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Abstract. Temperatures recorded by weather stations and within the canopy of tomato (Lycopersicon esculentum
Mill.) crops were compared in fields near Davis, Calif., during Summer 1983 (60 days) and 1987 (50 days). For both
years, the average maximum and minimum temperatures, daily temperature ranges, degree days per day, and total
accumulated degree days were compared. In 1983, the mean maximum temperature at the weather station did not
differ significantly from that in the canopy, but the mean minimum temperature at the weather station was signifi-
cantly lower than that in the canopy. In 1987, the mean maximum temperature at the weather station was significantly
higher than that in the canopy, but mean minimum temperatures did not differ significantly. Temperature ranges
were significantly narrower for the weather station toward the end of the 1983 season, and significantly wider for
the weather station at midseason 1987. Comparisons of degree days per day showed significant differences between
means at the weather station and in the canopy in 1983, and among those at the weather station and the two degree
day calculation methods used for temperatures recorded in the canopy. Total accumulated degree days based on
temperature records at the weather station were lower than those in the canopy in 1983 but higher in 1987. In 1987,
the single sine degree day calculation method overestimated degree days compared to the 2-hr triangulation method.
The phenology of the tomato crop as predicted by weather station temperatures indicated that tomato maturation
was underestimated in 1983 and overestimated in 1987. The rate of development for hypothetical populations of
Heliothis zea (Boddie) and Spodoptera exigua (Hübner) (Lepidoptera: Noctuidae) within the tomato crop was again
underestimated in 1983 and overestimated in 1987, as based on temperature data of the weather station.
The developmental rates of crops, their pests, and associ-
ated natural enemies are regulated by the temperatures en-
countered through the course of a growing season (Willmer,
1986). As a result, the concept of physiological time (degree
days) is now widely used as a driving variable for predictive
phonological models used in agricultural systems. The cal-
culation of degree days can be accomplished using a variety
of techniques, but most assume that the growth rate of the
crop or arthropod is linearly related to ambient temperature
within the limits of specified lower and upper developmental
thresholds (Wilson and Barnett, 1983). One popular method,
which uses daily maximum and minimum temperatures, is
the single sine method of Baskerville and Emlin (1968). An-
other method of calculating degree days is the triangulation
or trapezoidal technique (Lindsey and Newman, 1956). Both
methods can be adapted for use as 24-hr (single) methods that
calculate degree days based on one maximum and one mini-
mum temperature per day, or as 12-hr or smaller interval
methods if maximum and minimum temperatures are recorded
at more frequent intervals. Increasing the frequency at which
temperature data are collected will improve the precision of
both techniques (Wilson and Barnett, 1983).

Fundamental to the accuracy of degree day calculations is the
accuracy of the temperature data used. Temperature data may
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vary depending on the recording equipment and where the tem-
perature records are taken relative to the location of the crop or
arthropod. Temperature data are often obtained from weather
stations that are located a considerable distance from the crop-
ping system and in an entirely different environment. In a stan-
dard weather station, air temperature is measured in a shelter at
a height of 1.5 m and the location is commonly surrounded by
sod or weeds (Newman et al., 1959). Many studies have shown
temperatures of the crop canopy to be modified by cultural prac-
tices, plant architecture, plant phenology, and humidity (Dow-
ney and Caviness, 1973; Lomas and Mandel, 1973; Sivakumar,
1986). In the course of a growing season, these modifications
may lead to differences between temperatures within the crop
canopy and those of the weather station environment. Therefore,
it is important to measure the differences that may exist between
temperature records of the weather station and those in the crop
microclimate, and the impact of the differences when used in
the phonological models.

We undertook the present study in processing tomato (Ly-
copersicon esculentum Mill. ) fields in the Sacramento Valley
of California. The primary objective was to determine how ac-
curately local weather stations estimate temperatures occurring
within the tomato crop. This goal was accomplished by com-
paring daily maximum and minimum temperatures, the daily
temperature ranges (difference between maximum and mini-
mum temperatures), and degree days per day as recorded at
weather stations and within the tomato crop canopy. We also
assessed the consequence of using temperature data obtained
from both a local weather station and the tomato crop canopy
in phonological models developed for processing tomato and
Abbreviations: AIR, above the soil surface; IN, inside the plant canopy; TOP,
top surface of the plant canopy.
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Table 1. Two-hour formulas for calculating degree days (DD) using
the triangulation method.z

zThe 2-hr triangulation method calculates the area bounded by the min-
imum and maximum temperatures (recorded 2 hr apart), and one or
both of the developmental thresholds. [Adapted from Zalom et al.
(1983)]. If the temperature at the initial time interval, xi, equals the
temperature at the final time interval, xi+1, then only the first three
equations above apply.
yWhere Tmin = minimum temperature and Tmax = maximum temper-
ature for each 2-hr interval; TU = upper developmental threshold, and
TL = lower developmental threshold.
two of its major insect pests: the tomato fruitworm, Heliothis
zea (Boddie), and the beet armyworm, Spodoptera exigua (Hüb-
ner) (Lepidoptera: Noctuidae).

Materials and Methods

Temperature records

In 1983, temperature within a tomato canopy was measured
using a calibrated three-point thermograph with liquid and steel
sensors (Model T603, Weathermeasure Corp., Sacramento, Calif.)
installed in the center of a 3 × 10 m2 planting of ‘UC 82’
processing tomatoes at the Univ. of California, Davis. The field
was level,..with Yolo silty loam soil type, and 18.3 m above
sea level in elevation. At the time of installation (12 July) the
tomato crop canopy was     0.4 to 0.5 m high. Each of the three
probes extended     3.7 m from the thermograph (east, west, and
south) and was shaded by a wooden boxlike shelter (320 × 160
× 160 mm). The probes were positioned parallel to the soil and
suspended 0.15 m above soil level. Daily maximum and mini-
mum temperatures were recorded for 60 days (13 July to 10
Sept.). Daily maximum and minimum temperatures for the same
time period were also obtained from the University of California
(Dept. of Land, Air, and Water Resources) touchtone station
(Davis 1) (38’32” N 121’46” W, 18.3 m elevation). The Davis
1 station was located on level ground      0.5 km from the tomato
planting and situated on bare soil (Yolo silty loam). Tempera-
ture data were recorded with a maximum–minimum thermom-
eter 1.5 m above the soil surface, enclosed in a standard shelter.

In 1987, two microloggers (Model CR21, Campbell Scien-
tific; Logan, Utah) were placed in a commercial field of processing
tomatoes of various cultivars located     3.2 km east of Wood-
land, Calif. The Woodland field was level, with a soil type of
Laugenour very fine sandy loam, and 9.1 m in elevation. Tem-
peratures were recorded from inside the plant canopy (IN) at
0.25 m above the soil surface, the top surface of the canopy
(TOP) at 0.50 m above the soil surface, and outside the canopy
at 1.50 m above the soil surface (AIR). Five probes extended
from each micrologger to the three strata for a total of three
within and three on top of the canopy, and four above the soil
surface. Because one of the TOP probes malfunctioned, data
from this probe were not used. Temperatures from the nine
probes were recorded every 2 hr from 1 Aug. to 19 Sept. (50
days) with lapses on 2 Sept. at 0800, 1000, and 1200 HR for
all probes. There were additional failures on 12 Sept. for three
probes at 0200 HR. On 14 Sept. all probes malfunctioned at
1000 HR. Altogether, missing temperatures totaled AIR = 17,
IN = 15, and TOP = 16. When only 1 hr was missing, an
average of the adjoining readings was used as an estimate for
the missing value. For the missing data points on 2 Sept., a
linear regression was generated by using the temperature at 0600
and 1400 HR, and then interpolating temperatures at 0800, 1000,
and 1200 HR.

In 1987, maximum and minimum daily temperatures were
also obtained from the following weather stations: Woodland
(Woodland, 38’41” N 121’4” W, 19.8 m elevation); California
Irrigation Management Information System automated (Davis
2, 38’32” N 121’47” W, 18.3 m elevation); and the Davis 1
station. The Woodland station, adjacent to a building, was 9.1
km from the Woodland tomato field on level land. Temperature
data were recorded using an electronic maximum–minimum
temperature sensor 1.8 m above the soil surface (Marvin silty
clay loam soil type). The Davis weather stations, which were
862
182.9 m apart, were 18.2 km from the tomato field. Because
of their distance from the tomato field, temperature data from
the two Davis stations were included only in the comparison of
daily temperature ranges. The Davis 2 station was located on a
level grassy tract with a soil type of Yolo silty loam and the
area was irrigated more frequently than at the Davis 1 station.
Temperature data were recorded at 1.5 m with a Fenwal elec-
tronic thermistor enclosed in a gill radiation shield.

Data analysis

In 1983 and 1987, we compared maximum and minimum
temperatures and temperature ranges recorded at the weather
station and in the tomato canopy using two-way analyses of
variance (ANOVA). For each ANOVA, location of tempera-
tures recording (weather station or canopy stratum) and time
period were treated as factors. Each time period was 10 days
long, and there were six and five time periods in 1983 and 1987,
respectively. The 10-day time periods were included as repli-
cates to account for the minor variations of temperature during
the summer, when the weather of the lower Sacramento Valley
is typically hot, dry, and sunny. In this way, we could measure
among and within period differences, and evaluate the extent
of variation of the temperature data for a given treatment.

In 1987, maximum and minimum temperatures were com-
pared among the three strata (AIR, IN, and TOP) in the tomato
canopy and at the Woodland weather station. The two Davis
and one Woodland weather stations, along with the three canopy
strata, were included in the daily temperature range comparison.
The GLM Procedure of the SAS statistics package (SAS Insti-
tute, 1985) was used for each ANOVA, and Duncan’s multiple
range test for separation of means.

Degree days per day and accumulated degree days for the
locations in the tomato crop canopy and at the weather station
were calculated using the Univ. of California Integrated Pest
Management (UC/IPM) computer system. The single sine method
of degree day calculation was used when temperature data con-
sisted of single daily maximum and minimum temperature rec-
ords. However, canopy (AIR, IN, TOP) temperature records
were taken frequently enough in 1987 to allow use of the 2-hr
triangulation method, adapted from Zalom et al. (1983) (Table
1). The average temperature of the three probes at each stratum
was calculated at every 2-hr interval. These average tempera-
tures were then used to calculate degree days every 2 hr. The
12 degree day intervals were totaled for each stratum to yield
J. Amer. Soc. Hort. Sci. 115(5):861-869. 1990.



Table 2. Delay in tomato plant development (DD/day) at each phen-
ological stage of tomato, resulting from daily temperatures > 32.2C. Z

Delay in development
Phonological Total degree days (DD/day) when
stage (base 10C) temperature > 32.2Cy
total degree days per day. Each day’s calculations began at 0200
HR and continued until 0200 HR the following day. Two-way
ANOVAs were performed for degree days per day for 1983 and
1987 with location (combined with degree day calculation method
in 1987) and days treated as factors, Fisher’s protected least
significant difference test (Fisher’s PLSD) was used for separa-
tion of means (Steel and Torrie, 1980).

The lower and horizontal upper developmental thresholds used
were 10.0 and 34.4C for tomato, and 13.9 and 34.4C for H.
zea (Wilson and Barnett, 1983). For S. exigua, only the lower
developmental threshold of 12.2C was used (Hogg and Gutier-
rez, 1980).

Impact on phonological models
We compared models for the tomato crop using temperature

data from weather stations and the crop canopy to determine to
what extent the predictive capabilities of phonological models
would be affected by the source of temperature data. Differences
in accumulated degree days between the weather station and
tomato canopy data were evaluated regarding the predicted mat-
uration of the tomato crop. We also compared the single sine
and 2-hr triangulation methods for calculations of accumulated
degree days and applied these calculations to the phonological
model for the tomato crop. Three hypothetical planting dates of
1 Mar., 1 Apr., and 1 May were established for both 1983 and
1987 to illustrate differences of accumulated degree days among
variously timed tomato crops. Using the UC/IPM computer sys-
tem, we calculated degree days per day from 1 Mar. through 1
Oct. for the Davis 1 (1983) and Woodland (1987) weather sta-
tions. The 1 Ott. date is sufficiently late to account for a pos-
sible delayed harvest for either year. The number of degree days
per day within the canopy for this period was needed to compare
the degree days per day, although monitoring of the canopy
covered only 60 days in 1983 and 50 days in 1987. We regressed
the known 60 (for 1983) and 50 (for 1987) degree days per day
of-the canopy with the comparable degree days per day of the
weather station to obtain degree days per day for the remainder
of the days. For 1987, regressions were carried out using the
degree days per day calculated with both single sine and 2-hr
triangulation methods against the degree days per day of the
weather station. The regression equations of the three lines were
then used to generate degree days per day for the 1983 and 1987
canopies.

It was necessary to extrapolate the missing data for the canopy
from the regression of the weather station and crop canopy to
apply the models developed to predict crop and arthropod phe-
nology. One of these phonological models, TOMDAT, devel-
oped by Wilson and Zalom (1986), predicts the degree days
required for the crop to reach each of nine developmental stages
(Table 2). In agreement with results obtained by Rudich et al.
(1977) and based on 3 years of field studies, they found that
high temperatures impaired fruit set and delayed crop matura-
tion. Using the TOMDAT model, we estimated the number of
days each hypothetical tomato crop would require to reach the
stage when 75% to 90% of its fruit were ripe. For each of the
three planting dates, accumulated degree days were compared
between the weather station and the canopy. In 1987 we also
made comparisons for the two degree day calculation methods.

Predictions of H. zea and S. exigua numbers within the crop
canopy based on temperature data from the weather stations
were made by comparing accumulated degree days between the
weather stations and the crop canopy for 60 days in 1983 and
50 days in 1987. We assumed the accumulated degree days
J. Amer. Soc. Hort. Sci. 115(5):861-869. 1990.
within the canopy depicted the lepidopteran microenvironment
more accurately than weather station-based estimates. Because
weather station temperatures are generally used to estimate events
in the canopy, we assigned the weather station calculations as
the standard accumulated degree days. The ratio between the
accumulated degree days of two sites (e.g., the weather station
and canopy) and/or two calculation methods was designated the
proportional error (    error) by Eq. [1].

[1]

where the reference method refers to the degree day calculation
method used for the weather station (1983, 1987), or, likewise,
the single sine method when the single sine and 2-hr triangu-
lation methods were compared (1987). A positive     error de-
notes lower total accumulated degree days by the reference
method, while a negative     error indicates that these measure-
ments are higher. Although this designation is counter-intuitive,
the positive error implies that the accumulated degree days are
greater for the more accurate nonreference method.

The fecundities (total number of eggs per female laid at 25C)
of both H. zea and S. exigua as obtained from Fye and McAda
(1972) were then adjusted for the proportional error by Eq. [2].

[2]

[3]

The actual fecundity (x axis) was then plotted against the
adjusted ratio (y axis) (as calculated from Eq. [3]), where actual
fecundity is derived from the standard accumulated degree days.
If, for example, the     error is negative, then the accumulated
degree days of the weather station are overestimated relative to
the canopy. Therefore, the fecundity predicted by weather sta-
tion temperature data would overestimate actual numbers found
in the canopy.

Results and Discussion

Maximum and minimum temperatures
In 1983, the mean maximum temperatures recorded in the

canopy were significantly higher than those recorded at the local
weather station for two of the 10-day intervals (12 to 31 Aug.)
(P < 0.05). The mean minimum temperature within the canopy
863



Fig. 1. Maximum and minimum temperatures as recorded by weather stations and within the canopy of a tomato crop for 1983 (a) and 1987
(b).
was significantly higher from 23 July to 1 Aug. (Fig. 1A). Over
the 60-day period of comparison, the mean minimum temper-
ature (15.0C) within the crop canopy was significantly higher
than that recorded at the weather station (14.0C). Mean maxi-
mum temperatures over the same time period were not signifi-
cantly different.

In 1987, maximum weather station temperatures were signif-
icantly higher than canopy temperatures at all strata (AIR, IN,
TOP) from 21 to 31 Aug. (Fig. 1B). Minimum temperatures
were also significantly higher for the weather station than for
the TOP canopy stratum from 1 Aug. to 9 Sept. The maximum
or minimum temperatures recorded at the three canopy strata
did not differ significantly during any of the five periods. For
the entire 50 days, however, the average maximum temperature
recorded at the weather station (33.4C) was significantly higher
than the average maximum temperatures of the tomato canopy
at each of the strata (31.0C, AIR; 31.2C, IN; 31.5C, TOP).

The lower maximum and minimum temperatures of the weather
station vs. the canopy toward the end of the 1983 tomato grow-
ing season may have been due to drying up of the tomato plants
and the subsequent increase in soil exposure, resulting from the
general senescing of leaves close to harvest. The overall warmer
temperatures of the canopy at this time may have in part resulted
from the termination of irrigation, which stopped 24 days before
harvest, when the crop had reached the 10% red fruit stage.
Irrigation usually is stopped 30 days before tomato harvest to
864
hasten ripening of fruit, and to enable equipment to enter the
field (Brendler et al., 1985).

A late season rise in maximum temperatures of the canopy
relative to the weather station was observed in 1983 but not in
1987. Because the Woodland weather station used in 1987 was
adjacent to a building, its temperature data may have diverged
more from those of the tomato canopy relative to the 1983 Davis
weather station and canopy combination, when the weather sta-
tion was located on a sod field. The Woodland weather station
was also much farther from the Woodland tomato field (9.1 km)
than the Davis weather station was from the Davis tomato field
(0.5 km). Downey and Caviness (1973), working in a humid
environment with soybean, also found that the canopy had lower
maxima and higher minima than a nearby weather station. At
the beginning of the growing season, in both irrigated and non-
irrigated fields, maximum temperatures 0.15 m above the crop
were higher than the maxima at 1.20 m and at a weather station
0.5 km away. Following irrigation, this situation was reversed.

In an experiment in a Michigan tomato field, overhead sprin-
kling lowered midday temperatures in the tomato canopy by 8C
relative to a nearby weather station (van den Brink and Carolus,
1965). The temperature in the canopy fell 6C only 6 min after
sprinkling began.

The increased availability of moisture due to irrigation may
not be the only explanation of lower canopy maxima. Blad et
al. (1978) and Weiss et al. (1980) found that a dense-canopied
J. Amer. Soc. Hort. Sci. 115(5):861-869. 1990.



cultivar of bean had significantly lower canopy temperatures
than an open-canopied cultivar. White mold (Sclerotinia scler-
otiorum) infection was more prevalent in the dense-canopied
cultivar regardless of irrigation frequency, although the open-
canopied beans also developed disease when irrigated. Records
from a nearby weather station would probably not reflect subtle
differences in canopy temperature between cultivars, nor would
they detect the higher temperatures of the canopy near severely
diseased plants.

Canopy structure and its effect on canopy temperature have
also been implicated in the incidence of Botrytis bunch rot of
grapes (Savage and Sail, 1984). During morning, cluster tem-
peratures of the less-open trellis were often lower than those in
the more-open trellis. At evening, the more-open trellis cooled
more abruptly than the less-open trellis.

Temperature ranges
In 1983, the mean canopy and weather station maximum

and minimum temperature ranges differed significantly dur-
Fig. 2. Differences between weather station and tomato canopy tempera
for a total of 60 days for (a), and for 10-day intervals for a total of 50

J. Amer. Soc. Hort. Sci. 115(5):861-869. 1990.
ing most of the season (Fig. 2A). From 13 July to 1 Aug.,
the temperature range at the weather station was significantly
higher (P < 0.05), but there was little difference from 2 to
21 Aug. The trend was reversed from 22 Aug. to 10 Sept.,
when the range of temperatures within the canopy was sig-
nificantly higher.

The reversal of temperature ranges between the tomato can-
opy and weather station in 1983 was similar to the trend ob-
served for maximum and minimum temperatures. In 1983, canopy
temperature ranges were significantly lower through July, when

denser foliage and periodic irrigation increased the humidity of
the canopy, modifying temperature extremes. From late August
through early September when the tomato plants reached max-
imum growth, the significantly higher temperature range of the
canopy could again be explained by maturation of the tomato
crop.

In 1987, the weather stations showed the widest range of
temperatures, while the range of the strata of the tomato canopy
was much narrower (Fig. 2B). The only significant difference
ture ranges. Temperature recordings are averaged for 10-day intervals
 days for (b).
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occurred from 21 to 30 Aug., when the IN stratum temperature
range (16.6C) was much narrower than that of the other canopy
strata and weather stations (19.2 to 21.6C) (P < 0.05). Unlike
the reversal observed in 1983, the temperature range of the three
weather stations remained higher than, the canopy temperature
range throughout the growing season.

Degree days and phonological models
Degree days per day. In 1983, degree days per day for the

weather station were lower than those for the canopy for 55 out
of the total 60 days, differing from those of the canopy by 2 to
4 DD per day beginning in mid-August (tomato developmental
thresholds) (Fig. 3A). The accumulated degree days within the
canopy during the 60 days were 64.9 and 59.7 DD higher than
those of the weather station when using the developmental
thresholds for tomato or H. zea, respectively. A two-way ANOVA
showed highly significant differences (P < 0.005) between de-
gree days per day (tomato developmental thresholds) for the
weather station (    = 13.12 DD ± 0.319 SE) and canopy (   =
14.20 DD ± 0.228 SE) (Fisher’s PLSD = 0.776). Comparisons
of means for degree days per day calculated at developmental
thresholds for S. exigua and H. zea were also significantly dif-
ferent (P < 0.05).

Degree days per day in 1987 (tomato developmental thresh-
olds) were significantly higher for the Woodland weather station
than for the two methods used to calculate degree days within
the canopy (Fisher’s PLSD = 0.948, P < 0.005). The ranking
of methods was: weather station (     = 13:49 DD ± 0.400 SE)
> single sine method; (   = 12.29 DD ± 0.301 SE) > 2-hr
triangulation method (    = 11.31 DD ± 0.308 SE) (Fig. 3B).
The weather station data gave the highest estimate of degree
days per day on 49 of 50 days. Using the means of degree days
Fig. 3. Degree days per day using tomato plant developmental threshol
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per day calculated at developmental thresholds for S. exigua
and H. zea showed significance among all pairs except for those
calculated at the S. exigua threshold: the means for the single
sine (    = 10.24 DD ± 0.413 SE) and 2-hr triangulation (     =
9.20 DD ± 0.373 SE) methods within the canopy did not differ
significantly (Fisher’s PLSD = 1.152).

Accumulated degree days. In 1983, total accumulated de-
gree days were higher within the canopy relative to the weather
station by 64.9 DD (tomato), 64.5 DD (S. exigua), and 59.7
DD (H. zea) for the 60-days. Proportional (   ) errors for to-
mato (8.3%), S. exigua (9.7%), and H. zea (10.6%) were
calculated using Eq. [1], and considered the accumulated de-
gree days at the weather station as the reference calculation
method. Total accumulated degree days based on weather
station temperatures vs. canopy temperatures for the 50-day
1987 period showed differences of 59.8 DD for tomato and
59.0 DD for H. zea. The         errors were – 8.9% and – 12.1%
for tomato and H. zea, respectively. For measurements of
canopy degree days, assuming a better accuracy for the 2-hr
triangulation method, the single sine method overestimated
accumulated degree days by 49.1 DD ( – 7.9%     error) for
tomato, 52.3 DD ( – 10.2%    error) for S. exigua, and 47.2
DD (–11.1%    error) for H. zea.

Accumulated degree days as calculated by the triangulation
method showed only slight differences among canopy strata (AIR,
IN, and TOP). By 19 Sept. (50 days of accumulation), the IN
stratum at 565 DD for tomato was 14.6 and 15.0 DD higher
than the TOP and AIR strata, respectively. Using the H. zea
threshold, the IN stratum (380 DD) was higher than the TOP
stratum by 7.0 DD and the AIR stratum by 10.6 DD. The
errors for IN stratum degree days above the AIR stratum are
2.7% for tomato and 2.9% for H. zea.
ds for (a) 13 July-10 Sept. 1983 and (b) 1 Aug.-l9 Sept. 1987.

J. Amer. Soc. Hort. Sci. 115(5):861-869. 1990.



Degree day calculation methods and phonological models

The single sine and single triangulation methods of calculat-
ing degree days are approximations used to predict the devel-
opmental rate of an organism; neither method is absolutely
unbiased (Wilson and Barnett, 1983). Single degree day meth-
ods consider only the daily maximum and minimum tempera-
tures, while methods considering 12- or 2-hr intervals calculate
incremental degree days based on two or more sets of maxima
and minima. Most of the degree day gain during a day is due
to high temperatures, even though the portion of the maximum
temperature above the upper developmental threshold is often
ignored. Thus, additional time” increments will reduce overes-
timation.

In the studies reported herein, temperatures were frequently
well above the upper developmental threshold of tomato and
H. zea for several hours daily. Likewise, temperatures often
fell below the H. zea lower threshold but rarely below the
tomato plant lower threshold. A major limitation of most
methods that calculate degree days is that detrimental effects
due to extremes in high and low temperatures are ignored.
For example, many cultivars of tomato abort their flowers if
temperatures exceed 30C and remain above 20C at night
(Rudich et al., 1977). Temperatures > 27.5C for several hours
will result in fruit with poor color and reduced carotenoid
content (Yakir et al., 1984). Arthropods can frequently sur-
vive constant high temperatures by behavioral or physiolog-
ical thermoregulation, such as burrowing into the soil and
curtailing their physical activities. However, the same tem-
peratures can be detrimental to crops.

The TOMDAT model accounts for temperatures > 32.2C and
delays tomato plant growth accordingly (Table 2). In 1983 the
number of days to reach the maturation class of 75% to 90%
red fruit occurred earlier based on degree days accumulated
from the canopy vs. from the weather station for three hypo-
thetical planting dates (Table 3). The differences between the
Table 3. Estimated phenology of tomato crops planted in 1983 and
1987 (1 Mar., 1 Apr., and 1 May) with and without adjustments for
temperatures > 32.2C.
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weather station and canopy were: 29 days, 1 Mar. planting; 20
days, 1 Apr. planting; and 10 days, 1 May planting (Fig 4A).

During 1987, when canopy maxima were lower than those
of the weather station, comparisons of the weather station and
canopy (sine method) for the three hypothetical planting dates
estimated that fruit maturation according to canopy temperatures
would be delayed by 1 day, 4 days, and 6 days, respectively,
before reaching the 75% to 90% red fruit stage (Fig. 4B). Dif-
ferences between estimates of fruit maturity predicted by canopy
or weather station temperatures were smaller in 1987; however,
the average maximum temperatures of the weather station vs.
canopy were < 3C in 1987 for March through June, but 3.6 to
8.0C for the same period in 1983. Also in 1987, larger differ-
ences were found between the two degree day calculation meth-
ods within the canopy of 16 days, 12 days, and 8 days for the
three respective planting dates.

Including or ignoring adjustments for temperatures > 32.2C
only slightly changes the number of days to reach 1214 DD
(75% to 90% ripe fruit) for the weather station or the canopy.
In 1983, a 9-day lag would be observed between the 75% to
90% red fruit stage (harvest date) estimated by the weather
station vs. canopy temperatures. For most pairs of harvest dates
for the three consecutive plantings, the number of days between
the two methods increased as the planting date advanced. These
differences amounted to 9 to 12 days in 1983 and 9 to 15 days
in 1987. If high temperatures are ignored, the date of 75% to
90% ripening in 1983 using accumulated degree days at the
weather station is 2 Aug. The expected date of this event for
the canopy is 4 July, 29 days earlier. According to the TOM-
DAT model, the date of this event for the canopy would be 13
July (18 days). Ripening of fruit within the canopy would ac-
tually be 56% beyond that predicted by the data from the weather
station, rather than the 90% predicted when ignoring the effect
of high temperatures. Although adjusting for high temperature
can change the projected ripening rate considerably, the most
profound effect for 1983 was the discrepancy between weather
station and canopy temperatures. In 1987, when monthly av-
erages of maximum temperatures did not differ very much, the
added fine-tuning of the 2-hr triangulation method highlighted
the differences in estimated harvest dates.

Estimated rates of development of H. zea and S. exigua were
notably different between the weather station and canopy mi-
croclimates for both years. In 1983, differences in accumulated
degree days for the weather station predicted a 9.7% delay for
S. exigua and 10.6% delay for H. zea. In 1987, the weather
station data contrasted with the canopy data (single sine) pre-
dicted respective advances of – 11 .3% and – 12.1% for S. ex-
igua and H. zea within the canopy.

The differences in accumulated degree days among strata and
variations in calculation methods lead to very different predic-
tions. For example, in 1983 the 10.6%        error would imply that
H. zea fecundity in the warmer canopy would be 2188 eggs per
female instead of 1047 eggs per female as predicted by the
weather station data (Fig. 5). The ratio of 2188:1047 is 2.09,
the adjusted ratio, which expresses the probable increase in fe-
cundity in the canopy using weather station temperatures. The
proportional error is a constant relationship and therefore can
be applied to differences in the total number of generations. In
1987, the lower amount of accumulated degree days within the
canopy than for the weather station implies that predicting fe-
cundity using weather station data would overestimate the num-
ber of insects in the canopy. The adjusted ratios for the canopy
relative to the weather station would be negative.
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Fig. 4. Estimated phenology of tomato crops for 1983 season (a) and 1987 season (b) using 1 Mar., 1 Apr., and 1 May planting dates.

Fig. 5. Estimates of fecundity of Heliothis zea and Spodoptera exigua based on    errors between measurements of total accumulated degree
days as noted in the legend. The first method of each contrasted pair is considered the reference method. (sin = single sine degree day
method; tri = 2-hr triangulation method).
Using temperature data from weather stations to predict phen-
ological events in the crop canopy may lead to large errors. The
crop itself may be highly influenced by the duration of high or
868
low temperatures. For the tomato plant, degree days calculated
from local weather stations using the single sine method do not
reflect the delay in development predicted by the TOMDAT
J. Amer. Soc. Hort. Sci. 115(5):861-869. 1990.



model at 32.2C, 2.2C below the upper developmental threshold.
Therefore, basing ripening rate or plant growth solely on data
obtained from a local weather station may be misleading.

Dependency upon weather station data can also erroneously
estimate numbers of arthropods. Our study demonstrates that
populations of H. zea or S. exigua would have been well above
expected numbers in 1983 but would have fallen below expected
numbers in 1987. Obviously, visual monitoring and sampling
of the field would improve the accuracy further.
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