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Using Plant–Animal Interactions to 
Inform Tree Selection in Tree-Based 
Agroecosystems for Enhanced 
Biodiversity
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The Neotropical region harbors the world’s most diverse terrestrial plant communities. A key component of this diversity is a range of plant–
animal interactions involving frugivory, nectarivory, and insectivory. Millions of Neotropical hectares subjected to human land-use systems 
contain trees that are either planted by land managers or retained from the pre-existing forests. Biodiversity-conservation approaches in these 
systems are often ineffective because of the unfounded assumption that all plants provide equal benefits for consumers. We propose criteria for 
tree-species selection based on plant–animal interaction research that could guide decisionmakers. We show that tree-species identity is key for 
enhancing biodiversity and recommend that selection be guided by the structure of plant–animal interaction networks. We also recommend that 
selection practices consider the timing of resource production, because the year-round availability of food resources in the Neotropics plays an 
important role in the adaptive radiation of nectar- and fruit-eating vertebrates.
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The diversity of plant–animal interactions in the    
Neotropics outranks that of all other terrestrial regions 

(Fleming and Kress 2013). High rates of deforestation fol-
lowed by human domination and a changing climate have 
greatly altered and threatened the natural systems of plant–
animal interdependence in Neotropical landscapes (Howe 
2016). Deforestation negatively affects these plant–animal 
relationships by dramatically reducing local plant richness 
and increasing the patchiness and limitation of fruit, nectar, 
and insect resources. In many cases, however, land manag-
ers have the option either to retain or replant tree species 
on landscapes altered by deforestation and human land 
uses. For example, millions of hectares in the Neotropics 
contain managed tree systems, such as coffee, cocoa, oil 
palm, timber, and cattle ranching. However, no guidance is 
available to aid land managers in selecting tree species that 
would improve the conservation and biodiversity value of 
their land. In this article, we identify criteria for choosing 
tree species using knowledge gained from research on ani-
mal–plant interaction ecology. Our goal is not to conduct a 
review of plant–animal interactions in the Neotropics but 
rather to draw from key literature showing how tree species 

differ in the interaction diversity they support and therefore 
to translate such knowledge into effective management and 
conservation action.

Network analysis tools used to study community-level 
pollination and seed-dispersal interactions between plants 
and animals, such as birds, bats, and insects, have become 
increasingly popular in recent decades (Jordano 1987, 
Bascompte and Jordano 2014). To model an interactive 
community as a complex network, we consider species of 
animals and plants as vertices and the interactions between 
them as edges. The network approach in ecology has allowed 
us to better understand the complexity and structure of 
multispecies systems and has led to the discovery of com-
mon properties shared by otherwise different communities 
(Bascompte and Jordano 2014). Network studies across 
different communities repeatedly find that a few plant spe-
cies tend to serve as “foraging hubs” when they are visited 
by many (if not most) animal species in a community, 
capturing large proportions of the total foraging activity of 
animals (Carlo et al. 2007). A second group of plant species 
may not be as popular as hubs but has the quality of being 
concurrently used by disparate guilds of animal species (e.g., 
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birds, bats, and/or primates) that would otherwise rely on 
contrasting groups of resource plant species. Therefore, such 
plants serve as “foraging connectors” in the plant–animal 
community (Mello et al. 2015).

Tree species bearing the qualities of foraging hubs or con-
nectors are predicted to have the greatest positive effect on 
biodiversity (figure 1). Determining which tree species are 
hubs or connectors can be done by conducting network anal-
yses on plant–animal interaction data for particular regions. 
But because field studies are lacking for many regions, 
tree-species selection must often be based on extrapolation: 
matching the qualities (e.g., phenology and traits of fruits 
and foliage) of local plant species with those of known hub 
and connector species from other regions. However, experi-
ments are still needed to discern general patterns among 
foraging hubs and whether extrapolations are valid (Howe 
2016). Here, we will draw on the Neotropical plant–animal 
interaction literature to highlight the importance of tree 
species identity when selecting species to retain or plant on 
managed landscapes. We will also explore the key traits that 
are shared by tree species of high importance for supporting 
frugivores, insectivores, and pollinators. We use such key 
traits to define a tree-selection strategy for managed land-
scapes in the Neotropics.

Tree-based agroecosystems
Tree-based agroecosystems (TBAs) are managed lands that 
combine trees with agricultural production. Tree-based 
agroecosystems include practices aligned with both land-
sharing and land-sparing models such as agroforestry, 
waterway restoration, residential landscapes, farm woodlots, 
live fences, farmer-managed regeneration, and soil-erosion-
mitigation plantings, among others (Willemen et al. 2013). 
We use the term agroecosystem to encompass systems man-
aged for food as well as those managed for timber and non-
timber forest products, climate change mitigation, ecological 
restoration, or ecosystem services.

Historically, trees were important components of the 
tropical agricultural landscape (Willemen et  al. 2013), but 
the Green Revolution excluded them at great ecological 
expense. Recognizing the benefits of including trees within 
tropical agricultural landscapes led to the development of 
policies promoting tree cover in the 1970s. The current 
extent of land cover under TBAs is unknown. For a review 
of the limited information that is available, see Willemen 
and colleagues (2013). It is estimated that tree cover in agri-
cultural land is widespread, and studies that employ newer 
technologies such as remote sensing are confirming this pat-
tern. For example, 46% of the globe’s agricultural land has 
at least 10% tree cover (de Foresta et al. 2013), and 1 billion 
hectares of agricultural land globally has more than 10% 
tree cover (Zomer et  al. 2009). These figures are expected 
to increase as carbon-credit initiatives, such the United 
Nations’ Reducing Emissions from Deforestation and Forest 
Degradation in Developing Countries (UN–REDD+) pro-
gram, promote planting tree cover (Thompson et al. 2014).

The ecological and socioeconomic benefits of trees 
planted within agricultural landscapes include biodiver-
sity conservation (Tscharntke et  al. 2011), food security 
(Perfecto and Vandermeer 2010), the mitigation of forest 
fragmentation and climate change (Manning et  al. 2009), 
landscape connectivity (Graham 2001), the diversification of 
farmers’ livelihood strategies (Rice 2008), water purification 
and storage, carbon storage, nutrient cycling, soil erosion 
control, ecosystem function, and crop yields (Tscharktne 
et  al. 2011, Karp et  al. 2013). Indeed, the improvement of 
soil quality, income generation, quantity and quality of 
household food supply, adaptation to climate change, and 
nature conservation, as well as reducing agricultural costs, 
can influence landowners’ decisions to implement a TBA 
(Willemen et al. 2013).

Land managers, especially smallholders, can benefit from 
diverse TBAs that have socioeconomically useful tree spe-
cies. Incorporating these species into a TBA can provide 
instances of significant overlap with human interests but also 
exhibit conservation value. Scanlon and colleagues (2014) 
evaluated the use of tree species by bats and humans in rem-
nant forests on two islands in Fiji. Many of the 44 species 
examined fall into genera used in a number of TBAs (e.g., 
Garcinia, Ficus, and Erythrina), and 70% show overlap with 
bats’ use and human use. In Mexico, researchers determined 
that diverse coffee farms with an abundance of fruit-bearing 
tree species increase the abundance and richness of bat spe-
cies (Castro-Luna and Galindo-González 2012). Neotropical 
coffee agroforestry systems with an array of socioeconomi-
cally useful tree or plant species have been shown to provide 
refuge for a host of vertebrate (e.g., birds and mammals) and 
invertebrate wildlife (Somarriba et  al. 2004). There can be 
considerable overlap in human and wildlife benefits when 
certain tree species are present in TBAs.

Assigning value to tree species in TBAs: Structure 
versus food resources
Much tree-based conservation work emphasizes structural 
over compositional attributes of vegetation when the goal is 
biodiversity conservation—arguably a legacy of MacArthur’s 
ideas on the relationship between bird species richness and 
foliage strata richness (MacArthur and MacArthur 1961). 
However, such correlations are rare in the tropics (Matlock 
and Edwards 2006), partly because structural effects can be 
confounded or correlated with resource abundance effects. 
For example, in the case of shade coffee and cacao agroeco-
systems, the forest-like structure improves habitat quality 
(Tschartnke et  al. 2011), but consumers are limited by the 
diversity, abundance, or predictability of food resources 
(Carlo et  al. 2004, Tallamy and Shropshire 2009, Fleming 
and Kress 2013, Peters 2014).

Few studies distinguish between the relative contribu-
tions of plant structure and food resources for wildlife in the 
tropics; the focus of past studies has been on plant species 
richness ignoring the important roles that plant community 
composition and/or the temporal abundance and continuity 

 at Pennsylvania State U
niversity on N

ovem
ber 3, 2016

http://bioscience.oxfordjournals.org/
D

ow
nloaded from

 

http://bioscience.oxfordjournals.org/


http://bioscience.oxfordjournals.org XXXX XXXX / Vol. XX No. X • BioScience   3   

Overview Articles

Figure 1. A network approach shows that some species are more important than others for maintaining community 
structure. In the graph shown, the circles represent species of bats (coded from Bat01 to Bat12), birds (Bird01 to 
Bird08), and plants (Pla01 to Pla56) in an Atlantic Forest site in northeastern Brazil. The lines represent interactions 
of frugivory and seed dispersal, the circle size is proportional to the number of interactions, the line width is 
proportional to interaction frequency, and the colors represent modules (a proxy for guilds) found with the Louvain 
algorithm (interaction frequencies considered; Blondel et al. 2008). In this network, the plant species Cecropia 
pachystachya (Pla01), Ficus gomelleira (Pla02), and Piper aduncum (Pla03) stand out as either hubs or connectors, 
because they make several interactions and help bind different modules formed by bats or birds. The graph is drawn 
in Gephi 0.8.2 (Bastian et al. 2009) using the Fruchtermann-Reingold method (the hubs and connectors are drawn 
closer to the center) and the same data set as Sarmento et al. (2014), in which the full species list may be found (also 
supplemental table S4).
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of food resources may have on local biodiversity (Dietsch 
et al. 2007). To our knowledge, only one study has explicitly 
controlled for structural variables and tree species richness 
of coffee agroforests to assess the effects of tree species 
composition on bird diversity. Peters and colleagues (2010) 
studied agroforests that shared similar levels of shade tree 

richness and structural attributes and 
found high variability in the monthly 
amount of energy available from fruit 
resources produced by the shade trees, 
as well as a strong correlation between 
overall bird richness and the monthly 
amount of fruit energy availability. 
Similarly, Carlo and colleagues (2004) 
found that frugivorous and omnivorous 
birds foraged more frequently in cof-
fee agroforests with diverse canopies 
of native fruiting species as compared 
with adjacent secondary forest frag-
ments. Higher foraging frequency (both 
insectivory and frugivory) correlated 
positively with a higher density of fruit 
resources in the agroforest compared 
with adjacent secondary forest. This 
may have been due in part to a compen-
satory effect of trees on fruit produc-
tion, because some key species can show 
significantly higher fruit-production 
rates in open agricultural lands com-
pared with that of individuals in forests 
(figure 2). Such studies reveal that the 
availability and timing of food resources 
are crucial components associated with 
the use of TBAs by Neotropical animals 
(Fleming and Muchhala 2008).

For primates, both structure and food 
availability play important roles in the 
suitability of the agroecosystems (Estrada 
et  al. 2005). A closed or nearly closed 
canopy allows primates to move across 
the landscape and provides resting sites, 
but the suitability of the agricultural land-
scape is determined by the year-round 
availability of fruit resources (Estrada 
et  al. 2005). Bats have been shown to 
respond to both tree density and food 
abundance in agroecosystems: Trees 
provide roosting sites, whereas Piper 
and Solanum shrub species supply key 
fruit resources that predict habitat use 
(Cortés-Delgado and Sosa 2014). Some 
large bat species with broader diets and 
larger foraging ranges, however, may not 
be affected by food availability in agro-
ecosystems (Saldaña-Vazquez et al. 2010)

Assigning value to tree species in TBAs: Tree 
identity matters
Studies show that plant traits are important for many 
animal–plant interactions (Faria and Baumgarten 2007, 
Burghardt et  al. 2010, Maruyama et  al. 2014). First, con-
sumer preference studies find that certain tree species have 

Figure 2. Fruit production, comparing individuals of the same species from forest 
and pasture locations (data from Carlo and Morales 2016). The figure highlights 
that for some tree species (Bursera, Citharexylum), one individual tree in open 
agricultural lands can produce the same amount of fruits that 7–10 similarly 
sized individuals would have produced in the forest. Other species of importance 
(Clusia) show no difference in fruit production. Comparisons were performed 
using trees of similar DBH and size (GLMs with Poisson errors, * = p < 0.05). 
Fruits averaged per individual per year, tests done on the yearly averages of 
different trees (Bursera: n = 12 (forest), n = 4 (pasture); Citharexylum: n = 10 
(forest), n = 9 (pasture); Clusia: n = 6 (forest), n = 6 (pasture)).
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a disproportionately higher use than expected from their 
abundance (supplemental table S1 and references). The most 
common explanations for consumer preference include 
phenology and nutritional value. For instance, preference 
of Cecropia fruits by bats and birds in Neotropical environ-
ments has been attributed to the species’ high palatability 
and long fruiting season (Charles-Dominique and Cooper 
1986, Carlo et al. 2004). Fruits of Ficus spp. provide consum-
ers with calcium, an essential nutrient, especially for steno-
dermatine bats (Bravo et  al. 2010). Secondary compounds 
can also provide a nutritional benefit to consumers, such as 
emodin in Rhamnus fruits, which increases the assimilation 
of protein, fat, and carbohydrates (Levey et  al. 2007). The 
nutritional value of a tree species or genus has also been 
applied to indirect consumers: For example, insectivorous 
birds can prefer a tree species through the association 
between higher leaf nitrogen content and preferred arthro-
pod prey (Beltrán and Wunderle 2013). Similarly, coffee 
agroforests that include Inga subnuda subsp. luschnathi-
ana have greater arthropod pest control because Inga’s 
extrafloral nectaries are preferred by a greater number of 
natural enemies of coffee berry borers and coffee leaf miners 
(Rezende et al. 2014).

“Consumer specificity” measures the proportions in which 
animals use plant species in a community (Peres 2000). The 
lower the consumer specificity value of a plant species, the 
more widely it interacts with animal species. Consumer 
specificity only considers animal use of a tree species and 
disregards whether it is preferred or not, making it akin to a 
hub in network theory (Carlo et al. 2007). Hubs are defined 
as species with a disproportionately large number of connec-
tions compared with that of other species of the same net-
work, and they are expected to play key organizational and 
structural roles in plant–animal mutualistic communities 
(Carlo et al. 2007, Bascompte and Jordano 2014, Mello et al. 
2015). Therefore, species identified as hubs in interaction 
networks are prime candidates to promote in TBAs.

There are several different ways to define a hub using 
network metrics, both based on binary (presence or absence 
of interaction) and weighted data (frequency or strength of 
interaction), but most of them are based on comparing the 
number of connections made by different species in terms 
of standard deviations from the average degree observed in 
the network (see a widely used approach in Guimerà and 
Amaral 2005). Similarly, some network metrics help us iden-
tify connectors, which bind modules of the network. Two of 
the simplest metrics are participation coefficient (i.e., the 
proportion of interactions made with species of other mod-
ules; Guimerà and Amaral 2005) and betweenness centrality 
(i.e., the proportion of small paths in which the vertex par-
ticipates; Nooy et al. 2001). These metrics are relatively easy 
to calculate and require field data that are widely available in 
Neotropical data sets, such as matrices of “who eats whom.” 
Nevertheless, when more complex data sets are available and 
experts in network analysis may be consulted, more sophis-
ticated metrics can be used (e.g., accessibility; Mello et  al. 

2015), which allow measuring the importance of a vertex as 
a hub or a connector at different hierarchical levels of the 
network. With hierarchical metrics, it is  possible to estimate 
the influence of a plant species not only on the animals that 
visit it, but also on other plants visited by those animals and 
so on. Therefore, network analysis offers a wide range of 
tools, from simple sums of the number of animal species 
that visit a particular tree species to hierarchical centrality 
indices.

The most specific and widespread networks worldwide 
are those that have evolved between insect herbivores and 
their host plants. Extensive data sets have demonstrated 
that 90% of the interactions between insects and plants are 
specialized (Forister et al. 2015) because of an insect’s need 
to adapt to phytochemical defenses of a plant lineage before 
it can exploit those plants. There are two consequences of 
host plant specialization for tree selection in TBAs. First, 
trees that co-evolved with local insect populations support 
a greater abundance and diversity of insects (and therefore 
the insectivores that consume them) than do trees with evo-
lutionary origins outside of local food webs (Burghardt et al. 
2010). Second, because some tree lineages have more potent 
phytochemical defenses than others, native species differ 
widely in their ability to support insects that are crucial in 
food webs (Tallamy and Shropshire 2009). This is particu-
larly relevant to shade coffee and cacao that is marketed as 
“bird friendly.” Such systems are only bird friendly if they 
produce the insects required by insectivorous Neotropical 
migrants (e.g., warblers and vireos) and local resident birds. 
Moreover, because most frugivores also consume insects as 
a primary source of protein, it is crucial to determine which 
tree species are best at supporting arthropod bird food.

Current state of tree selection
Studies in agroforestry systems conclude that plant spe-
cies composition in TBAs is determined by both farmers’ 
management decisions (Valencia et al. 2015) and the plant 
communities in surrounding landscapes (Häger et al. 2015). 
Although tree species richness in agroforests can be driven 
by native (82%) and naturally regenerating (69%–73%) spe-
cies (Häger et  al. 2015), the most abundant trees tend to 
represent a small portion of total species richness in local 
forests and result from farmers’ deliberate tree-selection 
decisions. Some species planted by farmers also provide food 
resources for wildlife (e.g., Musa spp. and Erythrina spp.; see 
also Oliveira et al. 2011), whereas many others do not (e.g., 
eucalypts and rubber trees). If farmer management decisions 
are primarily driving current tree species composition in 
TBAs, then understanding how farmers make management 
decisions is essential (box 1).

A tree-selection strategy: The path forward
Currently, the only criteria related to tree-species selection 
in TBAs for conservation-focused certification programs is 
planting or maintaining more than 10 tree species within 
the coffee area that reach at least 12 meters in height 
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(Smithsonian Migratory Bird Center; Greenberg and Rice 
2016) or 12 tree species per hectare (SAN and Rainforest 
Alliance 2010). We need to move beyond defining a mini-
mum number of species and instead define strategies to 
select tree assemblages on the basis of species’ attributes, 
such as staggered and extended fruiting and flowering 
phenologies, high arthropod productivity, or important 
functional roles in mutualistic networks such as “hub” spe-
cies. Farmers’ motivation to use tree-selection strategies can 
increase if the value of animal–plant interactions can be 
expressed in terms of benefits for the farmer, such as crop 
yield increases or products associated with specific trees. It 
should be clearly understood that landholders choose trees 
for a number of agronomic, economic, and social reasons, 
but we urge considering ecological function as well, which 
can have long-term economic benefits. To initiate a selec-
tion strategy for TBAs in the Neotropics, we propose five 
standards (table 1). We also propose additional pathways 
of dissemination and implementation for a tree-selection 
strategy (box 2).

1. Incorporate phenology. There are two important aspects of 
phenology that should be considered in a tree-selection 
strategy: the duration of flowering or fruiting and the tim-
ing of the events. Fruit–frugivore network studies reveal that 
one important species-specific quality of frugivory hubs is 
their extended fruiting seasons as compared with those of 
nonhub species (Yang et  al. 2013). The length of a plant’s 
fruiting season (i.e., the phenophase; Yang et al. 2013) can be 
a better predictor of interactions than resource abundance 
(González-Castro et  al. 2015). Therefore, our first tree-
selection criterion targets species with extended reproduc-
tive phenologies.

The second important aspect of phenology is the year-
round distribution of resources. Scientists working on the 
recovery of pollinators in temperate biomes recognize the 
importance of selecting plant species that flower sequen-
tially throughout the season, thus providing temporally 
extended resource bases (Menz et  al. 2011). This concept 
should be even more central in conservation and restora-
tion efforts in the tropics, where species have adapted to 
continuous resource production (Fleming and Kress 2013). 
Resource availability should also be as temporally even 
as possible because the community-wide demand for any 
specific resource is expected to be inversely related to the 
number of alternative resources that are simultaneously 
available (Peres 2000). There is a saturation point of resource 
abundance, with a minimum abundance required to sup-
port the greatest animal diversity. For example, Peters and 
colleagues (2010) found a maximum of 38,500 monthly 
fruit calories in one hectare of coffee agroforests, and the 
probability of a bird species occupying the agroforest was 
predicted to increase from 20% occupancy at 0 monthly 
fruit calories to 100% occupancy at only 12,000 monthly 
fruit calories. Therefore, a tree species’ ranking for inclusion 
in TBAs should be considered in relation to the timing and 
duration of resource production by the other tree species in 
the assemblage to maximize the temporal continuity of the 
resource supply. Incorporating this aspect of phenology will 
be more challenging than the first, because changes in eleva-
tion, rainfall, and other biotic and abiotic pressures across 
relatively short distances in the tropics affect plant reproduc-
tive traits among populations of a species. However, we are 
hopeful that this challenge can be overcome, as protocols for 
the standardized monitoring of local phenological patterns 
by citizen scientists are currently underway—such as the 

Box 1. Farmer technical support: A coffee case study.

In the Neotropics, technical support for coffee cultivation includes local coffee cooperatives, national coffee associations, and a few 
international nonprofits (e.g., Rainforest Alliance and Smithsonian Migratory Bird Center, SMBC) and for-profits (e.g., Starbucks 
C.A.F.E. practices). Local cooperatives echo the technical support for shade tree selection provided by the national coffee associations, 
but tree-selection guidance is limited. For example, in Costa Rica, the 64-page Institute of Café 2011 Technical Guide dedicates only 
1 page to shade-tree selection, listing only nitrogen-fixing legumes (e.g., Inga spp.) as an example (ICAFE 2011). The Guatemalan 
National Coffee Association has 2 pages for shade selection, but again, the only trees specifically mentioned are nitrogen-fixing 
legumes (ANACAFE 2014).

Of all the international nonprofits and for-profits, only the SMBC has some support for the selection of shade-tree species. The SMBC’s 
Bird-Friendly® certification is currently the only program that specifically certifies shade. A list of recommended shade-tree species 
is available from the SMBC, but the list is geographically focused on Mexico, Peru, and Guatemala. It is a quick reference of species 
identified by coffee growers and agronomists; however, it does not yet apply our tree-selection strategy criteria.

A study in Mexico revealed that outside sources (i.e., nongovernmental organizations,  NGOs, and government agents) are largely 
influencing farmers’ preferences about tree selection by promoting the benefits of Inga spp. on coffee productivity, although research 
has been inconclusive in regards to demonstrating this benefit across all agroecosystems (Haggar et al. 2011, Valencia et al. 2015). The 
authors found evidence that farmers are receptive to incorporate outside knowledge and adapt their resource-management practices 
accordingly. The authors conclude that their findings highlight the importance of disseminating sound and clear scientific information 
to practitioners who work directly with farming communities to ensure that accurate and up-to-date information is being contributed 
to local knowledge systems (Valencia et al. 2015).
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United States–based National Phenology Network founded 
in 2007 to record phenology and its relationship to environ-
mental change (Denny et al. 2014).

2. Use resource traits and knowledge of core and keystone taxa 
to infer interaction strength. Morphological traits such as 
fruit and flower size, as well as color and accessibility 
can be useful for predicting the impact of a plant on the 
consumer assemblage (supplemental table S2). Resource 
traits are often used to determine pollinator and frugi-
vore syndromes (i.e., the recognizable convergent traits 
of fruits and flowers) to ensure food for a broad assem-
blage of taxa. In most cases, the single criterion is that 
a tree species be animal dispersed, although recently, 
people have begun diversifying the functional groups of the 
trees used in restoration projects (Rodrigues et  al. 2009). 
Decisionmaking that relies exclusively on a syndrome or 
trait-based approach is risky, because most syndromes are 
inferred from the trait itself rather than derived from field 
data (Fleming and Kress 2013). Using a syndrome to infer 
the conservation benefit of a plant species may be mislead-
ing and could cause a plant conservation program to fail 
(Fleming and Kress 2013). There are many reported cases 
of plants being visited by the “wrong” pollinators (Ollerton 
et al. 2009, Peters 2014) or by unexpected seed dispersers 
(Sarmento et al. 2014).

Despite having broad diets, many Neotropical frugivores 
and pollinators rely on a “core” set of plant families (supple-
mental table S3) that share three important characteristics: 

a high degree of phenological spatio-temporal predictabil-
ity, relatively high species richness per habitat, and broad 
geographic ranges (Fleming and Kress 2013). For example, 
figs are known for their year-round fruit production (at 
population levels) and are consumed—often preferentially 
so—by many vertebrate species of disparate taxa (Terborgh 
1986). Cecropia trees are also important core species ame-
nable for planting in agroforests because of their fast grow-
ing habit (Lobova et al. 2003). Both Ficus and Cecropia trees 
have been shown to occupy central roles in seed-dispersal 
networks (Carlo et al. 2007, Donatti et al. 2011, Sarmento 
et al. 2014).

Core genera for Neotropical pollinators or migrant insec-
tivores have yet to be identified, but some clues are emerg-
ing. For instance, in oil flower pollination systems, bees of 
the genera Centris and Epicharis, as well as plants of the gen-
era Byrsonima and Banisteriopsis are consistently found to be 
the hubs and keystones of the networks (Mello et al. 2013). 
In networks with two or more pollination systems included, 
bees of the genera Trigona and Apis are usually the hubs and 
connectors (Giannini et al. 2015).

Biological traits can be used to determine which species of 
trees should be prioritized in a network approach to improve 
TBAs or restoration plans, but first, we need further studies 
on the biological correlates of centrality. Taxonomic identity 
(Stouffer et al. 2012), morphology (Dehling et al. 2016), and 
dietary specialization (Mello et al. 2015) may be generalized 
from one local system to another and therefore may guide 
tree species selection in TBAs.

Table 1. Tree-selection strategy components.

Component Ecological principle(s) Sources

1. Incorporate phenology

   a.  Incorporate tree species with extended 
resource duration.

Phenophase length is the best predictor of the 
number of partners in a mutualistic network.

Yang et al. 2013

   b.  Plan staggered fruiting or flowering 
phenologies.

Food-resource availability and predictability are 
drivers of species richness.

Carlo et al. 2004, Tallamy and Shropshire 
2009, Peters et al. 2010, Peters 2014

2. Use resource traits and knowledge of core and keystone taxa to infer interaction strength

   a.  Select tree species or genera that 
stand out as hubs or connectors in 
mutualistic networks.

Hubs and connectors maximize community-
wide interactions and preferences across 
species and guilds.

Yang et al. 2013, Mello et al. 2015,  
Sarmento et al. 2014

   b.  Consider important resource traits. Resource traits can be useful in predicting 
number and types of mutualistic partners.

3. Consider specialists and species of concern when possible

   a.  Include specialist resources. Mutualisms with specialized partners have 
more specific resource requirements.

4. Promote conservation of ecosystem services

   a.  Avoid spatial aggregation of many 
individuals of same tree species.

A high density of resources is redundant for 
wildlife and increases the risk of inbreeding 
depression and seed mortality for plant 
species.

Rodríguez-Perez et al. 2014

   b.  Choose tree species that support the 
most insects

Plant species differ widely in their ability to 
support insects that are crucial in food webs.

Tallamy and Shropshire 2009,  
Beltran and Wunderle 2013

5. Prioritize landscape conservation outcomes

Consider a landscape approach. Ecological process and biodiversity 
conservation require a landscape approach.

Tscharntke et al. 2015
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3. Consider specialists and species of concern when possible. It 
is often assumed that threatened forest-restricted species 
will not benefit from conservation initiatives outside forest 
reserves (Harvey and Villalobos 2007). This assumption may 
not hold true. For bats, shade cacao TBAs per se do not seem 
to be good forest surrogates, but they can help maintain the 
biodiversity found in neighboring native forests (Faria and 
Baumgarten 2007). We know little about the extent to which 
the absence of forest-restricted species in TBAs derives from 
a lack of food resources, missing structural elements, and/or 
interference from land use or practices. Specialist frugivores 
are the exception in frugivore communities, but they can 
include charismatic species such as the three-wattled bell-
bird and the resplendent quetzal, both heavily dependent on 
the fruit of the Lauraceae for reproduction and migration 
(Wheelwright et al. 1984). Thus, specific food resources can 
be included in local tree-selection strategies when the con-
servation benefits for target species are known.

Insect prey availability can also limit the suitability of 
TBAs for specialized insectivores. In such cases selec-
tion can include tree species such as Inga and Acacia spp. 
that are known to support high densities of arthropods. 
It is understood that selecting tree species on the basis of 
resource and structure provision will not favor all animals 
and functional groups such as understory insectivores (e.g., 
antbirds). Identifying a diversity of foraging hubs, however, 

will help ensure that TBAs are more inclusive and ecologi-
cally functional. Network metrics at the vertex level, which 
identify which species are hub or connectors, seem to be 
very promising in terms of helping define priorities for con-
servation and restoration. Hubs and connectors tend to form 
one or more cores of highly influential species in different 
types of ecological networks, (i.e., more than one core if the 
hubs are separated into provincial hubs that are influential 
in different regions of the network), which can depend on 
the species relatedness in the network, such as phylogenetic 
diversity (Pinheiro et  al. 2016). Most other species, which 
are considered peripheral, depend on those core species to 
remain in the system (Mello et al. 2015). Therefore, conserv-
ing or restoring core species tends to benefit the network as a 
whole and protect the structure of the associated ecosystem 
services.

4. Promote conservation of ecosystem services. The conservation 
of ecosystem services and processes such as seed dispersal, 
gene flow, and movements of mobile links (sensu Lundberg 
and Moberg 2003) in TBAs can be promoted by planting 
trees with qualities of hubs and connectors in mutualistic 
networks (Carlo et al. 2007, Mello et al. 2015). A tree-selec-
tion strategy informed by mutualistic network analyses and 
theory should result in increased pest control, seed dispersal, 
pollination, food-web stability, and spatial connectivity of 

Box 2. Dissemination and implementation of a tree-selection strategy.

Institutional and organizational support will be required to coordinate, implement, and subsidize efforts, especially if a landscape-
level strategy is to be achieved. International NGOs, national policies, individual decisions, national extension offices, and researchers 
were the top five mechanisms responsible for the implementation of a tree-based agroecosystem approach in a recent global review 
(Willemen et al. 2013). On the basis of these mechanisms, we provide some examples of groups and organizations that could play a 
key role in the dissemination and implementation of a tree-selection strategy:

•	 FONAFIFO: A Costa Rican national organization providing forestry financing

•	  Private petroleum companies: Petroleum companies are often required to conduct environmental mitigation, but ecologically 
informed tree-selection strategies are lacking. For example, in Colombia, some petroleum companies that are legally mandated to 
conduct environmental mitigation plantings are (a) planting entire mountainsides with 2–3 tree species per hectare on land that 
would be replacing a diverse natural forest of likely 300 tree species per hectare (Fleming and Kress 2013) and (b) providing income 
to farmers for clearing the naturally regenerating undergrowth from the planted trees. National laws of the mitigation plantings 
state that trees can never be harvested, meaning that these “plantations” are a permanent restoration strategy for these mountains.

•	 Starbucks and Conservation International partnership

•	  Global Environment Facility and World Bank to fund silvopastural projects, such as the Regional Integrated Silvopastoral 
Ecosystem Management Project

•	 International NGOs managing biological corridor projects

•	  Oil palm companies: Globally, over 18 million hectares are dedicated to oil palm production (FAOSTAT 2015). This major land 
use could incorporate resource trees for wildlife using the science-based tree-selection strategy, with likely no negative production 
impacts.

•	  The Bird Friendly coffee initiative (SMBC) has created a Shade Coffee Manual containing a list of trees for coffee farmers that 
includes a number of traits related to agronomic, economic, and wildlife benefits. These manuals are in English, Spanish, 
Indonesian, and Nepalese. SMBC staff conduct periodic workshops in coffee-producing countries to promote shade coffee certi-
fication and its ecological benefits.
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tropical landscapes. Therefore, planting strategies should 
also consider the spatial interspersion of tree species with 
favorable traits as an important condition for the provision 
of ecosystem services. However, the high spatial clumping 
of individuals from a single species that provide resources 
in synchrony should be avoided, because creating resource 
patches that are too dense can reduce dispersal and move-
ment distances (Morales et al. 2012, Peters and Carroll 2012) 
and increase competition and seed mortality. For example, 
the foraging movements of pollinators and seed dispersers 
typically show a unimodal relationship with resource density 
(Rathke 1983, Carlo et al. 2007).

5. Prioritize landscape conservation outcomes. Because single 
farms occur within an agricultural matrix, selective planting 
of trees in TBAs will benefit from a landscape-level approach 
(Tscharntke et al. 2015). Existing forest remnants obviously 
need to be maintained, and farms with TBAs within these 
landscapes can clearly play a role in conservation efforts. 
For instance, assemblages of trees with staggered phenology 
of resource production could be tailored to different guilds 
in a per-farm basis. This could be achieved with one small 
farm, for example, favoring birds whereas a neighboring 
farm favors bats. Although logistically challenging to realize, 
this may be more effective than an “everything”-per-farm 
approach and is just one way that farms can function-
ally complement each other in a landscape. A landscape 
approach is also necessary to meet the needs of species that 
migrate either latitudinally or altitudinally. In the case of 
highly mobile consumers such as bats, heterogeneous areas 
that contain TBAs and forest fragments seem to be used 
almost as a whole, with patches of native vegetation playing 
a role in functional connectivity (Heer et al. 2015). Finally, 
many ecological processes occur at larger scales than the 
farm level and therefore require landscape-level thinking 
and participation (Tscharntke et al. 2015).

Forest remnants and protected areas should continue to 
be an integral part of conservation strategies in the tropics 
(Laurance et  al. 2012). Distance from nearby forest often 
influences the potential species pool and species evenness of 
a TBA (Mendenhall et al. 2014). Therefore, greater conserva-
tion outcomes should be expected from landscapes compris-
ing both greater proportions of forest cover and TBAs that 
use a science-based tree-selection strategy.

Future research goals
We have identified the following research priorities for the 
continued improvement of a tree-selection strategy: (a) 
Experimentally test hypothesized traits of hubs and con-
nectors, such as the impact of an extended reproductive 
phenology. (b) Differentiate the contributions of structure 
versus food resources for animal species across a variety of 
tree-based agroecosystems and locations. (c) Identify tree 
species or genera that best support arthropods important in 
food webs. (d) Evaluate whether the relationship between 
fruit energy availability and bird species richness can be 

applied to noncoffee TBAs and other taxa, such as pollen 
or nectar energy availability and pollinators, leaf nitrogen 
availability and insectivores, or fruit energy and mammals. 
(e) Determine whether year-round resource availability 
is crucial for animal species using lowland seasonally dry 
forests of the tropics. (f) Experimentally test whether TBAs 
that implement a tree-selection strategy to select appropri-
ate tree species will successfully restore or conserve targeted 
animal–plant interactions.

Conclusions
The year-round availability of nectar, fruit, and insects in 
the tropics has been the resource template on which the 
adaptive radiation of many animals has taken place. Of all 
tropical regions, the Neotropics has the highest spatio-tem-
poral predictability of fruit and nectar resources (Fleming 
and Kress 2013). Insects are available year-round in the 
tropics, and new findings reveal that certain tree species 
attract larger numbers of arthropods than others (Beltrán 
and Wunderle 2013). Current approaches to TBAs do not 
consider these processes, and as such, farms with tree 
cover are often devoid of valuable food resources for many 
months of the year. We argue that resource productivity 
should form the foundation of tree selection in tree-based 
agroecosystems.
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