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SummaRy. Diagnosis and recommendation integrated system (DRIS) leaf blade and
petiole optimum nutrient ranges were developed through tissue sampling in 53
commercial strawberry (Fragaria xananassa) fields in the coastal valleys of central
California in 2010 and 2011. All fields were in an annual production system using
the day-neutral cultivar Albion. Leaf blades and petioles were sampled five times
from early flowering through the fruit harvest period. Data on soil nutrient
availability and grower fertilization practices were also collected. DRIS analysis was
used to develop nutrient optimum ranges based on nutrient concentrations
observed in nutritionally balanced, high-yield fields. Blade nitrogen (N), phos-
phorus (P), and potassium (K) concentrations declined from the vegetative stage
until the main harvest period, and stabilized thereafter. Blade calcium (Ca), boron
(B), and iron (Fe) increased over time while magnesium (Mg), sulfur (S), manganese
(Mn), zinc (Zn), and copper (Cu) decreased. The blade N optimum range was lower
than previously published sufficiency ranges during the fruit harvest period,
and the Zn optimum range was lower throughout the season. Other nutrients
were in general agreement with previously established sufficiency ranges with
the exception of Ca, Mn, and Fe, which were higher. Petiole nitrate-nitrogen
(NO3-N) was highly variable among high-yield fields, was not correlated with
soil NO3-N at any growth stage, and was therefore of limited value as an
indicator of crop N status. Comparison of soil nutrient availability with grower
fertilization practices suggested that significant improvement in fertilizer
management was possible.

he majority of the U.S. straw-
berry crop is produced in Cal-
ifornia, predominately in the
central coastal valleys. The annual

shorter production scasons and
lower yield potential, and therefore
may not be directly applicable. Rel-

evant research on other nutrients

production system uses day-neutral
cultivars planted in the fall and typi-
cally grown for 9 to 12 months. Little
fertility research has been conducted
in this region in recent decades even
as improvements in cultivars and
production practices have dramati-
cally raised fruit yields, which now
commonly exceed 25 tons/acre. While
there is a substantial body of recent
research on strawberry N require-
ments from other production areas
(Hochmuth et al., 1996; Kirschbaum
etal., 2006; Miner et al., 1997; Santos
and Chandler, 2009), these studies
report on production systems with
different environmental conditions,
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in strawberry production is very
limited.

Plant tissue nutrient testing is
widely used in the California straw-
berry industry. However, the current
California diagnostic guidelines (Ulrich
et al., 1980) were developed more
than 30 years ago and differ substan-
tially for some nutrients from more
recent sources (Campbell and Miner,
2000; Hochmuth and Albregts, 1994;
Jones et al., 1991). With new cultivars

and other advances in California straw-
berry production, a reevaluation of
tissue nutrient diagnostic guidelines
is warranted.

Foliar nutrient sufficiency guide-
lines for horticultural crops have typi-
cally been established through fertilizer
rate studies conducted at a limited
number of field sites, and usually
evaluating only one or two nutrients.
This approach may not adequately
account for the effects of variability in
field conditions, or the relative avail-
ability of other nutrients. Studies have
shown that critical leaf N concentra-
tions developed by such traditional
fertilizer rate experiments can vary by
location and year (Maier et al., 1990;
Westerveld et al., 2003). Such con-
founding effects may partially explain
the variability in published diagnostic
guidelines.

An alternative approach to de-
veloping foliar nutrient concentration
guidelines is DRIS analysis (Beaufils,
1973; Walworth and Sumner, 1987).
In the DRIS approach, differences in
foliar nutrient concentrations and nu-
trient ratios between high- and low-
yielding fields are used to estimate the
degree to which various nutrients may
limit yield either by deficiency or ex-
cess. DRIS evaluation has been con-
ducted on a number of horticultural
crops (Angeles et al., 1993; Beverly,
1987; Caldwell et al., 1994; Hartz
etal., 1998, 2007; Parent and Granger,
1989). DRIS has primarily been used
as a diagnostic tool with which tissue
nutrient concentrations from a specific
field of interest could be compared
with a set of established standards, or
“norms,” through the calculation of
nutrient ratios and indices. Alterna-
tively, the DRIS framework has been
used to establish optimum leaf nutri-
ent ranges (Hartz et al., 1998, 2007;
Needham et al., 1990). The objective
of this study was to develop DRIS leaf
blade and petiole nutrient optimum

Units
To convert U.S. to To convert Sl to
S, multiply by U.S. unit Sl unit U.S., multiply by
10 % gkg™! 0.1

0.4047 acre(s) ha 24711

0.3048 ft m 3.2808

2.54 inch(es) cm 0.3937
254 inch(es) mm 0.0394

1.1209 Ib/acre kg-ha™ 0.8922

1 meq/100 g cmol-kg™ 1

1 ppm mg-kg™! 1

2.2417 ton,//acre Mg-ha™ 0.4461
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ranges of broad applicability to the
California strawberry industry.

Material and methods

A total of 53 commercial straw-
berry fields were sampled during the
2009-10 and 2010-11 production
seasons. All were planted with the
day-neutral cultivar Albion, the most
widely used cultivar in this region.
Plants were established in 4.0 to
5.2-ft-wide, plastic-mulched beds in
October or November at populations
between 20,000 and 28,000 plants/
acre. All fields were drip irrigated.
Fields were located in the Watsonville-
Salinas (lat 33°N, long. 122°W) and
Santa Maria (lat. 37°N, long. 122°W)
production districts along the central
coast of California. The fields, rang-
ing from &5 to 20 acres, represented
diverse soil characteristics and grower
fertilization practices. To examine
soil characteristics, composite soil sam-
ples (at least 12 cores, top 12 inch
depth) were collected in each field
between January and March and were
air-dried and screened through 2-mm
mesh. Care was taken during soil sam-
pling to avoid the bands of controlled-
release fertilizer (CRF) applied by
most growers below the plant row
before plant establishment. Soil pH
was determined using saturated paste
extracts (Rhoades, 1982). Total N
and carbon (C) were determined us-
ing a combustion analyzer (Thermo
Finnigan Flash EA 1112; Thermo
Fisher Scientific, Waltham, MA). Soil
texture was quantified by the hydrom-
eter method of Sheldrick and Wang
(1993). Phosphorus availability was
estimated by bicarbonate extraction
(Olsen and Sommers, 1982). Soil-
exchangeable K, Ca, Mg, and Na
were measured by atomic emission
spectrometry following ammonium
acetate extraction (Thomas, 1982).
DTPA-extractable soil Zn, Mn, Fe,
and Cu were determined by atomic
absorption spectrometry (Lindsay and
Norvell, 1978).

Whole leaf samples were collected
five times in each field. Fields were
sampled at different times in Santa
Maria (mid-February through mid-
August) and Watsonville-Salinas (mid-
March through September) to ensure
that the relative phenological stages
were matched; Santa Maria is an earlier
production district. In both districts,
sampling stage 1 was early flowering,
stage 2 was early fruit harvest, and
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stages 3-5 represented the main har-
vest period; with this cultivar fruit
production was relatively consistent
across stages 3-5, and at a much higher
level than at stage 2. Within a given
field, sampling was done on =5 to
6-weekintervals. At each stage,a com-
posite sample of 30 whole, recently
matured trifoliate leaves (petiole plus
blade) were collected. Root zone soil
samples (top 12 inches) were collected
concurrently with each plant sam-
pling, with at least 12 soil cores per
field per sampling date combined to
make a composite sample.

Leaves were rinsed in a 0.5%
detergent solution and then in de-
ionized water to minimize surface
contamination. The petioles were re-
moved from the leaf blades, and the
tissues were oven-dried separately and
ground to pass a 0.4-mm screen. Total
blade N was determined using a com-
bustion analyzer (model FP-528;
LECO Corp., St. Joseph, MI). All
other blade nutrient analyses were
conducted using inductively coupled
plasma atomic emission spectrometry
(ICP-AES) after microwave digestion
with nitric acid and hydrogen perox-
ide (Sah and Miller, 1992). Petiole
tissue was extracted in 2% acetic acid
(Miller, 1998). Petiole NO3-N and
phosphate-phosphorus (PO,4-P) were
determined using a flow injection ana-
lyzer (Lachat Instruments, Milwaukee,
WI), while K was quantified by ICP-
AES. Ripe fruit samples were col-
lected in all fields at stages 2 and 4

and analyzed as described for blade
tissue. Soil NO3z-N was determined in
2 N potassium chloride (KCl) extracts
by the spectrophotometric method of
Doane and Horwath (2003).

Participating growers reported
marketable fruit yield and all fertilizer
applications at the end of each pro-
duction season. Data were combined
across production seasons, and fields
were separated into high- and low-
yield groups. High-yield fields were
defined as those with >30 tons/acre
of fruit by the end of August (Santa
Maria) or by the end of September
(Watsonville-Salinas). Low-yield fields
were defined as those with <27.5 tons/
acre. These yield groups represented
about the upper and lower third of the
yield distribution of the monitored
fields.

DRIS analysis was conducted fol-
lowing the method of Walworth and
Sumner (1987). In brief, the mean
and variance for three mathematical
expressions relating each nutrient
pair (e.g., N/P, P/N, NxP) were
calculated for both yield groups at
each sampling stage. The expression
that maximized the ratio [low-yield
variance /high-yield variance] was se-
lected as the DRIS norm for that
nutrient pair. For each high-yield field
at each growth stage, a DRIS index
for each nutrient was calculated by com-
paring all expressions containing that
nutrient (e.g., N/P, NxK, Ca/N, etc.)
with the corresponding DRIS norm,
and summing the results. Following

Table 1. Range of soil characteristics [top 12 inches (30.5 cm)] in 53 California

strawberry fields.
Characteristic Unit* Mean Range
pH 6.9 59-7.5
Total nitrogen* gkg™ 0.71 0.23-1.61
Total carbon” gkg™! 7.3 2.2-15.0
Sand % 64 26-95
Silt % 21 1-45
Clay % 15 4-47
Exchangeable potassium* cmol-kg™ 0.49 0.10-1.09
Exchangeable calcium® cmol-kg™ 7.1 2.0-22.2
Exchangeable magnesium® cmol-kg™ 1.7 0.6-10.9
Exchangeable sodium* cmol-kg™ 0.3 0.1-1.5
Extractable phosphorus™ mg-kg™ 82 27-191
Extractable zinc” mg-kg™? 3.3 0.7-9.8
Extractable manganese” mg-kg™ 13.9 1.4-39.7
Extractable iron” mg-kg™ 232 7.8-65.0
Extractable copper” mg-kg™! 1.3 0.4-3.3
“1 g-kg™ = 0.1%, 1 cmol-kg™ = 1 meq/100 g, 1 mg-kg? = 1 ppm.
YCombustion method.
*Ammonium acetate extraction.
“Bicarbonate extraction.
VDTPA extraction.
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the precedent of Beaufils (1973), a
nutrient index within 1.33 sp of the
high-yield group’s zero index value
was considered to be balanced and
sufficient for high-yield production;
+1.33 sp would theoretically encom-
pass ~80% of high-yield fields, assum-
ing a normal distribution. High-yield
fields were then evaluated for overall
nutrient balance, defined as having N,
P, and K indices within 1.33 sp of the
zero index value.

Using only the high-yield, nutri-
tionally balanced fields, the linear re-
gression relationship between each
DRIS nutrient index and the respec-
tive blade nutrient concentration was
calculated. For all the regressions that
were significant at P< 0.05, optimum
blade nutrient concentration ranges
were defined as the ranges correspond-
ing to the zero value of the DRIS
index, +1.33 sp of that nutrient con-
centration in the balanced, high-yield
fields. For nutrients for which the re-
gression was not significant, the opti-
mum range was defined simply as the
mean nutrient concentration £1.33 sp
of the balanced, high-yield fields. Peti-
ole optimum nutrient ranges were cal-
culated as the sampling stage-specific
mean concentration +1.33 sp of the
balanced, high-yield fields.

Regression analysis was performed
using the data analysis package in Excel
software (Microsoft, Redmond, WA).
All other statistical analyses were con-
ducted using SAS (version 9.1; SAS
Institute, Cary, NC). Shapiro-Wilk tests
for normality were employed on each
nutrient at each growth stage using the
UNIVARIATE procedure. Correlation
analysis was performed using the CORR
procedure.

Results and discussion

A wide range of soil characteris-
tics were encountered in the moni-
tored fields (Table 1). In general, soils
had relatively low organic matter (means
of 0.71 and 7.3 g-kg™ total N and C,
respectively) and high P and K avail-
ability (means of 82 mg-kg™ and 0.49
cmol-kg™, respectively). Soil pH ranged
from 5.9 to 7.5. Base exchange was
dominated by Ca (74% of base ex-
change on average).

Median seasonal fertilizer appli-
cation was 205, 48, and 145 lb/acre
N, P, and K, respectively (Fig. 1).
Fertilization varied widely among
fields; seasonal application rates ranged
from 118 to 424,11 to 136,and 71 to
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370 Ib/acre N, P, and K, respectively.
Across fields, about half of the seasonal
N/P /K application was in the form
of preplant CRF, with the remainder
fertigated using drip irrigation; many
different fertilizers, and fertilizer blends,
were used. Fruit yield was not correlated
with the application rate of N, P, or K.

Across all fields, blade N, P, and
K concentrations declined from stage
1 (early flowering) to stage 3 (main
harvest period) and stabilized there-
after (Fig. 2). Petiole PO4-P showed a
similar pattern, while petiole NO3-N
and K declined throughout the sea-
son. Petiole nutrient concentrations
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Fig. 1. Seasonal nitrogen (N), phosphorus (P), and potassium (K) fertilizer
application in 53 California strawberry fields. The shaded boxes enclose the firstand
third quartiles of fields, and the lines inside the boxes represent the median. The
bars represent the 10th and 90th percentile, and the closed circles represent the
range of observations; 1 Ib/acre = 0.8922 kg-ha™'.
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Fig. 2. Concentration of leaf blade nitrogen (N), phosphorus (P), and potassium
(K) and petiole nitrate-nitrogen (NO3-N), phosphate-phosphorus (PO4-P), and
K in 53 California strawberry fields across the production season. Sampling stage
1 = early flowering, 2 = early harvest, and 3-5 = main harvest; bars indicate + 1 sp;

1gkg!=0.1%.
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were more variable than blade concen-
trations. Decreasing blade N, P, and K
concentrations were expected during
fruiting as fruit constitute a substantial
nutrient sink. Fruit nutrient concentra-
tions declined over time, with N, P, and
Kaveraging 14.8, 3.8, and 23.5 g-kg™!
dry weight, respectively, at stage 2, and
13.6, 3.2, and 21.6 g-kg™! at stage 4.
The decrease in fruit nutrient concen-
trations was likely due to greater fruit
production at stage 4 compared with
stage 2. Across fields and growth
stages, fruit contained ~2.6, 0.6, and
4.2 1b/ton fresh weight of N, P, and K,
respectively. These values were higher
than those reported by others (Black
et al., 2005; Tagliavini et al., 2004).

Blade concentrations of other
nutrients showed an inconsistent pat-
tern, with Ca, B, and Fe increasing
and S, Mg, Mn, Zn, and Cu decreas-
ing between stages 1 and 4 (Fig. 3).
For all nutrients, both the pattern of
blade concentration change over the
season, and the range of values en-
countered, were similar to those re-
ported for whole leaves in Spain by
Dominguez et al. (2009). Conversely,
Niskanen and Dris (2002) found late-
season whole leaf N, P, Ca, and Mg in
Finland to be much lower than the
blade concentrations encountered in
this study. Since petioles constitute
<10% of whole leaf dry weight, and
petiole and blade concentrations of
most elements do not differ radically,
whole leaf and blade nutrient concen-
trations are quite comparable.

Correlations between initial soil
nutrient availability and blade nutrient
concentration were generally poor;
only Mn showed a statistically significant
correlation at all stages [# varying from
0.45 to 0.71 (P < 0.01)]. Niskanen
and Dris (2002) also found soil nutri-
ent availability to be a poor predictor
of blade nutrient concentration. In-
season fertilizer application was an
obvious confounding factor in this
relationship in this study.

Mean marketable yields were 36
and 24 tons/acre in the high- and
low-yield groups, respectively. Depend-
ing on the growth stage, between 12
and 14 high-yield fields were classified
as nutritionally balanced for N, P,
and K. Shapiro-Wilk analysis indicated
that blade N, P, and K concentrations
of high-yield, nutritionally balanced
fields were normally distributed (P <
0.05) at all sampling stages, confirming
that the calculated nutrient optimum
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ranges would encompass values from
~80% of high-yield fields. Blade con-
centrations of other nutrients were nor-
mally distributed at stages 1 and 2, but
one or more nutrients showed a skewed
distribution at stages 3-5.

DRIS blade N, P, and K optimum
ranges were compared with previously
published sufficiency ranges (Table 2).
Given the stability of blade nutrient
concentrations throughout the main
fruit harvest period (stages 3-5), only
values for stage 4 are given. The DRIS
blade N optimum range was lower
than previously established sufficiency
ranges during fruit harvest; only two
high-yield fields met the 30 gkg™
sufficiency minimum suggested by
Ulrich et al. (1980) and Campbell
and Miner (2000). Conversely, the
DRIS P and K ranges were higher

than established standards, undoubt-
edly due to the high soil availability of
these nutrients and high fertilization
rates.

There was substantial variability
among previously published references
regarding Ca, Mg, S, and micronutrient
sufficiency (Table 3). DRIS optimum
ranges for these nutrients generally fell
within the established standards, with
a few exceptions. Blade Ca, Mn, and Fe
were higher, presumably due to high
soil availability. Blade Zn was lower,
with most high-vield fields failing to
meet the 20 mg-kg™* standard of Jones
et al. (1991), Hochmuth and Albregts
(1994), and Ulrich et al (1980).

DRIS optimum petiole NO3z-N,
PO4-P, and K concentrations had
broader ranges than for blade N, P,
and K (Fig. 4). Petiole NO3-N was
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Fig. 3. Mean leaf blade calcium (Ca), magnesium (Mg), sulfur (S), and
micronutrient concentrations at early flowering (stage 1) and main harvest (stage 4)
for 53 California strawberry fields. Ca, Mg, and S in g-kg™!; boron (B), zinc (Zn),
manganese (Mn), iron (Fe); and copper (Cu) in mg-kg™?'; bars indicate + 1 sp;

1gkg™=0.1% 1 mgkg ' =1 ppm.

Table 2. Comparison between diagnosis and recommendation integrated system
(DRIS)-derived strawberry leaf blade nitrogen (N), phosphorus (P), and
potassium (K) optimum ranges and previously established sufficiency ranges.

Optimum range (g-kg™')”

Growth stage Sufficiency range N P K
Early flowering DRIS optimum 31-38 69 18-22
(stage 1) Jones et al. (1991)” 25-40 2.5-10 13-30
Ulrich et al. (1980)>" 30+ 1.5-13 10-60
Early harvest DRIS optimum 27-32 3-5 16-18
(stage 2) Hochmuth and Albregts (1994)Y  30-35 24 15-25
Main harvest DRIS optimum 24-30 34 13-17
(stage 4) Hochmuth and Albregts (1994)  28-30 24 11-25
Campbell and Miner (2000)” 3040 2-4 11-25
Ulrich et al. (1980)>" 30+ 1.5-13 10-60
“1 gkg™? = 0.1%.
YRange based on whole leaf analysis.
*Range based on leaf blade analysis.
“Growth stage not specified.
315
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Table 3. Comparison between diagnosis and recommendation integrated system (DRIS)-derived strawberry leaf blade
calcium (Ca), magnesium (Mg), sulfur (S), boron (B), zinc (Zn), manganese (Mn), iron (Fe), and copper (Cu) optimum
ranges and previously established sufficiency ranges.

Optimum range (g-kg™')* Optimum range (mg-kg~"')*
Growth stage Sufficiency range Ca Mg S B Zn Mn Fe Cu
Early flowering DRIS 6-13 3355 19-2.3 3145 12-28 74-615 72-138 3.3-5.8
(stage 1) Jones et al. (1991)” 10-25  2.5-10 23-50 20-200 50-200 50-200 6-50
Ulrich et al. (1980)" 4-27 3-7 1.0+ 35-200 20-50 30-700 50-3000 3-30

Early harvest ~ DRIS optimum

9-13 29-39 1.6-2.3 36-57 11-20 48-506 81-143 3.34.9

(stage 2) Hochmuth and Albregts (1994) 4-15  2.5-5 2.5-8.0 2040 2040 30-100 50-100 5-10

Ulrich et al. (1980)*"
Main harvest DRIS

4-27 3-7 1.0+ 35-200 20-50 30-700 50-3000 3-30
9-23 3.14.1 1.6-2.0 43-77 12-22 26426 102-188 2.54.9

(stage 4) Hochmuth and Albregts (1994)  4-15 24 2.5-8.0 2040 2040 25-100 50-100 5-10
Campbell and Miner (2000)" 5-15 2.5-45 1.5-4.0 25-50 15-60 30-300 50-300 3-15

Ulrich et al. (1980)%"

4-27 3-7 1.0+ 35-200 20-50 30-700 50-3000 3-30

“1 gkg™? = 0.1%, 1 mgkg™ =1 ppm.
YRange based on whole leaf analysis.
*Range based on leaf blade analysis.
“Growth stage not specified.

particularly variable, with values dur-
ing stages 4 and 5 ranging from <0.1
to >1.7 gkg'. Depending on the
growth stage, up to 5 of the balanced,
high-yield fields had petiole NO3-N
below the 0.5 g-kg™ critical level
suggested by Ulrich et al. (1980).
Contrary to the contention of Lacroix
and Cousin (1997), we did not find
petiole NO3-N to reflect current soil
NOj;-N availability; there was no cor-
relation between petiole NO3-N and
soil NO3-N at any sampling stage. We
concluded that petiole NO3-N pro-
vided minimal guidance regarding
plant N status or soil NO3-N avail-
ability, and that maintaining petiole
NO;-N throughout the fruit harvest
season at the level suggested by either
Ulrich et al. (1980) for dry tissue or
Hochmuth and Albregts (1994) for
petiole sap was not necessary for high-
yield production.

The field survey approach to de-
veloping DRIS tissue optimum ranges
has both strengths and weaknesses.
An advantage was that collecting data
from numerous fields selected to rep-
resent a wide range of soil character-
istics, environmental conditions, and
grower fertilization practices ensured
that the optimum ranges developed
have broad applicability to the re-
gional industry. A limitation of this
approach was that without including
fields clearly deficient in the various
nutrients, the resulting optimum
ranges were likely to be higher than
required to maximize yield. This re-
stricts the application of the DRIS
optimum ranges to confirming that an
observed blade nutrient concentration
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Fig. 4. Diagnosis and recommendation integrated system (DRIS) optimum
strawberry petiole nitrate-nitrogen (NO3-N), phosphate-phosphorus (PO4-P), and
potassium (K) ranges across the production season. Sampling stage 1 = early
flowering, 2 = early harvest, and 3-5 = main harvest; bars indicate +1 sp about the
mean of nutritionally balanced, high-yield fields; 1 g-kg™" = 0.1%.
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Fig. 5. Relationship between grower fertilizer application to strawberry and soil test
phosphorus (P) and potassium (K); 1 mg-kg~' = 1 ppm, 1 cmol-kg™* = 1 meq,/100 g,

11b/acre = 0.8922 kg-ha™'.

is sufficient for high-yield produc-
tion; one cannot necessarily infer
that a value below the range is yield
limiting.

This study also highlighted the
importance of applying tissue nutri-
ent standards that were developed
under similar soil and environmen-
tal conditions. The blade nutrient
concentrations found were similar to
whole leaf concentrations reported
from Spain (Dominguez et al., 2009),
a semiarid, Mediterranean climate
similar to California. Conversely, whole
leaf nutrient concentrations reported
from Finland (Niskanen and Dris,
2002) were quite different. Hochmuth
and Albregts (1994), working in
Florida, reported whole leaf Ca suf-
ficiency to be as low as 4 g-kg™; in
this study the mean value observed
after the initiation of harvest was more
than three times that concentration,
with 7.7 gkg™ the lowest value ob-
served. It should also be noted that
blade nutrient concentrations of short-
day cultivars may be different from
those observed in this study.

Beyond the development of tis-
sue nutrient optimum ranges, this field
survey also allowed evaluation of cur-
rent nutrient management practices.
Fertilization rates were widely variable.

Horllochnology + June 2013 23(3)

P and K application rates were appar-
ently unrelated to soil nutrient status
(Fig. 5). Phosphorus management was
particularly inefficient because the ma-
jority of fields had soil P> 60 mg-kg™,
and therefore were unlikely to be respon-
sive to P application (Ludwick, 2002;
Johnstone et al., 2005). Preplant CRF
application was a standard grower prac-
tice to ensure N availability through the
winter, when heavy rain may occur. The
CRF formulations currently favored by
growers all contain significant quantities
of P and K; in fields of high P and K
availability, switching to a CRF contain-
ing only N would be more efficient.
The wide range of seasonal N
applications (118—424 lb/acre), and
the fact that N application was not
correlated with fruit yield, suggested
that substantial improvement in N
management was possible. Strawberry
yields in annual production systems
have been reported to be maximized
by no more than 120 lb/acre N in
Florida (Hochmuth et al., 1996) and
North Carolina (Miner et al., 1997),
or 140 lb/acre N in Argentina
(Kirschbaum et al., 2006). These
sources reported fruit yields between
~12 and 18 tons/acre, so higher
seasonal N rates may be justified in
California, given the much higher

crop productivity. However, since fruit
N content averaged only 2.6 Ib /ton, the
N use efficiency of seasonal N rates in
excess of the median observed in this
study (205 1b N /acre) was undoubtedly
low.

In summary, DRIS optimum
blade and petiole nutrient ranges were
developed for annual strawberry pro-
duction in California. Blade optimum
ranges were in general agreement with
previously published sufficiency ranges,
but were lower for N and Zn during the
fruit harvest period. Petiole NO3z-N
concentration was highly variable, un-
related to concurrently measured soil
NO3-N;, and therefore of limited utility.
Substantial improvement of current in-
dustry fertilizer management appeared
to be possible.
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