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Severe freezes occurred in central Florida during 1980s, killing many sweet orange (Citrus sinensis L.) trees. Citrus
trees, particularly young trees, are greatly affected by seasonal variation of climatic factors especially low temperature.
Experiments were conducted at the University of Florida, Southwest Florida Research and Education Center, to evaluate
the growth, evapotranspiration rate and water use of ‘Hamlin’ orange trees in response to differential cold acclimation
using growth chambers. Results showed that the overall growth of the cold acclimated plants were 65% lower than that
of the warmer controls. With acclimation to low temperatures, evapotranspiration rate was also found to decrease by
68.5%. It can be concluded from these studies that cold temperatures signiﬁcantly affect the physiology of ‘Hamlin’
orange trees reducing water use and thus reducing the devastating effects of dehydration associated with freezing temperatures. Based on plant water use during cold temperatures, need-based citrus irrigation schedules can be effectively
modeled. Optimal irrigation scheduling will optimize water use and minimize leaching of essential nutrients.

Citrus trees are perennial evergreen plants that evolved under humid tropic conditions but have become widely planted in
semiarid regions of the world (Kriedemann and Barrs, 1981).
Currently, 233,332.43 hectare (576,577 acres) are under commercial citrus production, with a total production of 203.8 million
boxes of citrus which account 70% of the 13 million tons (28660
million lbs) of total citrus production of the United States for the
2007-08 season (Citrus Summary 2007–08). With a crop value
of $1.2 billion in 2007–08, citrus is one of the most important
horticultural crops in Florida (Citrus Summary 2007–08). There
are four major commercial citrus production regions in Florida
(Fig. 1) and three major soil orders where citrus are grown:
Entisols, Spodosols, and Alﬁsols (Obreza and Collins, 2008).
Entisols are found mostly on the Central Florida ridge, while
the majority of soils on the ﬂatwoods of southwest Florida are
Spodosols. Florida’s Indian River citrus-growing area near the
east coast contains a mixture of Alﬁsols and Spodosols (Fig. 2;
Obreza and Collins, 2008). Records indicate that freezes have
always been a risk factor in growing citrus in Florida. In Florida,
the freezes in Jan. 1981 and 1982 caused orange production loss
to be a combined total of 3,640,000 tons (8024 million lb, 39.1%)
compared with the 1979-80 seasons (Florida Citrus, 1982). The
heaviest losses were incurred in the northern and northwestern
portions of the citrus belt, where several counties experienced
a nearly complete loss (88%) of their commercial citrus trees
(Miller, 1991).
It has been observed that canopy growth of citrus trees are
greatly affected by seasonal variation of climate factors especially
temperature and relative humidity. Canopy growth signiﬁcantly
increases during summer months compared with spring and fall;
vegetative growth gradually declines during the winter. During
winter, water uptake by citrus trees also declines due to the resistance exerted by the roots resulting in low evapotranspiration
rates. Citrus growth is reduced below 12 °C, cold acclimates
below 10 °C, and fully cold-hardened when exposed to about 10
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Fig 1. Commercial citrus production areas. Available at <http://edis.ifas.uﬂ.
edu/SS403>.

Fig 2. Distribution of soil orders in commercial citrus production areas. Available
at <http://edis.ifas.uﬂ.edu/SS403>.
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°C for about 3 weeks (Yelenosky, 1985; Yelenosky et al., 1984;
Young, 1969; Young and Peynado, 1962, 1965). Water stress has
profound affect on the vegetative and reproductive growth of
citrus (Kriedmann and Barrs, 1981). The most dramatic and obvious response of citrus to water stress is leaf abscission reducing
the tree canopy area (Kaufmann, 1977; Marsh, 1973; Mathews,
1972; Spurling, 1951). Water stress also reduces top growth to
re-establish a more favorable canopy : root ratio when undergoing
water stress (Kaufmann, 1977).
In order to understand plant/soil water relationships in cold
temperature, it is necessary to know the water movement into
and through the plant. Water movement in soil-plant-atmosphere
continuum can be described using an analogy of Ohm’s law (Landsberg and Jones, 1981; Van den Honert, 1948), which describes
ﬂow as being proportional to driving force (the water potential
gradient) and inversely proportional to the resistance in the ﬂow
path (stomatal conductivity). This evaporative loss of water from
plants is called transpiration. During transpiration, water is pulled
through the soil–plant–atmosphere system by differences in water
potentials (pressures) in various parts of the system. Water moves
from areas of higher water potential to areas with lower water
potentials (Stamps, 2001). To quantify water uptake from the soil
and movement within the plant, two experiments were conducted
in two environment growth chambers at the University of Florida,
Southwest Florida Research and Education Center (SWFREC)
in Immokalee. The second experiment, with alternating high and
low air temperatures, was conducted immediately after completion of the previous experiment with progressively lowered air
temperatures. The objectives of these studies were to compare
water use, relative evapotranspiration rate, and overall growth
of cold acclimated ‘Hamlin’ sweet orange plants with that of
non-acclimated control trees.
Materials and Methods
SOIL AND PLANT MATERIAL. The soil for potting the citrus trees
was collected from a growers’ sugarcane ﬁeld near Clewiston, FL,
which is classiﬁed as Margate sand. The Margate series of soil is
usually characterized by poorly drained, rapidly permeable soils
that formed in sandy marine sediments of variable thickness over
fractured limestone. ‘Hamlin’ sweet orange (Citrus sinensis L.)
budded on Carrizo citrange (C. sinensis L. Osbeck x Poncirus
trifoliata L. Raf.) rootstocks were used in this experiment. The
plants were potted into sixteen 20.3 cm × 39.6 cm (8 inches ×
15.6 inches) tree pots (Stuewe and Sons, Inc., Tangent, OR) ﬁlled
with 11.79 kg (26 lb) of screened, air-dried soil. Each pot in the
growth chambers was covered by a hollow cylinder of insulation
made of ﬁberglass materials. The purpose of the insulation was
to maintain soil temperature and prevent reduction in ET by low
soil temperature (Fig. 3).
ACCLIMATION TREATMENTS. Two identical environmental
growth chambers (model PGR 15; Conviron Products of America,
Pembina, ND) were used in the experiments, having exterior
dimensions, growth area, and growth height of 265 cm × 86 cm
× 199 cm (104.33 inches × 33.86 inches × 78.35 inches), 1.4 m2
(15.70 ft2), and 147 cm (57.87 inches), respectively. Eight plants
were placed in the control chamber with desired temperature,
lighting, and relative humidity throughout the experimental
periods. In the growth chamber used as the control chamber,
air temperature was maintained at 25 °C day/20 °C night (77 °F
day/68 °F night) throughout the experiment. Plants to be cold
acclimated were exposed to air temperatures of 25 °C day/20 °C
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night for 7 d; 20 °C day/15 °C night (68 °F day/59 °F night) for
7 d; 15 °C day/10 °C night (59 °F day/50 °F night) for 7 d; and
10 °C day/5 °C (50 °F day/ 41 °F night) for 35 d during the ﬁrst
experiment. During the second experiment, plants in the acclimated
chamber received three cycles of alternate warm (25 °C day/20
°C night for 3 d) and cold (10 °C day/5 °C night for the next 10
d) temperatures. Data were collected using the same methods
as the previous experiment. Treated plants were subjected to 3
d of warm temperatures followed by 10 d of cold temperatures
with data collected at the end of both warm and cold temperature
periods. Both control and acclimation treatments during both the
experiments were subjected to a 12/12-h light/dark photoperiod
and temperature treatment throughout the experiments.
WATERING AND FERTILIZER APPLICATION. The pots were watered using a single 35 mL·min–1 (2.14 inches3/min) drip irrigation emitter per pot on daily basis. The irrigation emitters were
programmed to operate two times daily for 10 min each time.
However, on the day of data collection, 20 min prior to measuring the stem water potential, plants were watered by the emitters
for additional 15 min (irrigates about 535 mL or 32.65 inches3
water to each plant). The day following measurement, plants were
fertigated using 500 mL (30.51 inches3) of fertilizer solution. The
fertilizer solution was prepared by mixing 33.6 g (0.07 lb) of a
water-soluble fertilizer (Peters Professionals, 18–8–17) in 7.57
L (2 gal) of water. Keyplex 445, a combination of nitrate, iron
manganese, and zinc (KeyPlex, Winter Park, FL) was applied as
foliar spray once every month.
DATA COLLECTION. Temperature data of both the chambers
measured every 10-min interval were obtained from the HOBO
logger. Mean daily temperature for both control and acclimated
chambers collected to document that the chambers were working
as programmed. Data from logger were downloaded once in a
week. Unfortunately due to some technical difﬁculties, no data
were available beyond the second week of Experiment 2. Assuming that the pots were at ﬁeld capacity (FC), water use data
were estimated based on the difference in pot weight. Plants in
both chambers were watered 2 h after the start of the light period.
Plants were watered and allowed to drain; 2 h after watering, the
pots were weighed. The plants were returned to the chamber and
evapotranspiration was allowed to occur for 4 h and the pots were
reweighed to determine the rate of water loss. As a measure of plant

Fig 3. Plants inside growth chamber, covered with insulation.
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growth, leaf area was measured for both control and acclimated
plants by using leaf area meter (model LI-3000A, LI-COR Inc.,
Lincoln, NE) at the beginning and end of the experiment.
Calculations
HOURLY WATER USE (ETC). Evapotranspiration per hour of each
plant was based on loss of pot weight during 4 h of exposure
time to treatment light and temperature. Assuming the pots were
at FC 2 h after watering, water used by each plant per hour was
calculated using Equation 1:
Water use (grams or cubic cm)
= [First weight (g) – Second weight (g)] ÷ 4

Equation 1

RELATIVE WATER USE. Relative water use (RWU) of the acclimated plants was calculated from the hourly water use data by
using Equation 2. For both the experiments, the average of all
the values for water use for the control plants was considered to
be 100% water use. Percentage of the fraction of the water use
by acclimated plants (WUacclimated) to the average water use of
the control plants (WUcontrol) gave the relative water use for the
acclimated plants at different temperatures. Using the relative
water use data during cold acclimation and alternate acclimation and deacclimation experiments, water requirement by the
‘Hamlin’ orange plants in a certain temperature conditions was
predicted.
RWU = (WUacclimated / WUcontrol) × 100

CROP COEFFICIENT (KC). Reported Kc values for central Florida
citrus ranged from about 0.6 in winter to 1.1 in summer (Boman,
1994; Fares and Alva, 1999; Rogers et al., 1983). In typical
Florida situation, using the average of these two numbers for
Kc (0.85) and the relative difference in water use, the Kc values
at different temperature conditions were estimated. Assuming
that the Kc value for the control was 0.85, Kc for the acclimated
plants at different temperature treatments was estimated for both
the experiments.
Results and Discussion
MEAN TEMPERATURE. The measured daily mean temperatures conﬁrmed that the growth chambers maintained the target
temperatures. Results showed that daily temperature remained
nearly constant in the control chamber throughout the experiment,
whereas, mean daily temperature gradually declined to 10 °C in
the acclimated chamber and then held constant (Fig. 4).
Because of unavailability of data after the second week of
Experiment 2, discrete interpretation of temperature during the
second experiment was not possible. However, looking at the
trend for the ﬁrst 14 d of data (Fig. 5), it was assumed that the
temperature in the control chamber was constant and temperature
in the acclimated chamber changed to an alternate high and low:
high for 3 d and low for the following 10 d.
WATER USE. Results (Table 1) showed that the overall water
use by plants declined when temperature was gradually decreased
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Fig 4. Mean daily temperature in control and acclimated chambers during the
cold acclimation experiment.
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Fig 5. Mean daily temperature in control and acclimated chambers during the
alternate cold acclimation and deacclimation experiment.

Table 1. Water use, relative water use, and estimated crop coefﬁcient at different temperatures during the cold acclimation
experiment.
Avg water use
Water use
by the control plants
by the acclimated plants
Relative water use
Crop coefﬁcient
Temp
(cm3/hour)
(cm3/hour)
(%)
(Kc)
25 °C/20 °C
31.42
29.69
94.19
0.80
20 °C/15 °C
31.42
15.63
49.73
0.42
15 °C/10 °C
31.42
11.56
36.79
0.31
10 °C/5 °C
31.42
10.00
31.83
0.27
10 °C/5 °C
31.42
10.00
31.83
0.27
10 °C/5 °C
31.42
12.50
39.78
0.33
10 °C/5 °C
31.42
10.94
34.81
0.30
10 °C/5 °C
31.42
10.63
33.81
0.29
10 °C/5 °C
31.42
11.25
35.81
0.30
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Fig 6. Water use during the cold acclimation experiment.

and became nearly constant with the constant temperatures from
the fourth through the ninth week (Table 1, Fig. 6). During cold
acclimation, root resistance of citrus became higher (data not
shown), which inhibited water uptake by the plants. This is the
major reason for the occurrence of dehydration in citrus during
cold acclimation (Kadoya et al., 1981; Kramer, 1969; Nielson,
1974; Syvertsen et al., 1983). Cold acclimated citrus experience
dehydration even though the stomata are closed (Kadoya et al.,
1981). This may be because of higher root resistance, which inhibits
the water uptake by the roots resulting in plant dehydration.

In the second experiment where the treated plants were exposed to alternate high and low temperature, plants were found to
use more water at high temperature and less in low temperature
(Table 2). For the control plants, although a constant trend of
water use was expected, it was found that water use showed an
initial decline followed by an increase (Fig 7). Some of the new
shoots of the control plants were trimmed after the beginning of
the second experiment. This resulted in reduction in the canopy,
which probably led to less transpiration and reduction in water
use. After the third measurement, canopies started growing again
causing the subsequent increase in water use.
RELATIVE WATER USE. Figure 8 illustrates the relative water was
use by the ‘Hamlin’ sweet orange plants in the acclimated chamber
in relation to the plants in the control chamber. Relative water
use was about 94% for the acclimated plants in the ﬁrst week of
study and then it reduced with the reduction in temperatures. It
indicated that water use by the acclimated plants decreased by
nearly 50% and 63% in the second and the third weeks when the
temperatures were 20 °C/15 °C and 15 °C/10 °C, respectively
(Table 1). Average relative water use from the fourth week through
the end of the experiment for the plants exposed in 10 °C/5 °C
was 34.65% indicating that during that period, plants used nearly
65% less water than the water used control plants. Relative water
use for the second experiment was reduced by about 70% for the
acclimated plants and increased and decreased with warmer and
cooler temperatures (Fig. 9, Table 2).
CROP COEFFICIENT. Estimated Kc (Table 1) decreased with
reduction in temperatures. If one were to assume that Kc for
non-acclimated plants at 25 °C/20 °C, were 0.85, reduction in
relative water use would indicate an approximate Kc value of
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Table 2. Water use, relative water use, and estimated crop coefﬁcient at different temperatures during the alternate cold acclimation and deacclimation experiment.
Avg water use
Water use
by the control plants
by the acclimated plants
Relative water use
Crop coefﬁcient
Temp
(cm3/hour)
(cm3/hour)
(%)
(Kc)
25 °C/20 °C
31.88
20.63
64.70
0.55
10 °C/5 °C
31.88
11.56
36.27
0.31
25 °C/20 °C
31.88
26.88
84.30
0.72
10 °C/5 °C
31.88
18.13
56.85
0.48
25 °C/20 °C
31.88
29.33
92.01
0.78
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Fig 7. Water use during the alternate cold acclimation and deacclimation
experiment.
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Fig. 8. Relative water use between acclimated and control plants during the cold
acclimation experiment.
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Table 3. Leaf area (cm2) at the beginning and at the end of the cold acclimation experiment.
Measurement taken
Control
Acclimated
Beginning of experiment
2776.23
2861.07
End of experiment
6873.83
4287.02
Total increase
4097.60
1425.95
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Fig. 9. Relative water use between acclimated and control plants during the
alternate cold acclimation and deacclimation experiment.

0.29 for acclimated plants after 4 weeks. On the other hand, in
case of the alternately high and low temperatures, crop coefﬁcient
values increased to 0.78 during warm temperatures and decreased
to 0.31 during cold temperatures (Table 2). This implied that
when temperatures were low, water requirements were also low.
we found no literature sources on estimation of Kc in growth
chamber conditions.
OVERALL CROP GROWTH. The overall growth of a plant is
represented by the total leaf area measured during each experiment. Leaf areas for the control plants were higher than that of
the acclimated plants during the ﬁrst experiment. Because the
control plants were constantly exposed to relatively favorable
temperatures for growth, the total increase of mean leaf area for
the control plants was 2671 cm2 more than the acclimated plants.
Results showed that at the end of the ﬁrst experiment, the increase
in mean leaf area of the cold acclimated plants were 65% lower
compared with the control (Table 3). The reduction in growth of
the plants at low temperature condition is due to the cold acclimation process. Cold acclimation and the induction of freezing
tolerance in temperate perennials have been associated with the
slowing or cessation of growth and the gradual transition from
warm to cold temperature (Guy, 1990).
When temperature is low, water uptake by citrus becomes less
because hydraulic conductivity of citrus roots is greatly controlled
by soil temperature. Bialoglowski (1936) found for rooted leafy
lemon cuttings that when root temperature was the only variable,
transpiration during the day was greatest at 25 °C, and declined
below 25 °C and above 40 °C. Several experiments revealed that
low temperature induced water stress results in lowering canopy
growth. Levy et al. (1978) suggested that water stress reduces
ﬁnal leaf size of grapefruit.
Leaf area of the leaves trimmed from the control plants during
the ﬁrst week of the second experiment (39.03 cm2) was subtracted
from the leaf area at the end of the ﬁrst experiment. This resultant value was used as the leaf area for the control plants at the
beginning of the second experiment. During the second experiment, total increase in mean leaf area for the acclimated plants
was greater than the total increase in the control plants (Table
4). Unlike the ﬁrst experiment, under the condition of alternate
high and low temperature, leaf growth of the control plants was
31% less than the acclimated plants. This response was likely
caused by the deacclimation mechanism. Plants started deacclimating by increasing transpiration and conductance, experienc76

Table 4. Leaf area (cm2) at the beginning and at the end of the alternate
cold acclimation and deacclimation experiment.
Measurement taken
Control
Acclimated
Beginning of experiment
6834.80
4287.02
End of experiment
7163.86
4763.24
Total increase
329.06
476.22

ing greater water uptake and reduced root resistance during the
period of higher temperatures compared to the period of lower
temperatures. Plants exposed to prolonged lower temperatures
followed by warmer temperatures grew faster than those plants
that experienced constant temperatures. In addition, the root
growth of the control plants were probably restricted in the pot
because the same plants and soils were used throughout the two
experiments. The restricted root growth may have led to reduced
shoot growth and thus reduced leaf area.
Conclusion
Based on the ﬁndings of the two experiments discussed above,
it can be concluded that temperature has a profound affect on the
growth as well as several physiological processes of citrus trees.
Under conditions of low temperature, plants experience several
physiological modiﬁcations that increase the root resistance leading to restricted water uptake. At low temperature, transpiration
demand goes down, resulting in reduction in overall water use
and, thus, lower crop coefﬁcient values. Therefore, the average
ETc during the lowest temperature treatments was very small
compared with the control plants at higher temperatures. Hence
the evaporative and transpiration losses from soil during winter
months should be considered for water use planning and/or soil
water management.
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