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Abstract Aphid species and their natural enemies were identified in a citrus orchard in the
Cap Bon region of Tunisia in 2014—2016. Aphids within the same orchard had previously been
studied in 1991-1992, allowing a comparison of the populations over the 20+ yr. Ten aphid
species were identified in 1991-1992, while only four were observed in 2014—2016. This
reduction in aphid diversity could be linked to observed temperature and rainfall changes
attributed to climate change, interspecific competition, increased occurrence of hyper-
parasitoids, or any combination of these and other factors. Aphis spiraecola Patch and Aphis
gossypii Glover increased in abundance and occurrence, which is of special concern because
they are known as vectors of Citrus tristeza virus. Four species of parasitoids and two of
predators were identified in 2014 samples, while an increase of hyperparasitism occurred.
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Citrus is an economically important fruit crop that has been cultivated worldwide
for over 4,000 yr (Ayazpour et al. 2011, Mukhopadhyay et al. 2004, Olivares-Fuster
et al. 2003). It is an especially important crop in the Mediterranean region (Comité
de Liaison de I'’Agrumiculture Méditerranéenne 2007). In Tunisia alone, where 69%
of the country’s citrus orchards are in the Cap Bon region (Governorate of Nabeul),
production reached a historic high in 2016-2017 with 560,000 metric tons of
oranges, clementines, mandarins, and lemons (Tunisian Ministry of Agriculture
2017). This important crop is threatened by aphid pests, which reduce yield by
direct feeding (Hermoso De Mendoza et al. 2012) and by vectoring viruses such as
Citrus tristeza virus (Komazaki 1991), which is recognized as the most important
viral disease of citrus in most citrus-producing areas of the world (Rocha-Pena et al.
1995).

The major aphid species encountered in Tunisian citrus orchards are listed by
Ben Halima-Kamel et al. (1994) and Boukhris et al. (1996). Those are Aphis
spiraecola Patch, Aphis gossypii Glover, Toxoptera aurantii Boyer de Fonscolombe,
Myzus persicae (Sulzer), Aphis craccivora Koch, Brachycaudus helichrysi
Kaltenbach, Aphis nerii Boyer de Fonscolombe, Macrosiphum euphorbiae
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(Thomas), and Aphis fabae Scopoli. Natural enemies of these aphids were also
identified and include representatives of the Coccinellidae, Cecidomyidae,
Syrphidae, Chrysopidae, and Braconidae, with the most abundant and conspicuous
being coccinellids and cecidomyids (Boukhris-Bouhachem 2011). Gomez-Marco et
al. (2016) found many of the same natural enemies attacking A. spiraecola in citrus.
However, they found that they lacked sufficient efficacy to regulate the aphid
populations. In fact, natural control by parasitoids was limited by hyperparasitism
(Boukhris-Bouhachem 2011, Gomez-Marco et al. 2015) and the lag time of natural
enemy appearance after the aphid population reach damaging levels (Gomez-
Marco et al. 2016). Yet, understanding the population dynamics of aphids and their
natural enemies is important for proper management of aphid pests of citrus.

In addition, recent studies have demonstrated the impact of climate change on
crop pests, especially aphids (Ladanyl and Horvath 2010) and their natural enemies
(Thomson et al. 2010). This impact was related to the increase of atmospheric
temperature that regulates insect development. Rainfall also affects the insect
metabolism and biology (Andrewartha and Birch 1954). Bale et al. (2002) showed
the extreme sensitivity of foliar pests to warming temperatures. Bezemer et al.
(1998) reported an increase in M. persicae populations due to increases in
atmospheric temperature and CO,. Furthermore, the period during which migration
of certain aphid species occurs is increased from 4 to 19 d with an increase of only
1°C in the average winter temperature (Harrington et al. 2007, Zhou et al. 1995).
This extended migration allows for the early arrival of aphids to cause increased
crop damage by feeding and vectoring viruses (Harrington and Clark 2010). On the
other hand, the lack of rain concentrates the carbohydrates in the plant sap making
it more attractive to insects (Ziska and Runion 2007). Moreover, several
mathematical models demonstrate a change in the species distribution (migration
from south to north or at altitude) as a result of climatic change (Jeffree and Jeffree
1996). Overall, these studies suggest a possible shift in aphid species and their
natural enemies because of climate changes.

In the study reported herein, we had the relatively unique opportunity to examine
the aphid and natural enemy species composition in a citrus orchard that had been
previously studied in 1991-1992. We thus investigated the population dynamics of
aphids and their natural enemies in the same orchard 23 yr later. Our objective was
to detect what changes, if any, had occurred over time.

Materials and Methods

Insect sampling. Aphid samples were collected from a conventionally-managed
citrus orchard in the Cap Bon region (N37°05’15”, E11°02’07") of Tunisia. The
orchard had been planted with orange trees, Citrus sp., approximately 40 yr earlier.
Sampling was conducted weekly from 2014 through 2016. For each sample, aphids
were counted on randomly selected 1-m lengths of young shoots (20 shoots X 50
trees). Shoots were removed from the trees and transported to the laboratory where
aphids were brushed into a container using 70% ethanol and a fine brush. Counts
were made with the aid of a binocular microscope. Aphid species and stages were
identified according to the key of Blackman and Eastop (1985). The same orchard
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and sampling method had been employed in the 1991-1992 study reported by
Boukhris-Bouhachem (2011).

Natural enemies of aphids were sampled in 2014 using the same young shoots
sampled for aphids. Mummies encountered in these samples were placed
separately into small boxes and held under controlled conditions (22°C, 70%
relative humidity) until emergence. Parasitoids with open mummies were
transferred to Eppendorf tubes to be preserved in 70% ethanol and later mounted
in Canada balsam on slides for identification. Any adults of predators found in the
samples were collected and identified.

Weather data. Weather data, namely rainfall, mean minimum temperature
(Tmin), and mean maximum temperature (Tax), for the 1991-1992 and 2014-2016
periods were obtained from the Meteorological Institute of Tunisia.

Statistical analysis. Data were analyzed with SPSS software (version 2.0). The
weather data recorded in the 1991-1992 and 2014—2016 periods were compared
by analysis of variance (o = 0.05). Aphid and parasitoid occurrences from both
periods were compared by 2 test. A simple linear regression analysis was used to
predict the relationship between total number of aphids and T« recorded in 1991—
1992 versus 2014-2016.

Results

Aphid species. Boukhris-Bouhachem (2011) found 10 aphid species in the
target citrus orchard in the Cap Bon region in their 1991-1992 study. Those were
placed in four groups according to their abundance and timing of occurrence (Table
1) with Group 1 being abundant and present in all seasons (e.g., A. spiraecola and
T. aurantii), Group 2 being abundant during limited periods of the year (e.g., A.
gossypii), Group 3 being present in low numbers during limited periods (e.g., A.
fabae and M. euphorbiae only in spring season, M. persicae from spring to the
beginning of the summer, A. craccivora from January to June), and Group 4 being
winged aphids (e.g., A. nerii, Lipaphis erysimi [Kaltenbach], and Rhopalosiphum
maidis [Fitch]). In that study, A. spiraecola and T. aurantii (Group 1) were found in
mixed colonies with different numbers depending on the sampling period, recorded
temperatures, and rainfall. The maximum numbers of A. spiraecola and T. aurantii
were recorded in the spring and autumn when the T,;, was 10°C and 14°C,
respectively, Tnax Was 20°C and 25°C, respectively, and rainfall was 6.5 and 21
mm, respectively. Toxoptera aurantii numbers also increased during the summer
when only some scattered colonies of A. spiraecola were encountered (Fig. 1A). In
terms of abundance, A. gossypii was third in abundance of colonizing species on
citrus with population peaks in late spring and in the autumn.

In our 2014—2016 study, we found only four aphid species in the same orchard.
The numbers of A. spiraecola and A. gossypii significantly increased, but other
species that occurred 23 yr earlier, such T. aurantii, were absent. The aphids
identified in this current survey could be grouped into Group 1 (A. spiraecola),
Group 2 (A. gossypii), and Group 3 (A. craccivora observed from April to
September; M. persicae found only in spring). Aphids (all stages) were present
almost the entire year with maximum aphid infestations in the spring and autumn
when below average rainfall (40 and 37 mm, respectively) and T,,ax (22°C and
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Table 1. Comparison of the aphid species composition and occurrence in Cap
Bon (Tunisia) citrus orchard in 1991-1992 and 2014-2016. (3 test: P
< 0.05).

1991-1992 2014-2016

Aphid species Percentage Occurrence Percentage Occurrence

Aphis spiraecola 55.16 a  All year 87.99 b  All the year except
Jan.—Feb. and
Aug.

Toxoptera auranti  37.26 a  All year 0Ob —**

Aphis gossypii 5.84a Allyear 11.76 b All the year except
Jan.—Feb. and
Aug.

Aphis craccivora 2.63a Jan.—June 0.06 b  Apr.—Sept.

Aphis fabae 2.03a Apr. Ob —

Macrosiphum 0.13a Apr. Ob —*

euphorbiae
Myzus persicae 0.13a  Apr.—June 0.03b  Apr.
Other 0.01 a  Limited periods 0Ob —**

* Percentages within a row and followed by different lowercase letters are significantly different (P < 0.05).
** Dash (—) denotes absence of that species.
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Fig. 1. Aphid species composition in 1991-1992 (A) and 2014-2016 (B)
associated with temperatures and rainfall data.
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Fig. 2. Linear regression between mean maximum temperatures (°C) (X-axis)
and aphid abundances (Y-axis) during 1992 and 2014-2016 in Cap Bon
citrus orchard (R? = 0.967; y = —2148.7x + 55624).

28°C, respectively) favorably impacted aphid numbers on citrus. During the winter
and summer, the conditions were unfavorable to aphid colonization (T, reached
13°C in winter and Tnax reached 39°C in summer), and the absence of young
shoots on trees during those times likely did not provide aphids adequate refuge
and food (Fig. 1B). Mean T, was 20°C and mean Tpax Was 25°C during 2014—
2016, which were both significantly higher than in 1991-1992, when mean T, was
12°C and mean Tax Was 22°C. These are increases of 8°C and 3°C, respectively.
Then, mean T,ax temperatures recorded between January and August in 1991—
1992 (23.5°C) were significantly lower than those over the same months in 2014—
2016 (25°C). Total rainfall was 17 mm higher in 2014-2016 than in 1991-1992.

Total number of aphids, all species combined, was lower in 2014-2016 in
comparison to 23 yr prior. Temperature, and perhaps climate change, could be the
cause. According to regression analysis, there is a strong relationship (R?=0.9676)
between aphid abundance and mean T, and aphid abundance was distinctly
different between the two studies (Fig. 2).

Aphid populations. Numbers of immatures and adults (winged and wingless) of
the major aphid species encountered in both studies show that young shoots of
citrus are colonized by aphids in March or April, according to the aphid species, in
Tunisia (Fig. 3). Thereafter, the total aphid population increases exponentially with a
first peak in population density observed in May and a second one of lesser density
in September—October.

In 1991-1992, A. spiraecola and T. aurantii were continuously present on citrus
throughout the year, but the numbers of immatures and adults fluctuated depending
on the time of the year. Winged A. spiraecola females first appeared in January
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Fig. 3. Population structures of key aphid species Aphis spiraecola and
Toxoptera aurantii in 1991-1992 and A. spiraecola and Aphis gossypii
in 2014-2016.

1992, and T. aurantii winged females appeared in March. These initial infestations
corresponded with observed increases in numbers of wingless individuals that
rapidly reproduced by parthenogenesis resulting in the highest density of the two
species in May 1992. Peaks of T. aurantii winged females occurred in March—April—
May of 1992, while the highest population peaks of A. spiraecola winged adults
occurred in April-May 1992. Those peaks corresponded with periods of flight and
migration for both species, after which crashes in the populations of both species
were noted in late summer.

In 2014-2016, the population abundance and structure were characterized by a
discontinuity of aphid colonization. All generations of A. spiraecola and A. gossypii
were simultaneously present in mixed colonies in the samples. Population peaks of
winged females of A. spiraecola were observed in April and October of 2014 and
2015 and in May 2016. For A. gossypii, the peaks of winged females occurred in
March and October 2014; in March, September, and October 2015; and in May
2016. The spring peaks were followed by high winged aphid productions for both
species with a maximal abundance recorded in May 2014 and 2015 for A.
spiraecola and in March 2014, May-June 2015, and May-June 2016 for A.
gossypii. In summer, both species disappeared, with the departure of A. gossypii
occurring later than A. spiraecola, which migrated few weeks earlier.

Natural enemies. In 2014, the most abundant and prominent parasitoids that
emerged from aphid mummies were Lysiphlebus testaceipes (Cresson) followed by
Lysiphlebus fabarum (Marshall), Binodoxys angelicae (Haliday), and Aphidius
matricariae Haliday. Lysophlebus testaceipes emerged primarily from A. gossypii
(85%) and rarely from A. spiraecola (15%). Similarly, L. fabarum primarily
parasitized A. gossypii (75%) and occasionally A. spiraecola (25%). Binodoxys
angelicae and A. matricariae were parasitized by A. spiraecola, but parasitism was
minor.
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Table 2. Comparative percentages of parasitoids and hyperparasitoids
observed on aphids in Cap Bon (Tunisia) citrus orchard in 2001
and 2014. (52 test: P < 0.05).*

Species 2001** 2014
Lysiphlebus testaceipes 6.5a 30b
Lysiphlebus fabarum 10 a 6b
Binodoxys angelicae 9a 3b
Aphidius matricariae 145 a 2b
Pachyneuron sp. 38.5a 56 b
Asaphes sp. 0a 3b
Other 215a 0b

* Percentages within the same row and followed by different lowercase letters are significantly different (P <
0.05).
** From Boukhris-Bouhachem (2011).

Of note, 59% of the parasitoids that emerged were hyperparasitoids from the
genus of Pachyneuron Walker and Asaphes Walker (Table 2). Furthermore, the
ladybird beetle Scymnus subvillosus (Goeze) with the cecidomydid Aphidoletes
aphidimyza (Rondani) were the most abundant aphid predators found in the
samples.

Discussion

Aphid species composition in the Cap Bon citrus orchard in Tunisia was
diversified and consisted of 10 species in 1991-1992. More than two decades later,
the aphid composition in the same orchard was less diversified; only four species
were collected, with A. spiraecola and A. gossypii being the key species,
accounting for 99.75% of the total aphids sampled during this study.

In the Mediterranean Basin, Franco et al. (2006) listed nine aphid species in
Algerian citrus orchards, seven in France, eight in Greece, one in Israel, five in ltaly,
six in Morocco, and five in Turkey. In Egypt, only A. gossypii was reported on citrus
trees (Kamel 2010). Furthermore, eight species were reported in Spain (Hermoso
De Mendoza and Moreno 1987, Hermoso De Mendoza et al. 1997), nine in Japan
(Komazaki 1981) and 14 worldwide on citrus (Blackman and Eastop 2006).

The predominance of A. spiraecola and A. gossypii also was observed in
Morocco by El-Haddad et al. (2016) who reported that 60—100% of total aphids
were A. spiraecola and A. gossypii. In Spain, the most abundant aphid species were
A. spiraecola (77%) and A. gossypii (15%) with only a few colonies of T. aurantii
and M. persicae (Garcia-Prieto et al. 2005).

The disappearance of T. aurantii (the second most abundant aphid species
recorded in the 1991-1992 study), A. fabae, and M. euphorbiae from the orchard
coupled with the reduction of A. craccivora and M. persicae populations occurring
during shorter periods of time may be the result of repetitive prophylactic pesticide
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treatments and/or climatic changes (increase of 3°C in mean T,,ax over the two
decades). Giorgi and Lionello (2007) found that pronounced atmospheric warming
in the Mediterranean region has affected aphid diversity. Additional studies have
reported that temperature impacts aphid population composition (Campbell et al.
1974; Komazaki 1982; Nowierski et al. 1983; Wang and Tsai 2000, 2001).

Inter- and intraspecific competition also may have played a role in the
disappearance of T. aurantii, A. fabae, and M. euphorbiae from the citrus orchard
and the accompanying dominance of aphid populations by A. spiraecola and A.
gossypii in 2014-2016. In fact, Hermoso De Mendoza et al. (2012) found that in
Spain since the 1980s, A. spiraecola has displaced A. gossypii as the most
abundant aphid on citrus. They postulated that this was due to the low efficacy of
the natural enemies against A. spiraecola. Muller and Godfray (1997) further
demonstrated that Microlophium carnosum Buckton and Rhopalosiphon padi L.
populations on nettle were affected by an indirect interspecific competition. Yet,
Petersen and Sandstrom (2001) demonstrated that indirect competition between
two aphid species can influence aphid performance (e.g., nymph production and
feeding behavior), resulting in the disappearance of one species and, in return, the
increase in number of the other.

The disappearance of T. aurantii from the orchard was accompanied by A.
gossypii becoming the second most abundant aphid in the orchard. A similar
situation was observed in Calabria (Spain) where 3 yr of monitoring of aphid
populations in citrus revealed the disappearance of Toxoptera citricidus Kirkaldy,
replaced in number and frequency by A. gossypii (Albanese et al. 2010). This also
underscores that A. gossypii is increasing in worldwide importance in threatening
citrus production. Unfortunately, A. spiraecola and A. gossypii are well known as
polyphagous pests, vectors of Citrus tristeza virus, Cucumber mosaic virus (CMV),
and Potato virus Y (PVY) (Hermoso De Mendoza et al. 1984, Hullé et al. 2012,
Maroquin et al. 2004, Norman and Grant 1953) and are reportedly developing
resistance to chemical insecticides (Smirle et al. 2010).

Moreover, during 1991-1992, A. spiraecola and T. aurantii were continuously
present in the Cap Bon citrus orchard while in Japan, Komazaki (1981) found T.
aurantiiin citrus from spring to the start of the summer. On the other hand, Boukhris-
Bouhachem (2011) reported A. fabae from the Cap Bon orchard only in the spring of
1992. Sekkat (1987) observed A. fabae occurring over a longer period from spring
to the start of the summer in Morocco. By contrast, Komazaki (1981) and Aroun
(1985) did not report A. fabae in their studies. Boukhris-Bouhachem (2011) reported
M. euphorbiae in May while, in Algeria, Aroun (1985) reported the species during
the spring and autumn. Observations of all other aphid species identified in the
1991-1992 study (Boukhris-Bouhachem 2011) corroborated the observations and
reports from Algeria (Aroun 1985), Morocco (Sekkat 1987), Spain (Hermoso De
Mendoza and Moreno 1987, Hermoso De Mendoza et al. 1997), and Japan
(Komazaki 1981).

On the other hand, initial infestations of A. spiraecola and T. aurantii within the
Cap Bon orchard appeared in January and March, respectively. These populations
then spread throughout the orchard in midspring for A. spiraecola and spring and
autumn for T. aurantii. This dynamic is characteristic of tree-dwelling aphids, which
exhibit an exponential increase in populations in the spring followed by a sudden
and total collapse of the population in the summer (Karley et al. 2004). Frequently,
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this summer population crash is followed by a secondary peak, of lesser magnitude,
in the late summer. Aphid population dynamics also depend on their competitors
(Kaneko 2003, Stadler 2004), the quality of the host plant tissues (Dixon and Glen
1971) (in this case the flushing shoots), migration (Kindimann and Dixon 1996), and
weather conditions (Karley et al. 2004).

Over two decades after the initial study, A. spiraecola and A. gossypii became
the most abundant species and were highly active in spring. They reproduced
continuously by parthenogenesis and spread throughout the orchard in early
summer, a phenomenon also reported by Van Emden and Harrington (2007). In
general, high aphid populations were observed in April-June, a cool and wet period
of the year, when host plant growth is characterized by heavy and active flush
development of shoots and foliage, thus providing food resources to support aphid
population increase as described by Southwood and Way (1970). Lower numbers
of aphids occurred between September and November, the hot and dry months of
the year, characterized by a relative lack of flush host plant growth.

Parasitoids collected from 2014 have been previously reported in Greece
(Katsoyannos 1993), Italy (Tremblay et al. 1980), Spain (Llorens and Jose 1990),
and Tunisia (Limam Sallemi et al. 2013). Lysiphlebus testaceipes increased in
occurrence and abundance, as cited by Limam Sellami et al. (2013), and replaced
A. matricariae, L. fabarum, and B. angelicae reported in 2001 by Boukhris-
Bouhachem (2011). Lysiphlebus testaceipes is a competitive and dominant
endophagous species of T. aurantii and A. gossypii. However, it is unable to
complete its development on A. spiraecola (Tremblay and Barbagallo 1983).
Consequently, high numbers of A. spiraecola might be attributed to the low
parasitism rate by this parasitoid. Moreover, B. angelicae, its unique primary
parasitoid (Gomez-Marco et al. 2015), is significantly decreasing in abundance over
time in Tunisian citrus orchards. This may be due to the hyperparasitoid activities as
cited by Gomez-Marco (2016).

Biological control exerted by natural enemies of aphid pests of citrus is thus not
sufficient to provide management of aphid infestations, but it may prove promising
as a component of an overall pest management program for aphids in citrus.
Predation was basically nonexistent in our study, but it should not be discounted for
future consideration and development. Interestingly, Wu et al. (2011), relying on the
results of Walters and Hassall (2006), who demonstrated that insect body size is
inversely related to temperature, concluded that parasitoids took longer to handle
large aphids than small ones. Furthermore, the attack rate of the predator Harmonia
axyridis (Pallas) and the parasitoid Aphidius picipes Nees on Sitobon avenae F.
increased in elevated CO,, resulting in substantially suppressed aphid abundance
(Chen et al. 2007). Yet, Schmidt et al. (2003) showed that hymenopteran
parasitoids provided important suppression of aphids and are more effective
natural enemies than predators. However, Gomez-Marco et al. (2016) observed
that, when abundant sufficiently early in the target host population development,
predators are capable to lowering aphid populations below economic threshold
levels. Potts and Vickermam (1974) attributed low levels of coccinellids in aphid-
infested crops to insecticide use, while Vickerman and Wratten (1979) postulated
that coccinellids require certain threshold densities of target prey to remain and
reproduce in cereal grains. Hence, these factors demonstrate the possibility of
using natural enemies for the biological control of aphids. The response of these
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fauna to climate change should be considered as coccinellids, and possibly others,
are more resistant to predicted climate conditions (Thomson et al. 2010). All these
factors should be continually assessed and evaluated for a better understanding of
the natural enemy behavior.

In conclusion, the aphid species composition and their natural enemies in the
Cap Bon citrus orchard changed over the two decades. Two pest species, A.
spiraecola and A. gossypii, emerged as the most abundant and occurred
throughout the year. Other species, such as T. aurantii, A. fabae, and M.
euphorbiae, were not found in the orchard in 2014-2016. Increased abundance of
A. spiraecola in Tunisia and Mediterranean area orchards may be due to climate
changes and interspecific competition. In addition, A. spiraecola is tolerant of high
proline content in citrus trees, and this species efficiently converts foliar energy
metabolites (Mostefaoui et al. 2014), which may explain their high numbers in
comparison to other aphid species in citrus. The parasitoid L. testaceipes was
observed at higher levels in 2014 than in 2001, which could account for the
increasing numbers of its targeted prey A. gossypii.
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