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A B S T R A C T

Increased agricultural intensification has led to a decrease in biodiversity and the deterioration of
important agricultural ecosystem services, such as biological control. Parasitoid wasps are important
biological control agents for many crop pests, and augmenting their abundance and diversity may confer
significant economic and environmental benefits. We investigated how management practice, landscape
composition, and biotic and abiotic environmental components affect the parasitoid community in coffee
farms of Chiapas, Mexico. Local variables pertaining to vegetation structure and diversity, Azteca
sericeasur (keystone ant species) presence, and abiotic factors such as synthetic chemical usage and
altitude were quantified. Additionally, the landscape composition was assessed for different land uses at
both 250 m and 500 m radii. Utilizing generalized linear mixed-effect models (GLMM), we found that
both local and landscape factors affected the parasitoid community. At the local scale, the proximity of A.
sericeasur nests benefited parasitoid abundance and diversity, whereas different measures of vegetation
structure had both positive and negative effects on parasitoid richness, abundance, and diversity. At the
landscape scale, we found neighboring intensively managed farms to have an adverse impact on
parasitoids. Surprisingly, parasitoids were also positively influenced by increasing altitude and the use of
synthetic pesticides. Our findings indicate that the studied agricultural matrix supports a diverse
parasitoid community, and that properly managed vegetation structure and increased landscape
complexity may augment natural parasitoid communities. Thus, conservation management should take
into account environmental complexity at multiple scales.
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1. Introduction

In addition to providing food, fiber, and fuel, agroecosystems
provide various supporting, regulating, and cultural ecosystem
services, such as nutrient cycling, soil formation, pollination,
biological control, and landscape aesthetics (Iverson et al., 2014;
Millenium Ecosystem Assessment, 2005). However, agricultural
intensification over the past several decades has maximized crop
production to the exclusion of various other services, with
considerable negative consequences to ecosystem health and
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biodiversity (Perfecto and Vandermeer, 2008). We are now faced
with the challenge of maintaining food production, but reversing
the trend of increasing negative impacts of agricultural intensifi-
cation on humans and the environment (Tscharntke et al., 2012).
Designing agroecosystems that decrease the need for pesticides
through autonomous biological control is one approach to
accomplish this goal (Vandermeer et al., 2010a).

Multiple studies have been devoted to understanding patterns
of biocontrol provision in agroecosystems, yet results vary as to if
and at which scale environmental heterogeneity is beneficial. On a
local scale, organic or diversified farm practices can have a positive
impact on natural enemy abundance and diversity (Bengtsson
et al., 2005; Döring and Kromp, 2003; Hole et al., 2005), but not
always (Clough et al., 2005; Pfiffner and Luka, 2003; Weibull et al.,
2000). The structure of the landscape is also often, but not always,
highly influential on natural enemies (Batáry et al., 2011; Bianchi
et al., 2006; Chaplin-Kramer et al., 2011; Gonthier et al., 2014;
Perfecto and Vandermeer, 2008). Structurally complex landscapes
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can support more species through resource provision and diversity,
refuges during crop disturbance or seasonality, and migration
facilitation (Rusch et al., 2010; Tscharntke et al., 2012).

The effect of environmental heterogeneity on natural enemies
is commonly context-dependent, and there are often strong
interactions between local and landscape management
(Tscharntke et al., 2005). For example, a growing body of research
suggests that the benefits of diversified local management are
highly contingent on the landscape, where improvements in
ecosystem service provision are maximized under intermediate
levels of landscape complexity (Tscharntke et al., 2012). At high
levels of landscape complexity, species pools of natural enemies
may be high enough in the surrounding habitat fragments to
maintain relatively high rates of biocontrol even in intensively
managed farms (Batáry et al., 2010, 2011; Concepción et al., 2007).
On the other hand, in areas where the landscape is very
homogeneous (i.e. cleared of natural vegetation), alternative
resources may not be sufficient to support a regional species pool
of natural enemies, however locally diverse a farm may be
(Perfecto et al., 2009).

Parasitoid wasps are important biological control agents of
many crop pests. Some studies show parasitoid-mediated mortali-
ty rates averaging above 25% and reaching up to 80% on serious
agricultural pests, such as the coffee leafminer (Pereira et al., 2007;
A.L. Iverson, unpublished data). Augmenting naturally occurring
parasitoid populations may therefore have a considerable eco-
nomic importance (Heraty, 2009). To do so may be challenging in
agroecosystems, as parasitoids are particularly sensitive to
agricultural intensification due to their small size, low dispersal
ability, high-host specificity, and their dependence on diverse
Fig. 1. Map of farms, forests, and town (polygons), as well as plot sites (points), include
habitats to provide both arthropod hosts and floral resources
(Landis et al., 2000; LaSalle and Gauld, 1991).

Parasitoid community dynamics do not occur in isolation, and
are highly affected by other organisms through direct or indirect
interactions (Muller et al., 1999; Völkl, 1992). In farms located in
the same region as the present study, the arboreal-nesting ant,
Azteca sericeasur (Hymenoptera: Formicidae), serves as a keystone
species regulating the abundance of other arthropods, including
the green coffee scale Coccus viridis (Hemiptera: Coccidae), other
ant species, and the coffee berry borer, Hypothenemus hampei
(Coleoptera: Curculionidae) (Gonthier et al., 2013; Jimenez-Soto
et al., 2013; Vandermeer et al., 2010a). In terms of parasitoids, A.
sericeasur is influential through two opposing mechanisms. On one
hand, the ant exhibits a negative effect on parasitoids as it attacks
potential enemies of the green coffee scale, which benefits the ant
through its honeydew production (Liere and Perfecto, 2008).
However, large populations of scales often occur in the vicinity of A.
sericeasur nests due to the mutualism between the two organisms,
leading to a larger host population that may attract more
parasitoids. Therefore, the effects of A. sericeasur on parasitoids
may not be unidirectional.

We surveyed the parasitoid wasps in coffee farms of differing
agricultural intensities in Chiapas, Mexico to determine how their
distribution is impacted by local- and landscape-level environ-
mental characteristics. At the local scale, we evaluated several
habitat characteristics including vegetation structure and diversi-
ty, as well as A. sericeasur presence. We also examined the
landscape composition at 250 and 500 m radii. We addressed the
following questions: (1) Do parasitoid wasps benefit from local
and/or landscape complexity? (2) Is the local or landscape scale
d in the study. All farms were located in the Soconusco region of Chiapas, Mexico.
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more influential? (3) Is vegetation structure or vegetation diversity
more influential? (4) Does the presence of A. sericeasur affect local
parasitoid populations? The various levels of structure and
diversity naturally present in these coffee farms allowed us to
uniquely analyze the relative influence of these variables, in
addition to landscape complexity, to provide us with important
insights on ecosystem management for biodiversity conservation
and ecosystem service provision. This approach is especially
necessary in tropical agroecosystems, where less is known about
parasitoid community dynamics and on local-landscape effects on
organisms in general.

2. Methods

2.1. Site description

We selected 38 sites spanning 11 contiguous, large (�300 ha.)
coffee farms in the Soconusco region of Chiapas, Mexico (15�200N,
90�200W), near the border with Guatemala (Fig. 1). Site elevations
ranged from 600 to 1300 m above sea level, and rainfall averages
ca. 4500 mm annually (Philpott and Bichier, 2012). Farms were
selected to cover a range of management intensity, from low shade
to high shade, corresponding approximately to shaded monocul-
ture to traditional polyculture, respectively (Moguel and Toledo,
1999). Low shade farms averaged approximately 20% shade cover,
whereas high-shade farms averaged 80%. No-shade farms were not
common in the study area, and therefore all farms contained a
moderate diversity and abundance of shade trees (>100 individua-
ls/ha.). On the most intensively managed farms, most (>80%) of the
shade trees were Inga spp. (predominantly I. micheliana and I. vera;
Fabaceae). Within plantations, most coffee bushes were arranged
in rows, although this structure was not as pronounced in the most
shaded farms. Sites within farms were selected based on: (1)
maximizing the distance between sites (minimum distance of
350 m) and (2) spanning a range of distances to forest fragments.
We marked a point within the coffee plantation that satisfied these
requirements, and this became the center of each site where we
sampled wasps and from which we based the measurements of
environmental variables (see below).

2.2. Parasitoid wasp sampling

From 25 May to 23 June 2012, we collected parasitoidwasps using
pan traps (Abrahamczyk et al., 2010; Nuttman et al., 2011). Traps
consisted of blue, yellow, and white 355-ml plastic bowls and were
glued to a 1” PVC coupling. In addition, the blue and yellow bowls
were sprayed on the interior with a thin layer of blue and yellow
ultra-violet paint, respectively (Clearneon, Inc.: Wichita, Kansas).
The ultra-violet paint is effective at attracting many Hymenoptera
thatare capableofsensingshort-wavelengthirradiation (Briscoeand
Chittka, 2001). Different colors are more effective at capturing
different families; therefore, having multiple colors decreased the
likelihood of biasing the results towards certain families that are
especially attracted to certain colors (Abrahamczyk et al., 2010;
Nuttman et al., 2011). At the center of each site we placed two sets of
traps, one with traps attached to a PVC pipe (1” diameter) set at
0.25 m and the other at 1 m above ground level. Each set consisted of
3 traps, each of a different color, clustered together and separated by
approximately 1 m from the other set. Traps were filled with 180 ml
of solution containing water, soap (blue Dawn1 dish soap; Procter
and Gamble, Cincinnati, OH, USA), and honey (solution: 1 l water,
10 ml soap, 15 ml honey). This solution is effective both at attracting
(via honey) and capturing Hymenoptera, as the soap decreases the
surface tension of the solution, causing the arthropods to sink more
quickly (Abrahamczyk et al., 2010; Nuttman et al., 2011). Traps were
placed in each site one time for approximately 5 h between the hours
of 7am and 2pm on sunny, windless days. Approximately 75% of days
were acceptable for trapping, and in most cases, sites within the
same farm were sampled on the same day.

2.3. Field measurements

At each site, we surveyed various environmental characteristics.
First, we marked a 56 m radius circle (area 1.0 ha) around the
center of each site using a GPS device (Garmin GPSmap76CSx). We
counted and identified every tree >10 cm at diameter at breast
height (dbh) within this hectare to obtain tree richness and
abundance. If a tree species was not known, samples were
collected and brought to camp for keying. Most trees were
identified to species, whereas some sterile specimens were only
identified to genus and morphospecies. Tree species richness
estimates were calculated using the diversity estimator Incidence
Coverage-based Estimator (ICE) in EstimateS (Colwell et al., 2012).
We also recorded the number of A. sericeasur nests within the
hectare, as well as the distance to the nearest A. sericeasur nest
from the plot center. Within a 15 m radius of the plot center we
measured the dbh and estimated the height of every plant
>1 cm dbh. We then calculated the aboveground plant biomass of
this 15 m-radius section of the plot according the formula:

logðBÞ ¼ �3:375 þ 0:948logðD2HÞ
where B is aboveground biomass, D is dbh, and H is plant height
(Brown and Iverson, 1992). We recorded shade cover using a
convex spherical densiometer (Forestry Suppliers, Inc., Jackson,
MS, USA) at three spots in each site, 5 m away from the center of the
site at 0, 120 and 240�. In each of the three spots we measured the
shade cover in all four cardinal directions. We also measured
groundcover extent (% coverage) and groundcover species richness
in five 0.5 m2 quadrats set at 5 m from the plot center every 2�.
Cover was estimated using the following ranges: 0–1, 2–5, 6–20,
21–40, 41–60, 61–80, and 81–100%. Additionally, we measured the
abundance of floral resources by counting the number of flowers
present in the groundcover species (two 15 � 2 m transects) and
number of flowering trees within the sampled hectare. For coffee
cover, we measured the number of coffee bushes located within a
15 m � 15 m square centered on the middle of the plot. Synthetic
chemical usage on farms was determined based on knowledge of
the farm’s practices and certifications. Non-organic farms used
glyphosate as an herbicide and often endosulfan as a pesticide for
the coffee berry borer (Curculionidae: Hypothenemus hampei).

To determine the landscape configuration, we used ArcGIS 10.1
(ESRI, Redlands, CA, USA) to delineate forest and farm boundaries
using our knowledge of the area and basemaps provided within
ArcGIS. We manually digitized polygons and assigned them to one
of 6 categories depending on the intensity of land use: forest, low
intensity farm (i.e., high shade), medium intensity farm, high
intensity farm, or developed (i.e. semi-urban) (Fig. 1). We then
created 250 and 500 m buffers around the center of each plot and
calculated the amount of each land use category within the buffer.
These radii were chosen so as to be large enough to encapsulate the
surrounding landscape but small enough so neighboring buffers
did not greatly overlap each other. However, although some buffers
did have some degree of overlap, there is theoretical and empirical
evidence that overlapping landscapes does not contribute to
spatial autocorrelation (Zuckerberg et al., 2012). We also deter-
mined the nearest distance to a forest fragment from the plot
center as well as the elevation of the plot center. Finally, we
calculated the Shannon–Weiner Diversity Index (i.e., habitat
diversity index) using the amount of each land use type within
each buffer.
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2.4. Identification and statistical analyses

Specimens were stored in 90% ethanol and identified to the
family level and assigned to morphospecies using the keys
Hymenoptera of the World (Goulet and Hubert, 1993) and
Hymenoptera of Costa Rica (Hanson and Gauld, 1996). To ensure
consistency, the same individual keyed all samples to morpho-
species. We analyzed the parasitoid community according to
species richness, abundance, and Shannon’s diversity (i.e.
Shannon–Wiener Diversity Index). We did not use species richness
estimators (e.g. Chao 1) due to the high presence of singleton-only
samples (N = 11), where species accumulation curves do not
asymptote and therefore estimates cannot be computed (Chao
et al., 2005). To observe the effects of local and landscape variables
on parasitoid abundance and diversity, we created generalized
linear mixed-effect models (GLMM), using each farm (N = 11) as a
random effect. We fit the parasitoid richness and abundance data
to a Poisson distribution and the Shannon–Weiner Diversity Index
to a log-normal distribution.

Local- and landscape-scale environmental variables (Table 1)
were included in the GLMM and unimportant variables were
removed stepwise through manual backward elimination until we
reached a model that maximized the model fit according to the
number of significant variables and AIC values. We first calculated
the variance inflation factor (VIF) (Graham, 2009) with all variables
and eliminated those which were highly collinear (causing VIF
values to be above 10), leaving the ones which had the most
ecological relevance. The excluded variables were, therefore,
ecologically or methodologically redundant. For example, the
amount of high-intensity farmland and amount of low-intensity
farmland strongly covaried (negatively); therefore, we only
included amount of high-intensity farmland in the analysis. After
performing backward elimination, we verified that the variables in
the final model were not highly collinear by again calculating the
VIF. Additionally, if competing models had negligibly different AIC
values, we selected the model that returned the highest number of
significant predictor variables.

We also analyzed whether the influence of local environmental
variables on the parasitoid community was dependent upon the
landscape context. To do so, we divided sites categorically into a
low or high intensity landscape context based on the amount of
Table 1
Local and landscape variables included in analysis.

Variable Description

Local
Vegetation structure

Groundcover extent Percent cover of g
Plant biomass Biomass of plants
Tree density Number of trees i
Tree shade cover Percent shade at t
Flowering trees Number of trees (
Groundcover flowers Number of flower

Vegetation diversity
Total groundcover species Species richness o
Tree species richness (ICE) ICE estimates of t

Azteca sericeasur
Distance to Azteca nest Distance (m) to Az
Azteca nest density Number of Azteca

Miscellaneous
Altitude Elevation (m asl)
Chemicals Binary of whether

Landscape
Forests Area (m2) of fores
High intensity farms Area (m2) of land 

Shannon habitat diversity Shannon diversity
Nearest distance to forest Distance (m) of pl
neighboring high-intensity farm lands at a 500 m radius. Within
each of the two landscape intensity levels, we divided the local
variables equally on either side of the median value for that
variable and determined if parasitoid abundance, richness, and
diversity were significantly different within that intensity level
according to a Welch two sample t-test (if normally distributed) or
the non-parametric Wilcoxon rank sum test (if not normally
distributed). All statistical analyses were performed in R for
Windows (Version 3.0.2), using the packages “car”, “lme4”, and
“lmerTest”.

3. Results

3.1. Parasitoid sampling

We identified 164 wasp morphospecies representing 27
families and 422 individuals (Table 2 and Table A1). Wasps from
the family Encyrtidae were the most abundant with 132 individuals
and 34 unique morphospecies. All families observed except
Vespidae are parasitoid families. However, Vespidae are still
important predators of agricultural pests and we, therefore,
retained them in our analysis (Hanson and Gauld 1996). For ease
of reporting, we refer to all wasps in this study as parasitoids.

3.2. Influence of local and landscape variables

Both local and landscape variables influenced the parasitoid
community for all three metrics of wasp abundance, species
richness, and Shannon’s diversity (Table 3). Landscape composi-
tion, vegetation structure, and A. sericeasur presence, but not
vegetation diversity, played important roles in determining the
parasitoid community. Results were relatively consistent for
landscape variables whether calculated at a 250 or 500 m radius
(Table 3).

In terms of local habitat variables, tree biomass, having a
positive impact, was the most influential variable on the parasitoid
community for all measures and scales (Table 3). Being nearer to an
A. sericeasur ant nest also benefited parasitoid abundance and
Shannon’s diversity. Additionally, farms at higher altitudes and
that utilized synthetic chemicals (pesticides and herbicides) had
increased parasitoid abundance, species, and Shannon’s diversity.
roundcover in five 0.5 m2 quadrats
 >1 cm dbh within 15 m of plot center
n 1 ha. surrounding plot center
hree equidistant locations 5 m from plot center
in 1 ha.) in flower during period of trapping
s in two 2 � 15 m transects centered at plot center

f groundcover plants in five 0.5 m2 quadrats
ree species richness in 1 ha. surrounding plot center

teca nest from plot center
 nests in 1 ha. surrounding plot center

 farm practiced organic or conventional management

t land within 250 or 500 m radius from plot center
under high-intensity management within 250 or 500 m radius from plot center

 index of land uses within 250 or 500 m radius from plot center
ot center to nearest forest fragment



Table 2
Parasitoid wasps (number of individuals and morphospecies) by family collected in study.

Families Individuals Morphospecies Relative abundance Relative richness

Aphelinidae 3 2 0.71% 1.22%
Bethylidae 8 3 1.90% 1.83%
Braconidae 23 17 5.45% 10.37%
Cephidae 1 1 0.24% 0.61%
Ceraphronidae 21 7 4.98% 4.27%
Chalcidae 5 3 1.18% 1.83%
Chrysididae 7 2 1.66% 1.22%
Diapriidae 53 17 12.56% 10.37%
Elasmidae 1 1 0.24% 0.61%
Encyrtidae 132 34 31.28% 20.73%
Eucoilidae 34 8 8.06% 4.88%
Eulophidae 5 2 1.18% 1.22%
Eupelmidae 7 3 1.66% 1.83%
Evaniidae 1 1 0.24% 0.61%
Ichneumonidae 40 16 9.48% 9.76%
Liopteridae 2 1 0.47% 0.61%
Megalyridae 2 1 0.47% 0.61%
Megaspillidae 11 7 2.61% 4.27%
Myrmaridae 21 14 4.98% 8.54%
Perilampidae 1 1 0.24% 0.61%
Plumariidae 1 1 0.24% 0.61%
Pompiidae 3 1 0.71% 0.61%
Proctotrupidae 6 5 1.42% 3.05%
Scelionidae 22 8 5.21% 4.88%
Trichogrammatidae 5 3 1.18% 1.83%
Trigonalyidae 5 4 1.18% 2.42%
Vespidae 2 1 0.47% 0.61%
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Organic (N = 5) and non-organic (N = 6) farms were distributed
relatively evenly throughout the study region. Utilizing logistic
regression, we found that organic farms did have higher shade, less
groundcover (due to higher shade), and a higher abundance and
richness of tree species than non-organic farms. Additionally, we
found a significant negative relationship between the distance to
Fig. 2. Effect of shade on parasitoid abundance in low-intensity and high-intensity land
W = 73, p = 0.031. Parasitoid abundance did not differ between shade levels in low intensit
for this analysis.
the nearest forest patch and the use of chemicals. Other
environmental variables did not differ between organic and
non-organic farms.

For landscape composition, the presence of intensively
managed (i.e., low-shade) farms had an adverse impact on
parasitoid abundance, richness, and Shannon’s diversity (Table 3).
scape. Wilcoxon rank sum test with continuity correction for high intensity farms:
y farms (W = 36.5, p = 0.76). Outlier site (where parasitoid richness = 3) was excluded



Table 3
GLMM estimates for parasitoid abundance, richness, and Shannon’s diversity with landscape variables measured at 250 m and 500 m radii.

At 250 m radius At 500 m radius

Estimate z p Estimate z p

Parasitoid abundance
Local

Altitude 0.192 2.87 0.005** 0.206 2.95 0.003**

Distance to Azteca nest �0.109 �1.99 0.046* 0.144 �2.45 0.014*

Tree biomass 0.163 2.87 <0.001** 0.194 3.25 0.011**

Chemical usage 0.107 1.65 0.098 0.152 2.32 0.020*

Landscape
Forests 0.221 2.31 0.021* 0.139 1.95 0.051
High intensity farms �0.24 �3.75 <0.001*** -0.257 �4.12 <0.001***

Shannon habitat Index �0.275 �3.02 0.002** �0.142 �2.09 0.037*

Parasitoid richness
Local

Altitude 0.287 3.2 0.001** 0.234 2.5 0.009**

Tree biomass 0.161 2.15 0.031* 0.126 1.72 0.084
Chemical usage 0.216 2.88 0.004** 0.18 2.34 0.019*

Landscape
High intensity farms �0.207 �3.01 0.003** �0.196 �2.6 0.009**

Shannon habitat index �0.101 �1.72 0.085 b b b

Estimate ta p Estimate t p

Parasitoid Shannon Index
Local

Altitude 0.106 2.21 0.034* 0.107 2.15 0.039*

Azteca nest density �0.084 �1.75 0.089. b, b, b,
Distance to Azteca nest �0.123 �2.57 0.015* 0.09 �2.18 0.036*

Chemical usage b, b, b, 0.105 2.04 0.049*

Tree biomass 0.121 2.38 0.023* 0.133 2.6 0.014*

Tree height �0.11 -2.19 0.035* �0.11 �2.29 0.029*

Landscape
Forests b, b, b, 0.09 1.82 0.079

at statistics and corresponding significance values are given for Shannon’s diversity, as it was log transformed. Previous to running the models, variables were converted into
z-scores so that estimate magnitude may be compared across variables.
bomitted (not significant).
*P < 0.05.
**P < 0.01.
***P < 0.001.
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Additionally, the quantity of forest area in the landscape had a
positive impact on parasitoid abundance. In contrast, higher
habitat diversity, as defined by Shannon’s habitat diversity index,
was associated with decreased parasitoid abundance and richness.

3.3. Dependency of local variables on landscape context

Interestingly, parasitoid abundance benefitted from local shade
tree cover only in the context of an intensively farmed (low-shade)
landscape (Fig. 2). However, this outcome was observed only when
one outlier site (where parasitoid abundance = 3) was omitted. This
site may have been an outlier due to a particularly large and recent
disturbance (shade tree removal) prior to the sampling. We found
that shade tree cover did not influence parasitoid abundance in the
context of a less intensively farmed landscape. No other local
variables were observed to be dependent on the landscape context.

4. Discussion

Agricultural lands are commonly, and often correctly, regarded
as biodiversity deserts. However, high-quality agricultural matrix
may be an extremely important habitat for the migration and
persistence of biodiversity (Perfecto et al., 2009; Vandermeer et al.,
2010b). We found a high diversity of parasitoid wasps in the
studied coffee agroecosystems, all of which were relatively
structurally complex and diverse compared to monoculture
cropping. Although we did not sample in complete monocultures,
our landscape results, plus other research, suggests that parasitoid
diversity would likely be lower in these simplified systems (Altieri
et al., 1978; Andow, 1991).

Understanding how to best enhance the naturally occurring
populations of biocontrol agents, such as parasitoid wasps, may
allow farmers to rely less on synthetic insecticides. In the present
analysis we show that parasitoid wasps responded to both their
local environment and to the landscape in which they are
embedded in a diverse, tropical moist forest setting. Interestingly,
we also show that wasps responded more to plant structure, and
specifically tree biomass, than to plant diversity variables.
Additionally, we found the presence of A. sericeasur ants to be
an influential predictor of parasitoid composition.

The importance of tree biomass for the parasitoid community
likely reflects the resources and habitat space that trees provide.
Many tropical trees are insect-pollinated and provide floral
resources, such as nectar and pollen, that are important nutritional
resources for adult parasitoids (Lee and Heimpel, 2008; Stamps
and Linit, 1998). Extra-floral nectaries may also be important
resources, and these are common in tropical trees, including Inga
spp., which are ubiquitous on the studied coffee farms. Further-
more, larger trees provide parasitoids with a greater quantity and
diversity of habitat, including potentially important microhabitats
(Stamps and Linit, 1998). This greater habitat space may also
harbor more abundant and diverse arthropod host species. Other
studies show that arthropod diversity is positively correlated with
increased plant structural diversity and complexity (Lawton, 1983;
Niemela et al., 1982; Perfecto et al., 1997). Although the negative
relationship between the diversity of parasitoids and tree height
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seems to contradict the positive influence of tree biomass, we
believe this finding is ecologically relevant. Short, robust trees may
provide resources and habitat space in the branches that are
located close to the ground, near to where the parasitoids were
trapped. We therefore caution that this finding may not reflect
there being a higher diversity of parasitoids around shorter trees,
but rather that the relative vertical distribution of parasitoids shifts
towards lower strata.

We did not see an influence of plant diversity, both in terms of
the shade trees and groundcover species, on the parasitoid
community. This result contradicts other studies that do show
benefits from increased plant diversity due to additional and more
stable resources for adult parasitoids (Landis et al., 2000;
Randlkofer et al., 2010). However, many of these studies are based
in relatively low-diversity settings in temperate regions, where the
presence of resource-heavy plants is a limiting factor in parasitoid
demographics. Our study system, on the other hand, is embedded
within a highly diverse tropical moist forest ecosystem. Therefore,
even the most species-poor sites may have sufficient resources
such that those resources are not a primary limiting factor.
Furthermore, the overall landscape of the studied coffee farms is
quite complex, as shade trees are relatively common even in the
most intensively managed farms. This heterogeneous landscape
backdrop may have diluted any effects from local differences in
plant species diversity through mass effects (species spillover)
(Leibold et al., 2004)

We found that parasitoids benefitted from nearby A. sericeasur
nests, likely as a result of the ant’s mutualism with the green coffee
scale, a potential host of several different parasitoid species (Uno,
2007). Although it may seem that the benefits of A. sericeasur to
parasitoids would not translate into net benefits to coffee due to
the harmful effects from the scale, paradoxically A. sericeasur
appears to facilitate the effectiveness and stability of the biocontrol
of the coffee scale (Vandermeer et al., 2002, 2010a). Here, the
primary predator of the scale, Azya orbigera (Coleoptera: Cocci-
nellidae), is dependent on areas with a high density of scales,
where its slow-moving larvae can encounter sufficient food.
Without the clustering caused by Azteca ants, A. orbigera likely
could not persist in the system.

The abiotic factors of altitude and pesticide usage also positively
influenced the parasitoid community. Both of these results were
contrary to our expectations. The preference for higher elevations
may reflect the parasitoids’ response to the availability and density
of hosts. In our study system, the green coffee scale trends towards
being more abundant at higher elevations (A.L. Iverson, unpub-
lished data), and this may hold true for other hosts, as well. Our
finding that parasitoid abundance, richness, and diversity are
higher on non-organic farms is perplexing. We believe that this
outcome may have resulted from the fact that our sites on non-
organic farms were statistically closer to forests than they were on
organic farms. Although distance to forest was not a significant
predictor in our overall model, the amount of forest in a landscape
was important. Additionally, it is possible that the insecticides had
a disproportionate effect on predators or hyperparasites of the
parasitoids we trapped, resulting in enemy release of parasitoids in
non-organic farms.

We found that the parasitoid abundance, richness, and
Shannon’s diversity were negatively impacted by landscape
simplification, corroborating other research (Bianchi et al., 2005;
Gagic et al., 2011; Gonthier et al., 2014; Marino and Landis, 1996).
Intensively managed farms likely provide a lower quantity, quality,
and temporal stability of resources (e.g. hosts and nectar) due to
fewer or less stable microclimates, or from decreased habitat space
(Lin, 2010; Rojas et al., 2001). The benefits of less-intensively
farmed landscapes for parasitoid abundance are further enhanced
by increased forest cover in the landscape, likely due to the greater
abundance and/or diversity of hosts, floral resources, and refugia
(Bianchi et al., 2006; Boccaccio and Petacchi, 2009). Low-intensity
farmland negatively co-varies with the Shannon diversity of the
landscape, which explains the negative effect of this type of
diversity on the parasitoids.

Finally, much research shows strong interactive effects
between local and landscape scales (Batáry et al., 2011; Thies
and Tscharntke, 1999; Tscharntke et al., 2005; Tuck et al., 2014).
We found that the influence of shade cover on parasitoid
abundance was dependent on the landscape context, where only
in simplified landscapes did parasitoids benefit from more shade
cover. This result suggests that in a complex landscape, the added
benefits of resources and habitat from higher tree cover may not
be as important when parasitoids can utilize the resources
present in the surrounding environment. Our inability to detect
local-landscape interactions with other variables may again
reflect that even in the most intensively managed sites there
were sufficient resources and habitat to sustain viable popula-
tions of parasitoids.

5. Conclusions and management implications

As social, environmental, and economic costs for synthetic
pesticides continue to rise, controlling pests through biological
control is increasingly important. Proactive management of farms
and landscapes to benefit important natural enemies is thus an
important strategy for cost-effective pest control with multiple
additional environmental and social benefits (Kremen and Miles,
2012). Our results suggest that to enhance parasitoid populations
for biocontrol benefits on coffee farms in diverse, moist-forest
settings, management should focus on both local- and landscape-
level environmental characteristics. On a local level, where
individual farmers are most practically involved, fostering a shade
tree canopy that includes large biomass trees may be most
effective. For farms in our study region, maintaining tree cover will
also allow habitat space for A. sericeasur ants, which benefit
parasitoid communities through increased host availability and
stability. Individual farmer decisions can scale up to create
landscape-level complexity, and landscapes with lower amounts
of intensively managed farmland and higher amounts of forests are
most beneficial for parasitoids. Although farmers will need to
consider the cost-benefit scenario between biocontrol efficacy and
coffee production, studies that have recorded yield in Chiapas
coffee farms show that intermediate levels of shade or tree
biomass are often most productive, and therefore these services do
not necessarily trade-off (Soto-Pinto et al., 2000; Soto-Pinto et al.,
2000). Finally, if coffee farms are embedded within a simplified
landscape, increasing the shade cover may be useful for
augmenting parasitoid numbers.
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Appendix A
Table A1
Parasitoid Wasps collected in Chiapas, Mexico.

Family Individuals #Sites found Relative abundance (individuals) Relative abundance (species)

Aphelinidae 0.71% 1.22%
Aphelinidae sp.1 2 2
Aphelinidae sp.2 1 1

Bethylidae 1.90% 1.83%
Bethylidae sp.1 2 2
Bethylidae sp.2 2 2
Bethylidae sp.3 4 3

Braconidae 5.45% 10.37%
Braconidae sp.1 1 1
Braconidae sp.2 1 1
Braconidae sp.3 4 2
Braconidae sp.4 1 1
Braconidae sp.5 1 1
Braconidae sp.6 1 1
Braconidae sp.7 1 1
Braconidae sp.8 1 1
Braconidae sp.9 1 1
Braconidae sp.10 2 2
Braconidae sp.11 1 1
Braconidae sp.12 3 1
Braconidae sp.13 1 1
Braconidae sp.14 1 1
Braconidae sp.15 1 1
Braconidae sp.16 1 1
Braconidae sp.17 1 1

Cephidae 0.24% 0.61%
Cephidae sp.1 1 1

Ceraphronidae 4.98% 4.27%
Ceraphronidae sp.1 1 1
Ceraphronidae sp.2 5 5
Ceraphronidae sp.3 1 1
Ceraphronidae sp.4 11 6
Ceraphronidae sp.5 1 1
Ceraphronidae sp.6 1 1
Ceraphronidae sp.7 1 1

Chalcididae 1.18% 1.83%
Chalcididae sp.1 3 2
Chalcididae sp.2 1 1
Chalcididae sp.3 1 1

Chrysididae 1.66% 1.22%
Chrysididae sp.1 4 4
Chrysididae sp.2 3 2

Diapriidae 12.56% 10.37%
Diapriidae sp.1 4 2
Diapriidae sp.2 1 1
Diapriidae sp.3 2 2
Diapriidae sp.4 4 4
Diapriidae sp.5 4 3
Diapriidae sp.6 5 5
Diapriidae sp.7 1 1
Diapriidae sp.8 1 1
Diapriidae sp.9 3 2
Diapriidae sp.10 1 1
Diapriidae sp.11 11 9
Diapriidae sp.12 1 1
Diapriidae sp.13 4 3
Diapriidae sp.14 3 3
Diapriidae sp.15 3 2
Diapriidae sp.16 3 2
Diapriidae sp.17 2 2

Elasmidae 0.24% 0.61%
Elasmidae sp.1 1 1

Encyrtidae 31.28% 20.73%



Table A1 (Continued)

Family Individuals #Sites found Relative abundance (individuals) Relative abundance (species)

Encyrtidae sp.1 19 10
Encyrtidae sp.2 5 4
Encyrtidae sp.3 1 1
Encyrtidae sp.4 4 3
Encyrtidae sp.5 1 1
Encyrtidae sp.6 2 2
Encyrtidae sp.7 2 2
Encyrtidae sp.8 1 1
Encyrtidae sp.9 3 3
Encyrtidae sp.10 3 2
Encyrtidae sp.11 1 1
Encyrtidae sp.12 1 1
Encyrtidae sp.13 11 6
Encyrtidae sp.14 19 9
Encyrtidae sp.15 5 4
Encyrtidae sp.16 8 8
Encyrtidae sp.17 1 1
Encyrtidae sp.18 1 1
Encyrtidae sp.19 1 1
Encyrtidae sp.20 7 6
Encyrtidae sp.21 2 2
Encyrtidae sp.22 1 1
Encyrtidae sp.23 9 6
Encyrtidae sp.24 1 1
Encyrtidae sp.25 2 2
Encyrtidae sp.26 7 5
Encyrtidae sp.27 2 2
Encyrtidae sp.28 3 2
Encyrtidae sp.29 2 2
Encyrtidae sp.30 1 1
Encyrtidae sp.31 1 1
Encyrtidae sp.32 3 2
Encyrtidae sp.33 1 1
Encyrtidae sp.34 1 1

Eucoilidae 8.06% 4.88%
Eucoilidae sp.1 19 3
Eucoilidae sp.2 1 1
Eucoilidae sp.3 7 3
Eucoilidae sp.4 3 3
Eucoilidae sp.5 1 1
Eucoilidae sp.6 1 1
Eucoilidae sp.7 1 1
Eucoilidae sp.8 1 1

Eulophidae 1.18% 1.22%
Eulophidae sp.1 1 1
Eulophidae sp.2 4 1

Eupelmidae 1.66% 1.83%
Eupelmidae sp.1 3 3
Eupelmidae sp.2 3 1
Eupelmidae sp.3 1 1

Evaniidae 0.24% 0.61%
Evaniidae sp.1 1 1

Ichneumonidae 9.48% 9.76%
Ichneumonidae sp.1 1 1
Ichneumonidae sp.2 1 1
Ichneumonidae sp.3 6 2
Ichneumonidae sp.4 4 4
Ichneumonidae sp.5 2 2
Ichneumonidae sp.6 3 3
Ichneumonidae sp.7 9 6
Ichneumonidae sp.8 1 1
Ichneumonidae sp.9 2 2
Ichneumonidae s. 10 1 1
Ichneumonidae sp.11 1 1
Ichneumonidae sp.12 3 2
Ichneumonidae sp.13 1 1
Ichneumonidae sp.14 3 2
Ichneumonidae sp.15 1 1
Ichneumonidae sp.16 1 1

Liopteridae 0.47% 0.61%
Liopteridae sp.1 2 2
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Table A1 (Continued)

Family Individuals #Sites found Relative abundance (individuals) Relative abundance (species)

Megalyridae 0.47% 0.61%
Megalyridae sp.1 2 2

Megaspillidae 2.61% 4.27%
Megaspillidae sp.1 2 2
Megaspillidae sp.2 2 2
Megaspillidae sp.3 3 3
Megaspillidae sp.4 1 1
Megaspillidae sp.5 1 1
Megaspillidae sp.6 1 1
Megaspillidae sp 7 1 1

Myrmaridae 4.98% 8.54%
Myrmaridae sp.1 1 1
Myrmaridae sp.2 2 2
Myrmaridae sp.3 1 1
Myrmaridae sp.4 2 2
Myrmaridae sp.5 1 1
Myrmaridae sp.6 1 1
Myrmaridae sp.7 2 2
Myrmaridae sp.8 3 3
Myrmaride sp. 9 1 1
Myrmaridae sp.10 2 2
Myrmaridae sp.11 2 2
Myrmaridae sp.12 1 1
Myrmaridae sp.13 1 1
Myrmaridae sp.14 1 1

Perilampidae 0.24% 0.61%
Perilampidae sp.1 1 1

Plumariidae 0.24% 0.61%
Plumariidae sp.1 1 1

Pompiidae 0.71% 0.61%
Pompiidae sp.1 3 3

Proctotrupidae 1.42% 3.05%
Proctotrupidae sp.1 2 2
Proctotrupidae sp.2 1 1
Proctotrupidae sp.3 1 1
Proctotrupidae sp.4 1 1
Proctotrupidae sp.5 1 1

Scelionidae 5.21% 4.88%
Scelionidae sp.1 1 1
Scelionidae sp.2 5 3
Scelionidae sp.3 3 3
Scelionidae sp.4 3 2
Scelionidae sp.5 2 2
Scelionidae sp.6 5 3
Scelionidae sp.7 2 2
Scelionidae sp.8 1 1

Trichogrammatidae 1.18% 1.83%
Trichogrammatidae sp.1 2 1
Trichogrammatidae sp.2 2 1
Trichogrammatidae sp.3 1 1

Trigonalyidae 1.18% 2.42%
Trigonalyidae sp.1 1 1
Trigonalyidae sp.2 1 1
Trigonalyidae sp.3 1 1
Trigonalyidae sp.4 2 2

Vespidae 0.47% 0.61%
Vespidae sp. 1 2 2
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