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Degree-Days:
The Calculation and Use of Heat Units in Pest lvlanagement

Temperature thresholds

The notion that the growth and development of many
organisms is dependent on temperature dates as far back as
the middle of the l8th century, and it is still a useful concept
in modern agriculture. In general, it holds that the cooler the
temperafures are, the slower is the rate of growth and
development of plans and invertebrate animals. Table 1 il-
Iustrates this point, showing the differences in development
of cotton during a wann year (1978) and a cool year (1992),
and under 3Gyear temperature averages. Similar differences
would be observed for a rangie of crops as well as pest and
beneficial insects, but a warmer or lonler season with a
greater degeeday accumulation does not necessarily imply
that crop yields will be higher or that pests will be more abun-
dant. In some instances, high temperafures can aggravate
cultural problems and increase crop sbess.

FigUre 1A shows that an organism takes quite a long
time to grow through successive stages at low temperatures.
As the temperature increases, development time prOgfessive-
ly decreases until the temperature becomes high enough to
affect trowth and developmqnt negatively. Figure lB il-
lustrates the same relationship in a slightly different manner,
plottinE development rate (l/days to develop) as a function
of temperature. The nte of development is simply the per-
cent development per day for a specific temperature.

The lower developmental threshold for a species is tJre
temperature at and below which development stops. In prac-
tice, an estimate of this threshold is obtained by projecting
the straight segment of the cunve (Fig. 18, broken line) until
it intercepts the temperature axis. This "linear approxima-
tion" method normally overestimates the lower developmen-
tal threshold, but this is of little practical concern since little
development occurs at temperatures close to the threshold.
The upper developmental threshold is less welldefined but is
often taken as the temperature at and above which the rate of
growth or development begins to decrease. For many crop
ping systems upper thresholds are not used, because data for
such estimates are lacking.

In practice, information such as that in Figure 1 is ob,
tained from laboratory experimentation in which gfoups of
organisms are grown at several different constant
temperatures and their development times recorded. Figure

2 graphs the development of laboratory-reared cotton
bollworms from newly hatched larvae to newly emerged
adults. As temperature increased, the time taken to develop
decreased, but the heat accumulation required to complete
development remained approximately the same.

This me;6ure of accrimulated heat is known as
physiologcal time. Physiological time provides a common
reference for the development of organisms. The amount of
heat required to complete a given organism's development
does not vary. It makes no difference whether the
temperature is constant or fluctuating, the combination of
temperature (above the lower threshold) and time will always
be the same.

Physiologcal time is measured in degreedays (oD). One
degfeeday is equal to one degree above the lower
developmental threshold over 24 hours.

Methods of calculation

Field temperatures normally follow a cyclical pattem, as
shown by the 3day period of Figure 3. The degeedays
accumulated during this period depend on the lower and up-
per thresholds. The lower the lower threshold is, the more
degreedays accumulate (Fig. 3A versus Fig. 3B); the lower
the upper threshold is, the fewer deliree-days accumulate
(Fig. 3A versus Fig. 3C). Two species such as a crop and its
pest may differ in their thresholds and in the number of
degreedays they require to complete development. Although
it is fairly simple to estimate the degyeedays accumulated
at a constant temperature in the laboratory, as illus&ated in
Figure 2, the daily cyclical temperature fluctuations that oc-
cur in nature (Fig. 3) often necessitate more detailed
methods.

Several techniques are available for calculating de4ree-
days through the use of daily maximum and minimum
temperatures. From the simplest to the most complex, these
are: 1) averagin$,2) single hiangulation, 3) double triangula-
tion,4) single sine, and 5) double sine. All ofthese are con-
sidered "linear" methods, because the rate of development is
presumed to be a straight line directly related to
temperature, as in Figure 18. There are nonlinear methods
as rell, but they :ue more complicated calculations most
appropriately used in research.

Table 1. Acala SJ-2 co-tton development. Growth stages during a warm year (1928) and a
cool year (1982) as compared with the 30-year temperature average.

Grorvth stage 1978 1982 30-year average
Emergence
Squara initiation
First blooms
First green bolls
First open bolls
95% open bolls

April2T
June 6
June 20
June 26
August 10
October 21

April22
June 8
June 23
June 28
August 20

Aptil22
June 7
June 23
June 28
August 12
November 2

'Did not reach 95 percent open.
Note: Dates basecl on April planting, using Corcoran, California, temperatures,



Averaging

The simplest method used to estimate the number of degee-
days for one day is averaging:

high temperature + low temperature
,

- lower threshold

This averaging method ignores the upper threshold.
Figure 4A illustrates the estimated accumulation of degree-
days for a 3day period. The area of degreedays
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Fig. 1. An organism develops mors quickly as temperatures
tncrease up to a point, after which development slows. From
Wilson and Barnett (1983).

Flg. 2. Heat accumulation, or degree.days (cO), tor cotton
bollworm remains about the lxrme, even though development
lime diflers at dlfterent temperatures. From Wilson and Barnett
(1s83).
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and Barnett (1 983).
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reprcsented by 6, which rs underestimated by this method, is
balanced by the overestjmate of a. Minimum temperatures
below the lower threshr.rld or unusually high marimum
temperatures will result in error.

)lany hand calculators can easily be programmed so that
the averaging calculation can be made simpli by entering the
low and high temperatures for the djy and the lower
developmental threshold for the organism.

Triantutation

Figures 48 and 4C illustrate the two biangulation methods.
The single triangulation method (Fig. 4Bt uses a day's low
and higtr temperatures to produce an equilateral hiangle
ov-er,a 24.hour period: degfee days are then estimated by
calculating the area between the two thresholds that is
e.nclosed by the triangle. Using a l2-hour or halfday calcula_
tion (Sevacherian, Stern, and Mueller, lgZZ), the double
biangulation method (Fig. 4C) draws sFaight lines between
minimum and maximum temperafures and calculates the
area between thresholds that falls within the resulting
triangle. Over a Z4hour period, the overestimated area a
will be balanced by the underestimated area D. These
methods give good estimates of heat units, and their egua-
tions are easy to use as well as adaptable to progfammable
calculators and microprocessors.

Sine

Figure 4D illushates the single sine curve method (Basker-
ville and Emin, 1969). This technique uses a day's low and
high temperatures to produce a sine cune over a 24-hour
period, and then estimates degteedays for that day by
calculating the area above the threshold and below the cune.
Again, the a areas balance the D areas, resulting in good
degreeday estimates. The UC Integrated pest Management
(UC/IPM) computer network uses this method to calculate
degreedays. It is a more complicated method, but can be
adapted to hand calculators or microprocessors.

Figure 4E illustrates ihe double sine method (Allen,
i976). The only difference between this and the sin$e sine
method is that this fits a sine curye through the minimum
temperature of the day and the maximum temperature of the
day. It then fits separate sine curyes through the ma,rimum-
temperature period of the day and the mimimum-
temperature of the next day. The double sine method more
realistically follows the daily temperature cycle. Its calcula-
tion, however, is more complex, and would probably require
the use of a microprocessor.

Precalculated tables

Precalculated tables using any degreeday method can be
constructed where the low for the day is charted across the
top and the high down the side. Tables presented in UC In-
tegrated Pest Management Manualsr or generated from the

'UC lntegrated Pesr- llanagement Yanuals, published by Agricultunl Sciences publica-
hons. rre available for biological and chemicrl control ofpists in field crops, fruits and
nu6, vegetables. and livestock. See ordering information at the end ofthia publication.

UC/lPlt computer use the single sine method. To tind the
degree"Jays accumulated ror a day, thc user locates the ap-
propriate high and low temperatures and tbllows the column
and row until the two intersect (Table 2). Different lables
must be used for species having different thresholds.

Table.2. A portion of a degrecday table indicating
the number of degree-days (19) that had

accumulated on a day when the maximum
temperature was 94 and the minimum temperature

was 44.

Maximum
temp€raturo

Mlnimum temp€rature (oD

(.F) 30 3 2 3 r ' ' 3 6 3 8 4 0
1 1 8
1 1 6
114
112't 10
108
106
104

Formulas

SLx possible relationships can exist between the daily
temperature cycle and the upper ard lower developmental
thresholds. The temperature cycle can be: 1) completely
above both thresholds, 2) completely below both thresholds,
3) entirely between both thresholds, 4) intercepted by the
lower threshold, 5) intercepted by the upper threshold, or 6)
intercepted by both thresholds. When degteeday approx-
imations are calculated, different equations are required to
compute degreedays for each case. The relationships among
ma.ximum and mimimum temperatures and the developmen-
tal thresholds are used to select the proper equation. Tables
3, 4, 5, and 6 provide equations for each of the six possible
cases, using sin$e triangulation, double triangulation, single
sine, and double sine methods, respectively. Test data for
computer validation ofeach ofthese equations are presented
in Table 7.

Degreedays may also be calculated using hourly
temperatures by determining the number of degrees that fall
between the maximum and minimum developmental
thresholds each hour, summing the vaiues for a day, and
dividing the total by 24.The hourly method more realistically
approximates the actual amount of heat accumulated during
a day than is possible using daily matimum and minimum
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Table 3' Formulas for calculating degreedays by the single triangulation method. Accumulated degree-daysare shaded areas of diagrams.
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Table 4'.Half-day tormulas for calculating degree-days by the double triangulation method. Accumulateddegreedays are shaded areas ol diagrams.
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Table 5. Formulas for calculating degree-days by the single sine method. Accumulated degree-days are shaded
areas of diagrams.
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Table 6..Halfday formulas for calculating degreedays by the double sine method. Accumulated degree-days
are shaded areas of diagrams.
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temperatures alone. Utilization of hourly temperatures re-
quires more sophisticated temperature recording devices and
more time to transcribe the data from these instruments.
Biophenometers available commercially will automatically in-
tegate temperatures throughout the day for diffeient
developmental threshotds and then provide an approxima_
tion of- degreedays. The utility of these instruments isgenerally limited, though, since they do not provide a record
of temperatures or daily degreeday values. Such records
could prove invaluable historically and could be used to
check the accuracy ofweather events recorded by the instru-
ment. Individuals utilizing degfeedays based on hourly
values should be aware that mosl developmental information
available for different organisms has bCen generated using
one of the daily ma,rimum/minimum approximations, and s6
incorporates the bias of that particular method. In sorne
cases hourly values may be too accurate for our present
knowledge of an organism's development.

Conparlng degreeday calculations

The five linear methods and the hourly method were com-
pared using a standard data set for each of the six possible
combinations of minimum and maximum temperatures
(Table 8). The thresholds were 55" F and 90o F, and degree-
days were calculated for a 14day period.

Five of the methods accumulated degreedays nearty
identically. The exception was the averaging;etho,J in cases
in which temperatures significantly exceeded the upper
threshold or descended below the lower threshold.

In general, the five methods were within 2 percent of one
another. This error level is acceptable, falling as it does
within the limits of error of most recording thermographs. In
sjtuations where daily temperatures fali entirely between
developmental thresholds, any of the methods of aegteeday
calculation would be adequate. An excellent comparison of
methods with specific attention to the cotton crop system was
made by Fry (1983).

Using detree-days

Because each species requires a defined number of degree-
days to complete its development, we are interested in know-
ing the accumulated degreedays from a starting date. The
date to begn accumulating degtee-days, known as the biofi*,
varies_ with the species. Biofix points are usually based on
specific biologcal events such as planting datei, first Fap
catch, and first occurrence of a pesl

Population and development models that incorporate
developmental thresholds and development rates based on
degreedays can help growers and pest control advisors to
pinpoint biologcal events. This results in better pest conbol

Table 7. Temperature data-and degreeday values. These values for each case and method can be used invafldation of calculations. Developmental thresholds used in thisixample are
55oF (minimum) and 90oF (maximum).

Cass
Min.

t€mp.
Min.

tsmp.
Max.
l€mp.

Triangulatlon

s.tie ---EuEi; Slne

Single Double
1 1 0
105
54
50
80
88
82
70

100
95

101
95

96
91
45
38
60
75
50
45
60
75
50
I

1
1
2
2
3
3
4
4
c
5
6
6

490
0

202
53

312
86

490
0

202
u

306
86

490
0

202
54

3't2
85

490
o

202
65

306
86

6it7
0

n1
20

313
u

490
0

190
58

317
83

91
96
38
45
75
60
45
50
75
60
4
50

35
35
0
0

15.00
26.50
1 1.39
4.50

23.75
29.38
19.56
16.76

35
35
0
0

18.75
22.75
10.62
5.06

24.88
25.76
19 .19
17 .13

35
35
0
0

15.00
26.50
11 .85
5.31

22.82
28.91
18.95
16.90

35
35
0
0't8.75

22.75
1 1 . 3 1
5.70

26.26
25.30
18.69
17.23

Table 8. Comparison of methods of calculating degreedays. Developmentalthreshotds used in this
example are 55oF (minimum) and 90oF (maximum).
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and crop management decisions. Table 9 lists several
organisms for which degreeday-based models have been
developed. Some of these models are very simple, providing
information on the timing of such events as ovemintering
emergence and subsequent population build-up. In tiese
models the life cycles of the organisms are measured in
physiological time instead of calendar time, as discussed
earlier. Therefore, the time between any two points of an
organism's development can be discussed in terms of degee-
days.

Using degfeedays to predict an organism's development
makes it possible to minimize conflicts between cultural and
pest control operations such as inigating and applying a
pesticide.

Degreeilays can tell growers and pest conhol advisors
where they stand in relation to the development of a genera-
tion of pests so that they can time pesticide applications more
efficiently. This often results in reduced costs and damage
from those pests. For example, pheromone kaps might in-
dicate an increase in the number of adults of a pest species.
The accumulated degreedays would indicate whether this
were a real or false peak. For a false peak, heatment could be
delayed until the actual be$nning of the next pest genera-
tion, avoiding unnecessary pesticide applications.

Degree-days can also be used to determine when to do
extensive sampling, limiting such activities to times when the
pests are present.

The future

Degreedays provide a valuable tool to pest management.
Predicting pest occurrence, scheduling pest management ac-
tions, and monitoring pest activity are important examples of
their uses. As pest data are more frequently collected in con-
junction with degreeday data, our ability to quanti$ pest
biolog and its relationship to crop yield will gfeatly improve.
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