
Supplementary Material A. Climatic conditions,
landscape architecture and citrus industry practices
affecting the introduction and spread of citrus
psyllids.

The populations, distribution, abundance, establishment and spread of the Asian citrus psyllid, Diaphorina
citri, and the African citrus psyllid, Trioza erytreae are influenced by biotic, abiotic and anthropogenic
factors. Among them, natural enemy regulation, climatic conditions, landscape architecture (host plant
availability, phenological stage of host plants, and crop management strategies) and citrus industry practices
are the ones that most affect the biology of these citrus psyllids. The effects of these factors nevertheless
vary depending on the region, local conditions and the species of psyllid involved. Understanding these
effects is essential to predict vector dispersal and to implement and develop effective management strategies
that minimize the impact of huanglongbing (HLB).

1 CLIMATIC CONDITIONS

As with most insects, citrus psyllids are strongly influenced by climatic conditions. Climatic variables
limit the presence and abundance of these species. Temperature (T) and relative humidity (RH) are
probably the most relevant variables in insect biology, so understanding their effects is crucial to interpret
how climate affects the risk of establishment and spread capability.

The temperature helps to predict life cycle duration and development potential. Unfavorable temperatures
can limit establishment and abundance (Catling, 1969b; Catling and Green, 1972; Cocuzza et al., 2017;
Monzó and Vanaclocha, 2023). There are two important temperature thresholds that are commonly used to
understand the thermal biology of insects and to model and predict their population dynamics:

(i) Lower threshold temperature (Tl): this is the minimum temperature at which an insect can complete its
development. Below this temperature, the insect has very limited activity and can find it difficult to
develop.

(ii) Upper threshold temperature (Tu): this is the highest temperature at which the insect can develop
optimally. At temperatures above this threshold, development is negatively affected and may experience
a significant reduction in survival rate.

The relative humidity (RH) can also influence the development of citrus psyllids. It has been observed
that high relative humidity conditions favor the development and survival of psyllids. On the other hand,
low humidity conditions are less favorable and negatively impact their development. The effects of RH
on insect biology are usually mediated by temperatures. In the case of citrus psyllids, negative impacts
of low RH environments are magnified when combined with high temperatures. The saturation deficit
(SD) is a variable that includes both temperature and relative humidity and has been used in the past to
understand the biological requirements of T. erytreae (Catling, 1969b). The SD is a measure of the drying
potential of the atmosphere and it is defined as the difference between the actual water vapor pressure
and the saturated vapor pressure at a given temperature. High SD values reduce the survival rates of this
psyllid significantly. Additionally, there are other climatic variables that interact and affect the survival,
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distribution, movement and adaptation of citrus psyllids, such as rain, light and wind, and can determine
their activity and preference for certain habitats.

Another important climatic parameter to consider in insect thermal biology is the degree days (DD).
This is defined as the accumulated amount of heat required for an egg to become an adult and therefore
complete their development. The lower threshold temperature (Tl; also named as base temperature) and the
degree days (DD) are used to explain how insect establishment, development and reproduction depend on
temperature (Honěk et al., 1990) and to estimate the potential number of generations (PNG).

The thresholds of these climatic variables above or below which species cannot develop can be used to
define a favorable day for development (FD). Tl and Tu can be used for a definition of FD and sometimes
RH or SD thresholds can also be considered.

Specific climatic requirements of Diaphorina citri and Trioza erytreae

Although many species of Psyllidae are known to be intolerant to relatively high temperatures, D. citri is
well adapted to high thermal conditions (Catling, 1969b; Catling and Green, 1972; Cocuzza et al., 2017;
Monzó and Vanaclocha, 2023). It is able to develop at mean temperatures between 10°C, as a Tl, and 33°C,
as a Tu(Liu and Tsai, 2000). For a D. citri egg to become an adult, Liu and Tsai (2000) estimated a thermal
requirement of 249.88 DD and a specific Tl of 10.45°C. D. citri thermal requirements make this species
better adapted to tropical and subtropical climates and hot, coastal zones (Catling et al., 1970; Hodkinson,
2009; Jenkins et al., 2015). D. citri is also well adapted to dry conditions. Consequently, this insect species
is able grow even in citrus cultivated in tropical arid climates such as that of the Arabian Peninsula (Bové,
2006).

In contrast, T. erytreae prefers cool moist conditions and it hardly develops under hot dry climates
(Catling, 1969b) or even in climates characterized by high temperatures and frequent rain (Catling, 1969a;
Green and Catling, 1971; Tamesse and Messi, 2004). T. erytreae is able to develop at mean temperatures
between 10°C, as Tl, and 27°C, as Tu (Aidoo et al., 2022). Within this temperature range, the insect’s
life cycle progresses efficiently, facilitating population growth and establishment in suitable environments.
While T. erytreae thrives within the aforementioned temperature range, it is especially sensitive to the
combination of high temperatures and low RH. Studies conducted by Catling (1969b, 1972) on the biology
of this insect revealed the significance of SD values in determining its survival thresholds. When SD values
reach more than 32.1 mm Hg, T. erytreae experiences considerable mortality rates (Catling, 1969a). The
estimated thermal requirements for an egg to become an adult are 270 DD with a Tl that lies between 10
and 12°C (Catling, 1973; Aidoo et al., 2022)

2 LANDSCAPE ARCHITECTURE

Host plant availability and phenological stage

Diaphorina citri and T. erytreae primarily infest plants in the Rutaceae family, preferably Citrus spp.
However, they can also feed on other Rutaceae family members, including some ornamental plant species
(Grafton-Cardwell et al., 2013; Cocuzza et al., 2017; Hall, 2020; Monzó and Vanaclocha, 2023). The
availability and distribution of citrus plants play a significant role in determining the populations and
establishment of both species. The presence of suitable host plants contributes to their abundance and
spread. In addition to the agricultural citrus landscapes, citrus psyllids can also be found in residential
areas, which must therefore also be considered as risk areas for unchecked psyllid populations proliferation.
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Psyllids present in these areas can move between residential landscapes and nearby commercial citrus
orchards, increasing the risk of infestation and establishment.

Citrus psyllid generations are conditioned by the phenological stages of citrus trees. The availability of
emergent leaves (leaf flushes) and tender young leaves provides a suitable environment for the psyllids to
feed, reproduce and develop, and determines the psyllid population (Catling, 1969a, 1972; Catling and
Green, 1972; Cocuzza et al., 2017; Cifuentes-Arenas et al., 2018; Hall, 2020; Monzó and Vanaclocha,
2023). Changes in host phenology can result in fluctuations in the population size and spatial distribution
of the psyllids. Understanding the relationship between citrus host phenology and the populations of the
citrus psyllids is essential to implement effective management strategies.

Diaphorina citri and T. erytreae gravid females lay eggs on leaf flushes, sometimes including young
leaves associated with emergent floral shoots (Cifuentes-Arenas et al., 2018). Immature stages only feed on
tender tissue (unhardened leaves) of the growing shoots and they cannot develop on mature leaves. Survival
of the psyllids consequently depends on the availability of soft plant tissues (Annecke and Cilliers, 1963;
Moran and Buchan, 1975; van den Berg and Deacon, 1988; Hall, 2020; Monzó and Vanaclocha, 2023).
Young citrus trees present more frequent and prolonged growing periods, which makes them a preferred
host for gravid females (Croxton and Stansly, 2014).

Citrus trees grown in humid tropical or subtropical regions typically have overlapping phenological
stages throughout the year with multiple flushing periods in which psyllids can develop (Udell et al., 2017).
Under Mediterranean or semi-arid conditions, the number and intensity of flushing periods is limited and
especially influenced by factors such as temperature, rainfall, and tree irrigation, pruning, and nutrition. In
the Mediterranean Basin, citrus-growing areas commonly experience three flushing periods that typically
coincide with favorable weather conditions and the natural growth cycles of citrus trees: i) spring flush,
which is usually the most significant and occurs typically from late February to May. It follows the winter
dormancy period and, as temperatures rise, new growth emerges, characterized by the development of new
leaves, shoots, and flowers; ii) summer flush, when suitable weather conditions are given at the end of
spring, a second flush period may occur typically between June and August. It is usually less vigorous
than the spring flush but can contribute to new growth and fruit development; and iii) fall flush, which
usually occurs from September to November following humid weather at the end of the summer (Hermoso
De Mendoza et al., 2012; Lebbal and Laamari, 2016; Bouvet et al., 2019; Garcia-Marı́ et al., 2002).

The development stages of citrus psyllids exhibit an aggregated behavior on young shoots, where egg
laying and immature development occur while adult psyllids are known to move frequently between
orchards (Samways and Manicom, 1983; Sétamou et al., 2008). For D. citri, it has been observed that citrus
flushes overcrowded with nymphs competing for the same food resource trend to trigger spread behaviors
within and among citrus orchards (Chiyaka et al., 2012; Udell et al., 2017).

Crop management practices

Development of effective management strategies for insect pests requires an understanding of their spatial
distribution patterns within the agricultural landscape (Hall and Gottwald, 2011). Mediterranean citrus
landscapes encompass conventional, organically managed, and abandoned orchards. Each type of orchard
has its particularities and consequently presents unique challenges and opportunities for controlling and
preventing the spread of D. citri. While conventional orchards may rely on chemical pesticides for effective
citrus psyllids management, organic management emphasizes natural and biological control methods and,
consequently, controlling the populations of citrus psyllids can be more challenging. Abandoned fields may
act as reservoirs of citrus psyllids where their population can proliferate unchecked (Tiwari et al., 2010).
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In humid subtropical regions, it has been demonstrated that the abundance of citrus psyllids in abandoned
orchards is higher than in orchards with conventional citrus management and this may contribute to the
spread of these vectors (Sétamou and Bartels, 2015; Martini et al., 2016). However, their role in the spread
of vectors may be somehow limited by the lower growth activity of citrus trees in those fields, especially in
semi-arid citrus-growing regions such as those with Mediterranean climates.

The activity by which D. citri spread has been associated with the availability and quality of food resources
(Sétamou et al., 2008; Udell et al., 2017) and with environmental factors (Martini and Stelinski, 2017;
Tomaseto et al., 2018). Diaphorina citri can disperse over distances of at least 2 km (Lewis-Rosenblum et al.,
2015). There is evidence of rapid short-distance movement of D. citri between unmanaged (abandoned)
and managed orchards (Boina et al., 2009). It has been reported that T. erytreae is able to disperse up to 1.5
km with females moving longer distances than males (van den Berg and Deacon, 1988).

3 CITRUS INDUSTRY PRACTICES

The spread distance of these psyllid species can also be influenced by human activities, such as the
transportation of infested plant material, the movement of citrus trees or even harvested fruits (Halbert
et al., 2010). Infested young citrus material is known to be one of the potential sources of spread for D.
citri (Halbert and Manjunath, 2004). Trailers transporting citrus fruit from orchards to packing houses were
recognized as a source of D. citri spread (Halbert et al., 2010). The rutaceous plant, Murraya paniculata,
used as an ornamental bush or hedge, is one of the preferred hosts of D. citri and can carry D. citri eggs or
nymphs. The entry of this or other host plants into a ‘clean’ region is therefore associated with a risk of
introducing D. citri (Halbert and Manjunath, 2004). Additionally, the availability of suitable host plants in
the surrounding landscape can affect their spread patterns. Transport corridors provide a linear pathway
for citrus psyllids to disperse, allowing them to move efficiently from one location to another. This can
contribute to the rapid spread of these pests, especially if suitable host plants are present along the transport
routes. Agricultural practices within the citrus industry, including machinery and equipment, can facilitate
the spread of these psyllids.
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4 ESTIMATION OF THE POTENTIAL NUMBER OF GENERATIONS AND
FAVORABLE DAYS WITHIN THE STUDY AREA

The potential number of generations per year (PNG) for each cell i was calculated based on the average
cumulative degree-days for the 10-year period (2009-2018) and dividing by the degree-days (DD) required
for an egg of D. citri / T. erytreae to become an adult above a developmental threshold temperature (Tl).
For D. citri, Tl = 10.45◦C and DD = 249.88◦C (Liu and Tsai, 2000). For T. erytreae, Tl = 10◦C and
DD = 270.00◦C (Catling, 1973; Aidoo et al., 2022).

The number of favorable days (FD) for each cell i was calculated considering only those days allowing
the development of all the stages of the insect. For D. citri, “a favorable day” was defined considering that
this insect species is able to develop with mean temperatures (Tmean) between 10°C, as a lower threshold
(Tl), and 33°C, as an upper threshold (Tu) (Liu and Tsai, 2000). For T. erytreae a “favorable day” was
defined considering that it is able to develop at mean temperatures (Tmean) between 10°C, as Tl, and 27°C,
as Tu (Aidoo et al., 2022) and also including a saturation deficit (SD) ≤ 32.1 mmHg (Catling, 1969b,
1972).

For PNG and FD estimation daily climate variables were filtered considering only the days from 15
February to 30 April, June and October, assuming that under Mediterranean conditions these are the three
major leaf flushing periods (Garcia-Marı́ et al., 2002).
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Figure SA1. Potential number of generations per year estimated for Diaphorina citri (A,C,E) and Trioza
erytreae (B,D,F) disaggregated at province level (NUTS 3): Castellón (A,B), Valencia (C,D) and Alicante
(E,F).
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Figure SA2. Number of favorable days per year estimated for Diaphorina citri (A,C,E) and Trioza erytreae
(B,D,F) disaggregated at province level (NUTS 3): Castellón (A,B), Valencia (C,D) and Alicante (E,F).
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