®

Check for
updates

John Vandermeer, Zachary Hajian-Forooshani,
Iris Saraeny Rivera-Salinas, and Ivette Perfecto

Abstract

The practical requirement of pest control in agriculture is an evident application
of principles of tri-trophic ecological interactions—plant (crop), herbivore (pest),
and predator (natural enemy). We analyze the coffee agroecosystem and four of
its main pests, the coffee berry borer, the coffee leaf miner, the green coffee scale,
and the coffee leaf rust, comparing a mainland site (Mexico) and an island site
(Puerto Rico). In addition to the direct trophic, competitive, and mutualistic
interactions, there are a variety of indirect higher order interactions, many of
which qualitatively increase the complexity of the organizational structure. We
explore how the basic nodes of the natural enemy network remain relatively
constant between mainland and island, but their frequency and, especially, the
complications of their interconnections are dramatically different. The coffee
berry borer is preyed upon by numerous species of ants at both sites with an
indirect effect of larger ants interfering with smaller ants, the latter of which are
able to penetrate the coffee seed through the holes the borer makes and prey on
the larvae and eggs of the berry borer. While the larger ants do indeed impede the
berry borer directly, their indirect effect of excluding the smaller ants counters
this effect. Similarly, in Puerto Rico Anolis lizards, effective predators on the
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berry borer, tend to avoid areas dominated by specific species of ants, a pattern
not seen at the mainland site. The coffee leaf miner is extremely common in
Puerto Rico and quite rare in Mexico, for reasons unknown. Its adults are attacked
by the common coqui frogs and anoline lizards, again with the indirect effect of
some species of ants involved. The scale insect is common in Mexico but mainly
associated with a specific species of Azteca ants, providing refuge for predatory
beetle larvae and thus enhancing control of this pest across the entire landscape.
In Puerto Rico the coffee leaf miner is present but only very rarely reaches pest
status. The coffee leaf rust has a variety of potential biological control elements at
both sites, yet only on Puerto Rico do they (the control elements) reach significant
status, perhaps an element in the dramatic difference between the mainland and
island site in terms of the importance of the coffee leaf rust.

The practical requirement of pest control in agriculture is perhaps the most evident
application of the idea of tri-trophic ecological interactions—plant (crop), herbivore
(pest), and predator (natural enemy). Detailed study with a narrow focus is made
possible by the artificial (in principle, experimental) setting of both plant and
herbivore, such that the complexities of the higher trophic levels can be studied in
distinct, but planned, agroecological contexts. Certain cultivated plants which tend
to have similar herbivores from place to place, have been effectively placed in
particular sites (farms) and provide a unique scientific opportunity for the investiga-
tion of trophic interactions. They can be used effectively as replicated treatments of
focal trophic modules in a variety of specified ecological contexts, structured by both
management and associated biodiversity. Here we focus on the similarities and
differences associated with a tropical mainland site and a tropical island site in
structuring the complexity of four focal tri-trophic systems, each associated with
four of the major recognized pest species of coffee.

Since the publication of island life (Wallace 1892), the science of ecology has
been attendant to obvious patterns that occur when comparing the flora and fauna of
islands to their counterparts on nearby mainland areas. The evident balance between
arrival of species (immigration) and local extinction of species, first advocated by
Levins and Heatwole (1963) and eventually formulated into an elegant graphical
framework by MacArthur and Wilson (1963), in what remains a common discourse
about island biogeography. Yet tropical island travelers frequently note more than
just a relative paucity of species on islands. It is frequently the case that evident
structural details are obvious (Vitousek et al. 2013), including structural elements of
trophic connections (Gravel et al. 2011).

Our focus is on the coffee agroecosystem at a mainland site in Mexico and an
island site in Puerto Rico. The coffee agroecosystem is a novel ecosystem (Hobbs
et al. 2009, 2013; Morse et al. 2014; Perfecto and Vandermeer 2015; Lewis et al.
2019). In these cases, the study of community structure confronts the challenge (and
opportunity) of not only explaining extant spatial and organizational patterns (e.g.,
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species abundance distributions, species area curves, spatial clusters of species, etc.),
but also the realities of recent, sometimes concurrent, interactions among the species
of concern. Indeed, there has been burgeoning interest in novel ecosystems for this
very reason (Solérzano et al. 2021; Teixeira et al. 2021; Ammar et al. 2021;
Rinkevich 2021), and their likely volatile nature, being far from equilibrium,
makes them important candidates for the study of regime change as we move from
mainland to island in our focus.

In particular, the coffee agroecosystem has received considerable attention from
ecologists (Vandermeer et al. 2010, 2019; Zewdie et al. 2020, 2021; Avelino et al.
2006, 2012, 2022; Philpott et al. 2007, 2008). Our work has been explicitly aimed at
understanding the pest control aspects of this system from a community ecology
perspective (e.g., Vandermeer et al. 2010, 2019; Vandermeer and Perfecto 2019;
Perfecto et al. 2003, 2021), a subject that, we argue, has essential spatially explicit
dynamics associated with its complex organizational structure. Although frequently
unrecognized by practitioners, we argue it is nevertheless critical to understanding
the persistence of the system, given its recent assembly (little more than two
centuries old in the Neotropics), yet remarkably persistent elements (Vandermeer
and Perfecto 2019; Perfecto and Vandermeer 2020).

The use of the network metaphor has become ubiquitous in ecology. In our
restricted use, we consider the complications of a single trophic level, the consumers,
predators, or pathogens, of the coffee pests. It is clear from previous work in both
Mexico (Vandermeer et al. 2010, 2019) and (Hajian-Forooshani et al. 2020; Perfecto
et al. 2021) that the natural enemies of the pests (third trophic level) exist within
dynamical constraints among them. It is those dynamical constraints we suggest are
highly variable and take on distinct meanings on islands as opposed to mainland
cases. We herein review some of those complexities, comparing the mainland site in
the southwestern Chiapas (Mexico) to the island site in the central mountains of
Puerto Rico.

12.1 The Organizational Complexity of the System

There are at the base of the network, four evident tri-trophic systems: (1) a leaf miner
(Leucoptera coffeela) and its enemies, (2) a seed predator (Hypothenemus hamper)
and its natural enemies, (3) a sap sucker (Coccus viridis) and its natural enemies, and
(4) a fungal pathogen (Hemileia vastatrix) and its natural enemies. The natural
enemies exist at various scales of organizational complexity, forming a network
containing more than just direct trophic connections, perhaps best characterized as a
hypergraph (Golubski et al. 2016; Gonzalez et al. 2021). Because the backbone
primary producer is coffee, we can define very specific patches of vegetation in the
broader landscape that contain this hypergraph. The system is a complicated spatial
mosaic at various scales, from meters (Vandermeer and Perfecto 2023) (i.e., the
patch scale), to the patches or spirals formed by a multi-Turing process at the level of
hectares (i.e., the farm scale), to the variability from farm to farm at the level of
kilometers (i.e., the landscape scale) (Perfecto and Vandermeer 2020).
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Fig. 12.1 The four main coffee herbivores and their main natural enemies. (a) basic functional
groups; (b) main species in the functional groups and their connection to the life stages of the
herbivores; (¢) basic hypergraph of the system including currently known hyperlinks (nonlinear
rates)

A keystone functional group in this general narrative is the community of ants,
nesting and foraging both arboreally (in coffee bushes and shade trees) and terrestri-
ally (on the ground). They create a spatial “pilot pattern” (Vandermeer and Jackson
2018) into which the other natural enemies of the coffee pests are constrained. Thus,
the community ecology of ants partially determines the spatial pattern of the natural
enemies that impact the pests of the agroecosystem.

The simplest level of organizational complexity is the system of “guilds” or
“functional groups,” in this case the herbivores and the predators (Fig. 12.1a). It
includes the four main coffee pests: the coffee berry borer (CBB), the coffee leaf
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miner (CLM), the coffee leaf rust (CLR), and the green coffee scale (GCS), along
with five functional levels of natural enemies, namely: vertebrate predators, arthro-
pod predators/parasitoids, mycoparasites, and ants (De la Mora et al. 2008;
Vandermeer et al. 2010, 2019; Gonthier et al. 2013; Pak et al. 2015; Morris et al.
2018; Hajian-Forooshani et al. 2023). As we move from the mainland situation to the
island situation, the functional groups maintain much of their integrity, but their
internal structure becomes significantly changed, and, especially important, the
pattern of interconnections among them changes dramatically. In network science
one might characterize the system as having consistent basal nodes (the state
variables, pests, are the same from place to place), but variable higher trophic
nodes and wiring (the manner in which the other state variables occur and are
interconnected) varies dramatically. This variability in network configuration must,
however, be understood under a framework of strong spatial patterning of the
system, much of which is driven, directly and indirectly, by ants (Vandermeer
et al. 2019; Vandermeer and Perfecto 2020).

Each of what we refer to as functional groups is composed of various species,
some of which have specialized roles in the overall system, leading to the second
level of organizational complexity (Fig. 12.1b). Some components of community
structure fit well within the framework of functional groups (e.g., parasitoids of leaf
miners), while others contain individual species that in the end engage in species-
specific “functions” (as we noted above, we use the phrase functional groups only for
convenience of presenting levels of organizational complexity).

In addition to the direct trophic, competitive, and mutualistic interactions (or, first
order interactions, as in Fig. 12.1a and b), our research has uncovered a variety of
indirect higher order interactions, many of which qualitatively increase the complex-
ity of the organizational structure (Fig. 12.1c). For example, lizards eat CLM larvae,
but their consumption rate of CLM is decreased when within spatial clusters of the
electric ants (Perfecto et al. 2021), a phenomenon evident in Puerto Rico but
virtually lacking entirely in Mexico. This is a second order interaction. In addition,
the presence of the phorid fly parasitoids (Pseudacteon spp.) that attack some of the
ant species (at least S. invicta and L. iniquum in Puerto Rico and A. seriaceasur in
Mexico), in addition to having a direct interaction with the ants, also initiate a third
order interaction by disrupting other interactions in the system. For example,
S. invicta ants in Puerto Rico and A. seriaceasur ants in Mexico decrease the attack
rate of the CBB (second order interaction), but the phorid flies interfere with this
action of the ants (the phorids decrease the ants’ ability to interfere with the CBB’s
ability to attack the coffee). This is a third order interaction, sometimes referred to as
trait-mediated cascades (Liere and Larsen 2010; Hsieh et al. 2012, 2022; Greeney
et al. 2015; Haggerty et al. 2018; Wood et al. 2020) and have been shown to have
important community-level effects (Schmitz et al. 2004; Haggerty et al. 2018; Bairey
et al. 2016; Gonzalez et al. 2021), and also resonates in complex ways with spatial
pattern formation (Seifan and Kadmon 2006).
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12.2 The Coffee Berry Borer

Perhaps the most directly obvious of the four pests is the infamous coffee berry borer
(CBB), due to its habit of drilling directly into the seed, which is the basic commod-
ity that goes to market. It emerged as a major pest in the 1980s and is regarded as far
more important, on most farms, than any of the other pests. A variety of natural
enemies have been reported, including the fungus Bauvaria bassiana (De La Rosa
et al. 2000), Anole lizards (Monagan Jr et al. 2017), birds and bats (Williams-Guillén
et al. 2008; Karp et al. 2013), and parasitic hymenoptera (Gémez et al. 2005; Howard
and Infante 1996). However, by far the most obvious natural enemies are ants.

There is now a substantial literature documenting the general category “ants” as
major predators on this seed-eating herbivore (Morris and Perfecto 2016; Morris
et al. 2015; 2018; Armbrecht and Gallego 2007; Larsen and Philpott 2010; Philpott
and Armbrecht 2006; Philpott et al. 2008, 2012; Gonthier et al. 2013; Bustillo et al.
2002; De la Mora et al. 2015). Some rather casual observations can easily convince
one that, at least in coffee farms in Mexico, the Azfeca ants are major predators of
(or at least antagonists to) the CBB (Perfecto and Vandermeer 2006; Gonthier et al.
2013; Pardee and Philpott 2011). It takes the CBB approximately 1-2 h to
completely burrow into the fruit, which means it is unprotected and unable to escape
the predacious activity of the ants during that window of time. If Azteca and some
other ants encounter a berry borer trying to burrow into a seed, they grab the borer by
its posterior end and pull it out of the fruit.

A number of smaller species of ants are also known predators of CBB (Gonthier
et al. 2013; Morris et al. 2018). These species offer considerable regulatory potential
since they can enter the coffee seed through the hole that the borer made (Larsen and
Philpott 2010). One group is the twig-nesting complex, including the genus
Pseudomyrmex (at least three species are common), and Procryptocerus
scabriusculus, all adept at entering hollow arboreal structures since they normally
nest in hollow twigs (Larsen and Philpott 2010). Other small arboreal ants capable of
entering the hole made by the CBB include the arboreally nesting Solenopsis picea,
which nests in superficial structures, such as moss, surrounding the branches of the
coffee bushes (Morris and Perfecto 2016). In addition, a variety of ground foraging
ants, small enough to enter the CBB’s hole include Pheidole protensa, and a variety
of other species in that same genus. Of particular interest is the well-known
Wasmannia auropunctata (the electric ant or the “little fire ant”), which nests and
forages on both the ground and arboreally (Yitbarek et al. 2017a, b; Morris and
Perfecto 2016). It is extremely abundant on Puerto Rican coffee farms and plays, we
think, an important role not only for control of the CBB, but, as discussed below, for
two of the other pests as well.

In Mexico, Azteca clearly dominates over the smaller species in the system,
reducing their nest density (and thus overall population density) significantly
(Jiménez-Soto et al. 2013). Although Azteca are not present in Puerto Rico, another
species fills some of its role, specifically with respect to controlling the CBB, the
invasive tropical fire ant Solenopsis invicta. Similar to Azteca, S. invicta is too large
to enter the bored berry but acts to repel adult CBB attempting entrance to the berry.
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In one study, examination of the scars made by the berry borer and extrapolating as
to the role of smaller ants (especially Monomorium floricola, Pheidole morens,
Brachymyrmex heeri, and W. auropunctata), allowed for the separation of the
CBB’s attack from its survival. Indeed, the larger S. invicta seems to reduce the
attack of CBB, while the smaller ants reduce its survival (i.e., after having entered
the seed, what is its reproductive success). Thus, these two ant types (large and
small) had a combined effect of reducing the CBB damage, although through distinct
mechanisms (Newson et al. 2021).

In sum, a variety of ant species are predators on the CBB, both in Mexico and
Puerto Rico, suggesting that “ants” represent an excellent natural enemy to regulate
the CBB. However, the foregoing natural history suggests that the system is not so
simple. While several of the smaller arboreal species (Pseudomyrmex spp., S. picea,
P. scabriusculus, and W. auropunctata in Mexico and M. floricola, P. morens,
B. heeri, and W. auropunctata in Puerto Rico) could be effective predators on adults,
larva and pupa of CBB after it burrowed in the seed, they are effectively unable to
engage in such predation if Azteca (in Mexico) or S. invicta (in Puerto Rico) are
around. Fruits that are not harvested tend to dry out and fall to the ground, providing
a refuge for the beetles during the dry season, but also being exposed to the potential
predation from the smaller ground foraging ants. Yet those smaller ants have
dramatically reduced populations if they are forced to compete with larger ants. In
other words, the whole system seems to be operating in a complicated fashion with
potential predators interfering with one another, but perhaps acting in an “emergent”
fashion to at least partially regulate this key herbivore. It is worth noting that despite
the dramatic differences in the specific identity of the ant species involved, a similar
biological control story involving ants seems to emerge for both Mexico and Puerto
Rico. These similarities and differences are summarized in a comparison network
graph in Fig. 12.2.

The system is complicated by the fact that the electric ant, W. auropunctata, is
also regarded as a pest (it stings harvest workers and thus is reported to reduce
harvest efficiency). It seems that the only agents with the potential to control it are
other ants (Fig. 12.2), particularly the imported fire ant (S. invicta), also considered a
pest, and the big-headed ant (Pheidole megacephala) (Vazquez Moreno et al. 2012;
Pérez-Consuegra et al. 2018). The latter is also a non-native ant and seems to
compete with S. invicta on the ground, although the relationship between these
two is not well-understood. The dynamics of this subsystem have been partially
documented, including, for example, the formation of spatial pattern through com-
plex interactions between S.invicta and the W. auropunctata (Perfecto and
Vandermeer 2020; Vandermeer and Perfecto 2020), the different foraging strategies
of the two ants on the CBB (Newson et al. 2021), and the effect of W. auropunctata
as both predator of the CBB and antagonist of other predators of the CBB, mainly
lizards (Perfecto and Vandermeer 2020a; Perfecto et al. 2021; Monagan Jr et al.
2017). It is worth emphasizing the special place of W. auropunctata as the “worst
pest anyone has ever seen” (personal information from several farmers) and as a
demonstrated natural enemy of CBB (and the coffee leaf miner), a classic ecological
contradiction that an honest management program needs to consider. It is both pest
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Puerto Rico Mexico

Fig. 12.2 The regionally distinct communities associated with the coffee berry borer (CBB) in
Mexico and Puerto Rico. Links between organisms denote interactions, with arrowheads (triangles)
showing positive effects and circles negative effects. The interaction networks are constructed from
observations by the authors in both field and laboratory settings. Dotted blue lines are trait-mediated
indirect interactions. Yellow filled circles represent relatively common organisms in each
agroecosystem. Solenopsis invicta, Wasmannia auropuctata, Pseudomyrmex simplex, Monorium
floricola, Linepethema iniquum, Solenopsis tericola, and Azteca sericeasur are all ants. The case of
L. iniquum is displayed because of its interesting interaction with W. auropunctata, which is
thought to be a major predator of the CBB, yet the interaction between the two species is strongly
affected by a phorid (Yitbarek et al. 2017a, b). The various species of ants tend to fall into two
functional groups, S. invicta (Puerto Rico) and A. sericeasur (Mexico) are larger ants that are unable
to penetrate the hole made in the coffee berry by the borer, whereas all the other species are small
and can do so. While the particular species composition is sometimes the same in the two sites (e.g.,
W. auropunctata), oftentimes the species are distinct but their functional property of preying on
larvae of the CBB is the same (e.g., L. iniquum and S. tericola, both of which are displayed here as
symbolic of many other small species at each of the sites)

and a natural enemy of pest. Recently the importance of yet another species of ant,
Monomorium floricola has been reported as forming an intransitive loop with the
other two dominant species (S. invicta and W. auropunctata), complicating this story
considerably (Vandermeer and Perfecto 2023).

In addition to ants, it is well known that the potential for several species of Anolis
to act as an effective predator of the CBB a force in both Mexico and Puerto Rico
(Monagan Jr et al. 2017), documenting what most farmers understand to be the case.
At the scale of a whole farm, there is a negative relationship between
W. auropunctata and Anolis (Perfecto et al. 2021), presumably due to the lizard’s
avoidance of general areas where W. auropunctata are common (Perfecto and
Vandermeer 2020a; Perfecto et al. 2021). Further, a spatial mosaic pattern tends to
form, presumably due to the complicated Turing-like effects of the parasitic phorid
flies acting on the ants, the Azteca in Mexico and the S. invicta in Puerto Rico,
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coupled with an intransitive structure emerging from that Turing-like effect, plus the
competitive effect of the fire ants on the electric ants in Puerto Rico (Vandermeer and
Perfecto 2020; 2023). Surveys on one of the farms in Puerto Rico where this effect
was studied suggest that Anolis lizards avoided the patches dominated by electric
ants, which is a spatial pattern that in turn emerges from the complicated dynamics
involving S. invicta, W. auropunctata, Monomorium floricola, and phorid flies in
Puerto Rico (Vandermeer and Perfecto 2023). Therefore, the phorid fly/S.invicta/
W. auropunctata/M. floricola Anolis lizard combination has its own spatially explicit
context (Vandermeer and Perfecto 2020; Vandermeer and Perfecto 2023; Perfecto
et al. 2021) that will ultimately determine the biological control of the CBB, through
the multiple pathways of predation on both adults (outside and inside berries) and
brood (inside berries) by the two ants and the lizards. While Anoline lizards are
obviously potential predators of the CBB in Mexico, the dramatic difference in
population densities of lizards between Puerto Rico, where virtually every coffee
bush contains a lizard, and Mexico where they are difficult to find, suggests that the
lizards are a far more important predator in Puerto Rico than in Mexico (Monagan Jr
et al. 2017).

12.3 The Leaf Miner System

The coffee leaf miner (Leucoptera coffeella, Lepidoptera: Lyonetiidae, hereafter
CLM) is of main concern for coffee production in various locations. In Puerto
Rico it is responsible for 20-40% loss in production and in Mexico for up to 12%
(Dantas et al. 2021). It is a specialist on Coffea, and its damage significantly reduces
photosynthetic rates, frequently resulting in defoliation (Guerreiro Filho 2006). The
CLM adult oviposits its eggs on the surface of the coffee leaves. Seven to twelve
days later the larva hatches and burrows into the coffee leaf where it starts feeding on
the palisade parenchyma of the leaf (usually for about 12 days) (Pereira et al. 2007;
Guerreiro Filho 2006). During this stage, larvae create the “mine,” the characteristic
damage that defines this pest. During the last larval instar, the larva emerges from the
mine and begins cocoon construction, a process taking about an hour, and leaving
the larvae quite vulnerable to visual predators. The adult emerges from the cocoon
5 days later. The different life stages of the CLM are vulnerable to different natural
enemies at each stage. The eggs are also vulnerable to generalist predators such as
ants (Lomeli-Flores et al. 2009), the larvae inside the mines are susceptible to
parasitoids (Gallardo Covas 1988; Lomeli-Flores et al. 2009), and the transition
between larvae and pupae, where the larvae are unprotected while building their
cocoon, are vulnerable to predation by lizards, ants, and frogs. The pupae may also
be susceptible to predation by small ants and parasitoids. Finally, the adults are prey
of lizards and frogs (Beard et al. 2021), although the apparent night flights of adults
probably restricts the impact of lizards. However, the extent to which natural
enemies affect each other and the impact of these potential interactions on the
CLM dynamics remains enigmatic.
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In Mexico, the potential pool of natural enemies is expected to be more diverse in
comparison to Puerto Rico because of its mainland status. Studies on the community
of natural enemies in Mexico have identified 22 species of parasitoids and another
17 predators (Lomeli-Flores et al. 2009), but this is likely an underrepresentation of
the diversity of predators on the CLM (cite?). Among the natural enemies, predatory
wasps have been shown to play an important role and are responsible for the
mortality of up to 69% of the CLM (Lomeli-Flores et al. 2009), actively infesting
both egg and larval stages. In addition, ant communities, which can be relatively
diverse in coffee agroecosystems, have been shown to be one of the most important
predators of this pest—e.g., twig-nesting ants prey on the eggs and pupal stages
(De la Mora et al. 2008) of the CLM, and other arboreal ants have been reported to
prey on eggs, larvae, and pupae of this pest (Lomeli-Flores 2009).

In comparison, the diversity of potential natural enemies in Puerto Rico is lower
than in Mexico. A survey of parasitoids in 1985 showed the presence of only six
parasitoids causing rates of parasitism from 19.5-23.5% (Gallardo Covas 1988).
Other important predators in Puerto Rico are the native coqui frogs
(Euleutherodactylus spp.) and the lizards (Anolis spp.), both known for being
important generalist predators (Beard et al. 2021). Anoline lizards are especially
abundant in coffee agroecosystems (Borkhataria et al. 2012). Furthermore, there is a
dramatic difference in population density of these lizards, with Puerto Rico housing
extremely large local densities relative to Mexico (Monagan Jr et al. 2017). Com-
paring lizards to frogs, the latter are believed to be important predators specifically of
the adult stage of the CLM since both are nocturnal, while lizards are more likely to
prey upon the larvae when they are spinning their protective cocoon, which seems to
be done exclusively during the daylight hours (personal observations). Both types of
vertebrate predators are seemingly more important in the island agroecosystems than
on the mainland sites.

Ants are also important predators of the CLM in both mainland and island sites.
The diversity of ants on coffee farms in Mexico is estimated to be well over
150 species in comparison to approximately 30 in Puerto Rico (personal
observations). A recent study found that the presence of the invasive (in Puerto
Rico) ant Wasmannia auropunctata is negatively related with the abundance of
Anolis spp. in Puerto Rico (Perfecto and Vandermeer 2020a; Perfecto et al. 2021).
Additionally, patches with high densities of W. auropunctata and low densities of
Anolis spp had higher number of CLM mines, than patches with low densities of
W. auropunctata and high densities of Anolis spp. (Perfecto et al. 2021). The reduced
co-occurrence, of W. auropunctata and Anolis spp., suggests an antagonistic inter-
action between the two, where W. auropunctata may be modifying the behavior of
the lizards, mainly by harassing them, causing them to flee the areas where it is
dominant, consequently reducing anoline predation on the CLM (Perfecto et al.
2021). Comparative studies of this relationship are not available due to the relative
rarity of both Anoline lizards and W. auropunctata in Mexico (part of its native
range).

The negative effects of exotic ant species may also affect the community of native
ants which plausibly could be better at the controlling of the CLM. Preliminary
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results of surveys on the CLM in coffee agroecosystems suggest higher damage by
the CLM in plants dominated by W. auropunctata or Solenopsis invicta compared to
plants dominated by native ants (personal observations). We speculate that the
differing status of CLM in Mexico and Puerto Rico may be related to the diversity
of predators in each system, clearly linked to well-known patterns of biodiversity on
islands.

12.4 The Scale Insect System

Casual observations leave little doubt that the green coffee scale (GCS) has dramati-
cally different population dynamics on the mainland versus the island. In Mexico,
there are frequently significant concentrations of GCS on leaves and some bushes are
completely covered with them, something very rarely seen in Puerto Rico. However,
in both cases any local concentration of scale insects is associated with some species
of mutualistic ants (Rivera-Salinas, unpublished data). Particularly large
concentrations of scale insects are associated with the ant Azteca seriaceasur in
Mexico (Perfecto and Vandermeer 2006; Vandermeer and Perfecto 2006; Livingston
et al. 2008; Vandermeer and Perfecto 2019), although a variety of other species also
provide mutualist havens albeit not to the same extent as A. seriaceasur.

There is a strong spatial component associated with the scale insect in Mexico
which is not easily observable in Puerto Rico. In the former site, the beetle Azya
orbigera is a voracious predator of both larvae and adults of the GCS. Beetle larvae
produce waxy filaments that allow them to evade attack by the ants and thus find
much sustenance on leaves and branches containing large numbers of GCS. Beetle
adults, contrarily, have no such protection and thus have no protection against the
ants as they seek out their food, (Vandermeer et al. 2010). These basic natural history
observations set up a dramatic expectation regarding spatial patterns. GCS disperse
by wind (the first instar larvae are known as crawlers, the main dispersal form).
Consequently, some individuals find themselves at a distance far removed from the
mother scale who, for the most part, must have been under the protection of one of
the ant protectorates. If the distance is too great, the probability of being attacked by
the adult predatory beetle is far greater than that of being discovered by an ant
worker and thus coming under the protection of the ants. But the extant range of ant
foraging is itself partly dependent on where the concentrations of GCS happen to
be. Thus, first instar GCS, probably dispersing more or less randomly from their
nascent patch. Those that disperse from within a high-density patch are not likely to
encounter predatory beetles immediately, since they will most likely remain within
the spatial area tended to by their ant associates and thus remain under ant protection.
Contrarily, those whose dispersal is initiated from an area removed significantly
from a high-density patch, perhaps from a mother GCS that has managed, by chance,
to escape beetle predation even though not under ant protection, are not likely to
immediately find ant protectors. This basic structure leads to the prediction that the
pattern in the field should be “hysteretic,” with two critical transitions, one from very
low scale populations jumping to very high populations and another from very high
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GCS populations jumping to very low populations, with a hysteretic zone and
alternative equilibria, in between. This expected pattern is evident in Mexico
associated with the ant A. sericeasur (Vandermeer and Perfecto 2019) but clearly
not found associated with any of the ant species in Puerto Rico (unpublished data).

Under some circumstances ant protective effects on GCS may not have to do with
predation, but with the indirect effects of removing the honeydew produced by the
GCS, effectively making survival and instar metamorphosis more efficient by
reducing incidence of fungi covering the adults (Jha et al. 2012). Although direct
evidence is lacking, the fact that the ants (in the case of A. seriaceasur in Mexico)
remove honey dew at a rate sufficient to avoid build-up of secondary fungal growth
may also affect the build-up of the scale pathogen Lecanicillium lecanii. It is
certainly plausible that the GCS, under protection from the ants, are “cleaned”
regularly by the ants, until a critical transition is reached where the ants cannot
keep up with excessive honeydew production, thus leaving some individual GCS
particularly susceptible to attack by the fungal pathogen, clearly a mechanism for the
spatial patterns observed (Vandermeer and Perfecto 2019). However, other studies
suggest that the ants have an opposite effect by promoting to some extent the
dispersal of L. lecanii conidia (Jackson et al. 2012a).

The relationships between ants, GCS, and the latter’s pathogens observed at the
mainland sites appear to be considerably different in Puerto Rico. In Mexico
L. lecanii attacking GCS is clearly density-dependent as would be expected for
any disease (Jackson et al. 2012a). In contrast, casual observations in Puerto Rico,
plus testimony from farmers, suggest that the dramatic epizootics of L.lecanii on
scale insects are virtually independent of the density of the scale insects. Indeed, in
Puerto Rico it is relatively common to find coffee leaves with a single GCS insect
completely covered with L. lecanii, an observation rarely if ever made in Mexico.
Yet, it seems that the biodiversity of sap-sucking Hemipterans is actually quite large
in Puerto Rico (personal observations), even though the particular species, C. viridis,
never seems to gain the prominence it does in Mexico. The potential for production
of L. lecanii would thus seem larger in Puerto Rico, a point of some importance as
we turn to a discussion of the coffee leaf rust system.

12.5 The Coffee Leaf Rust System

The coffee leaf rust (CLR) is a fungal pathogen that has followed coffee to nearly
every region of cultivation, having just recently reached Hawaii, where initial reports
suggest devastating impacts on production. From early epidemics of CLR in Ceylon
in the late 1800s to the more recent “big rust” epidemic in Central America in 2012,
the variable and often destructive dynamics of this fungal pathogen around the globe
has long puzzled plant pathologists and agricultural practitioners. Understanding the
underlying mechanisms driving CLR infection dynamics has proven elusive
although it is an area of active research (Avelino et al. 2006, 2012; Belachew et al.
2020). While an intersection of ecological, economic, and sociological factors likely
contributed to the realization of the “Big Rust” epidemic in Central America
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(McCook and Vandermeer 2015; McCook 2019), it has been difficult to pinpoint a
singular or most dominant contributing factor. Some research suggests the potential
importance of abiotic factors in structuring the dynamics of the pathogen (Avelino
et al. 2015), but other research has shown that climatic factors alone are insufficient
(Bebber et al. 2016). Our team’s work (Jackson et al. 2012a; Vandermeer et al. 2014,
2019; Hajian-Forooshani et al. 2016, 2020, 2023), in contrast with many
phytopathologists, seeks to understand the system with a focus on the top-down
components, that is, the natural enemies.

The CLR and its community of natural enemies has notably distinct dynamics on
a mainland site (Chiapas, Mexico) compared to an island site (Puerto Rico) (Hajian-
Forooshani et al. 2016, 2023). The two sites seem to experience dramatically
differently dynamics of CLR even though they have similar timelines in terms of
both the arrival of coffee and the pathogen (cite?). Southern Mexico recently
experienced a devastating CLR epidemic while Puerto Rico has yet to experience
an island-wide epidemic, although similar local epidemics have occurred in the past
(at the level of a single farm or closely grouped farms). It has been suggested that
top-down trophic control of the CLR is far more important in Puerto Rico than in
Mexico (Hajian-Forooshani et al. 2016, 2023; Hajian-Forooshani and Vandermeer
2022). That is, the community of natural enemies contains the main controlling
agents keeping the CLR pathogen at relatively benign levels in Puerto Rico but fails
to do so in Mexico. As to why this is the case or how extensive the pattern may be,
we await further research results and hope to stimulate similar research agendas in
other areas of coffee cultivation.

Two of the natural enemies are shared on the mainland site and the island:
Lecancillium lecanii, a generalist fungal parasite that attacks both other fungi and
insects, and Mycodiplosis hemileiae, a fly larva that is a rust specialist (attack rates
by L.lecanii and M. hemileiae were 60% and 32.2% in Puerto Rico but only 8.7%
and 3.8% in Mexico in one study; Hajian-Forooshani et al. 2016). In some farms on
Puerto Rico over 80% of the coffee trees had L. lecanii attacking CLR year-round,
while in Mexico L. lecanii exhibited strongly seasonal dynamics where an upper
limit of only about 20% of plants would have L. lecanii for a short period of time
(Hajian-Forooshani et al. 2023). The dynamics of the natural enemy community in
Puerto Rico are notably more complicated than those in Mexico, due in part to
Puerto Rico having two additional common natural enemies, namely, a group of
gastropods which consume CLR spores (Hajian-Forooshani et al. 2020), and a
community of mites that consume and reproduce in lesions CLR spores (Hajian-
Forooshani and Vandermeer 2022; Hajian-Forooshani et al. 2023).

The dramatically different dynamics of shared consumers in both regions begs the
question of what factors may be driving these differences. Similar to other facets of
the main-land/island coffee agroecosystems elaborated in this chapter, the context in
which these tri-trophic modules are embedded impacts their dynamics. Figure 12.3
shows the hypothesized interaction networks (informed by a combination of labora-
tory experiments and field observations) centered on the CLR in Mexican and Puerto
Rican agroecosystems.
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Mycodiplosis
parasitod

Puerto Rico Mexico

Fig. 12.3 The regionally distinct communities associated with the coffee leaf rust in Mexico and
Puerto Rico. Links between organisms denote interactions, with arrowheads (triangles) showing
positive effects and circles negative effects. Note that interaction networks are constructed from
observations by the authors in both field and laboratory settings. Dotted blue lines are trait-mediated
indirect interactions, dotted red lines represent trait-mediated indirect interaction cascades. Yellow
filled circles represent relatively common organisms in each agroecosystem. Solenopsis invicta,
Wasmannia auropuctata, Pseudomyrmex simplex, Monorium floricola, and Azteca sericeasur are
all ants

Just as in other tri-trophic components of the coffee agroecosystems discussed in
this chapter, ants play an important role in structuring the tri-trophic modules
associated with CLR (see Fig. 12.1). In Mexico, Azteca sericeasur, whose spatial
pattern sets the stage for a variety of other interactions in the system (Vandermeer
et al. 2008, 2019), influences the dynamics of the CLR in complicated and context-
dependent ways. This is illustrated by the simultaneous positive and negative forcing
Azteca has on different components of the natural enemy-CLR-coffee tri-trophic
interaction. On the one hand, prior work has shown how Azfeca builds populations
of scale insects which are alternative resources for L. lecanii, resulting in local
increases in L. lecanii which attack CLR (see Vandermeer et al. 2010; Jackson
et al. 2012a, b, 2016). On the other hand, preliminary surveys suggested that sites
with Azteca were associated with reduced numbers of M. hemileiae (Hajian-
Forooshani et al. 2016). This suggests that Azfeca has both indirect positive (through
promoting L. lecanii) and indirect negative (through reducing M. hemileiae) effects
on coffee. Preliminary analysis suggests that the net effect of Azteca on the CLR
tends to be indirectly negative on coffee—sites with Azfeca are associated with
higher amounts of CLR. We speculate that this may be the result of a trophic cascade
whereby Azteca reduces M. hemileiae thus releasing CLR locally in space.

While Azteca is absent in Puerto Rico, other ants (especially S. invicta) fulfill
similar roles ecologically, with clear implications for the dynamics of the CLR via
their effects on the natural enemies. Additionally, the contexts of agroecosystem
management have important implications for the dynamics of these complex inter-
action networks (see Fig. 12.1). One such management factor that we hypothesize is
important in structuring tri-trophic dynamics is the intercropping of citrus with
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coffee. In large-scale surveys across the coffee producing region of Puerto Rico, it is
evident that inter-cropping with citrus influences the ant communities found on
coffee farms as well as the density of their Hemipteran mutualist partners. Further-
more, the CLR experiences higher levels of attack by L. lecanii when citrus is
present (unpublished data). Together, results from these surveys suggest that citrus
promotes elevated amounts of L. lecanii which then spill over to attack the CLR.

While multiple studies now highlight differences in the relative abundance of
natural enemies when comparing Puerto Rico to Mexico, there are still gaps in our
understanding of the implications of these differences for CLR dynamics. While our
working hypothesis is that these differences in enemy communities drive the large-
scale qualitative dynamics of the CLR, a detailed understanding of the action of
natural enemies is still an area of active research. For example, the natural enemies
M. hemelia, L. lecanii, and the rust mites are all associated with a reduction in spore
load as the CLR progresses (unpublished data). Furthermore, multiple co-occurring
natural enemies seem to have a synergistic effect in reducing CLR-spores. These
observations are currently under study.

12.6 Conclusion

We presented a comparison of the particular case of a novel tri-trophic ecosystem as
it exists at a site in southern Mexico as compared to the island site of Puerto Rico.
Even though the basic elements of the system are the same (four particular pest
species, which is to say the herbivore level of the tri-trophic structure plus a
taxonomically diverse yet functionally similar natural enemies, which is to say the
predator level of the tri-trophic structure), we see dramatic differences between
regions. Although our studies have been concentrated at only two sites, our experi-
ence in other neighboring sites (Cuba in the Caribbean and other large farms in
Mexico, Nicaragua and Costa Rica) suggest to us that these patterns are indeed
representative of a mainland/island comparison. Using a consistent “habitat back-
ground” (the ecosystem called the coffee farm) and a stable and consistent lowest
trophic level (the coffee plant), it seems that the trophic connections we have
uncovered are representative of how this level of trophic complexity plays out in
an island/mainland framework.

Casting these observations in a classic trophic dynamic framing, one important
and highly cited ecosystem function is “control from above,” which is to say, the
control of a population (its size, distribution, rate of growth, etc.) is affected from the
trophic level above it—predators control prey, herbivores control plants, pathogens
control hosts. In particular, the control of herbivores by the community of predators
and pathogens is an essential ecosystem function and clearly an ecosystem service
when dealing with agroecosystems—the biological control of pests. Furthermore, it
is a striking example of how basic ecological knowledge can enrich our understand-
ing of an applied system leading, we propose, to an enlightened approach to the
fundamental problem of pest control.
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