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 coffee  agroecosystem  model:  III.  Parasitoids  of  the  coffee  berry
orer  (Hypothenemus  hampei)
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a  b  s  t  r  a  c  t

Parasitoids  native  to tropical  Africa  have  been  released  in  the  Americas  for  the biological  control  of  the
coffee  berry  borer  (CBB),  but  their  establishment  has been  checkered.  A  tritrophic  distributed  maturation
time  model  for the  coffee  plant  – CBB  – three  parasitoids  (Phymastichus  coffea,  Cephalonomia  stephanoderis,
Prorops  nasuta)  system  was  proposed  by Gutierrez  et  al.  (1998).  Based  on  this  pioneering  work,  and
improved  models  for  coffee  and  CBB  (Rodríguez  et  al.,  2011,  2013),  we  present  an updated  version  of the
parasitoid  models.  The  new  elements  in  this  analysis  include:

1.  New  data  on  the  biology  and  behavior  of  the parasitoids  are  added.
2.  A  fourth  parasitoid  (Cephalonomia  hyalinipennis)  is added  to  the  system.
3. Interspecific  competitive  interactions  among  parasitoids  (e.g.,  dyadic  contests,  intra-guild  predation

and  hyperparasitism)  and  their  effects  on  the  control  of CBB  are  explored.

Because  field  data  on  the  effectiveness  of the parasitoids  on  CBB  control  is  sparse,  we assessed  the
efficacy  of  the parasitoids  for control  of CBB  heuristically.  The  results  are  compared  to prior  analyses,  and
are related  to  field  observations.  Specifically,  we  found:

1.  Control  of CBB  by betilid  parasitoids  (Cephalonomia  stephanoderis,  Cephalonomia  hyalinipennis  and  Pro-
rops  nasuta)  is ineffective  because  of  their  low  reproductive  capacity  relative  to CBB,  their  host-feeding

behavior,  and  phenological  mismatches  with  CBB  life  stages.

2.  Of  the parasitoids,  the eulophid  P. coffea  has  the greatest  potential  to  suppress  CBB  infestation  levels,
though  the  fungal  pathogen  B.  bassiana  and  insecticides  are  reported  to  have  detrimental  effects  on  its
establishment  and  dynamics.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Coffee (Coffea arabica) is native to Ethiopia and was introduced

o the Americas in 1723 (Ferré, 1991). The coffee berry borer
CBB = Hypothenemus hampei) (Curculionidae: Scolytinae) is native
o West Africa (Hopkins, 1915) and is the most destructive pest of

∗ Corresponding author at: Facultad de Ciencias Básicas y Aplicadas, Universidad
ilitar Nueva Granada, Cr. 11 No. 101-80, Bogotá, Colombia.

E-mail addresses: daniel.rodriguez@unimilitar.edu.co (D. Rodríguez),
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coffee worldwide (International Coffee Organization, 2007; Vega
et al., 2009; CABI, 2011). It was  first found in Brazil in 1922 (Costa-
Lima, 1924), spread to Central America and Mexico between 1971
and 1978 (Carrillo and Campos 1991; Muñoz-Hernández, 1991;
Villanueva-Marrufo, 1991), and was  first found in Colombia in 1988
(Bustillo, 2006).

Like other Scolytinae, CBB females form galleries for the devel-
opment of progeny (Vega and Hoffstetter, 2014). In coffee, a female
CBB bores into the calyx end of a single berry and forms galleries in

the seed. At maturity, new CBB adults leave the host berry to infest
other berries. Considerable effort has occurred to develop strategies
for control of CBB, including classical and augmentative biological
control using introduced parasitic wasps (parasitoids), nematodes
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nd entomo-pathogens. Here we focus on the biological control of
BB using parasitic wasps. Three parasitoids species were released

n the Americas: two betilids Cephalonomia stephanoderis (Abraham
t al., 1990; Barrera, 1994; Aristizábal et al., 1996; Aristizábal
t al., 1997; Aristizábal et al., 1998) and Prorops nasuta (Hempel,
933; Hempel, 1934; Abraham et al., 1990; Infante, 1998), and the
ulophid Phymastichus coffea (Infante et al., 1994; Aristizábal et al.,
004; Castillo et al., 2004a; Castillo et al., 2004b; Castillo, 2005;

aramillo et al., 2005; Jaramillo et al., 2006).
In Colombia, C. stephanoderis, P. nasuta and P. coffea were

eleased (ICA, 1999; Orozco, 2000; Salazar et al., 2007), but only
. nasuta established (Maldonado and Benavides, 2007). In Brazil
. stephanoderis and P. nasuta were established (Benassi, 2007),
nd P. coffea was introduced in 1999 (Cantor et al., 1999) but its
stablishment is unknown.

A third betilid, Cephalonomia hyalinipennis was reviewed as a
ossible control agent, but research suggests it could have a detri-
ental effect on control of CBB because of its negative interaction
ith the other betilids (Pérez-Lachaud et al., 2002; Batchelor et al.,

006), and hence has not been released in the Americas. The bra-
onid Heterospilus coffeicola is reported from CBB in Africa (Toledo
nd Pinto da Fonseca, 1935; Kucel et al., 2004), but it has not been
eared successfully for field releases in South America (Vega et al.,
009), and it is not considered in this study.

Good quantitative field data on the efficacy of these parasitoid
pecies is lacking, and hence we model the biology of the three
etilids and the eulophid parasitoid to examine heuristically their
otential as biological control agents of CBB. In the text and fig-
res, we use the convenient notation Cs = C. stephanoderis,  Ch = C.
yalinipennis, Pn = P. nasuta,  Pc = P. coffea.

.1. Modeling parasitoid biology

Gutierrez et al. (1998) developed a tritrophic coffee-CBB-three
arasitoid demographic system model based on the distributed
aturation time demographic model proposed by Manetsch (1976)

nd Vansickle, (1977). Rodríguez et al. (2011, 2013) updated the
odels for coffee and CBB with new laboratory data, and tested

hem against field data. Here, we update the parasitoid models, and
dd the parasitoid C. hyalinipennis to the system. All the models use
he physiologically based demographic modeling approach (PBDM)
eveloped by Gutierrez and Baumgärtner (1984) (see Gutierrez
996). We  first review the biology of the parasitoids.

.2. Biology of the eulophid P. coffea

P. coffea is an endoparasitoid of CBB adult females, and attacks
hem as they are beginning gallery formation. In Colombia, the
evelopment time of the immature parasitoid stages is about
5 days, while adult longevity is approximately 3 days, and the sex
atio (female: male) is 1:1.5 under field conditions (Vergara-Olaya
t al., 2001) and 1:1 in the laboratory (Castillo et al., 2004b). The
eproductive strategy of P. coffea is deuterotokous parthenogene-
is wherein virgin females produce females and males (Feldhege,
992). P. coffea females normally lay two eggs per CBB adult, one

n the abdomen and the other in the head, and commonly yield a
emale and a male parasitoid, but superparasitism may  also occur
Jaramillo et al., 2006). Because P. coffea attacks only the adult stage,
spinoza et al. (2009) suggested that its action would complement
he action of betilid parasitoids in control of CBB.

.3. Biology of the betilid parasitoids
Adult females of C. stephanoderis and P. nasuta enter one CBB
allery during their life time where they host-feed on CBB adults
nd immature stages, and oviposit in mature larvae and pupae
delling 363 (2017) 96–110 97

(Hempel, 1934; Barrera et al., 1989; Abraham et al., 1990; Ticheler,
1961; Benassi, 2007). The sex ratio of C. stephanoderis decreases
with temperature being 25 females: one male at 17 ◦C and 7.3:1
at 32 ◦C. The sex ratio of P. nasuta increases from 4.5:1 to 5.8:1
over the same range of temperature (Benassi, 2007). The reproduc-
tive strategy of C. stephanoderis (Lauzière et al., 2000) and P. nasuta
(Abraham et al., 1990) is characterized by sibling-mating. At matu-
rity, new adult parasitoid females leave host berries in search of
CBB infested berries. Superparasitism by both parasitoids has been
observed under laboratory conditions, but not in the field (Benassi,
2007), and intraguild predation between C. stephanoderis and P.
nasuta occurs (Infante et al., 2001).

C. hyalinipennis is a facultative predator and hyperparasite of C.
stephanoderis and P. nasuta immature stages, and in the laboratory
super parasitizes CBB larvae and hyperparasitizes conspecifics. A
female invades only one infested berry, sibling mating is the norm,
and it has not been observed attacking CBB adults (Pérez-Lachaud
et al., 2004).

Dyadic contest was defined by Pérez-Lachaud et al. (2002) as
direct competition by females of different betilid species for the
resources of a CBB infested berry. Triadic contest has not been
observed in the field, and it is not considered in this study.

2. Methods

2.1. Study sites

Table 1 provides coordinates and climatic details of the five
locations simulated in this study, but the simulation results
reported in the figures are for Buenavista (Colombia) and Lon-
drina (Brazil). The studies were conducted using weather data
for the period 1990–1995 for Colombia and 1982–1986 for Lon-
drina, PR, Brazil. Daily maximum and minimum temperatures (◦C),
relative humidity (%), precipitation (mm),  and hours of sunshine
for Colombia were obtained from data published in the Anuario
Meterológico Cafetero (Cenicafé, 1990–1995). Daily solar radiation
(MJ  m−2 day−1) was  estimated from recorded hours of sunshine
using the relationship developed by Prescott (1940). Weather data
for Londrina, Brazil were obtained from the Instituto Agronômico
do Paraná. To assess the effects of weather on system dynamics, the
six years of weather data were shuffled across the four Colombian
localities to increase the number of weather scenarios.

2.2. Population models

The coffee system model consists of 14 linked age-structured
population sub models on a per tree basis. The coffee plant model
consists of seven sub models for the different organs: mass of leaves
{n = 1}, stem {2}, branches {3}, and root {4}, number of flowers
{5}, and the mass and number of berries {6, 7}. The models for CBB
consist of two  dimensional age structured models for immature
stages developing inside fruits that are also aging {8}, dispersing
adult females outside fruits {9} and females in colonized berries
{10}. The parasitoids model consists of the population submodels
for Cephalonomia stephanoderis {11}, Cephalonomia hyalinipennis
{12}, Prorops nasuta {13} and Phymastichus coffea {14}. The devel-
opmental biology of each species and the linkages of between them
and their trophic interactions are illustrated in Fig. 1.

Completion of development by a cohort of poikilotherms born

at the same time is distributed over a range of developmental
times even if they experience the same environmental condi-
tions (stochastic development; Di Cola et al., 1998). To capture
this biology for each species/stage, we used the time-invariant
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Table 1
Summary of the climate data sets from all localities included in simulations.

Locality Location Altitude (m)  Annual Rainfall (mm) Daily average temperature (◦C)

COLOMBIA
Buenavista 75◦44′ W 4◦24′ N 1250 2060 21.97 ± 1.32b

Chinchináa 75◦39′ W 4◦59′ N 1400 2516 21.37 ± 1.21
Marquetaliaa 75◦00′ W 5◦19′ N 1450 3781 20.45 ± 1.24
Ciudad Bolívara 76◦01′ W 05◦51′N 1342 2766 21.53 ± 1.56
BRAZIL
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Londrina 51 9 W 23 18 S 566 

a Used only for simulations under multiple climatic conditions (see below).
b Mean ± standard deviation.

rlang distributed maturation-time dynamics model proposed by
anetsch (1976) (Eq. (1)).

dNi
dt

= k�x (T (t))
�

[Ni−1 (t) − Ni (t) − �i (t)Ni (t)] (1)

i is the density of the cohort (numbers or mass) of a stage/species, k
s the number of age classes, � is the mean developmental time, and

i(t) is the age specific proportional net loss rate due to all causes
ffecting the population at time t. The distribution of maturation
imes of a cohort of N is determined by the number of age classes
, the mean developmental time of the species/stage (�), and the
ariance of maturation times (var) (e.g., k = �2/var). The numerical
olution by Gutierrez (1996) using Euler’s integration is used in this
tudy. Time and age (x) in the model are in physiological time units
Table 2).

.2.1. Physiological time
The developmental rate of all of the species are nonlinear

unctions of temperature (R (T (t))), and in our study we use the
evelopmental rate model (Eq. (2)) proposed by Lactin et al. (1995).

(T(t)) = � + exp (�T(t)) − exp
[
�Tm − Tm − T(t)

Tu

]
(2)

he parameter � forces the curve to intercept the x-axis providing
n estimate of the lower thermal threshold (see Table 2), � can be
nterpreted as a compounded Q10 (van’t Hoff’s law) which mea-
ures the sensitivity of the rate of development to temperature, Tm

s the maximum temperature threshold (see Table 2), and Tu is the
pproximate upper temperature range (Sigsgaard, 2000). R (t (T))
s the proportion development at temperature T at time t with
ompletion of stage of development occurring when

∫
R(T(t))dt = 1

Stinner et al., 1974).
For use by biologist, developmental times constants of each

pecies (�)  were estimated in the favorable mid-range of temper-
tures using the linear day-degree rule (dd,  see Rodríguez et al.,
012a). For aging, daily increments of degree-days (�dd(T(t)))
t temperature T at time t were corrected for the nonlinear
ffects of temperature on development as �dd(T(t)) ∼=�·R(T(t))
ith development completed when

∑
�dd (T (t)) =  �.  The sim-

lation results are plotted either on days (d) after planting or on
umulative dd for coffee.

.2.2. CBB attack biology
CBB attacks different age berries with varying preferences

Rodríguez et al., 2013), and hence CBB life stages in these berries
ge in two dimensions − the berry time scale and CBB time scale.
sing the method of Stone and Gutierrez (1986), new CBB infested
erries were transferred to the same age fruit in a 2-dimension dis-
ributed maturation time model matrix wherein the CBB larvae age
n fruit that are also ageing. Specifically, movement due to temper-

ture in the column dimension represent ageing of host berries, and
ovement in the rows represent ageing of CBB life stages. New CBB

ggs enter at age zero in the row for fruit age. This 2-d matrix pro-
ides a realistic method for modeling the attack behavior of betilid
1622 22 C ± 1.34

females on CBB in infested berries, and of the eulophid P. coffea that
parasitizes CBB females as they begin gallery formation.

2.2.3. Parasitoid functional response
Organisms in all tropic levels are consumers, and the func-

tional response model estimates the resource acquisition rate as
a function of resource density (e.g., Beddington et al., 1976), and
determines their growth and reproductive rates (Gutierrez, 1996).
The functional response model includes the demand for resources
and the attack behavior. We  first describe the attack behavior of the
eulophid P. coffea and then the more complicated attack behavior of
the betilid parasitoids. The biological parameters of the parasitoid
species are summarized in Table 2 (see also Fig. 1b–d).

Phymastichus coffea − The Fraser and Gilbert (1976) parasitoid
functional response model Eq. (3) is used to estimate the parasitism
rates by P. coffea females because it allows super parasitism and the
attack of more than one CBB adult per day (Gutierrez, 1996).

S(t) = Ba(t)

{
1 − exp

[
D(t)A(t)

[
1 − exp

[
− ˛Ba(t)
D(t)A(t)

]]
Ba(t)

]}
(3)

S(t) is the number of CBB females parasitized at time t, Ba(t) is
the number of CBB females attacking berries corrected for pref-
erence that varies with maturation stage of the berry (Jaramillo
et al., 2002). Specifically, P. coffea preference for CBB females
attacking stage 1 = 0.0, stage 2 = 0.6, stage 3 = 0.8 and stage 4 = 0.31.
The parameter � is the search rate of the parasitoid, D(t) is the
per capita demand for hosts per female per dd (see Table 2)
at time t, and A(t) is the number of adult parasitoid females
seeking CBB females (see parameters in Table 2). The ratio 0 <
supply/demand = S(t)/D(t)A(t) < 1 is an estimate of P. coffea para-
sitization success at time t (Gutierrez, 1996).

Betilid parasitoids – Betilid females (e.g., C. hyalinipennis,  C.
stephanoderis and P. nasuta) enter only one CBB infested berry
during their life and attack the CBB life stages and those of com-
peting parasitoid species. Colonization by betilid parasitoids is a
two-stage process: the 1st stage involves finding CBB infested
berries and the 2nd stage occurs within the berry when the par-
asitoid female attacks CBB life stages either for host-feeding or
parasitism. Both stages of attack are estimated using the preda-
tor form of the Gutierrez-Bäumgartner functional response model
(Eq. (4); Gutierrez, 1996):

Sk(t) = Dk(t)Ak(t)

{
1 − exp

[
− ˛kBa,k(t)
Dk(t)Ak(t)

]}
(4)

In the 1st stage of attack, Sk (t) is the number of CBB infested
berries successfully colonized by the kth betilid species. Ba,k (t) is
the number of CBB infested berries with CBB stages suitable for
parasitization and host-feeding by the population of the kth species

of betilid females (Ak (t)); ˛k is the parasitoid search rate for berries;
and Dk (t) is the parasitoid demand for CBB infested berries (i.e. 1
per female). C. hyalinipennis requires a longer time to colonize a
berry than the other betilids (Batchelor et al., 2006), and this attack
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Fig. 1. Tritrophic system showing links between species and trophic levels: (a) coffee plant and berry dynamics (1st trophic level); (b) coffee berry borer (CBB) ageing dynamics
i l) − C
r ost fee
c

b
C
0

u
s

nside  coffee berries (2nd trophic level); (c) CBB betilid parasitoids (3rd trophic leve
elationships and their interspecific interactions (i.e. dyadic contexts, facultative h
offeae (3rd trophic level).

iology is reflected in the lower search rate ˛k. Specifically, ˛k for
. hyalinipennis is 0.5, and that for C. stephanoderis and P. nasuta is

.9.

In the 2nd stage of attack, the same functional response Eq. (4) is
sed to capture the biology of the betilid species’ attack on CBB life
tages. Ak (t) is the population of female of the kth parasitoid attack-
ephalonomia stephanoderis,  C.hyalinipennis and Prorops nasuta − dynamics, trophic
ding and facultative oviposition); (d) CBB eulophid adult parasitoid Phymastichus

ing CBB stages, Ba,k (t) is the number of CBB available for parasitism
or host-feeding corrected for preference, ˛k = 1 is the search rate of

betilids inside the berry, and D k (t) is the temperature dependent
per-capita demand for parasitism and host-feeding. C. hyalinipen-
nis females superparasitize conspecifics and other betilid species,
and lays 1–3 eggs per host (Pérez-Lachaud and Hardy, 1999). Eggs
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Table 2
Biological parameters for the parasitic wasps.

Parasitoids

Parameters C. stephanoderis C. hyalinipennis P. nasuta P. coffea

Thermal Thresholds
Minimum 14.99 14.99 14.27 16.02
Maximum 37.45 37.45 33.18 33.64
reference (Benassi, 2007) (Benassi, 2007) (Benassi, 2007) (*)

Linear  developmental rate model
a  −0.06966 −0.06966 −0.05508 −0.06486
b  0.004648 0.004648 0.003858 0.004048

Non  linear (Lactin et al., 1995) developmental rate model
�  −0.00448 −0.00448 −0.0338 −0.0317
�  0.1706 0.1706 0.1602 0.1607
Tm  37.4583 37.4583 33.18 33.64
�  5.8601 5.8601 6.2334 6.2185
reference (Benassi, 2007) (Benassi, 2007) (Benassi, 2007) (*)

Developmental time (dd)
Egg 0−20.35 0−20.35 0−35.19 0−29.9
Larva 20.35–108.76 20.35–108.76 35.19–122.54 29.9–167.44
Pupa  108.76–276.22 108.76–276.22 122.54–312.41 167.44–257.14
Pre-oviposition 276.22–621.65 276.22–621.65 312.41–520.91
Post-oviposition 1409.72–1675.85 1409.72–1675.85 1135.64–1346.35
reference (Benassi, 2007) (Benassi, 2007) (Benassi, 2007) (Vergara-Olaya et al., 2001)

Intrinsic mortality (individuals/dd)
Egg 0.001798 0.001798 0.0036 0.0001
Larva  0.002671 0.002671 0.0033 0.0001
Pupa  0.0003468 0.0003468 0.00093 0.0001
reference (Benassi, 2007) (Benassi, 2007) (Infante, 2000)
Young  Adult 0.00097136 0.00089437 0.0009075 0.04258
Old  Adult 0.00097136 0.00089437 0.0009075 0.04258
reference (Infante et al., 1992) (Pérez-Lachaud and Hardy, 1999) (Castillo et al., 2009)

Mortality rate of seeking females
0.01189 0.01189 0.02625

reference (Damon et al., 1999) (assumed equal to Cs) (Damon et al., 1999)
CBB  stage attacked—age in dd (preference)

old larvae 64.92–108.76 (1.0) 64.92–122.54 (1.0) –
pupae  108.76–276.22 (1.0) 122.54–312.41 (1.0) –

CBB  adult females tunneling the berry 257.14–275.08
CBB  stage for host-feeding— age in dd (preference)

Eggs 0−20.35 (1.0) 0−20.35 (0.6) 0−35.19 (1.0) no
Young  Larvae 20.35–64.92 (1.0) 20.35–64.92 (0.6) 35.19–64.92 no

Host-feeding demand (immatures/dd)
0.052 0.052 0.052
(Gómez et al., 2012) (Gómez et al., 2012) (assumed equal to Cs)

Sex  ratio (female:male)
SR = 1-0.0063Temp* 0.788 SR = 0.77-0.0027Temp* 0.6

reference (Benassi, 2007) (Pérez-Lachaud and Hardy, 1999) (Benassi, 2007) (Vergara-Olaya et al., 2001)
Oviposition demand rate (eggs/dd)

0.076 0.071 0.055 0.56
(Benassi, 2007) (Pérez-Lachaud and Hardy, 1999) (Benassi, 2007) (Feldhege, 1992)

Search  rate for berries
0.9 0.5 0.9 0.95

1.0 –

* erage temperature of the last 30 days used to calculate the sex ratio.
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Table 3
Proportions of total contests won  by each parasitoid in dyadic contests (ı) (modified
from Batchelor et al., 2005). Previous experience of the parasitoids considered by
Batchelor et al. (2005) was  not distinguished here.

Contest (dyadic)

Owner Intruder ı

C. stephanoderis C. hyalinipennis 0.09
P. nasuta 0

C.  hyalinipennis C. stephanoderis 0.48
P. nasuta 0.15

P.  nasuta C. stephanoderis 0.69
Search  rate inside berries 1.0 1.0 

Estimated from a set of rough data provided by F. Cantor. *SR = Sex ratio, Temp = av

viposited by parasitoid females enters to population submodels
11}, {12}, {13} and {14} as N0(t) (Eq. (1)).

.3. Competitive interactions between parasitoids

Competition between individual parasitoids of two different
pecies (dyadic contest) occurs in coffee berries when a betilid
emale enters a berry previously colonized by a female of another
pecies (Batchelor et al., 2005). This behavior is more likely to occur
hen CBB infested berries are scarce. In the model, dyadic contest

ccurs at a rate dependent on the shortfall of CBB infested berries
ttacked (i.e. 1-(S(t)/D(t)) > 0) (Table 2).

Direct competition occurs only among the betilids species,

hile indirect competition occurs with P. coffea.  Gutierrez et al.

1998) considered symmetric competition among the betilids, but
ew data enables parametrization of asymmetric competition in
yadic contests the success rate of which depends on their biol-
C.  hyalinipennis 0.8

ogy (Batchelor et al., 2005, Table 3). The different success rates

are included in the model via the parameter ı (Table 3), which
weights the proportion of contest that are successful for the dif-
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erent combinations of species. No information is available on rare
riadic interactions, and hence is not considered in our analysis.

When a second species of a betilid parasitoid enters a berry
reviously colonized by another parasitoid species, it attacks the

mmature stages of both CBB and the first parasitoid. Facultative
viposition and host-feeding interactions between betilid species
re summarized in Table 4 (see also Fig. 1c).

.4. Simulation of parasitoid control of CBB and parasitoid
nteractions

Simulations for Colombia had a five year time horizon corre-
ponding to the normal crop cycle (Arcila et al., 2007). In Brazil,
he crop cycle is four years. In Colombia, two coffee harvests occur
er year, a main one in September-November and a minor harvest

n April-June (Arcila and Jaramillo, 2003). At Londrina PR (Brazil),
nly one coffee harvest occurs per year that may  occur during June
hrough September (Vieira, 2008).

The ratio of parasitoid released was 1 per 1 CBB infested berry. In
olombia, the first berries colonized by CBB females appear around
300 dd after planting (425 days), and at 7500 dd (640 days) in
razil. The times of berries first appear are reference times for par-
sitoid release. In Colombia, an initial release of 11 adults/plant of
ach betilid species occurs at 6790 dd and corresponds to a ratio of
:1 parasitoid adults to CBB infested berries. For P. coffea, the initial
elease was 5 adults/plant corresponding to a ratio of 1:1 parasitoid
emales to CBB infested berries at time 5678 dd.

For Brazil, the initial release of each of the betilid parasitoids
t 8500 dd is 4 adults/plant corresponding to a 1:1 ratio of adult
emales of each betilid species to CBB infested berries. For P. coffea,

 adults were released at 7500 dd for a 1:1 ratio of parasitoids to
BB infested berries.

Single and multiple parasitoid releases during the crop cycle
ere also evaluated. Two strategies for multiple releases were eval-

ated: the first consisted of one release at the start of each coffee
roduction cycle when CBB attack begins and the second in had
eleases at the start and end of each production cycle. The release
ates were one female parasitoid per infested berry. The season-
ong damage reduction for each scenario is computed as the ratio
f CBB infested berries with control/CBB infested berries without
ontrol, while the proportion of parasitoid colonization rate by each
pecies was computed as the ratio of CBB infested berries with
arasitoid/total CBB infested berries.

A constant immigration rate of 0.25 CBB females per day and
lant was used in the model, while no immigration was assumed

or the parasitoids. Dyadic contests, facultative host-feeding and
acultative hyperparasitism as appropriate for each species were
xamined for all combinations of parasitoid species interactions
see Tables 3 and 4). The effects of interspecific competition were
nalyzed using the number of adult parasitoids of each species pro-
uced per plant as affected by the presence of competing parasitoid
pecies.

.5. Simulations under multiple climatic conditions

The effects of weather at five locations on the coffee agroecosys-
em were analyzed (see Table 1) for the 24 = 16 combinations of the
our parasitoids including the null set (Walpole et al., 2007). The dif-
erent combinations in the model were characterized using Boolean
resence (1), absence (0) values. The efficacy of each parasitoid
pecies on CBB control was further evaluated using permutations
f the years of weather data from the five locations obtained using

he allPerms procedure of the “permute” package in the statisti-
al software R (Simpson, 2016). For Colombia, this resulted in a
andom subset of 24 combinations of yearly weather data and 16
ombinations of parasitoids (i.e. 384 parasitoid x weather scenar-
delling 363 (2017) 96–110 101

ios). A similar procedure was used to generate 128 scenarios for
Brazil.

2.6. Statistical analysis of simulation data

Negative binomial mixed regression models (O’hara and Kotze,
2010) were fit to simulation outputs. This method accounts for
over dispersion and skewness in the data, satisfies the assump-
tions of the parametric analysis, and allows interpretation of the
stochastic effect of the combinations of years of weather obtained
by the shuffling procedure. In the analysis, the Boolean variables
are the independent variables, while the cumulative number of
CBB infested berries·year−1 (IB) in the simulation runs are the
dependent variables. The effects of species-specific biology such
as facultative host-feeding, facultative hyperparasitism and dyadic
contests were critical underlying factors affecting the output of the
model (see Tables 3 and 4). The simulation runs were used to esti-
mate the effects of parasitoid species on CBB infestation levels and
on each other. Akaike’s information criteria (Akaike, 1973) was used
to select the final model for the different combinations of para-
sitoids, and chi-square (X 2) goodness of fit tests were used to assess
the significance level.

3. Results

3.1. Control of CBB by single species

3.1.1. Colombian study
The dynamics of CBB infested berries in the absence of the para-

sitoids are depicted in Fig. 2a and predict CBB infestation of berries
of 64.67%. Because parasitoid releases at the beginning and at the
end of each harvest period for each species acting alone gave only
slightly better control than the single release strategy (not shown),
only the results for single releases are illustrated in Fig. 2.

A single release of C. stephanoderis at 10 CBB infested
berries/plant resulted in a 21.06% reduction of CBB infested berries
on the plant and an 11.35% reduction in infestetation in shed
berries on the ground. Compared to C. stephanoderis,  a single release
of C. hyalinipennis resulted in a 16.93% reduction in infestation
on the plant and 8.23% reduction in infestation in shed berries,
whilst a release of P. nasuta yielded 16.83% and 7.59% reductions
respectively. In contrast, a single release of the eulophid P. coffea
resulted in a 47.38% reduction in CBB infested berries on the plant
and a 46.85% reduction in infestation in shed berries. Operating
singly, the order of effectiveness of the parasitoids is P. coffea >> C.
stephanoderis > C. hyalinipennis = P. nasuta (Fig. 2g), but none of the
parasitoids provided high levels of control.

Simulation of CBB infested berries available for attack by the
betilid species shows asynchrony between seeking adult para-
sitoids (Fig. 2b–d) and the low availability of CBB infested berries
(Fig. 2a). The low level of control by single releases of the betilids
(Fig. 2g) is the consequence of the lag between the peaks of colo-
nization of CBB infested berries attacked by the betilids and the late
emergence of searching betilid females at the end of the ripening
season (vertical dotted lines in Fig. 2).

Regressions of CBB infested berries·year−1 (IB)  on the presence
of the parasitoid species under multiple climatic conditions (Eq.
(5)) shows that only P. coffea has a significant impact in reducing
CBB infestation levels (i.e., 40.48%), a level of control that is clearly
insufficient.
IB = exp (10.93 − 0.51 Pc)
(
x2 = 273.14, p < 0.01

)
(5)

The subscript for �2
1 is the degrees of freedom.
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Table 4
Facultative oviposition and host-feeding interactions between betilid species. Stages of the three parasitoid species attacked by each of the betilids for oviposition (ovip)
and/or host-feeding were estimated from Infante et al. (2001) and Pérez-Lachaud et al. (2004).

Attacking parasitoid → Cephalonomia stephanoderis (Cs) Cephalonomia hyalinipennis (Ch) Prorops nasuta (Pn)

facultative
oviposition

facultative
host-feeding

facultative
oviposition

Facultative
host-feeding

facultative
oviposition

Facultative
host-feeding

host species ↓ stages attacked

Cs – – larvae and pupae eggs and larvae – eggs and larvae
Ch  – larvae larvae larvae – –
Pn  – eggs and larvae larvae and pupae larvae – –

Fig. 2. Simulation results for Colombia (Buenavista) for single releases (*) of each parasitoid species (Cs = C. stephanoderis,  Ch = C. hyalinipennis, Pn = P. nasuta,  and Pc = P. coffea)
acting  alone at the beginning of the berry-ripening period: (a) simulation of CBB infested berries available for attack by the betilid species with the vertical dotted lines
indicating asynchrony between seeking adult parasitoids and the low availability of CBB infested berries; (b, c, d) simulation dynamics of the CBB infested berries colonized
by  betilid parasitoids (gray areas) and of seeking females (continuous lines); (e) CBB adults available to attack by P. coffea (i.e., sub fig. f); and (g) summarizes the percentage
reduction in berry infestation levels on the plant (black) and in shed berries on the ground (gray) when each parasitoid species acts alone. (*) indicates the time of parasitoid
releases (see text in section 2.4). Plots are based on one climate scenario.
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Fig. 3. Simulation results for Brazil (Londrina) for single releases (*) of each parasitoid species (Cs = C. stephanoderis,  Ch = C. hyalinipennis, Pn = P. nasuta, and Pc = P. coffea)
acting alone at the beginning of the berry-ripening period: (a) simulation of CBB infested berries available for attack by the betilid species with the vertical dotted lines
indicating asynchrony between seeking adult parasitoids and the low availability of CBB infested berries; (b, c, d) simulation dynamics of the CBB infested berries colonized
by  betilid parasitoids (gray areas) and of seeking females (continuous lines); (e) CBB adults available to attack by P. coffea (i.e., sub fig. f); and (g) summarizes the percentage
reduction in berry infestation levels on the plant (black) and in shed berries on the ground (gray) when each parasitoid species acts alone. (*) indicates the time of parasitoid
releases see text in section 2.4. Plots are based on one climate scenario.
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.1.2. Brazilian study
In the absence of parasitoids, the level of CBB infestation was

3.75%. Compared to Colombia, higher percentages of coloniza-
ion of CBB infested berries by betilid parasitoids occurred (e.g.,
. stephanoderis (24.40%), P. nasuta (39.92%), and C. hyalinipennis
26.86%)). However, their effectiveness in reducing CBB berry infes-
ation compared to infestation levels without parasitoids was very
ow: 3.17%, 4.96% and 3.05% respectively (see Fig. 3g), and still lower
n shed berries (i.e., 0.76%, 1.62% and 0.83%). This suggests that the
umerical response of the betilids is too low for CBB control because
heir reproductive rates are about six times lower than that of CBB.
ccordingly, even high levels of fruit colonization by betilids do not

epresent satisfactory control of CBB. As was observed in Colombia,
ismatches between the emergence of betilids (Fig. 3b–d) and

vailability of suitable fruits that limits the resource for parasitoids
Fig. 3a) were also observed in Brazil (vertical dotted lines in Fig. 3).
ompared to CBB infestation levels without control, the percentage
f CBB infested berries colonized by P. coffea was 15.62% resulting

n a reduction of 17.74% infested berry on the plant and 9.07% in
hed berries.

As in Colombia, the regression analysis of CBB infested
erries·year−1 on the presence of the parasitoid species under mul-
iple climatic conditions (Eq. (6)) shows that only P. coffea markedly
educed CBB infestations, but the average reduction was  much
ower than in Colombia (14.44% vs.40.48%).

IB = exp (11.83 − 0.16 Pc) x2
1 = 207.54, p < 0.01 (6)

.2. Control of CBB by multiple parasitoid species

.2.1. Colombian study
Fig. 4a shows the dynamics of the three species of betilid when

cting alone, while the effects on their dynamics when interact-
ng are shown in Fig. 4b. The interaction reduces the levels of all
hree parasitoids (Fig. 4a vs. b), but control of CBB is not markedly
mproved (not shown). The action of C. stephanoderis alone reduces
erry damage 21.06%, while only a 19.48% reduction accrues from
he action of the three betilids acting together. When P. coffea is
ntroduced to the system (Fig. 4c), the densities of the betilid para-
itoids are reduced 2–3 fold. This reduction occurs because P. coffea
ttacks the adult stage greatly decreasing the supply of hosts for
he betilid parasitoids. However, the combined action of the four
arasitoids reduces CBB attacks only 49.43% compared to 47.38%
ith P. coffea acting alone. None of the scenarios results in effective

iological control of CBB.

.2.2. Brazilian study
Acting alone (Fig. 4d) or together (Fig. 4e), the dynamics of

he betilids are similar, but in the latter case the densities of the
hree betilids are approximately halved. When P. coffea is added
o the system, the dynamics of the betilid parasitoids are altered
nd their densities are halved still again (Fig. 4f). Compared to the
ituation without parasitoids, the action of all parasitoids reduces
BB infested berries 22.50% compared to 16.03% with P. coffea act-

ng alone (Fig. 3g). In all scenarios, the biological control of CBB is
nsufficient.

.3. Competition among parasitoid species under multiple
limatic conditions

.3.1. Colombia
The percentage reductions per year (y) of adult parasitoids in
ruit due to competition in the different parasitoid scenarios are
ummarized in Table 5, and show that scenarios including P. coffea
ave the highest effect in reducing betilid densities, but P. coffea is
ot affected by any of the betilids. The multiple regression models
delling 363 (2017) 96–110

of competitive interactions between parasitoids are summarized
below Eqs. (7)–(9).

(1.) C. stephanoderis is affected by P. coffea and to a lesser extent by
P. nasuta:  (�2

2=238, p < 0.01):

Csy−1 = exp ( 7.60 − 0.39Pn − 2..76Pc) (7)

(2.) P. nasuta is negatively affected by the other parasitoids
(�2

3=177.58, p < 0.01):

Pny−1 = exp (4.60 − 0..89Cs − 1.32Ch − 2.52Pc) (8)

(3.) C. hyalinipennis is affected by C. stephanoderis and P. coffea
(�2

2=249.24, p < 0.01):

Chy−1 = exp (6.73 − 1.39Cs − 3.06Pc) (9)

3.3.2. Brazil
The percentage reductions in the number of adult betilid par-

asitoids predicted by the simulation models are summarized in
Table 6. The multiple regression models evaluating of the compet-
itive interactions of the parasitoids in Brazil parallel those from
Colombia and are summarized below. Again, P. coffea affects all the
betilids (see above), but it is not affected by them, Eqs. (10)–(12):

Csy−1 = exp(11.76 − 0.47Pn − 0.26Cs − 0.77Pc)(�2
3= 169.44, p < 0.01) (10)

Pn y−1 = exp(12.42 − 0.77Cs − 0.70Ch − 0.64Pc)(�2
4= 281.64, p < 0.01) (11)

Chy−1 = exp(11.55 − 0.87Cs − 0.45Pn − 0.81Pc)(�2
3= 176.33, p < 0.01) (12)

3.4. Effect of host-feeding on betilid efficacy

Population dynamics theory predicts that host-feeding para-
sitoids are unable to depress host population equilibria as strongly
as non-host-feeders (Jervis and Kidd, 1999). To examine this, we
evaluated the hypothetical absence of host-feeding in C. stephan-
oderis to determine its effect on its population dynamics and on the
reduction in CBB infested berries (Fig. 5) in Buenavista (Colombia).
Absent host-feeding, the number of parasitoids females seeking
hosts and their colonization of infested fruits increases (Fig. 5b and
c), and compared to the scenario with host feeding (Fig. 5a) results
in only a further 12.06% reduction in CBB berry infestation. On a
practical level, Gómez et al. (2012) proposed that feeding honey
to adult betilid females before augmentative release reduced host
feeding, but the small gain posited here would tend to negate the
usefulness of this practice.

4. Discussion

From a human perspective, control of coffee berry borer (CBB)
using effective augmentative and/or classical biological control is
desirable, but this outcome appears not to be possible in Central
and South America using the three commonly introduced para-
sitoids (C. stephanoderis, P. nasuta and P. coffea).  Of  these parasitoids,
only P. nasuta established in Colombia (Maldonado and Benavides,
2007), and only C. stephanoderis and P. nasuta established in Brazil
(Benassi, 2007). A fourth parasitoid, C. hyalinipennis was  considered
for introductions, but laboratory studies revealed it is a faculta-
tive predator and hyperparasite on immature stages of the other

betilids and conspecifics, it super parasitism of CBB larvae, and it
does not attack CBB adults (Pérez-Lachaud et al., 2002; Batchelor
et al., 2006). Our simulation results confirm the impact of these
detrimental effects.
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.1. Review of simulation results

.1.1. Establishment of parasitoids
We  sought to determine why the establishment of the parasitoid

pecies in the face of high CBB infestations in Colombia and Brazil
as been difficult, and why no combination of the parasitoids shows
romise for effective control of CBB. We  first review the simulation
esults and then relate them to ecological theory.

In sharp contrast to what is observed in the field, we assumed
hat all of the parasitoids established in the field and are attack-
ng CBB and interacting with each other. This discrepancy with the
acts suggests deficiencies in our knowledge of the biology of the
pecies, and the omission in the model of the limiting effects of

arvesting, crop management and cultural controls, and alternate
osts. For these reasons, our analysis of the parasitoids for control
f CBB must be viewed as heuristic. Earlier simulation results by
utierrez et al. (1998) and here suggest that only the eulophid adult
lombia (Buenavista) (a,b,c) and Brazil (Londrina) (d,e,f). The results shown are for
ipennis, Pn = P. nasuta, Pc = P. coffea (black filled area). Plots are based on one climate

endo-parasitoid (P. coffea) can reduce CBB populations significantly
but not sufficiently.

Unlike the betilids, P. coffea attacks multiple CBB females as they
are boring into coffee berries and effectively stops CBB reproduc-
tion. Furthermore, P. coffea does not host-feed on siblings, allowing
rapid growth of its populations during the berry-ripening period.
Studies with P. coffea in Costa Rica and Mexico using sleeve and
field cages support our simulation results. In Costa Rica, Espinoza
et al. (2009) released a 1:10 ratio of P. coffea adults to CBB infested
berries in entomological sleeves and obtained 95% parasitization
of CBB adults and a 3 − 5.6 fold decrease in berry damage. In a
similar study in México, Infante et al. (2013) obtained P. coffea para-
sitism rates of 79%. Unfortunately, cage results cannot be compared

with open field releases such as those of Castillo et al. (2006) who
obtained a very low progeny from the original number of female
adults liberated. In a two year survey of CBB parasitoids in Western
Kenya, only 17 P. coffea adults were reared from 69,500 CBB infested
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Table 5
Percentage reduction in the number of adult betilid parasitoids (first column) with two, three and four species interactions in Colombia. Only significant relationships were
included in regressions (ns = not significant) (Cs = Cephalonomia stephanoderis,  Ch = Chyalinipennis, Pn = Prorops nasuta, Pc = Phymastichus coffea).

Two species interactions

Parasitoids Cs Pn Ch Pc

Cs – 32.21 ns 93.67
Pn  59.13 – 73.50 91.99
Ch  75.12 ns – 95.33

Three species interactions

Parasitoids Cs + Ch Cs + Pn Cs + Pc Ch + Pn Ch + Pc Pn + Pc

Cs – – – ns ns 95.71
Pn  89.17 – 96.73 – 97.88 –
Ch  – ns 98.83 – – ns

Four  species interactions

Parasitoids Cs + Ch + Pn Cs + Ch + Pc Cs + Pn + Pc Ch + Pn + Pc

Cs – – – ns
Pn  – 99.13 – –
Ch  – – ns –

Table 6
Percentage reduction in the number of adult betilid parasitoids (first column) with two, three and four species interactions in Londrina, PR, Brazil. Only significant relationships
were  included in the regressions (ns = not significant) (Cs = Cephalonomia stephanoderis,  Ch = Chyalinipennis, Pn = Prorops nasuta, Pc = Phymastichus coffea).

Two species interactions

Cs Pn Ch Pc

Cs – 37.49 23.10 53.81
Pn  53.55 – 50.29 47.23
Ch  58.19 36.53 – 55.43

Three species interactions

Parasitoids Cs + Ch Cs + Pn Cs + Pc Ch + Pn Pn + Pc Ch + Pc

Cs – – – 51.93 71.13 64.48
Pn  82.20 – 75.49 – - 73.77
Ch  – 73.46 81.36 – 71.71 –

Four  species interactions

Parasitoids Cs + Ch + Pn Cs + Ch + Pc Cs + Pn + Pc Ch + Pn + Pc

Cs – – – 77.80
Pn  – 90.61 – –
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Ch  – – 

erries (Jaramillo et al., 2009b). These differences in the field stud-
es suggest that crop management, harvest intensity, weather and
ther unexplored factors must play large roles that will be explored

n a forthcoming report.

.1.2. Low reproductive capacity of the betilid parasitoids relative
o CBB

Gutierrez et al. (1998) found that the betilids released singly or
n combination assuming high immigration and search rates gave
oor control of CBB. They attributed the result to a low numerical
arasitoid response relative to CBB as each betilid female colonizes
nly one berry and only partial mortality of the available hosts may
ccur. Our results confirm this interpretation. Further, the oviposi-
ion rate of betilids estimated from field data (Benassi, 2007) ranged
rom 0.055 to 0.076 eggs·female−1·dd−1 which is about six fold
ower than the oviposition rate of 0.348 eggs CBB female−1·dd−1

Jaramillo et al., 2009a). In addition, host-feeding by betilid adults

n CBB eggs and larvae is common and reduces the future availabil-

ty of preferred stages for parasitism. Under laboratory conditions,
. stephanoderis females fed honey had 80% greater longevity and
ecreased host feeding, and this practice has been proposed to
88.17 –

improve the survival in the field after release and to improve con-
trol of CBB, especially when preys are scarce (Gómez et al., 2012).
Our simulation results suggest this practice would not significantly
reduce CBB infestations (Fig. 2).

4.1.3. Phenological mismatches with CBB life stages
In Colombia, high densities of betilid females emerge at the end

of the berry ripening seasons when CBB infested berries are in short
supply. Thus, despite predicted high parasitization rates, a bottle-
neck occurs between harvests that reduces adult betilid densities to
levels that are slow to rebuild in the face of rapidly increasing CBB
populations. This result was verified by Benassi (2007) in the states
of Espiritu Santo and São Paulo, Brazil who observed that low densi-
ties of wasps at the beginning of the harvest period required several

months to increase significantly. Benavides et al. (1994, 1998) sug-
gested that parasitoid releases should be made during the middle
of the ripening season, but high CBB damage rates normally occur
by this time.
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.1.4. Negative effects of intra guild competition among betilid
arasitoids

Laboratory studies by Infante et al. (2001), Pérez-Lachaud et al.
2002, 2004) and Batchelor et al. (2005, 2006) suggest that the
et effect of competitive interactions between betilid parasitoids

s antagonistic rather than synergistic. This was  confirmed by
utierrez et al. (1998) and our studies. Espinoza et al. (2009) pro-

osed a complementary effect between the action of the betilids
nd P. coffea,  but Gutierrez et al. (1998) and our results suggest
he opposite as P. coffea greatly reduces the supply of hosts for the
etilids by killing CBB females before they can reproduce
ost-feeding (− − − −) by C. stephanoderis:  (a) number of CBB infested berries; (b)
king hosts.

4.1.5. Factors affecting P. coffea establishment
Simulation results suggest that the eulophid P. coffea is poten-

tially the most effective parasitoid for the control of CBB. However,
in the field its efficacy can be strongly reduced by the fungal
pathogen Beauveria bassiana (Castillo et al., 2009) and by insecti-
cide use that appears to have a negative effect on the ongoing efforts
to maintain high field populations of P. coffea in México (Barrera,

2005; Gómez et al., 2011). In Colombia, P. coffea population lev-
els rapidly decreased in all farms after initial releases (Aristizábal
et al., 2004; Salazar et al., 2007), and it is not known whether the
parasitoid is established.
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.2. Ecological theory

Whatever strategy a species evolves, it must assure its con-
inuity in time, and hence its traits must assure “adaptedness”
o the biotic and abiotic conditions to minimize the likelihood of
xtinction (sensu Ayala, 1969). Further, Gutierrez and Regev (1983,
005) proposed that evolved strategies may  have little to do with
aximizing the commonness of the species in the environments.

ather, adapted individuals and the species they comprise must
ia their genetics, take a long-term view of their resource man-
gement problem, and that tradeoffs are based on sufficiency or
onstrained optimization behavior rather than maximization rules.
n the theoretical r-K continuum (Pianka, 1970), coffee and CBB
ave r-selected strategies, while the parasitoids have intermediate
nes.

The well-documented biology of coffee, CBB and its parasitoids
uggests that poor control of CBB is not unexpected because cof-
ee is a long-lived shrub that produces high numbers of fruit, and
ew seeds need survive CBB attack to provide replacements (c.f.,
utierrez and Regev, 1983). Furthermore, CBB is polyphagous in its
ome range in Africa with coffee being but one of its hosts (Vega
t al., 2012). Similarly, the linkages of the parasitoids to CBB are not
articularly tight (Vega et al., 2012) because the parasitoids also
ave other hosts (Pérez Lachaud and Hardy, 2001) and CBB and the
arasitoids spread the risk of extinction through polyphagy (c.f.,
oer, 1968). As a result, little by way of regulation of CBB occurs
esulting in high infestation levels in coffee in the Americas and in
ts native range in Africa. According to Kucel et al. (2008), severe
nfestation of up to 80% of berries occurs in Uganda and Ivory Coast,
nd 96% in Congo and Tanzania. In Kenya, Jaramillo et al. (2009b)
eported infestations ranging between 60 and 91% of berries on the
lant and 44–84% of shed berries on the ground. Given the lack of
ontrol of CBB by parasitoids, cultural controls need to be devel-
ped to control CBB infestation levels as explored in a forthcoming
aper.

. Conclusions

CBB in coffee is not effectively regulated by the action of para-
itoids, the establishment of which in new world coffee has often
roven difficult. In our studies, the interactions of coffee system
omponents were captured using the physiologically based demo-
raphic modeling (PBDM) approach (Gutierrez and Baumgärtner,
984; Gutierrez et al., 1998). Control of CBB by augmentative
eleases of parasitoids (e.g., C. stephanoderis, P. nasuta and P. coffea)
n the Americas is neither effective nor stable, and the introduc-
ion of the additional betillid parasitoid C. hyalinipennis is predicted
o be detrimental. P. coffea can provide substantial but insufficient
ontrol in zones with narrow flowering periods that concentrate
he harvests period (e.g., Londrina, PR, and Brazil). Furthermore,
he P. coffea is highly susceptible to the fungal pathogen Beauveria
assiana and insecticide, and its establishment is uncertain. Hence,
ultural controls appear to be the only viable option for control of
BB, and will be explored in a forthcoming paper.
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