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Abstract Tropical trees can provide various ecological services to adjacent agricultural
environments, including maintaining and amplifying the numbers of beneficial insects. In
Mexico, certain tree species harbor a diverse guild of hymenopteran parasitoids that attack
pest fruit flies (Diptera: Tephritidae) and are at the same time sources of valuable hard-
wood timber. Indigenous trees and their associated fauna are slowly disappearing due to
forest clearance and the expansion of crop monocultures. Here we explore the relationship
among pest and non-pest fruit flies, their fruit-hosts and parasitoids in the context of mango
orchards and surrounding patches of uncultivated vegetation and propose a novel mech-
anism to use these associations in favor of conservation purposes and pest management.
Trees of conservation biological control interest are classified as: (1) parasitoid multiplier
plants, species that serve as alternate hosts for key fruit fly pests when their commercial
hosts are not available, but in which they are unusually vulnerable to parasitism; (2)
parasitoid reservoir plants, native or introduced trees in whose fruits non-pest fruit flies
serve as hosts to generalist parasitoids that are able to attack pest tephritids in other species
of commercially grown fruit; and (3) pest-based parasitoid reservoir plants, native or
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introduced species that are not economically important locally, but which harbor fruit flies
that would be pests in other circumstances and that serve as hosts for parasitoids of the
important pests in the vicinity. Protection, multiplication and dissemination of such tree
species has the potential to increase the number of naturally produced fruit fly parasitoids
and could assist in the management of tephritid pests in areas where destruction of forests
has impoverished the historical sources of fruit fly natural enemies. Tropical forest con-
servation may help resource-poor farmers reduce crop losses, increase biodiversity within
fruit-growing regions and conserve native forests for both conservation purposes and
commercial use of native hardwoods.

Keywords Tephritids - Parasitoid conservation - Forest conservation -
Conservation biological pest control - Agroecology

Introduction

Preservation of natural habitats in Latin America, Africa and Asia is often a daunting task
given rapid population growth and agricultural expansion with concomitant high levels of
deforestation (Harvey et al. 2008; Bradshaw et al. 2009). However, these lost habitats
could have provided ecological services to agricultural environments and if the value of
tropical forests to natural pest control were more widely recognized, small-rural land-
owners of forest might be more likely to protect, even restore, adjacent woodlands. At a
governmental level, informed politicians would be in a stronger position to legislate and
enforce conservation measures (Newton et al. 2009).

As an illustrative example, we consider the relationship among tephritid fruit flies,
several of which are important pests in southern Mexico, their parasitoids, and the trees on
which both ultimately depend. Specifically, we consider in detail an area of 900 ha (Fig. 1)
located in the center of Veracruz State in the vicinity of Apazapan (19°198 N, 96°428 W;
347 masl), Llano Grande (19°228 N, 96°538 W; 950 masl), Tejeria, (19°228 N,
96°568 W; 1,000 masl) and Monte Blanco (19°238 N, 96°568 W; 1,050 masl). This area
of mixed agriculture and uncultivated vegetation contains about 12 % of the plant diversity
in Mexico and of this diversity 30 % is endemic (Rzedowski 1996). We argue that a
number of the local, largely native, fruit tree species act as critical reservoirs that conserve
key parasitoids of tephritid pests (Hernandez-Ortiz et al. 1994; Lopez et al. 1999; Sivinski
et al. 2000; Aluja et al. 2003, 2008) and that other fruit trees not only conserve these
parasitoids but greatly amplify their numbers. We explain that deforestation resulting in
forest fragmentation, as well as selective logging, threatens the trees and therefore the fruit
fly parasitoids and the agricultural benefits they could provide. Conservation, multiplica-
tion and dissemination of such trees as components of non-orchard landscapes could result
in increased fruit yields and produce a supply of valuable timber and wood products for
rural landowners (Harvey et al. 2008).

Interactions among Tephritidae, hymenopteran parasitoids and fruit trees
Some fruit flies are among the world’s most damaging agricultural insect pests (Aluja and

Mangan 2008). The economically important genera are Anastrepha, Bactrocera, Ceratitis,
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Fig. 1 Aerial photo of Las Juntas on the Rio Pescados near Llano Grande, Veracruz (12° 22’ 18.64" N, 96°
51’ 18.98" W), showing fragmentation of native forest in different successional status (red polygons) and the
placement of these fragments with respect to orchards (white polygons), pastures, sugar cane and other crops
(light green areas, not marked with polygons). Primary and secondary forest fragments are primarily located
in rough or inaccessible areas such as canyons (blue lines). The landscape is crossed by a main road (yellow
line). Source Google Earth

Rhagoletis, and Toxotrypana, all of which are represented in the subtropical and tropical
regions of the Americas. Anastrepha species, the focus of our discussion, are distributed
from the southern United States to northern Argentina (Hernandez-Ortiz and Aluja 1993;
Aluja 1994). In Latin America, many species of native plants in tropical dry and wet forests
support fruit fly larvae of both economic (<5 %; 7 species) and non-economic importance
(>95 %; >200 species) (Aluja et al. 2003 and references therein). In developed areas these
same plants can also be found as isolated individuals that have either survived agricultural
practices or been planted as living fences or fruit or shade trees. Semi-commercial and
commercial orchards in Mexico are often located near or even mixed into patches of native
vegetation that include tephritid hosts, particularly if the adjacent sites, such as canyon
walls, do not lend themselves readily to cultivation (Fig. 1).

Movement between wild and cultivated hosts (described in detail by Aluja and Birke
1993; Aluja and Rull 2009) is typical of several important pest fruit fly species and is
important to their population survival because: (1) no single host species fruits throughout
the year; and (2) pest fruit flies do not diapause and adults survive for only limited periods;
thus they have no mechanism to bridge fruit-free periods (Aluja et al. 1998, 2009).

Anastrepha spp. control
Toxic bait sprays have been used extensively to control pest Anastrepha species (Aluja
1994; Raga and Sato 2005). But the sterile insect technique (SIT) (Reyes et al. 2000),

classical biological control (Eskafi 1990; Ovruski et al. 2000) and augmentative releases of
parasitoids (Sivinski et al. 1996; Montoya et al. 2000, 2007) have resulted in complete or

@ Springer



834 Biodivers Conserv (2014) 23:831-853

partial control of pest tephrtid populations at certain times and places. Recently, a series of
biorational techniques such as trap crops, modified orchard design and the use of behavior-
modifying chemicals have been proposed (see Aluja and Rull 2009 and references therein).
In spite of these alternatives, a large share of small-scale fruit growers in the Neotropics
still rely on calendar-based applications of broad-spectrum insecticides such as malathion
sprayed singly or in combination with hydrolyzed protein used as a bait (Aluja 1994;
Moreno and Mangan 2002; Mangan and Moreno 2007) or more recently, the bacteria-
derived insecticide spinosad (McQuate et al. 2005). Despite their effectiveness, resistance
(Wang et al. 2005; Hsu and Feng 2006), negative impact on natural enemies or on other
non-target organisms (Stark et al. 2004), as well as water and soil pollution (Favari et al.
2002; Murray et al. 2010), and deleterious effects on human health (Band et al. 2011;
Hernandez et al. 2013; Kjeldsen et al. 2013), call for more environmentally-friendly
alternatives such as the one proposed here.

Classical biological control projects targeting Anastrepha species resulted in the
establishment of exotic larval-pupal and pupal fruit fly parasitoids in Mexico (Aluja et al.
2008). However, many native parasitoids, particularly wasps of the family Braconidae that
attack tephritid larvae and prepupae, play a role in control of pest fruit flies (Lopez et al.
1999; Ovruski et al. 2000). Indigenous species are particularly abundant in forest-fruits and
non-commercial landscape fruit trees (Sivinski et al. 2000). Naturally occurring suppres-
sion in these adjacent areas could reduce the number of adult fruit flies available to move
into orchards. Enhancing biological control on pest reservoirs to prevent agricultural
infestations follows the same rationale behind a number of augmentative projects that
mass-release natural enemies into neighboring rather than cultivated areas (Sivinski et al.
1996; Montoya et al. 2000).

Fruit trees that benefit biological control and conservation

Trees of conservation biological control interest are classified here as: (1) parasitoid
multiplier plants, species that serve as alternate hosts for key fruit fly pests when their
commercial hosts are not available, but in which they are unusually vulnerable to para-
sitism; (2) parasitoid reservoir plants, native or introduced trees in whose fruits non-pest
fruit flies serve as hosts to generalist parasitoids that are able to attack pest tephritids in
other species of fruit; and (3) pest-based parasitoid reservoir plants, native or introduced
species that are not economically important locally, but which harbor fruit flies that would
be pests in other circumstances and that serve as hosts for parasitoids of the important pests
in the vicinity. As the name suggests, this last category is a special case of reservoir plants
(Fig. 2).

Parasitoid multiplier plants

Preemptive biological control measures applied to indigenous-host reservoirs are aimed at
suppressing pest tephritid populations when they are most vulnerable (Sivinski and Aluja
2012). Mexican opiine braconids must drill with their ovipositors through fruit pulp to
reach their larval hosts. Ovipositors can simply be too short to reach deeply feeding larvae
and the time required to attack those deep-hosts and dangerous exposure to predators may
be prohibitive. As a result, the shallower the fruit pulp, both within and among fruit
species, the higher the prevalence of parasitism (Sivinski 1991; Sivinski et al. 2001). Non-
commercial fruits are generally smaller than commercial species which are often bred for
large size (Tanksley 2004). Thus parasitism in native fruits such as Spondias mombin. and
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Fig. 2 Scheme of reproduction dynamics patterns for pest and non-pest fruit flies and their parasitoids
among cultivated (with commercial value or not) and wild trees in an area with anthropogenic landscape
(commercial orchards) next to natural forest as an example of pest management through tropical tree
conservation.(continuous line) Fruit fly trajectory; (dashed continuous line) parasitoid trajectory

Tapirira mexicana Marchand, can be higher than 90 %, but less than 1 % in the much
larger and exotic mango (Mangifera indica) (Fig. 3), (Table 1).

Certain small-fruited indigenous plants serve as alternate hosts for key fruit fly pests.
Since levels of parasitism in the fruit of these native species can be very high, they multiply
the local parasitoid population (Tables 2, 3). An individual “parasitoid multiplier plant”
can produce over 20,000 parasitoids per tree. In the case of the West Indian fruit fly
(Anastrepha obliqua [Macquart]), which attacks mango, the indigenous S. mombin, Myr-
ciaria floribunda (H. West ex Willd.) O. Berg, and T. mexicana are important alternate host
plants. On these alternate hosts, parasitoids derived from fruit fly/tree combinations
directly affect the “off season” A. obliqua population when the crop itself is not in fruit.
The high parasitism that occurs on these plants has the potential to drive A. obliqua
population survival rates to near or below replacement levels and reduce the number of
flies re-entering mango orchards in the next crop cycle, although this concept has not been
the subject of systematic study.

Parasitoid reservoir plants
Because Anastrepha species in Mexico share a pool of genus-level generalist parasitoids,

some of the wasps that attack pest fruit flies on their indigenous host plants develop in a
large variety of fly species (Lopez et al. 1999; Sivinski et al. 2000, 2001). These tephritids
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Fig. 3 Commercial fruit
(mangoes in fop row) are 10-25
times larger than fruits of wild
plants such as Tapirira Mexicana
(next to coin) and Spondias spp.
(all others in bottom row), two
species in Veracruz, Mexico that
are off season hosts of pest fruit
flies. Large fruit size provides a

partial refuge to maggots from @ o 0
parasitism .

are mostly native species of no economic importance that breed in fruits of a variety of
uncultivated trees. The fruit of such trees serve as sources of parasitoids that can move and
attack the target pest on its non-commercial and commercial hosts. We term such trees
“parasitoid reservoir plants”, some of which serve as hosts for several non-pest fly species
that are parasitized by 1-3 species of generalist parasitoids (see Tables 2, 3). For example,
the native non-pest fruit fly Anastrepha alveata Stone develops in the fruit of the native
reservoir plant Ximenia americana (Olacaceae). This fly is a host for three generalist native
braconids, Doryctobracon areolatus (Szépligeti), Utetes anastrephae (Viereck), and Opius
hirtus Fischer (Lopez et al. 1999), the first two of which are the dominant species in the
natural enemy guild attacking the pestiferous A. obliqua.

Pest-based parasitoid reservoir plants

Useful parasitoids are sometimes produced in fruit flies that are pests in other regions but
not locally. For example, in the mango production region of Veracruz, Mexico, neither A.
ludens (a key pest of citrus) nor Anastrepha striata Schiner (a pest of guava [Psidium
guajaval) are of concern because neither citrus nor guava are grown commercially in the
region. Both species of tephritids are attacked by parasitoids that also attack A. obliqua, the
major fruit fly pest of mangoes. Therefore under these particular circumstances citrus and
guava serve as natural enemy reservoir plants, termed here “pest-based parasitoid reservoir
plants”. In small-fruited pest-based parasitoid reservoir plants (e.g., P. guajava, Psidium
guineense Sw.) tephritids are parasitized at moderate to high rates (30-75 %) by five native
and two exotic species of generalist parasitoids (Tables 2, 3; Lopez et al. 1999; Sivinski
et al. 2000). In citrus-producing regions, A. obliqua and A. ludens switch biological control
roles, with tropical plums (Spondias spp.) infested with A. obligua becoming a pest-based
reservoir for parasitoids of A. ludens in smaller diameter citrus or non-commercial fruit
which helps reduce populations present in larger commercially grown citrus.

Vulnerabilities of fruit trees useful to biological control and conservation

Habitat loss is a major threat to species persistence (Fischer and Lindenmayer 2007;
Mortelliti et al. 2010). In terms of trees useful to biological control and conservation, the
effects of habitat loss can be examined at the levels of both the landscape and of the
individual tree. At the landscape-scale, deforestation and forest fragmentation pose major
threats while on the scale of individual trees, selective logging endangers parasitoid
IeServoirs.
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Table 1 Rank order of fruit trees based on yield of parasitoids (number of parasitoids/kg of fruit) and on
species richness of parasitoids harbored

Tree species Weight (g)/fruit  Rank total parasitoids Rank no. parasitoid
(mean £ SE) (# parasitoids/kg fruit) species
Spondias mombin 5.13 (0.03) 1 (206.7) 7 (3)
Tapirira mexicana 3.06 (0.04) 2 (35.8) 34
Ximenia americana 4.89 (0.05) 3 (33.8) 4 (3)
Psidium guajava 25.97 (0.36) 4 (22.9) 1(7)
Spondias radlkoferi - 5 (15.5) 4 (3)
Spondias purpurea 18.09 (0.12) 6 (10.7) 5Q2)
Citrus sinensis cultivar “Corriente” 145.58 (2.24) 7 (8.7 2 (5)
Psidium sartorianum 1.81 (0.02) 8 (8.1) 34
Psidium guineense 3.82 (0.21) 9 (6.7) 1(7)
Mangifera indica cultivar “Kent” 816.82 (32.31) 10 (0.8) 5Q2)

Data collected in central Veracruz, Mexico (from Lopez et al. 1999; Sivinski et al. 2000)

Habitat fragmentation

Mexico had nearly 63 million hectares (ha) of forest in 2000, of which about half were
tropical forests. However, at the present rate of conversion to farming and ranching this
could rapidly disappear. Between 1993 and 2000 approximately 3.1 million ha of forests
were cleared for farmland and 5.1 million ha for pasture (Velazquez et al. 2002). The
original vegetation of the mango production area in Veracruz was tropical deciduous
forest, but currently there are remnants of original vegetation containing patches of dif-
ferent successional stages, surrounded by mango orchards and smaller areas of sugarcane
crops, pastures and roads (Gonzalez-Astorga and Castillo-Campos 2004; Castillo-Campos
et al. 2008). At this time, there is no detailed information about the loss of particular
species of trees, particularly those that host tephritids and their parasitoids, in Veracruz or
other regions of Mexico.

In fragmented landscapes, species numbers tend to decrease with increasing distance
from a source habitat such as an extensive forest (Kruess and Tscharntke 2000). However,
the effects of habitat fragmentation on a particular species will depend on specific
behaviors (Kareiva 1987), especially on the ability to move among patches (Corbett and
Plant 1993). While fragmentation affects species from all trophic levels to some degree,
upper trophic level organisms, specifically hymenopteran parasitoids, are often more
severely affected than the species they attack (e.g., Klein et al. 2006; Anton et al. 2007;
Bergerot et al. 2010). In part this is because many parasitoids, including those of pest
tephritids, have movement-ranges that are substantially shorter than those of their hosts
(Messing et al. 1994, 1995, 1997; Nouhuys and Hanski 2002; Thies et al. 2005; Bergerot
et al. 2010). In a Caatinga-Cerrado ecotone in Brazil, the number of tephritid parasitoid
species in a patch was higher in areas with adjacent forest fragments (De Souza et al.
2012).

Another difficulty restricting the reproductive success of parasitoids relative to their
hosts in a fragmented landscape, is that parasitoids must find a plant patch that is occupied
by the susceptible fly species, while any patch of suitable host plants can be colonized by a
tephritid (Nouhuys and Hanski 2002).
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These two variables, distance between patches and heterogeneous patch quality, can
combine to decrease parasitism with increasing fragmentation so that in general parasitism
rates tend to be lower in small patches than in large ones (Kruess and Tscharntke 2000).
For example, in France, parasitism of larvae of the butterfly Pieris brassicae by the
braconid wasp Cotesia glomerata, declined more rapidly along a fragmentation gradient
from the countryside into the center of a large urban area (Paris) than did abundance of the
butterfly itself (Bergerot et al. 2010).

The negative effects of habitat fragmentation on population size may be mitigated by
high resource density (Thompson 1996). However, in the mango region of Veracruz,
resource density is higher for fruit flies, which are able to breed in orchard fruits, while
their parasitoids have difficulty exploiting fly larvae feeding in large commercially grown
fruit (Sivinski and Aluja 2012).

Circumstantial evidence suggests that the above-cited principles apply to both fruit flies
and their parasitoids when native forests in this region become increasingly fragmented.
Reductions in fruit fly parasitoid species richness appear to be associated with habitat loss
(Table 4). In the Apazapan site, where most of the native forest survives in small isolated
patches and wild fruit fly hosts for parasitoids are rare, only the two most widespread
parasitoid species occur whereas a six-species complex is found in a similar area, the Llano
Grande site, where many fruit fly hosts are still present in larger contiguous areas. Para-
sitoid abundance is 96 % lower in the highly perturbed site (Lopez et al. 1999).

Selective logging

In addition to widespread forest fragmentation, the selective cutting of indigenous trees
used by various Anastrepha species, and ultimately their parasitoids, degrades the potential
of forests to provide ecological services to agriculture. For example, 7. mexicana (false
mahogany) is both an important parasitoid multiplier plant and a highly valuable timber
tree and source of veneer wood. It is subject to heavy exploitation without replanting. In
the past, government programs in Mexico mandated the removal of wild fruit fly host
plants on the unproven assumption that such removals would lower pest fly densities. Such
practices contradict current governmental efforts to protect biodiversity (CONABIO 2008).
For example, Spondias radlkoferi Donn. Sm., a native host plant of A. obliqua that can
produce hundreds even thousands of parasitoids annually, cannot be legally cut or removed
in Mexico (NOM 059-ECOL-2001). However, farmers do not necessarily follow this
change in policy and local knowledge of the potential pest management value of such trees
is limited or completely lacking.

Managing links between wild fruit fly hosts and orchards to promote biological
control and conservation

The selective addition, and/or maintenance of fruit fly host plants in orchard agroeco-
systems in southeastern Mexico may lead to the conservation and amplification of native
fruit fly parasitoids and ultimately generate increased yields and decreased insecticide use.
To summarize the argument to this point, many fruit fly parasitoids are generalists that
typically move seasonally among various fruit fly species found on a variety of crop and
non-crop fruits spread spatially over a significant area (Lopez et al. 1999; Aluja et al.
1998). Loss of key tree species in uncultivated patches and the corridors connecting these
patches in areas surrounding orchards would negatively affect parasitoid populations.
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Table 4 The abundance of tephritid parasitoids sampled during 4 years in 15 wild and cultivated plant
species in Central Veracruz, Mexico (modified from Lopez et al. 1999)

Study site Parasitoid species N (individuals  Parasitoid dominance at each
per 1,000 fruit)  site (percentage of all
parasitoids recovered)

Llano grande Doryctobracon areolatus 5,864 52.60
(undisturbed area)  yyypze¢ anastrephae 5,140 46.11
Diachasmimorpha longicaudata 78 0.70

Opius hirtus 36 0.32

Aganaspis pelleranoi 22 0.20

Doryctobracon crawfordi 7 0.03

Total 11,147 100.00

Apazapan Doryctobracon areolatus 437 96.90
(disturbed area) Utetes anastrephae 14 3.10
Total 451 100.00

All are opiine braconids, except for the figitid Aganaspis pelleranoi. Diachasmimorpha longicaudata is an
exotic species

Practices that maintain or restore these native/uncultivated plants should increase rates of
parasitism and decrease fruit fly survival in fruits of their wild hosts. This would limit the
number of flies available to infest seasonally available commercial fruits. There are several
types of these key fruit tree species. Since there are only a few previous examples of the
manipulation of woody vegetation to enhance natural enemies and improve pest control
(Boller et al. 1988; Smith and Papacek 1991; Corbett and Rosenheim 1996; Murphy et al.
1998; Tscharntke et al. 2007), and none of these focused on tephritid fruit flies, we have
proposed the terms “parasitoid multiplier”, “parasitoid reservoir” and “pest-based para-
sitoid reservoir” to described them.

An example: Anastrepha obliqua in mango production areas

As a way of illustration, we describe in detail the roles of non-commercial fruit trees and
the insects they support in a particular crop/pest system, namely A. obliqgua management in
the mango-producing region of Veracruz, Mexico. Of the four major pest Anastrepha
species in Veracruz, A. obliqua, the principal pest of mango, and A. ludens, the major pest
of citrus, are the most suitable for suppression through conservation of wild host plants that
enhance parasitism. Mango has a relatively short fruiting period (May—August), leaving
eight other months in which A. obliqua must breed in the fruits of non-crop species
(Fig. 4). A typical yearly population cycle in A. obliqua begins with invasion of mangoes
in May, where it reproduces until the end of August. As mangoes become unavailable, the
fly moves out of mango orchards in search of tropical plum fruits (S. mombin) which begin
appearing in July and continue through October. Also available in October are fruit of
T. mexicana. The use of other fruit species during the period of November through January
is unknown and it is possible that flies might survive this relatively cool period as immature
stages developing slowly in fruits of the last known hosts, as pupae in the soil, or as long
lived adults waiting in moist microhabitats. February through April, fruit of M. floribunda
are available, although this plant is not common. Also in April/May there are fruit of
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Spondias purpurea, which completes the yearly cycle (Aluja et al. 2000). Various species
of parasitoids attack A. obliqua in fruit of these different trees (Tables 2, 3). The most
abundant parasitoids of A. obliqua are D. areolatus and U. anastrephae, and the former has
been recovered from all four wild hosts in which A. obliqua breeds (M. floribunda
[Myrtaceae], S. mombin, S. purpurea, T. mexicana [all Anacardiaceae]), as well as the
important pest-based parasitoid reservoir P. guajava (Myrtaceae) and the parasitoid res-
ervoir X. americana (Olacaceae). Utetes anastrephae has similarly been recovered from
A. obligqua in all of these tree species except M. floribunda. Levels of parasitism in these
species are high, up to 92 % (Lopez et al. 1999). In the case of S. mombin, one kilogram of
fruit can yield up to 207 adult parasitoids (Table 1), which means that a single tree can
produce over 20,000 parasitoids. Thus, in a patch of vegetation containing several
S. mombin trees, several hundred thousand parasitoids can be produced at no cost.

We propose that area-wide reduction of A. obliqua pressure on mango orchards should
be possible to achieve by reducing its breeding success in fruits of such wild species by
promoting high levels of parasitism. If these native reservoir trees are locally rare, para-
sitoids may go locally extinct (Lopez et al. 1999) or attack hosts in lower numbers due to
small parasitoid population sizes. When parasitism levels drop, A. obliqua survives in wild
hosts at higher rates, producing more flies that subsequently return to infest commercial
mango orchards. Below we discuss the specific actions that might promote higher levels of
out-of-crop parasitism of A. obliqua immature stages.

Actions required for conservation biological control of A. obliqua
The best management of vegetation around mango orchards to suppress A. obliqua requires

three types of actions: (1) conservation of existing forest patches; (2) development of
nurseries of key species and replanting these in degraded forests, near orchards or in urban

Fruit species Period when species has fruit attackable by fruit flies

Jan Feb Apr May Jun Jul Aug Sep Oct Nov Dec

Spondias purpurea |

Mangifera indica [ J

Spondias mombin ]

Spondias radkoferi | ]
Myreiaria floribunda I

Tapirira mexicana [ |

Gray = crops attacked

Fig. 4 Seasonal availability of fruits of trees used as hosts by Anastrepha obliqua in Veracruz, Mexico
(modified from Aluja et al. 1998 and data in Table 2). Mango is the most economically important host, with
Spondias purpurea (tropical plum) being only locally important. The remaining species represent wild hosts
of no economic importance
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areas; and (3) legislation of an appropriate legal framework plus enforcement to foster
agriculturally-productive biodiversity.

Conservation of existing forest patches

Protection of existing forest patches useful in conservation of fruit fly parasitoids should be
made a conservation priority in Mexico. Implementation would begin with mapping of
existing forest fragments and description of their relevant biodiversity, coupled with efforts
to educate local farmers about the value of such fragments. Farmers in Veracruz are
currently unaware that many of the native trees they cut down are useful to them as sources
of beneficial insects and, at the same time, are sources of valuable timber (further details
under “Planting key hosts” below; also see Table 5). Information about key natural ene-
mies needs also to reach foresters and plant protection officials. Such outreach efforts to
farmers and foresters could be modeled after efforts to promote integrated pest manage-
ment programs (IPM) in Asia rice systems (Kenmore 1986).

Replanting missing tree species in degraded-natural and other uncultivated areas

To replant key tree species in degraded forests and elsewhere, local nurseries are needed
that produce adequate numbers of seedlings of the desired species. Nursery propagation
requires the local collection of viable seeds from well-preserved forests. For some species,
reproduction by seed is difficult and vegetative reproduction procedures must be used. Tree
species serving as fruit fly parasitoid reservoirs can be incorporated into the list of trees
currently propagated by Mexican national and state funded tree nurseries and made
available to farmers.

Management of parasitoid reservoirs by manipulating woody vegetation has been
attempted in a few previous cases. In California, planting of French prunes in vineyards
was used to locally enhance the numbers of Anagrus epos Girault, a key egg parasitoid of
the grape leathopper (Erythroneura elegantula Osborn) (Corbett and Rosenheim 1996;
Murphy et al. 1998). In this case, the planted trees hosted another leathopper (Dikrella
californica [Lawson]) that the parasitoid required for an overwintering host. In another
case, in-field production of the braconid parasitoid Ephedrus persicae Froggatt for control
of rosy apple aphid (Dysaphis plantaginea [Passerini]) was achieved by planting rowan
trees (Sorbus aucuparia) next to apple orchards. These acted as a host for the rowan aphid,
Dysaphis sorbi Kaltenback, an alternate host of the parasitoid (Bribosia et al. 2005).

Proposals for similar vegetation manipulation programs to enhance fruit fly parasitoids
in Mexico have been advanced (Ajua 1996, 1999; Aluja and Rull 2009). To enlarge the

Table 5 Economic uses of native trees that serve as parasitoid reservoirs and are recommended for
replanting

Tree species Role Fly host Human value

T. mexicana Parasitoid multiplier  A. obliqua Highly valuable timber/veneer (false mahogany)
P. guajava Pest-based reservoir  A. striata Edible fruit

X. americana Reservoir A. alveata Substitute for sandalwood

Species to conserve but not necessary to replant
M. floribunda  Reservoir A. bahiensis  Hardwood for making kitchen tools
Inga spp. Reservoir A. distincta  Shade tree for coffee and edible fruit
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local pool of parasitoids available to attack A. obliqua, trees that are small-fruited alternate
hosts of the pest (parasitoid multiplier species) or of related Anastrepha species (reservoir
or pest-reservoir plants) should be planted adjacent to orchards, within orchards, or along
rural roads (as shade trees or living fences), in parks and backyard gardens (for fruit), in
coffee plantations (as shade trees), and in small-scale tree plantations (for high value
timber production). We believe this approach would be very successful in rural areas of
Latin America where local consumers tolerate higher levels of fruit damage compared with
fruit destined for exportation to external markets.

Legislative frameworks for preservation of biodiversity

Due to its high species richness and endemism, tropical montane forests in Mexico are
considered hotspots of biodiversity and one of the global conservation priorities (Myers
et al. 2000). However, forest loss and degradation continues due in part to the lack of
interest of landowners to preserve forest and appropriate laws to regulate land use. Pre-
vious removal of alternative hosts of fruit flies (many of them endemic and used as food
sources by other animals) to control pests, did not take into account the other ecological
and economic benefits that these species provide and are contrary to efforts to preserve
forests or forest remnants (Dinerstein et al. 1995).

These multiple advantages derived from fruit fly host trees could provide authorities
with additional reasons to strengthen conservation rules and regulations and help convince
growers of the benefits that forest and other natural areas provide (Table 5).

Wood and other products Some tephritid-host plants could be grown in plantations or in a
smaller scale for their valuable wood products. Species of Tapirira, for example, produce
wood that compares in quality and appearance to that of mahogany (Terrazas and Wendt
1995) and is used as veneer and for making fine furniture. Furthermore its fruit are edible
and its seeds are consumed as toasted nuts (Lascurain et al. 2010). The wood of X.
americana, another key fruit fly host, is used as a substitute for sandalwood, its bark for
tanning leather, its seeds as a natural purgitive, and its fruit are consumed fresh, boiled or
in preserves (Lascurain et al. 2010). Spondias mombin wood is used to produce boxes,
crates, and matches and some people use its leaves and bark as cleaning agent in eyes and
wounds (Lascurain et al. 2010). Finally, wood from trees in the genus Chrysophyllum is
used for tool handles, flooring, rural constructions, and general carpentry (Kribs 1968;
Lascurain et al. 2010). The market value of such woods makes our proposed scheme of
potential interest to farmers and agencies in charge of reforestation and habitat conser-
vation. Trees that both enhance biological control of highly visible pests and produce
valuable lumber would be ideal for reforestation programs.

Protection of rare fauna, charismatic and otherwise A further benefit from forest res-
toration and other forms of tree cultivation as a means of enhancing fruit fly biological
control would be preservation of certain rare tephritids that otherwise face the danger of
extinction. Conservation of insects is usually concerned with large, colorful species,
principally butterflies and beetles (see Samways 2007), and appreciation of endangered
Tephritidae is complicated by the better-known species being pests (Aluja and Norrbom
2000; Aluja and Mangan 2008). But, of over 5000 described tephritid species, fewer than
25 (0.5 %) have any pest status.
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Table 6 Threatened fruit fly species (Diptera: Tephritidae) in Veracruz, Mexico

Fly species Host plant Family References

Anastrepha alveata Ximenia americana Olacaceae Piedra et al. (1993)

A. aphelocentema Pouteria hypoglauca Sapotaceae Patifio (1989)

A. bahiensis Mpyrciaria floribunda Myrtaceae Aluja et al. (2000)

A. bahiensis Pseudolmedia oxyphyllaria Moraceae Hernandez-Ortiz and
Pérez-Alonso (1993)

A. bezzi Unknown Hernandez-Ortiz and
Pérez-Alonso (1993)

A. crebra Quararibea funebris Bombacaceae Hernandez-Ortiz and
Pérez-Alonso (1993)

A. dentata Unknown Aluja et al. (2000)

A. hamata Chrysophyllum mexicanum Sapotaceae Lopez et al. (1999)

A. limae Unknown Aluja et al. (2000)

A. robusta Unknown Aluja et al. (2000)

Hexachaeta pardalis Trophis mexicana Moraceae Aluja et al. (2000)

Rhagoletis turpiniae Turpinia occidentales breviflora Staphyleaceae Hernandez-Ortiz and

(Sw.) G.Don Pérez-Alonso (1993)

Rhagoletis turpiniae T. insignis (H.B.& K.) Tul Staphyleaceae Hernandez-Ortiz

(1993)

Many species of fruit flies are severely threatened by the disappearance of native forests
and severe habitat fragmentation (Aluja 1999; Aluja et al. 2003). For example, Anastrepha
hamata (Loew) lives in close association with Chrysophyllum mexicanum Brandegee ex
Standl. (Sapotaceae), its only known host plant (Aluja et al. 2000), which can still be found
in tropical subdeciduous and decidious forests and in tropical evergreen rainforests in
Veracruz, Mexico but is rare (see Table 6 for more examples of threatened species of
Anastrepha, Hexachaeta, and Rhagoletis in Mexico). These environments have already
been or are rapidly being replaced by rangeland or agroecosystems. Flies whose habitat is
greatly reduced are likely to go extinct, locally and then globally, or suffer genetic deg-
radation due to high degrees of interbreeding in small isolated populations surviving in
fragmented forests (Valiente-Banuet and Verdd 2013). While not all the host trees of these
flies would be targets for biological control-based replanting, preservation of remaining
intact forest areas, through recognition by farmers of their timer and biological control
value, would also protect trees that serve as hosts for these rare flies and other more
appreciated fauna such as birds.

Conclusions

In summary, we argue that conservation of both insect and plant biodiversity will be
promoted through the implementation of the vegetation restoration and management plans
similar to that described here. Further, we believe that such plans could enjoy both farmer
and government support because of pest control benefits to farmers and profits from
farmer-production of native hardwoods. In countries such as Mexico, there is not sufficient
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land to view conservation and agriculture as totally separate activities that occur on sep-
arate parcels of land. The current high level of deforestation in tropical countries requires
that agriculture and its needs be included in conservation planning (Vandermeer and
Perfecto 2007) and be orchestrated by teams composed of farmers, social organizations,
conservation groups, and governmental agencies dedicated to forestry conservation (Scherr
and McNeely 2008). The fact that rural communities strongly depend on certain ecosystem
services that cannot be provided by radically transformed landscapes creates the oppor-
tunity for farmers, once they understand the sources of these services, to create environ-
ments that better retain critical native biodiversity (Scherr and McNeely 2008). The
vegetation management we propose is rooted in these concepts and has the potential to
identify landscape components whose conservation can assist fruit production in tropical
Mexico by providing pest reduction services likely to be lost in highly modified land-
scapes. Such out-of-field biological control services have been valued, for US farms at $4.5
billion annually (Losey and Vaughan 2006) but currently are not appreciated in many
tropical areas. For example, in Mexico the National Campaign to Combat Fruit Flies
spends US $521 to produce a million parasitoids for augmentative release (personal
communication by J.M. Gutiérrez Ruelas, National Coordinator of Mexican Campaign
for Fruit Flies). Considering that in one mango season, the number of parasitoids needed
to reduce fly infestation is around 33,000 parasitoids/ha (Montoya et al. 2000), the cost of
augmentative biological control in 1 ha of mango is US $ 17.19 at current exchange
rates. For un-capitalized growers in Latin America this cost is acceptable, but could be
reduced if the use of parasitoid reservoir trees was implemented to produce thousands of
parasitoids in situ. By increasing the value of forest and vegetation patches to farmers,
the rate of loss of these areas due to agricultural conversion might be slowed. This
program provides a path by which small landholders and orchard owners in Veracruz
who control a substantial part of the land of the region can be steered toward more
environmentally friendly pest control and sustainable forest management, reducing
damage to wildlife and protecting farmers from health risks associated with pesticide-
intensive fruit production.

Future research needs

Our model identifies the tree species whose conservation is necessary and the timing of
their fruiting, but additional work is needed to quantify the per tree output of flies and
parasitoids from each tree type and the timing of their emergence. How many trees and of
what types will be required, and how close they must be to orchards, are examples of
questions for which answers must be determined experimentally to foster connectivity
between parasitoid reservoirs and orchards. It will be necessary to determine how to
provide parasitoids with enough stepping stones (patches of fruiting host trees) in time and
space to manage pest fruit flies regionally on a year round basis and to quantify the ability
of parasitoids to suppress fruit fly populations as they pass through population bottlenecks
on particular types of wild fruit trees. Such efforts will require the development, through
research, of new information on biology and ecology of the targeted tree and parasitoid
species. With the acquisition of such information farmers, conservation agencies, and
reforestation agencies will be able to make informed choices about the future of forest
biodiversity and orchard pest control in Mexico and other regions where pestiferous
tephritids and their natural enemies exploit native and commercial host plants.
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