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Abstract. Weather and genetics have the strongest impact on reproductive response of citrus.
Flowering is primarily determined by the amount of cool temperatures and/or drought as well as
previous crop load and amount of year-old flush. Citrus in many locations in the Americas
responds to both cool temperatures and drought in establishing the flowering level for the next
season. Some major factors involved in regulation of fruit set are temperatures,
evapotranspiration balance against available soil moisture, and competition with growth amongst
fruit and vegetative flush. Competing crop load, temperatures and available soil moisture
determine fruit size. Fruit quality is determined by temperatures, soil moisture, nutrition and crop
load. Climatic patterns (El Nino Southern Oscillations) influence fruit production and quality
through the weather that is produced. The important stages of fruit development mentioned
above and their regulation are discussed. The potential to have a unifying model that predicts
the level and date of flowering and the effect of temperatures and water availability on fruit set
and size are discussed also.

Introduction

For an earlier, more comprehensive review of climatic effects on citrus see Reuther (1973). This
review emphasizes climatic factors since, by and large, climate is very important to reproductive
growth of citrus, and usually we have little control over climatic effects and must learn to live with
them. Different types of citrus (oranges, mandarins, grapefruit, lemons, limes) are clearly suited
to different climates (long term weather), particularly in relationship to expected fruit quality.
Even within a species, cultivars differ in their suitability to a specific climate. In spite of this,
there is still a similar behavior of citrus to weather (short-term climatic variation) stimuli for
flowering, fruit set and most quality characteristics. Because of this, it should be possible to
provide a unifying model for most behavior if enough data is available to represent all of the
weather variability over a given region. This would be an appropriate endeavor for a region such
as the Americas because of the climatic variability between and within citrus growing areas in
the region and climate’s importance to productivity and quality for utilization.

A basic understanding of the behavior of citrus in relation to reproductive growth is a prerequisite
to developing a unifying model of this behavior. It is best approached by phenology stage as
each stage of reproductive growth has its own controlling factors, but each stage leads to the
next and many aspects of the next phase are somewhat regulated by the previous stage. For
example, the extent of flowering is regulated by many factors including last year's crop load, but
it in turn partially determines how many of the flowers can set and become mature fruit, with
fewer percentage of the flowers and fruitlets setting the more flowers there are. Application of
climatic variation to citrus reproductive development in Florida is embodied in an expert system
(Albrigo, et al. 2002). This program conceptualizes phenological development into a weather
driven time course with other important factors, best timing of production practices and
counteractive steps that can be applied to partially overcome adverse weather events.

Flowering



The flowering process in citrus consists of several discrete phases: flower bud induction, bud
differentiation, and anthesis. The induction process is associated with environmental factors
and results in the commitment of meristematic cells to form reproductive structures. Under
subtropical conditions, citrus flowering occurs primarily during the spring following the inductive
winter season (Furr and Armstrong, 1956, Garcia-Luis et al.,, 1995a; Monselise and Halevy,
1964). During winter, low-temperature conditions cause the inactivity of buds while inducing
them to be able to flower (Moss, 1969, Reuther et al., 1973). As hours of low temperature
accumulate, spring bud sprouting shifts from vegetative (with no flowers) to mixed (flowers and
leaves) to mostly reproductive (leafless with at least one flower) (Moss, 1969). As for flower
intensity, greater accumulation of hours of low temperature increases floral induction, thus
increasing number of flowers per tree, number of flowers per node, and sprouting (Poerwanto
and Inoue, 1990; Valiente and Albrigo, 2004). The most effective temperatures for induction
appear to be in the 10 to 15 °C range (Moss, 1969; Valiente and Albrigo, 2004).

Although winter low temperatures increase citrus flowering (Furr et al., 1947; Moss, 1969), the
effects of natural winter temperatures on flowering intensity had not been quantified. This is
particularly important in Florida, where winter-time accumulation of hours of inductive
temperatures [below 20 °C (Moss, 1976)] can vary from 712 to 1474 hr per year [(analysis of
Florida’s historical climatological data (Valiente, 2001)] and may explain the great variability in
flowering intensity from year to year. Strong correlations of hours of low temperatures with
flowering intensity were obtained from recent studies in Florida (Valiente and Albrigo, 2004).
Intermittent warm periods during the winter following low temperature flower bud induction
periods initiate differentiation of induced flower buds resulting in waves of flowering under
Florida conditions (Valiente and Albrigo, 2002).

On the other hand, flowering in tropical climates is the result of water stress induced flower
buds and growth and flowering proceed as a rainy season begins (Cassin et al., 1969). At least
45 to 60 days of water stress are required to induce an economic level of flowering in a tropical
climate (Cassin et al., 1969; Borroto et al.,, 1977; Lovatt, et al., 1988), while more than 70
continuous days of water stress may be detrimental to tree health and productivity (Cassin et al.,
1969). In contrast, thirty days of continuous low temperature induction results in a moderate
flowering level, and 45 days or more with low temperatures usually results in good flowering
(Moss, 1969). In intermediate climates, neither the optimum low temperature nor the ideal
drought stress induction level is usually met. We do not know the overall effect on flowering
when both drought stress and low temperatures suitable for flower bud induction occur but each
may last less than the desired time, like some winters in Brazil. Data from Brazil (Albrigo et al.,
2004) and growth chamber studies in Florida have begun to evaluate flower bud induction with
partial fulfillment of climatic stress by a combination of cool temperatures and drought. More
studies are needed to determine the combined effect of these two factors on overall flowering
intensity. This is particularly important for climates like those in many of the citrus producing
areas of Central America.

Other important factors determining the level of flowering are crop load and availability of buds of
the appropriate age to flower. The presence of fruit located at the apex of branches has an
inhibitory effect on the sprouting of new shoots and on the expression of the nature (vegetative
or reproductive) of basipetal lateral buds (Garcia-Luis et al., 1986; Goldschmidt and Monselise,
1972; Koshita et al., 1999; Moss, 1969; Reuther, 1973). The presence of fruit does not exert a
strong inhibitory effect on the growth of shoots from neighboring branches. Fruit diminishes the
proportion of buds that are able to sprout on the spring growth (Garcia-Luis et al., 1995b). The
inhibitory effect of crop load on sprouting and on vegetative and reproductive development
seems to be related to hormonal changes (mainly GA) and carbohydrate competition



(Goldschmidt et al., 1985). In Florida, fruit on 2 to 3 cm branches decreased flowering intensity
about 42% compared to no fruit (Valiente and Albrigo, 2004).

Bud age and position along the shoot also interact with climate and affect bud sprouting and
flowering. Only buds younger than one year old contribute significantly to spring growth
(Guardiola et al., 1977). Once the shoots are mature, the proportion of buds sprouting in spring
decreases with increasing bud age. Garcia-Luis et al. (1995) reported that summer shoots
developed more vegetative buds than generative buds, but in Florida summer flush produces
three times more flowers per shoot than spring ones, and buds towards the apex of shoots were
more easily induced than basal buds (Valiente and Albrigo, 2004). Also, Guardiola (1981)
reported that younger buds of spring flush produced more flowers than older buds and this
occurred on both spring and summer shoots in the Florida study (Valiente and Albrigo, 2004).

Once induced, the release of the stress by higher temperatures triggers growth (Cassin et al.,
1969), provided that other conditions such as available soil moisture are not limiting. In citrus,
the differentiation of floral organs begins at the first stages of bud swelling and sprouting. The
time of initiation of differentiation varies by citrus cultivar and environmental conditions (Abbott,
1935). Floral differentiation involves the anatomical and morphological transition of vegetative to
floral meristems. Anthesis occurs after the induction and differentiation processes have been
completed, usually when warmer springtime conditions exist (Lovatt et al., 1984, Lord and
Eckard, 1985).

Ambient temperature not only has a direct effect on induction and differentiation but also affects
flowering date and intensity (Cassin et al., 1969; Garcia-Luis et al., 1992). Flowering (initiation
of differentiation to full bloom) in high temperature tropical climates can occur in less than 24
days (Cassin et al., 1969), while at much as 4 to 5 months are required in a much cooler
Mediterranean climate (Lord and Eckard, 1985. In Florida over 20 years, the time for flower bud
development to full bloom ranged from 54 to 88 days (Valiente and Albrigo, 2002). High
temperatures during floral differentiation and expansion shorten development time and advance
date of anthesis (Moss, 1973; Guardiola, 1997a Valiente and Albrigo, 2002), but higher
temperatures during sprouting also are reported to increase inflorescence leafiness and to inhibit
flowering (Moss, 1976) and date of flowering (Valiente and Albrigo, 2002).

A temperature model for date of flowering has been developed for Florida (Valiente and Albrigo,
2002), but it is not known if it is applicable in other climates. Its usefulness may be limited,
particularly if drought stress occurs during part of the flower bud differentiation period.

Fruit set

Fruit set is regulated primarily by number of flowers, additional competition with flush and other
fruitlets, temperatures and available moisture balanced against evaporative demand. Generally,
fruit set increases as more flowers are available, but the % set decreases, particularly at very
high levels of flowering. This is primarily from competition, which begins between the flowers
and may also include competition with the spring flush (Guardiola, 1997b). At high levels of
flowering typical of navel oranges (Erickson and Brannaman, 1960) and probably many
mandarin cultivars (Guardiola, 1977), many flowers are too weak or not fully developed and fall
off the tree without opening. Further competition continues as the fruit enlarge. Both
carbohydrate and possibly nutritional competition contribute to the typical drop waves that occur
during and after flowering (Ruiz and Guardiola, 1994, Albrigo, 2002).

Very high temperatures during bloom and for the following 2 to 3 months result in excessive fruit
drop (Moss, 1973; Brewer et al., 1977). The progress of the drop waves is also accelerated. If
soil moisture is limited, excessive fruit drop occurs until the second drop wave is over (May-June



for a spring bloom) (Koo, 1967). After these 2 drop waves are completed, the fruit are very
resistant to further drop at least until near harvest (Erickson and Brannaman, 1960).

These earlier studies all dealt with typical spring blooms in Mediterranean Subtropical climates.
The effects of intermediate climates (tropical-subtropical) and tropical climates on fruit set have
scarcely been reported. Further, the performance of second blooms as regarding fruit set has
not been reported. Is the first bloom crop load sufficient to constitute another competition
factor? Is the weather sufficiently different after a second bloom compared to after the first
bloom to result in a completely different potential for fruit set. How much of a factor is post
bloom fruit drop (Peres et al., 2000) compared to detrimental weather factors acting directly on
fruit set. All of these potential variables make fruit set in intermediate and tropical climates much
more complicated than in a lower winter temperature, single bloom inducing regime with a
Mediterranean climate.

Fruit size

Fruit size is primarily regulated by number of competing flowers and fruitlets, temperatures,
particularly during early development and available soil moisture through most of fruit
development. Canopy leaf area to fruit numbers is probably a factor also. All of these factors
have a larger influence earlier than later in fruit development.

Although citrus is not as sensitive as some other fruit crops to competition from other fruit as a
factor in determining fruit size, there is still an effect, particularly in cooler climates such as
California, Spain or South Africa. This is reflected in the fruit growth’s sensitivity to nutritional
balance between N and K in these climates (DuPlessis and Koen, 1988). In warmer, more
humid climates, fruit size is often acceptable even with a large crop. This is because the higher
temperatures from bloom through the first half of fruit development in the tropical climates
increase the rate of fruit growth (Reuther and Rios-Castafio, 1969). This period covers the cell
division and major cell enlargement phase of fruit growth (Bain, 1958). In the cooler spring
climates of Mediterranean areas, higher temperatures during the first stage of fruit growth can
significantly increase fruit size (Marsh, et al., 1999). Ideal temperatures for enhancement of fruit
growth rate appear to be in the 20 to 25 °C range, with both lower and higher temperatures
reducing growth rate (Reuther, 1973). Good soil moisture availability during stages 1 and 2 also
is important to fruit growth rate (Taylor and Furr, 1937). Even later in fruit development
(Summer to early Fall for Spring bloom fruit), heavy irrigation or rains can lead to larger fruit at
harvest (Sites et al., 1951).

Because citrus crop load is usually not very heavy in a tropical climate while temperatures are
favorable for a good growth rate, fruit size problems are likely to be from sizes being too large.
Quick expansion of fruit and prolonged maintenance of green color often make it difficult to
distinguish between fruit of different blooms for proper timing of harvests. Flowering and fruit
expansion characteristics need to be understood in relationship to fruit maturation and
anticipated quality to maximize harvested quality in intermediate to tropical climates.

Fruit quality

Each Citrus species and cultivar has an expected internal and external quality when grown
under ideal management and weather conditions for that cultivar. These expectations differ
enough that at least one type of citrus is ideally suited to a given Subtropical to Tropical
climates, while others often are not. The suitability of a cultivar to a given climate is mostly



related to the species selection in its area of origin (Reuther, 1973) and secondarily to special
characteristics of some cultivars.

Limes are native to Southeast Asia and, as such, do well in a tropical climate. They are
expected to stay green and have a good acid level. Lime fruit start with very high acidity levels
that can withstand the degradation of acidity that high temperatures cause (Kurihara, 1969).
High temperatures retard the degradation of chlorophyll and thus the fruit stay green (Reuther,
1973).

Because it is a fruit with high acidity and bitter principles that are reduced by high temperatures,
grapefruit also do well in a tropical or a warmer, humid subtropical (intermediate subtropical,
Reuther, 1973) climate. Grapefruit probably originated in the Caribbean Tropics as a pummelo
hybrid (Bowman and Gmitter, 1990). The fact that color change only requires loss of green to
expose natural yellows also makes it a suitable citrus for warmer climates.

Lemons might fit this tropical scenario also, but the tree is too vigorous and thorny in a tropical or
even intermediate climate. Fruit quality as we expect it is very satisfactory in a Mediterranean
climate. The area of origin is thought to be the eastern Himalayan regions of India (Davies and
Albrigo, 1994).

Oranges require cool temperatures during later stages of development in order to have good
color development and to preserve acidity from the lower levels that usually occur in cultivars of
this fruit. Oranges originated in cooler climates, probably in Central China, and they were most
likely selected for lower acidity as that suits the palate of Asian people. These color and internal
quality characteristics are difficult to maintain in a tropical climate and in many years in
intermediate climates (Reuther, 1973; Albrigo (1990).

Mandarins carry these color and acidity characteristics to even more of an extreme and usually
do the poorest as far as fruit set (seedless management cultivars) and quality are concerned
when grown in a tropical climate. Under higher temperature growing conditions typical of
tropical and many intermediate climates, the resulting internal fruit quality is usually very insipid,
with moderate sugars and very low acidity particularly if the high temperatures persist late into
fruit development. Externally, the fruit are usually too green and unattractive when grown in a
hot climate.

General effects of warmer climates on citrus fruit development are as follows: regarding internal
quality, high temperatures accelerate fruit growth, the fruit has less time to accumulate soluble
solids, and the high respiration rate leads to use of carbohydrates in respiration, which further
reduces available sugars for accumulation in the fruit. The high respiration rate may lead to
faster turnover of acids (Purvis, 1983) with resulting rapid dissipation of acidity level at higher
temperatures (Kurihara, 1969; Reuther, 1973). In Florida, there is a significant relationship
between fall temperature and rate of acidity decline (Fig. 1). Faster maturation, due to higher
temperatures in the tropics not only leads to lower soluble solids than in intermediate climates
and lower acidity than in all cooler climates but also leads to early juice loss (Reuther and Rios-
Castafo, 1969). More section drying also occurs with low acidity and soluble solids content
(Burns and Albrigo, 1997) and earlier maturation and other-wise poorer internal quality (Reuther,
1973). External quality also is affected by tropical climates through larger size, smoother
surfaces, but poorer color if loss of green and enhancement of orange pigments is desirable
(Reuther and Rios-Castafio, 1969). More external waxes are deposited on the surface of
oranges grown in a cool, dry climate compared to a warm, humid one (Albrigo, 1973) which
results in less weight loss after harvest (Fig. 2). Generally, better fresh external quality occurs in
cooler fall and winter climates, while better juice quality occurs in intermediate climates that have
moderate winters and higher humidity (Reuther, 1973).



Year to year variation in weather in a given climatic zone can lead to significant fruit quality
variation. In the Southeastern USA, El Nifio Southern Oscillations (ENSO) cause large
differences in winter temperatures and rainfall (Hansen et al., 1998). In turn this may lead to
significant differences in soluble solids content of citrus fruit (Albrigo, 1993) (Table 1). This
effect may be because of changes in winter temperatures from warmer to colder years in an
ENSO cycle. In warmer winters, photosynthesis may be higher (Possingham and Kriedemann,
1969), thereby producing more sugars for accumulation in the fruit. In cooler winters the reverse
can happen. This effect may be more pronounced in Valencia fruit that develop and mature
over a time period that includes 2 winters in Florida. Juice content also is affected by these
cycles. The overall effect on soluble solids per box may be as much as 0.9 kg per 40.8 kg fresh
wt from low to high solids years (Albrigo, 1990).

There is some evidence that the climate of Brazil also is influenced by ENSO cycles, but little
information is available about how much impact these weather cycles may have there or on
citrus production in other areas in the Americas. Since seasonal temperatures and rainfall can
be influenced, both flowering and fruit development also may be affected in many growing
areas. These possibilities should be studied further in more citrus growing areas of the
Americas, and probably other areas of the world.
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Table 1. Soluble solids (kg SS per 40.8 kg fresh wt.) of ‘Valencia’ oranges in Florida.
Average of 5 years in each December-January mean temperature and accumulated
rainfall range.

Winter weather Mean Dec-Jan. Avg. Accumul. Rain | SS kg / 40.8 kg FWt
type T°C cm
Lower T 15.7 9.4 2.7
Medium T 16.5 134 3.0
Higher T 18.5 18.2 3.2




Fig. 1. Effect of fall monthly average maximum temperature on the rate of acidity decline, data
from several years plotted against maximum monthly temperature.

Fig. 2. Surface wax concentration on fruit from 3 orchards in a cool, dry climates (Central
California (0) and Arizona (*)) and 3 orchards from a warmer, more humid climate (Florida (+)
and the wax effect on postharvest weight loss.



