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THE FUTURE OF CITRUS FRUIT
The impact of climate change on citriculture

Damián Balfagón, Vicent Arbona and Aurelio Gómez-Cadenas

Current citriculture is threatened by climate change. The increase in temperature, together with 
other adverse climate phenomena, is modifying the environmental conditions in the regions 
where citrus varieties are currently being developed. The detrimental effects of these adverse 
environmental factors on citrus physiology and production, such as drought or augmented soil 
salinity, will likely increase because of elevated temperatures, which will jeopardise crop production 
and, in extreme cases, even plant survival. Studying citrus tolerance responses to climate change 
may hold the key to developing new citrus varieties capable of withstanding future environmental 
conditions while still maintaining production.
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 ■ INTRODUCTION

Plants are sessile organisms so they must adapt to the 
environment and cannot flee or find shelter from 
adverse environmental conditions. When faced with 
a changing environment, plants activate genetic, 
biochemical, physiological, and morphological 
response mechanisms to survive and develop 
in suboptimal conditions (Figure 1). However, 
these adaptation responses have a physiological 
and energy cost to plants, and when the plants 
in question are crops, this translates into a decrease 
in production. Global climate change, driven by the 
increase in greenhouse gas emissions, among other 
factors, is causing the average temperature of the 
planet to increase. However, increased temperature 
is not the only consequence; important changes 
to several climate factors are accumulating. Some 
of the most significant of these changes are the 
increases in extreme weather events (which can be 
especially harmful to agriculture), heatwave intensity 
and frequency, severe drought events, and flooding 
after torrential rains (IPCC, 2014).

Citrus trees belong to the Citroideae subfamily 
within the Rutaceae family. Most cultivated citrus 
species belong to the genus Citrus, which originated in 
ancient Asia and was exported to southern Europe and, 
from there, to the rest of the world. Citruses are 
one of the most important crop types around the 
world, with extensive citrus fields in the subtropical 
regions of the Americas, South Asia, Southern 
Africa, and Australia. They are also an important 
crop in Mediterranean climates, both in Europe and 
in other continents. Spain is the world’s sixth largest 
producer of fresh citrus and is the leading exporter 
of oranges, mandarins, and lemons. On a productive 
and commercial level, mandarins and clementines are 
the most distinctive hallmark of the Spanish citrus 
supply, with a volume exceeding two million tonnes 
per season, mainly concentrated in the provinces of 
Valencia and Castellón. In recent campaigns, Spain 
exceeded a production of 6.4 million tonnes of citrus 
fruit and Spanish citrus exports exceeded 3.7 million 
tonnes, 68 % of which corresponded to the Valencian 
Community, making citriculture one of its largest 
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incomes from among its national exports. According 
to the data collected in the 2020 Crop Surface Area 
and Yields Survey (ESYRCE in its Spanish initialism), 
Spain has more than 300,000 hectares cultivated with 
citrus trees, over half of which correspond to the 
Valencian Community.

In today’s citriculture, cultivated trees are actually 
the combination of two plants: a productive variety 
is grafted onto a rootstock, corresponding to the 
lower part of the trunk and the root system. This 
technique is used because some varieties with high 
agronomic value and high yields (for example, 
with longer productive periods and larger fruit size, 
production, and organoleptic quality) often have low 
tolerance  to soil salinity, drought, high pH levels, 
flooding, or pests. The combination of a very resistant 
rootstock and a variety with fruits of high-quality 
often guarantees longer tree durability and improves 
crop production and management. This technique also 
helps to anticipate fruit production in several years.

Generally speaking, citrus trees adapt well to 
different climates, but their growth is limited by low 
temperatures and frost. In Mediterranean regions, the 
rise in temperatures caused by climate change will 
lead to higher evapotranspiration, lower rainfall, and, 
consequently, increased irrigation needs for this crop 
that already has high needs of irrigation. For many 
cultivated areas, increased irrigation implies putting 
greater pressure on aquifers, which in turn leads to 
salinisation as a result of increased seawater intrusion, 
especially in coastal areas such as the Mediterranean 
basin. Moreover, prolonged use of salinised water for 
irrigation leads to permanent soil degradation from the 
dispersion of soil aggregates. Thus, citrus agriculture 
will have to cope with a generalised increase in 
the frequency and intensity of drought periods, 
degradation, salinisation of arable soils, and rising 
temperatures as a result of climate change.

 ■ INTERACTION BETWEEN THE 
ENVIRONMENT AND CITRUS DEVELOPMENT

Some of the most harmful abiotic1 factors impacting 
citrus production are extreme temperature changes, 
drought, flooding, and the salinity of irrigation water 
and substrates, which are all linked to climate change, 
as described above (Figure 2). High temperatures 
affect citrus plants, increasing transpiration 
and photosynthesis, destabilising their cell membranes, 
and incrementing oxidative damage. The optimal 

1 � Abiotic factors are those not related to the plant’s interaction with other 
living beings.

«Citrus agriculture will have to cope with 
an increase in the frequency and intensity 

of drought periods, degradation 
and salinisation of arable soils, and rising 

temperatures»
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Figure 1. The main abiotic stressors in citrus cultivation. The average 
temperature of the planet is rising because of climate change, but 
the consequences for citriculture are not limited to temperature. 
Some of the most significant changes are the increase in extreme 
weather events, severe drought events, or flooding after torrential 
rains. In addition, in Mediterranean regions, the rise in temperatures 
will increase irrigation needs, which implies intensified pressure on 
aquifers and, in turn, increased salinisation. All these factors have 
negative consequences for citrus cultivation.
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temperature range for citrus cultivation is estimated 
to be 22–34 °C. Temperatures above this range lead 
to fruit abscission and smaller fruit size. Organoleptic 
quality parameters such as the total soluble solids 
content (TSS) and total titratable acidity (TTA), 
are also affected. Moreover, the worse these factors 
become, the lower the commercial value of the yield.

However, while fruit size is strongly affected, 
the vegetative growth of citrus plants does not seem 
to suffer as much due to elevated temperatures, 
with several citrus species being able to withstand 
temperatures exceeding 40 °C without showing 
detrimental physiological or biochemical effects 
(Pereira et al., 2017; Zandalinas et al., 2016; 
Zandalinas et al., 2017). Citrus species have different 
acclimation responses to hot temperatures. However, 
climate change increases the likelihood of cold albeit 

Figure 2. Some of the most harmful abiotic factors impacting citrus 
production are extreme temperature changes, drought, flooding, 
and the salinity of the irrigation water and substrate, all of which 
are linked to climate change. The images show the effects of 
abiotic stress in citrus crops. From left to right and top to bottom: 
defoliation resulting from substrate salinity; leaf yellowing and curling 
caused by drought; leaf and fruit abscission due to drought and 
elevated temperatures; and leaf yellowing because of prolonged 
flooding.
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«Temperatures above 34 °C affect 
the organoleptic quality parameters 

of citrus fruits. The worse these factors 
become, the lower the commercial value 

of the yield»
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short episodes. A pronounced decrease in temperatures 
(especially below freezing) can result in production 
losses, especially when these events occur during 
the flowering period when the tree is particularly 
vulnerable to low temperatures.

As previously mentioned, severe droughts are 
also associated with climate change. Indeed, a lack 
of available water negatively affects the growth and 
reproductive processes of citrus trees, consequently 
resulting in a lower yield. Moreover, water deficits 
during the period of fruit formation and growth 
leads to reduced fruit size and quality and increases 
abscission losses (Romero et al., 2006). Citrus 
fruits respond to this stress by closing their stomata 
to reduce transpiration and minimise water loss. 
Similarly, CO2 uptake and photosynthesis are 
also reduced, which can destabilise the electron 
transport chain and cause increased oxidative 
damage. Another effect of water scarcity is increased 
osmotic pressure, which makes it more difficult 
to maintain water flow to the plant’s tissues. To 
counteract this problem, citrus plants accumulate 
osmoprotective compounds such as inorganic salts, 
the amino acid proline, or carbohydrates such as 
raffinose (Gimeno et al., 2009). As physiological and 
biochemical strategies to cope with water deficits, 
plants reduce their transpiration and accumulate 
osmoprotective compounds. Other plant responses 
include variations in cell wall elasticity, phytohormone 
overaccumulation, or increased cellular antioxidant 
activity (Balfagón, Zandalinas, et al., 2019; Gonçalves 
et al., 2016). All these responses allow the plant to 
overcome adverse conditions, but this physiological 
effort is not devoid of cost and, when prolonged over 
time, it negatively affects tree growth and the fruit 
harvest.

High saline concentrations in irrigation water, 
caused by the salinisation of aquifers and irrigation 
wells, have a series of impacts on citrus plants. Firstly, 
they reduce seed germination and curb vegetative 
growth. In addition, they cause chlorosis, necrosis, 
and finally, leaf abscission (Gómez-Cadenas et al., 
2015), thus decreasing the total leaf surface area. 
Secondly, high salt concentrations in irrigation water 
or in the soil cause nutritional mismatches and the 
accumulation of Cl− ions (which are toxic to citrus 
plants) in the leaves. Finally, saline stress causes 
plants to reduce the stomata opening, partly because 
of abscisic acid phytohormone (ABA) signalling and 
decreased photosynthetic activity (Gómez-Cadenas 
et al., 2015; López-Climent et al., 2008). Alteration 
of photosynthesis breaks down the electron transport 
chain and increases the production of reactive oxygen 

species (ROS) (Arbona et al., 2003). In addition, 
reduced photosynthesis might also activate the 
photorespiration process in peroxisomes, resulting in 
the production of more oxidative molecules such as 
H2O2.

Another tangible consequence of climate change 
is an increase in the number and duration of torrential 
rain episodes. The prolonged soil flooding caused 
by these events has many negative consequences 
for crops. The main effect is a reduction in available 
oxygen in the substrate, but other effects include 
changes in the chemical composition of the soil which 
affect plant interactions (changes in redox potential, 

«The consequences of the increase 
in temperature can compromise the plants’ 

ability to tolerate other changing 
environmental factors»
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nutrient availability, or microbiota; Sauter, 2013). The 
effects of flooding on citrus plants include inhibition 
of plant growth and development, leaf abscission and 
yellowing, and stem death. These symptoms are partly 
explained by reduced transpiration, photosynthesis, 
and water potential as well as apoplast acidification 
(Vincent et al., 2020). Some cultivated plant species 
(such as rice, soy, tomato, etc.) have acquired different 
adaptation mechanisms to flooding such as the 
development of aerial roots, stem elongation, or the 
formation of aerenchyma – a parenchymatic tissue that 
allows gas circulation. However, citrus plants have no 
specific adaptations for prolonged flooding and the 

differences observed between varieties and rootstocks 
have been attributed to variations in their ability to 
maintain transpiration and photosynthesis (Arbona 
et al., 2009). In general, the most vigorous genotypes 
and those with the highest transpiration rates are more 
tolerant to prolonged flooding periods, and rootstocks 
can transfer this higher tolerance to the grafted variety.

 ■ THE THREAT OF RISING TEMPERATURES

The increase in temperature expected in citrus 
cultivation areas is not a direct threat to plant 
growth and development. However, it is harmful 
for fruit formation and development. In addition, 
the consequences of this increased temperature could 
compromise the ability of plants to tolerate other 
changing environmental factors. Increased water 
needs, as a consequence of higher temperatures, 
would result in greater vulnerability to droughts; 
it also increases the amount of irrigation water needed 
to properly manage the crop. In turn, increased water 
use often involves the overexploitation of aquifers, 
intrusion of salt water into these water stores, 
and ultimately, farmland salinisation. Therefore, 
together with stressors related to high temperatures, 
other adverse conditions connected to water 
deficiency or the use of salt water for irrigation might 
also appear. Numerous studies have shown that two or 
more simultaneous stresses on the plant can cause 
a new stress situation with specific plant responses 
(reviewed in Balfagón et al., 2020 and Zandalinas 
et al., 2018). The concurrence of multiple stressors 
can sometimes positively affect plant development, 
although most studies indicate that a combination 
is more harmful to plants than individual stressors. 
More specifically, studies with citrus plants have 
shown that tolerable drought or salinity conditions 
can become lethal when combined with higher 
temperatures (Balfagón, Zandalinas, et al., 2019; 
Zandalinas et al., 2016). This poses a danger 
for citriculture in many global regions where these 
plants are the main crops because a significant 
increase in the average temperature is expected 
in these regions and represents a higher risk of drought 
or salinisation. The Mediterranean basin experiences 
extended periods of drought, and irrigation is key 
to maintain citrus fields. Thus, many of these areas 
suffer from problems related to the salinisation 
of groundwater, resulting from the overexploitation 
of aquifers and the intrusion of seawater.

The physiological responses of citrus plants 
to drought include stomatic closure and reduced 
transpiration to help plants maintain their water 

«We are faced with a shift in the climate 
model which can affect crops because 

the optimal conditions for which they were 
selected will no longer exist»
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status by reducing water loss to the atmosphere. 
However, this response is contrary to one of the main 
mechanisms of tolerance to elevated temperatures: 
opening stomata to increase transpiration and cool 
the leaves. Thus, the simultaneous occurrence of both 
stressors represents a real challenge for the survival 
of the plant. Recent studies analysing the tolerance 
of citrus rootstocks to a combination of drought and 
high temperatures proved that those with a higher 
tolerance to these combined stressors maintained 
high photosynthesis and 
transpiration rates, despite low 
water availability. This enhances 
leaf cooling and prevents heat 
damage (Zandalinas et al., 2016). 
In addition to the physiological 
response to the combination of 
droughts and high temperatures, 
biochemical responses have also 
been determined which include 
activation of the antioxidant 
enzyme system (thereby reducing oxidative damage 
from stress) or the accumulation of protective proteins 
such as chaperones (Balfagón et al., 2018; Zandalinas 
et al., 2017).

The combination of salinity and elevated 
temperatures represents an additional problem for 
citrus plants. One of their main mechanisms of 
tolerance to salinity is to prevent root absorption of 
toxic Cl− ions and their translocation to the aerial 
section of the plant. To do this, citruses minimise 
their physiological activity by reducing their 
stomatic opening, transpiration, and root water 
absorption, all of which are the opposing responses 
to high temperatures. A recent study analysing the 
response of a relatively salinity-resistant rootstock 
(citrange Carrizo) to combined heat and salinity 
conditions showed that physiological responses to hot 

temperatures prevailed. In other words, the stomata 
opened and the plant increased transpiration to 
cope with the temperature stress, which led to greater 
leaf Cl− accumulation and increased sensitivity to 
salinity (Balfagón, Zandalinas, et al., 2019).

 ■ FUTURE CHALLENGES IN CITRICULTURE

Environmental conditions are constantly changing, 
and plant species have always adapted to them. 

However, we are faced with 
a shift in the climate model. This 
may affect crops traditionally 
linked to particular regions 
of the planet because 
of environmental conditions 
if the optimal conditions 
for which they were selected 
no longer exist. This is the 
case of citrus cultivars which 
can suffer physiological 

problems leading to a loss of productivity 
and fruit quality as a result of climate change 
and the concurrence of environmental stressors such 
as elevated temperatures, droughts, flooding, or soil 
salinisation and degradation.

Studying the effect of a combination of stressors on 
plants (with high temperatures as a common factor) 
has allowed us to understand the natural mechanisms 
of resistance to complex stress situations (Balfagón 
et al., 2020; Suzuki et al., 2014; Zandalinas et al., 
2018). If citrus plants are to tolerate periods of high 
temperatures combined with drought or high irrigation 
water salinity, then correct regulation of the plants’ gas 
exchange to mitigate the effects of high temperatures, 
the accumulation of antioxidant compounds (together 
with a reduction in oxidative damage), adequate 
hormonal balance, and the overexpression of key 

«We must develop 
new varieties that will maintain 

production and fruit quality 
in the face of extreme climate 

phenomena»

CITRICULTURE IN TIMES OF CLIMATE CHANGE

Threats Adaptation
Increased oxidative damage
Decreased photosynthesis
Reduced growth
Increased sensitivity to drought
Loss of production
Salinisation
Crop soil deterioration

Scientific knowledge
Variety breeding
Rootstock breeding
Cultivation techniques
Resource optimisation

Figure 3. Because of climate change, cultivated citruses may experience physiological problems leading to a decrease in production and crop 
quality. Scientific knowledge must meet this challenge and generate new varieties and rootstocks that can allow citruses to adapt and become 
sustainable under these new environmental conditions.
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tolerance genes are essential responses (Balfagón 
et al., 2018; Balfagón, Zandalinas, et al., 2019; 
Zandalinas et al., 2016).

Despite advances in our knowledge of the 
mechanisms of citrus tolerance to combined stress 
conditions, other abiotic and biotic factors that could 
be a threat to these crops in the coming years must 
still be evaluated, especially in warmer environments. 
Indeed, studying some of these stress situations in 
other model species and crops of agronomic interest 
has indicated some of the potential negative effects 
they could have on citrus production (Balfagón, 
Sengupta, et al., 2019; Pandey et al., 2017).

Thus, recent advances must be used to generate 
new varieties and rootstocks that will allow current 
citrus crops to adapt and become sustainable 
(Figure 3). Therefore, we must develop new varieties 
that maintain production and fruit quality in the face of 
extreme climate phenomena and new rootstocks more 
resistant to heat, drought, and soil impoverishment. 
The implementation of cultivation techniques that 
favour the optimisation of irrigation water and 
minimise soil degradation will also be essential.
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