse was established as 100 maximum yield (MY) and taken as the
highest yielding experimental unit in a pacticular experiment, or when
no significant differences were observed, as the average of the highest
vielding experimental treatments. The RY for each nutrient level ap-
plied was taken as the ratio of the yield for each treatment and MY on
a percentage basis. The RYs were then plotted against rates of nutvient
applied to determine the optimum yield response to fertilizer. This
methodology allowed the inclusion of data from diverse locations
throughout the island, representing various crops and cultivars, plant-
ing dates, and growing condifions in a graphical summary.

Net economic returns for P and N fertilizer were caleulated for each
P and N treatment by subtracting the cost of fertilization from the
value of additional fruit produced, We used the 2001 mean price of tri-
ple superphosphate (TSP) ($1.04/kg P,0O, as TSP) and urea ($0.85/kg N
as urea). An on-farm produce price of $0.36/kg, $0.87/kg, and $0.73/kg
for tomato, pepper, and eggplants, respectively, was used corresponding
to mean prices during 1998-2000 (Commonwealth of Puerto Rico,
2000). We assumed similar production costs among the three crops.
Values were plotted as a function of fertilizer P and N applied.
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Statistical analysis

In order to combine results from different experiments carried out
under different conditions, it 13 important to consider the following sta-
tistical aspects: (i) the number of replicates for each experiment {(the
larger the number, the more reliable the results); (i1} the coefficient of
variation (CV) of each experiment (the smaller the CV, the more reli-
able the results), (iii) the correlation among observations from the
same experiment, and (iv) the possibility of “publishing” bias, since
only experiments with significant differences tend to be published.

These problems need to be taken into account in order to make valid
inferences. The first two items can be addressed by using weighting
techniques (like weighted regression). The weights to be used are the
reciprocal of the coefficient of variation of the mean (w = S/ (V).
This coefficient combines the two aspects of reliability in a field exper-
tment, (number of replicates and coefficient of variation of the
experiment). The third problem can be accounted for if the model in-
cludes a random term for the effect of each experiment, although this
aspect was not included in the analysis because there were too few ex-
periments for this method to be used.

Model selection

Six statistical models (linear, quadratic, linear plateau, quadratic
plateau, exponential, and Cate and Nelson) were selected to describe
tomato, pepper, and eggplant vield to field applied N, P, and K fertilizer
For the models used, Y is the relative yield, and X is the fertilization
rate (kgfha). The CNR values were obtained by solving the linear, gua-
dratic and exponential models at 95% maximum yield. For linear-
plateau and quadratic-platean models the CNR value is the value of x
at which the curve reached the plateau. The linear model is:

Y= a+bX [23
and CNR is ealeulated as:
CNR = 22228 [3]
b
The quadratic model is:
Y= (1+/)X+CX2 [4]

and CNR is calculated by using one of the solutions as:

_bAb —d{a- 0.95)c 5]
2c 7

CNR =
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The exponential model G.e., the Mitscherlich model) 12
Vs g —bexp—ed) [6]

and CNR 1s calculated as:

ONR = —llog{,(a_o’gs) [71
'S h
For the linear-plateau model the equation used to estimate the linear
portion of the model was:
. a+bX if ¥Y<CNR -
E 2 - (8]
¢ if XY= CNR

where a is the yield at the intercept or where fortilizer value is 0, b is
the slope of the line from the intercept to the point where the plateau
vield and eritical level intercept, ¢ is the plateau, and CNR is the point
of intersection of the two Hines calculated as:

CNR = £ S 4 [9]

For the guadratie plateau model the equation used to estimate the qua-
dratic portion of the model was:

c if ¥= CNR

o d X if X< CNI
v - {mbm(u if X< CNR o]

and the CNR value determined as:

b
CNR = —-—
3 [11]
For the above mentioned models, the B? values were computed from the
analysis of variance Lable as;

p? = | _ __tesidval sum of squares £12]
correcled total sum of squares
The Cate-Nelson model assumes there are two mean yield levels;
one for values of X smaller than the critical level of X, and another for
values of X larger than X, The critical level X is determined so that the
R? value is maximized (Cate and Nelson, 1971). The E? values were
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computed from the analysis of variance table as in {12]. All procedures
were performed using SAS (SAS Institute, 1996),

RESULTS AND DISCUSSION

Yield response to polassium application

The experimental data which describe the relative yield response to
applied K for 1:1 clay and 2:1 clay soils are shown in Figure 1. In nei-
ther group did the tested models significandly describe the yield
response to applied K. Although higher variability appears to be asgo-
ciated with the results obtained in the 1:1 clay soils (Figure 1A) as
compared to 2:1 clay soils (IYigure 1B), the graphs suggest that no re-
sponse to K application may have occurred in the studies as the slopes
ot the lines do not differ significantly from zere (P > 0.05).

Yield response to phosphorus application

The experimental data which describe the relative yield response to
applied P for 1:1 clay and 2:1 clay soils are shown in Figure 2. Differing
response to P application rates is expected because of varying soil test
P levels where the studies were conducted. In 1:1 clay soils (Figure 24),
only the quadratic and the Cate-Nelson models significantly described
the yield respense to applied P (Table 2). Predicted CNR values were
255 and 113 kg P,O./ha for the quadratic and Cate-Nelson models, re-
gpectively. Considerable scatter is observed in the data, especially with
regards to the study by Mangual-Crespo (1981) (study 8b), which eval-
uated eggplant response to applied P (Table 1). This particular study
may have contributed to low 2 values and the failure of the models to
fit the experimental data.

In 2:1 soils {Tigure 2B), there was litile variation among K? values
obtained by the tested models (Table 2). Values ranging from 0.31 to
(1.34 were obtained for all significant models. With similar R? values,
however, a large variation in predicted CNR values was obtained. Pre-
dicted CNR values for the guadratie, linear-plateau, and quadratic
plateau models were at least three times higher than CNR values pre-
dicted by the Cate-Nelson model, with values of 237, 148, and 172 kg
P,0./ha, respectively. The fact that the quadratic models yield the high-
est CNR values is in agreement with other studies (Bélanger et al.,
2000; Cerrato and Blackmer, 1990). The high variability in predicted
CNR values may be due to the low &2 values obtained with each of the
models, as each model adjusts to different features of the data set.
Higher R? values obtained with the Cate-Nelson model for both soil
groups are in agreement with those of other studies (Cate and Nelson,
1971 Mallarino and Blackmer, 1992).
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TARLE 2.—-Fquations deseribing vield response of Solanaceae and erop nulrient
requirements (CNIR) as effected by P application in 1:1 clay soils und 2:1 cluy
soils of Puerto Rico.

Model Estinmated equation ¥ CNR* {x units)
------------------------------ Blelay soilg-c-mcmmeccmiime e e s
Linear NS!
Quadratic 867+ 143X - 2.78 X2 0.18% 2.55
Linear-plateau N&
Quadratic-plateau 880 +11.0X -2.21 X%, X < 2.50 (.32% 2,50

102; X = 2.50
{ixponentiat 102 — 13.5 exp (-1.17X) 0.11% 0.59
Cate and Nelson NA 0,19% ;
------------------------------ Z2lelaysoilg-ccctm e
Linear NS
Guadralic 964 + 6.04 X —1.27 X2 0.33% 2.87
Linear-plateau 96.3+ 4.4 X;X < 149 0.31% 1.48

103; X = 1.49
Quadratic-piateau 95.9+ 77X -228 X5 X < 1.72 0.32% 172

104, X = 1.92
Exponential NiS? — —
Cale and Nelson NA® 0.34% 0.5

INS = The global model is not sigmificant at I’ < 0.1.

NA = Iii the Cate and Nelson model, no equation nor significance level is associated with
the model. '

34 s sigaifieant at 0.1, 0.05 and 0.01, respectively.

’CNR Crop nutrient requirement; x = levd of application {kg P,O,/ha * 0.01).

The fact that different predicted CNR values were obtained with
similar coefficients of determination using different models is not un-
usual, as it has been reported in other studies (Belanger, 2000;
Mallarino and Blackmer, 1992). In many instances, the choice of which
model is most appropriate is rarvely explained. In 2:1 soils, visual evalu-
ation of standardized residual distribution plots showed that the most
symmetrical distribution of data corresponded to the linear-plateaun
model as compared to the quadratic and quadratic-platean models (data
not shown). In 1:1 clay soils, the quadratic model had the most symmet-
rical distribution of data. The Cate-Nelson model could not be included
in the comparison, as standardized residual plots cannot be obtained.

Current P recommendations by the College of Agricultural Seiences
(CAS) (EEA, 1992) are to apply 106 kg P,O/ha as triple superphos-
phate {TSP) when =zoil test P is less than 40 mg/kg Olsen extractable P
in soils of the semiarid southern coast of Puerto Rico, which are domi-
nated by 2:1 elays. Continuing the practice of adding the recommended
amount of P’ may not result in significant economic investment for the
farmer when compared to the suggested range of predicted CNR values
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of 50 and 148 kg P,O/ha with the Cate-Nelson and lnear-plateau mod-
els, respectively. In fact, the CAS recommendations are within the
range of predicted CNR values in this study. If 50 kg P,0/ha is taken
as the optimum application rate, the additional 56 kg P,O./ha results
in an additional economic investment of $57.98/ha ($476/mt, current
market price of TSP) for the farmer; which is a small amount compared
to the potential economic fixed costs (exeluding P fertilizer). Caleulated
maximum net economic returns trom P fertilization for 2:1 clay soils
were oblained with P applications < 148 kg P,0,/ha (Figure 3A). Nev-
ertheless, application of additional I beyond crop nutrient requirement;
wil result in soil P buildup, and potential P contamination of surface
water when the field characteristics for off-site transport are favorable
(Sharpley et al., 2000).

Yield response to nitrogen applicution

The experimental data which describe the relative yield response to
apphied N for 1:1 clay and 2:1 clay soilg are shown in Figure 4. For 1:1
clay soils (Figure 4A), predicted CNR values ranged from 150 to 338 kg
N/ha (Table 3). The lowest R? value was obtained for the Cate-Nelson
model with all other models tested having values beftween (.53 and
0.57. For 2:1 clay soils, all models tested adjusted significantly to the
experimental data. The lowest B? value was oblained for the linear
model, with all other models having R? values between 0.40 and 0.43.
For models with the highest R? values, predicted CNR values ranged
{rom 50 to 144 kg N/ha.

Asg shown previously for P, coefficients of determination determined
for the varying models can be only partially used as eriteria for select-
ing the best model for CNR prediction, The study by Crespo-Ruiz et al.
{1988) showed a dramatic response to addition of 150 kg N/ha, and is
reflected in the large economic return obtained (Figure 31), Observa-
tion of the standardized residual plots shows that this data point
significantly altered the fit of the models to the experimental data ag
the studentized residual for this data point had a value of -5. Compar-
ison of the guadratic, quadratic-plateaun, and exponential models
showed that the exponential model had the most symmetric distribu-
tion of data with a predicted CNR value of 120 kg N/ha. For 1:1 clay
soils, the most symmetric distribution of data occurred for the qua-
dratic and quadratie-plateau models both of which predicted CNE
values of 307 kg N/ha.

Figure 3B shows that maximum economic returns for 2;1 clay soils
are obtained with values ranging from 50 to 150 kg N/ha, These values
approximate the predicted CNR values obtained with the Cate-Nelson
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FIGURE 3. Net economic returns for Solanaceae as influcneed by {a) P fertilizer ap-
plications and ) N fertilizer applications in 1:1 clay soils and 2:1 elay soile of Puerto Rico.

and exponential models. For 1:1 clay soils, considerable scatter is ob-
served in the maximum economic return values, as both positive and
large negative values were obhtained at high levels of fertilizer N appli-
cation. Predicted CNR values were 150 and 107 kg N/ha for the Cate-
Nelson and quadratic models, respectively. The analyses sugpgest that
magimum economic retwrns can be obtained with fertilization levels ag

|
e
|
|
e




J. Agric. Univ, P.R. VOL. 86, NO, 3-4, JULY-OCTOBER 2002 111

100 1

Ca@ae

v
} ©

O

1

[
J

Study number:

Study number:

@ 1
7
(> 9a
{1 sgb

P S S )

Relative yiald (%}
=
=

@& 1
80 B 13a
A 13 j
© 6 '
I B 10a l
60- A 10b
I vV 4a ]
- 4;,3 ~
[ ® 5a :
2@:;:;:::;::}:2::4:::S{bzs;:.‘%e

200 300
N rate (kg/ha)

FiGcure 4. Relative yield of tomato, pepper and eggplant as a function of apphed N
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coast, of Puerto Rico. Study numbers correspond to the references described in Table 1.

high as 150 kg N/ha, with the Cate-Nelson and exponential models pre-
dicting optimum fertilization levels of 50 and 120 kg N/h . Additional
N (in excess of suggested values obtained in this study) di .8 not result
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TAnLE 3-—Bguations describing vield response of Selonaceve and crop nubrient
reqifrements (CNIE as affected by N application e 1:1 clay soils and 2:7 clay
soils of Puerto Rico.

Model Equation i CNRY (x units)
------------------------------- Ll elay Seig-ammme i e
FLanear DEG+ MHX 3.48
Guadiatic 53.6 + 197 - 2.04 X* 0.5 3.07
Lineae-plateau Nyt
Quadralic-platean 536 107 X 204 X%, X < 3.07 0.5p%#E 307

95; X 2 3.07
Bxponential 107 ~ b0 exp (-0.472 X) R 3.18
Cale and Nelson Nax .47 1.50
RS RET STIIA P I AT S Bl daysoils- oo e s
Linear 84.2 + DARX 027 1.94
Quadratic TH3 + 14,6 X - 2,55 X2 [ER3 Sae 1.44
Linsar-platean NS
Quadratic-plateau TI2+ 275X -9.68X%5 X < Lo 1.00

95 X 2 1.00
Exponential 98,0 - 20.8 exp (- L.G1X) 0.435 1.20
Cate and Nelson NA Q.40 0.50

1N5 The wlubai maodet is not significant at P < 0. 1
2NA = Iy the Cate and Nelson model, no equation nor significance level is agsociated with
the mode}
- gigmificant at 0.1, 0.05 and 0.01, respectively.
“(JNR Crop nutrient. quuuur)ult x = level of application (kg Nha®0.01 3

in a large economic burden o the farmer as the net economic return for
given fertilizer level is high. Nevertheless, excess N (that is not taken
up by the plant during growth) in soil results in a potential source of
NO, to aguifers which can result in groundwater contamination,

Yield relationships to soil test values

Soi} test I' and K values for the soils in which the studies were con-
ducted can be used to calibrate the soil tests for particular seils and
erops, With regards to P, in the studies conducted in 1:1 soils, only two
reported soil test P values of 4 and 27 mg/kg (Brayl extractant) (Table
4). In 2:1 clay soils, values (Olsen extractant) were greater than 21 mg/
kg, with one study reporting a soil test P value of 1.71 mg/kg. In the lat-
ter, plant response was evaluated with regards to N application;
therefore, it cannot be determined whether there is plant response at
this soil test P level. Reported critical soil test P values for Puerto Rico
are 20 and 35 mg/kg for the Brayl and Olsen tests, respectively (Muniz-
Torres, 1992). From the reported soil test P data, it cannot be quantita-
tively confirmed whether crop response to plant applied P is expected
below the suggested critical soil test values.




TABLE 4.-~Summary of reporied soil chemical characteristics for fertility research for Solanaceae in Puerto Rico.

Soil pH oM N P Ca Mg K Na % Bases CEC Reference
k72 ppm 0 eeeeeseaeae crmote/kg - - mammn -

Coto clay 8.01 3.41 021 27 5.75 1.36 0.46 NR 10 NR  Gonzilez and Beale, 1887
(Bravl)

Coto elay! 4,02 2.44 NR 4 0.12 NR NE 6 Mangual-Crespo. 1981
(Brayl)

Santa Isabel clay 8.0 NR NR 31 8.8 8.2 0.60 NR NR NR  Rivera and Irizarry, 1984
{CGlsen)

San Antén 7.4 NR NR 60 19 5 0.77 NR NR 22 Alers-Alers and Santiago.
(Olsen) 1977

San Antén 7.0 NR NR  L71 26.9 4.2 1.78 NR NR NR  Crespo-Ruiz et. al., 1988

San Antén NR2 NR NR 58 15.7 2.54 0.95 NR NR NR O'Hallorans et. al., 1993

San Antdn 7.47 NR NE 40 13.35 5.5 (.04 NR NR 22 Vélez-Ramos et. al., 1991

San Antén clay 7T4-8.1 1.7-2.1 NR  42-82 21.5-37.4 2.84.1 1.68 NR NR NR Beale and Rivera, 1987
(Olsen?

San Antén loam  NR 1.0-3.1 NR 3547 12.8-16.9 2.23-31 07810 NR NR NR Beale and Rivera, 1935
(Olsen)

San Antén loam  7.55-7.64 1.8-28 NR  21-29 17.1-17.7 27128 0.84-0.77 XNR NR NR  Beale et al, 1590
(Olsen)

San Anton T.03-7.3¢ NR NR 305 13.2 4.9 0.98 NR NR NR  Lugoetal, 1987

clay-loam (Olsen)

'The soil was med with 7.5 ton/ha prior to experiment. The P extractant was assumed to be Bray 1.
“NR indicates that a value for this parameter was not reported.
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Soil test values were reported in four studies which evaluated plant
response to applied K (Lable 4). A value of 0.12 emol /kg was reported
in a 1:1 clay soil where plant response was reported, and values ranged
from 0.94 to 1.68 in 2:1 clay soils where no plant response was reported.
Muniz-Torres (1992) sugpests that ne response 1s expected at values
greater than 0.4 cmol/kg. More data are needed to ascertain sotl test
critical values for K.

Summary

A quantitative attempt was performed to improve fertilizer recom-
mendations for Solanaceae in Puerto Rico with statistical models and
economic analyses of historical experimental data sets. Interpretations
of the results should be taken cautiously and under the scope of the
present study. Plant response to I was not observed in 2:1 clay soils.
Large variability in conjunction with few experimental data points pre-
cluded fitting equations to the data in 1:1 soils. For P and N, predicted
CNR values varied widely depending on the selected model. The best
model was selected on the basis of coefficients of determination, and
standardized residual plots, and corroborated with economic returns.
For 1:1 clay seils, predicted CNR values were 113 and 255 kg P,0./ha
for the Cate-Nelson and quadratic moedels, respectively, and 150 and
207 kg N/ha for the Cate-Nelson and quadratic models, respectively.
For 2:1 clay soils, predicted CNR values were 50 and 148 kg P,O,/ha for
the Cate-Nelson and linear-plateau models, respectively, and 50 and
120 kg N/ha for the Cate-Nelson and exponential models, respectively.

To improve the reliahility of the results, a larger pool of data may be
needed because of the large variation in soil chemical and physical
properties influencing nutrient availability within soil types, and ex-
ternal tactors influencing plant growth. In order to improve fertilizer
recommendations for Solanaceae in Puerto Rico, we encourage re-
searchers to follow the proposed experimental scheme:

1. Perform yield response experiments in Solanaceae which
test the addition of single element levels (e.g., P levels only
or K levels only) on crop yield in soils differing in initial soil
nutrient contents.

2. Report soil test values for P and K including extractant
methodology.

3. Report soil test eharacteristics including pH, organic matter,
texture, and cation exchange capacity which can aid in fur-
ther grouping of soils.
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Adequate development and implementation of the suggested cali-
brated soil testing procedures should result in more efficient use of
fertilizers and possibly lower production costs to vegetable farmers in
Puerto Rico. This technique should also be applicable for other crops
grown on similar soils.

LITERATURYE CITED

Abrams, R, L. Cruz-Pérez, R. Pietri-Oms and F. J. Julia, 1975. Effect of fertilizer N, P,
K, Ca, Mg, and 8i on tomato yield in an Oxisol. J Agrie. Univ. P.R. 59: 26-34,

Alers-Alers, 5. and E. Orengo-Santiage, 1977. Lack of response of sweet peppers to P
levels, PP placement and timing of N application in southern P.R. J Agrie. Univ. P.R.
61: 389-391,

Beale, A.J. and L. ¥, Rivera, 1987, Fertilizer requirements of vegetable crops in Puerto
Rico. Univ. of PR, Flatch Annual Report, H-301-P,

Beale, A. J. and L. B. Rivera, 1989, Fertilizer requirements of vegetable crops in Puerto
Rico. Univ. of PR. Hateh Annual Report H-801-R.

Beale, A. J., M. Medina and L. ¥. Rivera, 1990. Abonamiento cn handa y por fertigacion
para la produceion de pimiento de cocinar. Memorias Foro Técmico—-Cultivo, Pro-
duccidn, y Elaboracion del Puniento. UPR-RUM-EEA Lajas, PR. p. 42-52.

Bélanger, (¢, J. R, Walsh, . . Richards, B H. Millburn and N. Ziadi, 2000, Comparison
of three statistical models describing potato yield vesponse to nitrogen fertilizer
Agron. J. 92: 502-908.

Cate, R. B, Jr. and L. A. Nelson, 1971. A simple statistical procedure for partitioning
soil test correlation data into two classes. Soil Sei. Soc. Am. - Proc. 35:658-661),
Cerrato, M. BE. and A. M. Biackmer, 1890. Comparison of models for deseribing corn

vield responge to nitvogen fertilizer. Agron. J. 82:138-143.

Commonwealth of Puerts Rico, 2000. Facts and figures on agricullure in Puerto Rico,
2000. Office of Agvicuttural Statistics. Department of Agriculture, Commonwealth
of Puerto Rico. San Juan, 2000,

Crespo-Ruiz, M., M. R. Goyal, C. Chao de Baez and L. E. Rivera, 1988. Nutrient uptake
and growih characterisiics of nitrogen fertigated sweet peppers under drip irriga-
tion. of Agric. Univ. DR. T2:575-578. pp. 56.

Estacién Experimental Agricola, 1992, Conjunto teenoldgico para Ia produecion de sola-
néaceas: Tomate, pimiente, bevenjena, Colegio de Ciencias Agricolas, Universidad de
Puerto Rico, Mayagiiez.

Fox, R. 1, 1882, Some highly weathered seils of Puerto Rico, 3. Chemical properties.
Geaderma 27:139-176.

Gongalez, A. and A, Beale, 1987, N and P fertilizers and growth and yield of sweet pep-
per. ol Agrie. Univ. PR. 71:209-215.

Greenland, D..J., A. Wild and D. Adams, 1992. Organic matier dynamies in soils of the trop-
icg--From myth to complex reality. pp. 17-33. In: R. Lal and P. A. Sanchez (eds.). Myth
and Science of Svils of the Tropics. S3SSA Spec. Publ. 29. ASA, 8S5A, Madison, W1,

Grove, T. 1, 1979. Nitrogen fextility in Oxisols and Ultisols of the humid tropics, Cornell
International Agriculture Bulletin 36. Cornell Untversity, Ithaca, NY.

Havlin, J. L., J. 1. Beaton, 8. L. Tisdale and W. L. Nelson, 1999, Seil ferlility and fertilizers.
An inlroduction to nutrient management. Prentice-Hatl, Inc., Upper Saddle River, Nd.

Hochmuth, G. J. and E. A, Hanlon, 1995, Commenrcial vegetable crop nutrient require-
ments iz Florida. Florida Coop. Extension Serv. Cire. SP 177,




116 SOTOMAYOR-RAMIREZ & MACCHIAVELLI/SOLANACEAR

Irizarry, H., and E. Rivera, 1983. Nutrieni and dry matter contents of intensively man-
aged cassava grown on an Ultisol. o Agrie. Univ. PR 67:213-220.

Irizarry, H. and E. Rivera, 1985. Nulrient uptake and dry matter production by inten-
sively managed yams grown in an Ultisol. J Agric. Univ. PR. 69:1-9.

Irizavey, H. B. Rivera and J. Rodriguez, 1988, Nutrient uptake and dry matier composi-
tion in the plant erop and first ratoon of the Grand Nain banana grewn on an Ulti-
sol. J Agrie. Univ. BR. 72: 337-351.

Irizarey, H., F. Abruna, J. Rodriguez and M. Diaz, 1980, Nutrient uptake by intensively
managed plantains related to stage of growth at two locations. o Agric. Univ. PR,
65:331-345.

Kidder, G., 1993, Methodology lor calibrating soil tesis. Soil Crop Sei. Soe. Florida Proc.
52:70-73.

Lugo, W. 1, L, E. Rivera and G. E. Spain, 1887. Fertilizer requirements of erops of major
economic potential in Puerto Rico. Univ. of PR. Hatch Annual Report H-301-L.
Mallarino, A. P and A. M. Blackimer, 1992, Comparison of methods for determining crit-

ical concentrations of soil test phosphorus for corn. Agron. J. 84:850-866.

Mangual-Crespo, G, 1981, Response of eggplant to various N, P, K levels and plant den-
sities on an Oxisol. J Agric. Univ. P.R. 65:250-257.

Mitchell, C. C., 1993, Suvil testing in the southeastern USA. Soil Crop Sei. Soc. Florida
Proc. 52:73-78.

Mugiz-Torres, O, 1992. Uso de fertilizantes en Puerto Rica. Enfoques practicos. Guia
Técnica. SEA-UPR-RUM.

Murfios, M. A. and Q. Celberg, 1990. Efecto de niveles de nitrégeno y gallinaza en la pro-
duccion de pimiento Memorias Foro Técnico--Cultive, Produccién, v ¥laboracion
del Pimiento. UPR-RUM-EIZA Lajas, PR. p. 52-69.

OYHallorans, J. M., M. A. Munoz and O. Colberg, 1993, Effect of chicken manure on chem-
ical properties of a Mellisol and tomato production. Jf Agric. Univ. PR, 77:181-191,

Rivera, E. and H. Ivizarry, 1984. Effect of fertilization with phosphorus, suiphur, and micro-
nutrients on yields of peppers growing on an alkaline soit. J Agric, UUniv. PR. 68:1-4.

SAS Institute, 1996, SAS user’s gaide. Release 6.12. Windows ver, 4.0.1212. SAS Inst.,
Cary, NC.

Sharpley, A. N, . Kieinman and R. McDowell, 2000. Innovative management of agricni-
tural phosphorus to protect soil and water resources. Comm. Soil Sci. Plant Anal.
32:1071-1100.

Sierra, J. and L. Marban, 2000, Nitvogen mineralization pattern of an Oxisol of Guade-
foupe, French West Indies. Seil Sci. Soe, Am. . 64:2002-2010,

Sotomayor-Ramirez, [}, B. Romin-Paoli and L. E. Rivera, 2000. Nitrogen availability in
vegetable systems amended with biosolid yard-waste compost. CBAG-75, Annuai
Progress of Research Report

Tyler, K. B. and O. A. Lorenz, 1999, ¥ertilizer guide for California vegetabie crops, UC-
Davis, Vegetabie Research and Information Center. Available at http:/Avric.ucdavis.
edu/selectnewiopie fertiliz.htm.

Vélez-Ramos, A., M. Goyal and A. J. Beale, 1991, Levels and methods of potassium fer-
tilization on tomato cv. Duke yield. J Agric. Unio. PRO75:111-117.

Vicente-Chandler, J., F. Abrufa, R. Caro-Costas and S. Silva, 1983, Produccion y utiliza-
cidn intensiva de las forrajeras en Puerto Rico. UPR-RUM-AES, Bulletin 271. 226 pp.

Vicente-Chandier, J., E. Irizarry and 8, Silva, 1882, Nutrieni uptake by taniers as re-
lated to stage of growth and effect of age on yields of the Morada variety. o Agric.
Univ. PR, 66:1-10.



http://vric.ucdavis

