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ABSTRACT. Estimates of long-term freeze-risk aid decisions regarding crop, cultivar, and rootstock selection, cultural
management practices that promote cold hardiness, and methods of freeze protection. Citrus cold hardiness is mostly a
function of air temperature, but historical weather records typically contain only daily maximum (T,,,,) and minimum
(T,,;,) air temperatures. A mathematical model was developed that used T,,,, and T, to estimate air temperature every
hour during the diurnal cycle; a cold-hardiness index (CHI,,,) was calculated by summing the hours <10 °C for the 500
h before each day; and the CHI, was regressed against critical temperatures (T,) that cause injury. The CHI,,, was
calculated from a weather station located within 0.1 km of an experimental grove and in the middle of the satsuma
mandarin (Citrus unshiu Marc.) industry in southern Alabama. Calculation of CHI,,, was verified by regressing a
predicted CHI,,, using T, .. and T, to a measured CHI,, calculated using air temperatures measured every hour for
4 winter seasons (1999-2003). Predicted CHI, was linearly related to measured CHI, (r> = 0.982). However, the slope
was a little low such that trees with a CHI,,, = 400, near the maximum cold-hardiness level achieved in this study, had
predicted T, that was 0.5 °C lower than measured T,. Predicted and measured T, were similar for nonhardened trees
(CHI,, = 0). The ability of predicted T, to estimate freeze injury was determined in 18 winter seasons where freeze
injury was recorded. During injurious freeze events, predicted T, was higher than T, except for a freeze on 8 Mar.
1996. In some freezes where the difference in T, and T, ;, was <0.5 °C there were no visible injury symptoms. Injury by
the freeze on 8 Mar. 1996 was due, in part, to abnormally rapid deacclimation because of defoliation by an earlier freeze
on 4-6 Feb. the same year. A freeze rating scale was developed that related the difference in T, and T, to the extent of
injury. Severe freezes were characterized by tree death (T,—T,;, > 3.0 °C), moderate freezes by foliage kill and some stem
dieback (1.0 °C =T, - T, =< 3.0 °C), and slight freezes by slight to no visible leaf injury (T, - T, < 1.0 °C). The model
was applied to T, and T, ,, recorded daily from 1948 through 2004 to estimate long-term freeze-risk for economically
damaging freezes (severe and moderate freeze ratings). Economically damaging freezes occurred 1 out of 4 years in the
56-year study, although 8 of the 14 freeze years occurred in two clusters, the first 5 years in the 1960s and 1980s. Potential

modification of freeze-risk using within-tree microsprinkler irrigation and more cold-hardy cultivars was discussed.

Satsuma mandarins on trifoliate orange [Poncirus trifoliata
(L.) Raf.] rootstock are one of the most cold hardy of the com-
mercial citrus crops (Yelenosky, 1985). Because of their superior
cold hardiness and excellent fruit quality due to the climate in this
region (Ebel et al., 2004a), an industry developed on the northern
coast of the Gulf of Mexico in the early 1900s that expanded to
7500 ha by 1923 (Winberg, 1948). A series of freezes and es-
pecially the last freeze in 1940 devastated the industry and later
freezes discouraged its revival (Winberg, 1948). At that time, the
only means of protecting trees were by banking soil around the
trunk, growing trees under longeaf pine trees (Pinus palustris
Mill.), and the use of smudge pots. Banking soil allowed trunks
to survive, which negated the need to replant, but did not protect
the majority of the canopy so that several years were required for
production to fully recover. Pine trees and smudge pots offered
protection from radiational freezes, but provided little protection
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from advective freezes, which are the more severe freezes that
occur in this region (Attaway, 1997).

Technological advancements that can mitigate freeze-risk
have evoked strong interest in reviving the satsuma mandarin
industry in this region. New methods of directly protecting trees
substantially reduce freeze injury. Microsprinkler irrigation
inside the canopy can protect scaffold limbs thus shortening the
time it takes to get back into full production after severe freezes
that kill whole, unprotected trees (Bourgeois and Adams, 1987;
Bourgeois et al., 1990; Nesbitt et al., 2000). Plastic high tunnel
houses can provide substantial freeze protection, but their expense
deters widespread commercial use. More cold-tolerant cultivars
and rootstocks may also reduce risk of freeze loss. Selections of
satsuma mandarins were made in China based on survival from
a—12 °C freeze (H. Huang, personal communication), and there
is some preliminary evidence that they may be more cold hardy
than current commercial cultivars (R.C. Ebel, unpublished data;
Zhang et al., 2002). Genetic manipulation may also provide
means of enhancing cold hardiness (Iba, 2002; Wisniewski et
al., 2003), although much research still needs to be conducted
before genetically modified crops can be developed that reduce
freeze-risk.

Estimating freeze-risk and its modification by various freeze
protection measures would benefit development of the satsuma
mandarin industry on the northern coast of the Gulf of Mexico.
Mathematical models that predict subfreezing temperatures that
cause injury have been developed for several crops (Andrews
et al., 1987; Fuchigami and Nee, 1987; Gay and Eagles, 1991;
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Kobayashi et al., 1983), but not for subtropical crops such as
citrus. Air temperatures preceding a freeze are the most important
climate factor affecting the level of citrus cold hardiness (Yele-
nosky et al., 1984; Yelenosky, 1991a, 1985, 1996). The objective
of this study was to use air temperature records from a site in the
satsuma mandarin growing region on the northern coast of the
Gulf of Mexico to generate a model that predicts freeze injury.
The model was verified by recorded injurious freeze events of a
satsuma mandarin grove for 18 winter seasons. Long-term risk
was determined using recorded maximum and minimum air tem-
perature since 1948. Mitigation of freeze-risk by microsprinkler
irrigation and superior cold-hardy cultivars is discussed.

Materials and Methods

THEORETICAL DEVELOPMENT OF THE MODEL. The mathematical
model that predicts temperatures that cause injury to satsuma
mandarins based on maximum (T, ) and minimum (T,,,) air
temperature was developed in four steps.

First, fractional daylength was calculated using the approach
of France and Thornley (1984). The calculations required latitude
at the site where weather records were recorded. We used a zenith
angle of 90.83°, which occurs when the top of the sun’s disc just
touches the horizon for a sea level observer. Variables calculated
included year angle, which is the period of 1 year that corresponds
to 360°; solar declination, which is the line joining the sun and
earth at the equatorial plane, and is £23.45° at the summer and
fall solstices, respectively; and solar hour angle, which is the dif-
ference between the actual time of day and the time of apparent
noon. These series of calculations allowed calculation of day-
length, which is the fraction of the 24-h day where the top of the
sun’s disc was above the horizon. This approach to determining
daylength was shown to be accurate to within 0.002 d, and can
be used for any location where latitude is known.

The second step in development of the model was to estimate
hourly temperatures from daily T, and T, which are the only
records available before modern electronic, automated data collec-
tion equipment allowed storage of hourly temperature values and
other climate variables. On days unperturbed by weather fronts,
T,.., occurs immediately before dawn and T, ,, occurs 4 h before
sunset. To facilitate development of equations, the 24-h period
from sunrise to sunrise the next day was used. Estimates of hourly
air temperatures were according to the approach of Cesaraccio
et al. (2001) where hourly temperatures were determined using
three equations:

For hsr <h=< hmax: Th = Tsr + (Tmax - 'rsr)Sin[(h - hsr)/(hmax - hmln)(n/z)]
Eq. 1a
Forh,,<h<hg T, =T+ (T, —Tysin[(ww/2)+((h - h,,)/4)(w/2)]
Eq. 1b

Forh,<h<h,: T,=T,+[(T,,—Ty/(h,, —h)*](h—hy” Eq.lc
Hour (h) variables were defined at sunrise (h,,), the hour T,
occurred (h,,,), sunset (h), and sunrise the next morning (h,,).
Air temperature (T) used the same subscript variables as used for
hour. The temperature at sunset (T,,) was approximated using T, =
T, — C(T,..— T,,), where C was a constant empirically derived
by Cesaraccio et al. (2001) by comparing best fit models to data
sets with known hourly temperature values and was set at 0.39.
The third step in development of the model was to calculate
a cold-hardiness index (CHI). Cold acclimation is a function
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of many environmental and biotic factors, however, air tem-
peratures preceding a freeze have the largest impact on citrus
(Yelenosky et al., 1984; Yelenosky, 1978a, 1985, 1991a, 1996;
Young, 1961). Citrus trees acclimate to subfreezing temperatures
when air temperature is <10 °C (Yelenosky, 1991a). Although
the ideal relationship between air temperature and acclimation
or deacclimation rate is likely a curve, there is insufficient data
for accurate development of a regression that would describe
that relationship. Each hour <10 °C was assigned a value of one
and each hour >10 °C was assigned a value of zero. Yelenosky
(1991a; Yelenosky et al., 1984) concluded that 500 h (=3 weeks)
of air temperatures <10 °C were required for citrus to acquire
maximum cold hardiness. Total cold-hardiness level before the
start of each day was calculated using:

500
CHL,, =3 CHI,
h=1

Eq. 2

where CHI,, was the cold-hardiness index value (0 or 1) for each
hour, and CHI,, was the sum of cold-hardiness index values for
the 500 h before the start of each day.

The fourth step in development of the model was to regress
depth of acclimation to temperatures that cause injury. Citrus
tree organs vary in cold tolerance, with leaves more sensitive to
subfreezing temperatures than stems and trunks (Nesbitt et al.,
2002; Yelenosky 1985). Leaves are important for current season’s
production and therefore consistent cropping (Ebel et al., 2000),
so their hardiness was used to estimate the upper limit of injury.
The upper limit of the model should correspond to injury that
typically occurs for nonhardened leaves, which occurs at higher
temperatures than cold-hardened leaves (Nesbitt et al., 2002).
Injury occurs within 30 min after ice begins to form, which is
about —4 °C for nonhardened satsuma mandarin leaves (Ebel et
al., 2004b). In both cold-hardened and nonhardened citrus trees,
one or a few sites promote crystallization of water, and additional
water crystallizes to the ice creating an ice/water front that spreads
throughout the entire canopy atrates up to 60 cm-min-! (Yelenosky,
1991b). Because the entire canopy freezes rapidly and ice begins
to form around —4 °C, this temperature was used as the upper limit
of the model. The lower limit of the model would correspond to
killing temperatures of stems of fully cold-hardened trees, which
was shown to be about —10 °C (Nesbitt et al., 2002). This lowest
theoretical limit of stem hardiness was used as the lower limit of
the model and corresponded to the full 500 h below 10 °C. Us-
ing —4.0 °C where CHI,,, = 0, and —10 °C where CHI,,, = 500, a
linear regression was derived to predict the critical temperature
(T,) at which injury would occur:

T, = (CHI,,, x -0.012 °C) — 4.0 °C Eq. 3
where CHI, is unitless.

MobEL VERIFICATION. The model was verified in four steps.
First, hourly air temperature data was collected from a weather
station atthe Gulf Coast Research and Extension Center at Fairhope
(lat. 30°31722°'N, long. 87°54712”"W) from 1 Sept. 1990 to 31
Mar. 2004. The weather station was located within 0.1 km from a
satsuma mandarin grove that had been at this site throughout the
temperature collection period and from which injury symptoms
were recorded. The model was applied to daily T, and T, for
the 1999-2000 through 2002-03 winter seasons to determine
predicted hourly values. Hourly predicted values were compared
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to values measured and stored every hour, and the overall means
graphically presented. The measured hourly values were also
regressed against predicted hourly values with the coefficient of
determination, slope and y-intercept used to determine goodness
of fit. Second, the predicted CHI,,, was regressed against the
measured CHI,,, with goodness of fit determined by the regres-
sion coefficient, slope and y-intercept. Third, since the slope of
the regression of predicted and measured CHI,,, was not at the
ideal 1:1 relationship (slope = 1), the difference in measured and
predicted T, were regressed against measured CHI, to determine
how much error in T, was introduced. Fourth, predicted T, was
compared to T, ,, and the injury that was recorded for 18 winter
seasons for the nearby satsuma mandarin grove. All regressions
were determined using the regression procedure of SAS (SAS
Institute, 1985).

The satsuma mandarin grove from which injury symptoms were
recorded was planted in Mar. 1990 at the Alabama Agricultural
Experiment Station Gulf Coast Research and Extension Center in
Fairhope. The test site was 1.6 km east of Mobile Bay. The grove
was planted with satsuma mandarin on trifoliate orange rootstock
at a 4.6 x 7.6 m spacing. This cultivar and rootstock is the most
commonly used in the commercial industry. Orchard management
practices were according to commercial practices.

ESTIMATES OF LONG-TERM FREEZE-RISK. Based on the results for
the 18 winter seasons where injury symptoms were recorded, a
freeze severity rating scale was developed based on the difference
between T, and T, ;, and the extent of the injury. The mathematical
model wasappliedto T, and T, data with temperatures recorded
daily at 1.5 m height using mercury thermometers in a standard
temperature shelter from 1948 through 1994, and thermocouples
from 1995 through 2004. Freeze severity was determined daily
for 1 Oct. through 31 Mar.

Results and Discussion

MODEL DEVELOPMENT, ACCURACY, AND VERIFICATION. When the
model was first applied to temperature data for the 1999-2000
through the 2003-04 winter seasons, it was clear that the model
under predicted T,, by 2 °C and over predicted T, by 0.5 °C.
The cause of the variation is unclear; however, it was somewhat
consistent with that reported by Cesaraccio et al. (2001) where
predicted and measured air temperature varied by as much as 2 °C.
To getthe best fitbetween predicted and measured air temperature,
we added 2.0 °C to every T, and T,,, and subtracted 0.5 °C from
every T, . before applying the model. This adjustment is small
compared to the full range of temperatures in this study (—14.9
to 35.0 °C). The adjusted values resulted in a very close fit of the
predicted to measured air temperatures (Fig. 1). The predicted
diurnal curve closely approximated the measured diurnal curve
(Fig. 1A). When predicted and measured air temperatures were
regressed against each other (Fig. 1B), there was a very high coef-
ficient of determination (r2=0.998), the slope was 0.98, very close
to the optimal 1:1 relationship (slope = 1.00), and the y-intercept
was very close to the origin (y-intercept = 0.355).

Although the overall average predicted and measured values
were very close as depicted in Fig. 1, there was considerable
variation when viewing individual hourly values (Fig. 2). The
coefficient of determination was still high (#2 = 0.867) and the
slope was close to the ideal 1:1 relationship (slope = 0.927).
The 95% confidence interval was +5 °C, and there were many
data points above the upper limit of the 95% confidence inter-
val. The extreme temperature values were due to perturbations
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Fig. 1. Diurnal change (A) and regression analysis (B) of air temperature predicted
by the mathematical model and measured every hour by a weather station at
Fairhope, Ala. Values are averaged across all days from 1 Sept. through 21 Mar.
for the 1999-2000 through 2003-04 winter seasons. The first hour is sunrise.

of diurnal changes in air temperature by weather fronts. These
extreme events caused deviations of the model by as much as 15
°C compared to measured air temperatures for some hours. The
variation in this study was closer to those reported by Cesaraccio
et al. (2001) for a site near the California coast that was strongly
influenced by marine and continental weather, rather than sites
in the inland desert regions where the variation was much lower.
Because most historical temperature records do not list the time
of day the maximum and minimum air temperatures occurred
and cannot account for weather fronts, the variation in the model
is unavoidable.

Despite the variation in hourly predicted and measured tem-
peratures, there was a high correlation (72 = 0.982) between the
predicted and measured CHI,,, (Fig. 3), indicating that the extreme
variations in hourly temperature as depicted in Fig. 2 did not have
alarge impacton the predicted CHI,,. Rather, deviations between
predicted and measured air temperatures above and below the
acclimation threshold of 10 °C largely cancelled each other out.
The slope was somewhat low at 0.887 indicating that the model
predicted higher CHI,,, compared to measured CHI,, although
the y-intercept was very close to the origin (y-intercept = 1.189).
The reason for the deviation in slope between the predicted
and measured CHI, is unclear. The very high number of days
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and compare the differences to observed injury.
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The injury records from the Gulf Coast Research
and Extension Center in Fairhope from 1989
through 2004, plus the known killing freezes of the
1961-62, 1983-84, and 1984-85 winter seasons
represents 18 winter seasons to validate the model.
The freezes of the 1961-62, 1983-84, 1984-85,
and 1989-90 winter seasons killed whole trees
(Table 1). The minimum air temperatures dipped
below the —10.0 °C critical minimum temperature
for trees at maximum cold hardiness. After the
devastating freeze of the 1989-90 winter season,
the model predicted five freezes. The freeze of
4-6 Feb. during the 1995-96 winter season was
characterized by night temperatures dipping below
T, for a few short hours each night, and the differ-
ence between T, and the minimum air temperature

-10 -5 0 5 10 15 20 25

Predicted air temperature (°C)

Fig. 2. Comparison of hourly predicted and measured air temperatures from 1 Sept. through 31
Mar. and for the 1999-2000 through 2003-04 winter seasons. The dashed lines indicate a 95%

confidence interval.

reached a maximum of 2.8 °C. This freeze caused
complete leaf kill and some shoot dieback but no
other injury. The freeze during the 1996-97 winter
season caused slight leaf injury and the difference
between T, and the minimum air temperature was
only 0.6 °C. The freezes of 1990-91 and 2000-01
caused no visible injury and had differences in T,
and minimum air temperatures of 0.3 and 0.4 °C,

30 35

respectively. These freezes were of sufficiently
short duration and temperatures mild enough,
compared to T, that the injury was not lethal (Ebel
et al., 2004b).

The freeze of 8-9 Mar. during the 1995-96
winter season was unusual in that it was the only
freeze where T, (5.7 °C) was lower than T,
(=5.6 °C). The trees had started to actively grow,
and there was extensive leaf kill and some stem
dieback (Nesbitt et al., 2000). This freeze followed
an earlier freeze on 4—6 Feb. 1996 that had defoli-
ated the trees, which promoted growth and rapid
deacclimation. Thus, the model does not work
well when earlier freezes increase tree sensitivity
to subsequent freezes.

The model used a simplified CHIL,, whereby air

500
y=0.877x + 3.200
400 r’=0.982
8 n=791 o

T
o 300
©
o
@ 200
©
(0]
p=

100

0 ‘»,..; 1 1 1 1
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Predicted CHI,,

Fig. 3. Comparison of predicted and measured cold hardiness index (CHIL,,) values for each day
from 1 Oct. through 31 Mar. and for the 1999-2000 through 2003-04 winter seasons. CHI,, was
calculated by summing the number of hours <10 °C for the previous 500 h before the start of each

day (Eq. [2] in the text). The dashed lines indicate a 95% confidence interval.

where CHI,, was at or near zero confined the lower end of the
regression to the origin (y-intercept = 3.200). Thus, the low slope
caused increasing variation with higher CHI,, values. At CHIy,
of 400, which was near the maximum CHI,,, found in this study,
the difference in predicted and measured CHI,,, was =50 units,
which caused predicted T, to be 0.5 °C lower than measured T,
(Fig. 4). The 95% confidence interval was +0.4 °C and maximum
deviation of predicted and measured critical temperatures was
about +0.85 °C. These deviations are reasonable considering that
the full range of T, was from —4.0 to —10.0 °C.

The final verification of the model was to compare predicted
T, to actual recorded minimum temperatures during freeze events
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temperatures were only used to accumulate cold
500 hardiness such that deacclimation, or the active
loss of cold hardiness was not incorporated in the
model. For example, air temperatures above 12 °C
have been shown to promote growth (Yelenosky,
1985, 1996; Yelenosky et al., 1984), a condition
that would correspond with rapid deacclimation.
In calculating CHI,,,, we originally attempted to
develop a model that included deacclimation by
assigning each hour <10 °C a value of one, each hour between
10 and 12 °C a value of zero, and each hour =12 °C a value of
negative one. However, T, clearly over-predicted the number of
freeze events that would have occurred, so we abandoned that
approach. Air temperatures often rise above 12 °C during winter
months in this region (Fig. 5), thus other factors must prevent
deacclimation since citrus species do not enter endodormancy.
Other environmental factors that have been shown to affect the
level of cold hardiness include soil temperature (Bevington and
Castle, 1985; Khairi and Hall, 1976; Stathakopoulous and Er-
ickson, 1966; Wilcox et al., 1983), drought stress (Wilcox et al.,
1983; Yelenosky, 1978b, 1979, 1982), and light (Niijar and Sites,
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between T, and T, be 1.0 to 3.0 °C, which
would cause extensive leaf damage and some
shoot dieback. This type of freeze is economi-
cally important since leaves are important for
floral and fruit retention and therefore cropping
the growing season after the freeze, although
the second growing season after the freeze
the trees are back in full production (Ebel et
al., 2000; Nesbitt et al., 2000). Slight freezes
occur when minimum air temperature drops
below T, by <1.0 °C. Slight freezes would
cause some leaf damage, although in some
cases no injury would be visible. Some slight
freezes can cause ice formation and injury as
evidenced by leaf water soaking and increased
electrolyte leakage, but the leaves survive after
thawing and exhibit no visible injury (Ebel

15

i y = 0.00734x - 0.00141

~ 10 r’=0.371
o & n =791
o
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3 ©
€ 3
25
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Fig. 4. Difference between predicted and measured critical temperature at which injury would occur
(T,) across the range of measured cold hardiness index (CHIj,,) values. Data are for each day from 1
Oct. through 31 Mar. and for the 1999-2000 through 2003-04 winter seasons. Measured CHI,,, was
calculated by summing the number of hours <10 °C for the previous 500 h before the start of each day

(Eq. [2] in the text). The dashed lines indicate a 95% confidence interval.

1959; Yelenosky, 1971; Young, 1961, 1969). Drought stress in
spring along the northern coast of the Gulf of Mexico is a rare
occurrence, and when it does occur, it has an inhibitory effect
on growth. Light tends to have a minor effect on cold hardiness,
although with the growing daylength in spring it would promote
growth to some extent (Niijar and Sites, 1959; Yelenosky, 1971;
Young, 1961, 1969). Soil temperatures below 22 °C (Bevington
and Castle, 1985), 15 °C (Khairi and Hall, 1976), 13 °C (Statha-
kopoulous and Erickson, 1966), and 10 °C (Wilcox et al., 1983)
have been shown to inhibit root growth. There were significant
periods in this study when soil temperatures were below these
temperatures, even in March when shoot growth normally resumes
(Table2).Itis likely that soil temperatures exert a strong inhibition
on deacclimation and growth during the winter months.
ESTIMATES OF LONG-TERM INJURIOUS FREEZE-RISK AND ITS MODI-
FICATION WITH PROTECTION MEASURES. Using freeze events where
the extent of injury was recorded, we propose a freeze severity
scale that includes temperature and the level of cold hardiness
reached before freeze events occur. Incorporating extent of cold
hardiness is critical for accurately predicting the extent of injury
during a freeze (Yelenosky, 1985). For example, a freeze event
where air temperature drops to —7.0 °C would cause no injury
to fully cold-hardened trees where T, is —10 °C, but would kill
unhardened trees where T, is —4.0 °C. It is clear that the extent
of damage is a function of the duration of the freeze event and
the lowest temperature reached below T,. Since air temperature
typically decreases gradually to the minimum followed by a
gradual increase again, the absolute minimum temperature cor-
relates with the amount of time air temperature is below T.. Thus,
the difference between the minimum air temperature and T, also
incorporates the duration of the freeze event, which allows com-
parison of the minimum air temperature and T, to develop a scale
for freeze severity. We propose that severe freezes that kill whole
trees occur when the minimum air temperature is more than 3.0
°Cbelow T.. For moderate freezes, we propose that the difference
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' et al., 2004b; Young and Peynado, 1967).
Slight freezes are economically unimportant
since the slight leaf damage would not deter
productivity, although they may enhance sus-
ceptibility to subsequent freezes (McCown,
1958; Yelenosky et al., 1984).

There were a total of 28 freeze events since
1948 that were scattered throughout the 56
years of the study (Table 1). Freeze events
lasted from 1 to 5 d with most being 1 or 2
d. The highest CHI;,, when a injurious freeze occurred was 373
units representing a T, of —8.5 °C and the lowest CHI,,, was 97
representing a T, of =5.2 °C. The highest CHI,, that occurred in
all years was 442, indicating that the trees never reached maximum
cold hardiness (CHI,,, = 500). Maximum cold hardiness is not
reached in this region because air temperatures typically increase
above 10 °C during the day throughout the winter months (Fig.
5). There were many days in early October and late March where
CHI,,, was at zero. All but one freeze occurred in December
through early February, the time period characterized by high-
est cold hardiness. The freezes reported to have occurred from
the early 1900s to 1940 also occurred during this time frame,
except a killing freeze on 20 Nov. 1940 (Winberg, 1948). The
1940 freeze reached a minimum of about —7.0 °C, however, the
canopies were unhardened and completely killed.

Based on the freeze severity rating, 16%, 11%, and 14% of
the years had slight, moderate and severe freeze, respectively,
for unprotected trees (Table 3). We have preliminary evidence
that satsuma mandarin selections from China may be cold hardy
to —12 °C (R.C. Ebel, unpublished data; H. Huang, personal
communication; Zhang et al., 2002), so we adjusted Eq. [4] to
assume that maximum cold hardiness would be —12 °C. Applying
the model then, we found that 9%, 11%, and 11% of the years
would have slight, moderate and severe injury, respectively.
Genetic engineering may present an opportunity to dramatically
alter maximum cold hardiness of citrus (Iba, 2002; Wisniewski
et al., 2003). If satsuma mandarins were genetically modified to
have maximum cold hardiness of —15 °C, frequency of freezes
would be reduced to 9%, 4%, and 7% for slight, moderate and
severe freezes, respectively. Microsprinkler irrigation has been
used for freeze protection, but because of poor coverage due to
high wind velocities of advective freezes, the microsprinkler
heads are placed inside the canopy to protect scaffold limbs,
which leaves the majority of the canopy with the fruiting wood
exposed (Bourgeois and Adams, 1987; Bourgeois et al., 1990;
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Table 1. Summary of freeze events at Fairhope, Ala., from 1 Oct. 1948 through 31 Mar. 2004. Years not shown did not have freeze events injurious

to satsuma mandarins as predicted by the model.

Type and extent of injuryv

Date(s) of Freeze
Winter freeze TS Tomin® (Te-Thin) Stem Whole severity
season event CHIs0” °C) °C) °0) Leaves dieback tree rating”
1950-51 2-3 Feb. 177 -6.1 -12.1 6.0 -y -—- -—- Severe
1951-52 16 Dec. 97 -5.2 -5.5 0.3 -—- -—- -—- Slight
1957-58 12 Dec. 189 -6.3 -7.1 0.8 -—- -—- -—- Slight
1961-62 10-13 Jan. 289 -1.5 -11.0 35 Extensive Extensive Extensive Severe
1962-63 12-13 Dec. 165 -6.0 -13.3 7.3 -—- -—- -—- Severe
24-25 Jan. 271 =73 -13.3 6.0 - - - Severe
1963-64 14 Jan. 253 -7.0 -7.7 0.7 -—- -—- -—- Slight
1964-65 17 Jan. 133 -5.6 -7.7 2.1 -—- -—- -—- Moderate
1965-66 30 Jan. 349 -8.2 -12.7 4.5 -—- -—- -—- Severe
1969-70 7-9 Jan. 282 -7.4 -8.3 0.9 -—- -—- -—- Slight
4 Feb. 238 -6.9 -94 2.5 --- --- --- Moderate
1970-71 20 Jan. 244 -6.9 -7.1 0.2 -—- -—- -—- Slight
10 Feb. 183 -6.2 -7.1 0.9 -—- -—- -—- Slight
1971-72 16 Jan. 126 -5.5 -7.1 1.6 -—- -—- -—- Moderate
1975-76 19 Dec. 145 -5.7 -6.6 0.9 -—- -—- -—- Slight
1976-77 17-19 Jan. 373 -8.5 -10.5 2.0 -—- -—- -—- Moderate
1978-79 34 Jan. 248 -7.0 -7.7 0.7 -—- -—- -—- Slight
1981-82 19 Dec. 230 -6.8 -7.1 0.3 -—- -—- -—- Slight
11-12 Jan. 161 -59 -12.7 6.8 - - - Severe
1983-84 25-31 Dec. 208 -6.5 -12.1 5.6 Extensive Extensive Extensive Severe
1984-85 21-22 Jan. 365 -8.4 -14.9 6.5 Extensive Extensive Extensive Severe
1985-86 15 Dec. 144 -5.7 -6.0 0.3 -—- -—- -—- Slight
26-27 Dec. 293 =75 -8.8 1.3 - - - Moderate
1989-90 23-25 Dec. 373 -8.5 -12.7 4.2 Extensive Extensive Extensive Severe
1990-91 16-17 Feb. 160 -5.9 -6.0 0.1 None None None Slight
1995-96 4-6 Feb. 260 -7.1 -9.9 2.8 Extensive Slight None Moderate
8-9 Mar. 144 =57 -5.6 -0.1 Extensive Slight None Moderate
1996-97 20-21 Dec. 163 -6.0 —6.6 0.6 Slight None None Slight
2000-01 20 Dec. 250 -7.0 -7.1 0.1 None None None Slight

“The cold hardiness index was based on total hours <10 °C within the 500 h previous to the freeze.
yCritical air temperature (T,) that would cause injury was based on CHI,,, and calculated from T, = (CHI,,, x —-0.012 °C) — 4.0 °C.

*Minimum air temperature (T,;,) that occurred during the freeze event.

min

vBased on visual observations of a satsuma mandarin grove at the Gulf Coast Research and Extension Center in Fairhope, Ala.

vNot available.

vThe overall freeze severity rating scale was as followed: slight = some injury to leaves, moderate = extensive leaf damage and some stem die-
back, and severe = widespread tree death. The slight, moderate, and severe freeze ratings corresponded to T, — T, ;, of <1.0 °C, 1.0 °C to 3.0 °C

and >3.0 °C, respectively.

Nesbitt et al., 2000). Severe freezes would kill the leaves and
cause dieback of the fruiting wood thus eliminating productivity
the year of the freeze, but with the survival of the scaffold limbs
the trees would produce substantially the second year after the
freeze. Thus, with the use of microsprinklers, severe freezes would
cause damage similar to that of moderate freezes of unprotected
trees. Microsprinklers adjust the freeze-risk by adding the severe
freezes to the moderate freezes (Table 3). Since microsprinklers
do not add significant heat to the upper canopy, moderate freezes
would not be similar to slight freezes. Even with microsprinkler
irrigation, growers can expect to lose their crop 1 out of 4 years
(25%) with current commercial cultivars (cold hardy to —10 °C),
but the ratio improves to almost 1 out of 5 years (22%) with the
more cold-hardy selections from China (cold hardy to —12 °C).
Genetic modification to —15 °C would improve the freeze-risk
to about one in 9 years (11%). Because total tree kill requires
several years to regain significant productivity due to replanting
and low yields until the trees fill their allotted space, microsprin-
kler irrigation is strongly encouraged in this region to enhance
economic viability of this industry. Even with this method of
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freeze protection, marketing strategies would have to incorporate
some years with no crop.

It should be noted that the frequencies of economically dam-
aging freezes (moderate and severe) has been given as overall
averages, which does not account for clustering of major freezes.
Two major clusters of freezes occurred in the first half of the
1960s and 1980s where economically damaging freezes occurred
4 out of 5 years in both periods (Fig. 6). A smaller but significant
cluster occurred in 1969 and 1971. These alternate years with two
moderate freezes translate into four consecutive years without a
crop. The timing of freeze clusters did not relate to average winter
temperatures, which were not necessarily lower or higher than
other years. However, several consecutive years in the 1950s and
the early 1970s were generally warmer and had the fewest number
of economically damaging freezes than other periods.

With the concerns of long-term global and regional climate
change impacting agriculture, there are strong efforts by cli-
matologists to predict future weather patterns. As these models
improve, they may have utility in being compared to the model
in the current paper to estimate future long-term freeze-risk.
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Fig. 5. Examples of variation in daily maximum (dotted lines) and minimum
(solid line) air temperatures, and the critical temperatures (dashed and dotted
line) that would cause injury. Shown are years where freeze events caused
slight (minor leaf injury), moderate (most leaves killed and some stem injury)
and severe (tree kill) injury. Note that the second moderate freeze during the
1995-96 winter season did not have the minimum air temperature drop below
the critical temperature that causes injury. The first freeze caused defoliation
and rapid regrowth that deacclimated the trees rapidly.

Whether we are in a long-term warming trend, or in a short-term
period without severe freezes such as occurred in the 1950s and
1970s is uncertain. The model may also have utility in predicting
impending freezes, however, the model may have to be modified
to include other factors that affect the level of cold hardiness.
Furthermore, this model was tested on one satsuma mandarin
grove, other groves would have to be tested to verify the model
for other situations. Current freeze forecasts begin as long as a
week in advance of a cold air mass moving down from the north.
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Table 2. Soil temperatures at 10.2 cm depth within 0.1 km of a satsuma
mandarin grove where observations of freeze damage were measured
at the Gulf Coast Research and Extension Center near Fairhope, Ala.,
for the years 1999 through 2004.

Soil temp (°C)

Month High Low Avg
September 31.8 24.6 28.2
October 27.8 20.4 24.1
November 22.2 15.3 18.8
December 17.2 10.5 13.9
January 15.3 8.4 11.9
February 18.6 11.2 14.9
March 22.8 14.8 18.8

Table 3. Percentage of years that injurious freeze events are predicted to
occur for satsuma mandarin selections at Fairhope, Ala., that vary in
maximum cold hardiness (—10 °C, —12 °C, —15 °C when fully cold-
hardened), and are either unprotected or protected by within-tree
microsprinkler irrigation.

Maximum cold hardiness level of trees

Trees protected with

Freeze Trees unprotected microsprinkler irrigationy
severity -10°C -12°C -15°C -10°C -12°C -15°C
rating? (%) (%) (%) (%) (%) (%)
Slight 16x 9 9 16 9 9
Moderate 11 11 4 25 22 11
Severe 14 11 7 0 0 0

“The overall freeze severity rating scale were determined as slight =
some injury to leaves, moderate = extensive leaf damage and some stem
dieback, and severe = widespread tree death.

yPreserves the scaffold limbs but not the outer fruiting wood during
freeze events.

xIgnores the freeze 8-9 Mar. 1996.

Forecasting freezes and the injury that would occur based on the
level of cold hardiness would aid freeze protection decisions by
commercial growers.
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