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        Introduction 

 Highland coffee  Coffea arabica  L. is an important cash crop 
in several tropical developing countries and is traditionally 
grown in shaded agroforests in most of tropical America 
( Perfecto  et al. , 1996; Moguel & Toledo, 1999 ). These coffee 
agroecosystems have been recognized as important areas 
for biological diversity conservation owing to its complex 

vegetation structure and high plant diversity ( Perfecto  et al. , 
2003; Pineda  et al. , 2005; Tylianakis  et al. , 2005; Gordon 
 et al. , 2007; Lozada  et al. , 2007 ). 

 Coffee agroforestry systems differ in amount of shade, 
which is dependent on shade tree diversity and density 
( Moguel & Toledo, 1999; Klein  et al. , 2002a; Lozada  et al. , 
2007 ). Management of vegetational diversity affects abiotic 
variables such as temperature and relative humidity which 
in turn affect arthropod population dynamics in agroecosys-
tems ( Risch, 1980; Prischmann  et al. , 2005; Barbar  et al. , 
2006; Teodoro  et al. , 2008 ). 
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  Abstract   1  Management of vegetational diversity in agroecosystems is a potentially regulat-
ing factor of pest population dynamics and may affect developmental stages in 
different ways. 

  2  We investigated the population dynamics of red spider mites, coffee leaf miners, 
and coffee berry borers in three management types of coffee agroforests: increas-
ing plant diversity from a few shade tree species (simple-shade agroforests), inter-
mediate-shade tree species (complex-shade agroforests) to high-shade tree species 
(abandoned coffee agroforests) in Ecuador. Furthermore, we studied how changes 
in agroforestry management affect population stage structure of each coffee pest. 

  3  Our results show that agroforestry management affected seasonal patterns of cof-
fee pests in that higher densities of red spider mites were observed from August 
to December, coffee leaf miners from December to February, and coffee berry 
borers from May to July. Moreover, specific developmental stages of red spider 
mites, coffee leaf miners, and coffee berry borers differed in their responses to 
agroforestry management. During all stages, red spider mite reached higher den-
sities in simple-shade agroforests compared with complex-shade and abandoned 
agroforests. Meanwhile, coffee leaf miner densities decreased from simple-shade 
to complex-shade and abandoned agroforests, but only for larvae, not pupae. 
Similarly, only coffee berry borer adults (but not eggs, larvae and pupae) demon-
strated a response to agroforestry management. Environmental variables charac-
terizing each agroforestry type proved to be important drivers of pest population 
densities in the field. 

  4  We emphasize the importance of considering seasonal differences and population 
structure while investigating arthropod responses to different habitat types 
because responses change with time and developmental stages.  
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 Although several studies have investigated the effects of plant 
management in agroecosystems on arthropod population 
dynamics, very few studies have addressed how specific 
arthropod developmental stages respond to vegetational 
management (but see  Harmon  et al. , 2003 ). Arthropod devel-
opmental stages may differ in their responses to agroecosys-
tem management ( Harmon  et al. , 2003 ). In this study, we 
investigated how agroforestry management affects the popu-
lation dynamics of three major arthropod coffee pests, 
namely, red spider mites, coffee leaf miners, and coffee berry 
borers over time in a coffee-growing region in Ecuador. 
Moreover, we tested how different pest developmental stages 
respond to agroforestry management. 

 We asked the following questions: 
  1  Does agroforestry management type (i.e. simple shade, 

complex shade, and abandoned coffee agroforests) affect 
population dynamics of coffee pests over time? We predicted 
that coffee pests would attain higher population densities in 
more intensively managed agroforests. 

  2  Does agroforestry management affect the population 
stage structure of coffee pests? We hypothesized that some 
developmental stages might be more sensitive than others to 
vegetational management.  

  Materials and methods 

  Study system 

 The red spider mite  Oligonychus ilicis  McGregor (Acari: 
Tetranychidae), the coffee leaf miner  Leucoptera coffeella  
Guérin-Méneville (Lepidoptera: Lyonetiidae), and the coffee 
berry borer  Hypothenemus hampei  Ferrari (Coleoptera: 
Curculionidae: Scolytinae) are the main coffee pests in tropical 
America ( Le Pelley, 1973; Reis & Souza, 1986 ). Colonies of red 
spider mites are found on the upper leaf surface, which may 
drop prematurely during heavy infestations ( Reis & Souza, 
1986 ). Red spider mites build up larger population densities dur-
ing the dry season resulting in a reduction in photosynthesis rate 
( Fahl  et al. , 2007 ) whereas densities are drastically reduced in 
the rainy season as a consequence of rainfall washing off mite 
colonies on leaves ( Reis & Souza, 1986 ). Coffee leaf miners are 
monophagous on  Coffea  spp. feeding in the parenchyma of the 
leaves ( Le Pelley, 1973 ) and cause a reduction in their photosyn-
thetic area and premature defoliation ( Reis & Souza, 1986 ). The 
coffee leaf miner is the major coffee pest in Brazil and is widely 
distributed throughout tropical America ( Vega  et al. , 2006 ). The 
coffee berry borer is a beetle considered as the most serious cof-
fee pest worldwide ( Murphy & Moore, 1990 ). Both adult and 
larval stages feed inside coffee berries, affecting the quality and 
reducing yields ( Le Pelley, 1973 ). The coffee berry borer is na-
tive to Africa and is now present in almost all coffee-producing 
regions of the world, threatening millions of smallholder farmers 
whose subsistence depends on coffee ( Vega  et al. , 2006 ).  

  Study region and site description 

 The study was carried out on private farms located in the cof-
fee-growing region of Jipijapa (1°19 � 60 ″ S, 80°34 � 60 ″ W), 

province of Manabi, Ecuador. The study region is dominated 
by coffee, pasture, and annual crops ( Segarra, 2004 ) and has 
an altitudinal range from 108 to 466   m above sea level, a mean 
monthly temperature ( ± SE) of 25.66    ±    0.06°C and an average 
monthly rainfall of 115.99    ±    35.09   mm. The rainy season 
begins in December and finishes in May ( Tylianakis  et al. , 
2005 ). The natural vegetation is a semi-deciduous forest and 
coffee is traditionally cultivated by small-scale producers 
under a diverse canopy of shade trees. The original vegetation 
has been converted to agriculture, predominantly coffee agro-
forests, which often have sharp borders with other land-use 
types such as cattle pasture, annual crops, and forest 
remnants. 

 We selected three agroforestry types according to local man-
agement: simple-shade agroforests (managed with 4 – 9 shade 
tree species, simple vertical structure, tree diversity regulated 
to reduce excessive shading and understorey relatively open, 
eight study sites), complex-shade agroforests (managed with 
9 – 12 shade tree species, complex vertical structure, eight study 
sites), and abandoned coffee agroforests (abandoned for 10 – 15   
years owing to low economic returns and currently resembling 
secondary forests, 14 – 20 shade tree species, forest regenera-
tion and only few old coffee plants remaining, six study sites) 
totaling 22 study sites ( Teodoro  et al. , 2008 ). The management 
of simple-shade and complex-shade agroforests depends on in-
dividual farmer experience and includes hand-weeding once or 
twice per year and coffee harvest. No agrochemicals were used 
in any study sites, which were located at least 2   km apart. 
The size of coffee farms ranged from 0.7 to 2 hectares. The 
three agroforestry types were characterized based on correla-
tions between abiotic (temperature and relative humidity) and 
biotic (canopy cover, tree diversity and coffee density) envi-
ronmental variables recorded in all study sites. During an en-
tire year, temperature and relative humidity were recorded 
monthly under standardized conditions (on sunny days be-
tween 10.00 – 15.00) after placing a digital thermohygrometer 
on the ground for 10   min. Canopy cover (%) was estimated by 
eye twice (in September 2004 during the dry season and in 
January 2005 during the wet season) and coffee shrub density/
ha was counted once in all study sites. In all study sites, tree 
species were recorded in a series of nine quadrats (10    ́     10   m) 
( Lozada  et al. , 2007 ), and the Shannon-Wiener index was cal-
culated as a measurement for tree diversity. Simple-shade and 
complex-shade agroforests had higher temperature ( F  2,19 =8.91, 
 P    <   0.01  ) and coffee density ( F  2,19 =20.49,  P    <   0.0001) com-
pared with abandoned coffee agroforests. In contrast, higher 
values of relative humidity ( F  2,19 =10.36,  P    <   0.001) were found 
in abandoned agroforests compared with simple-shade and 
complex-shade agroforests. Abandoned agroforests had the 
highest values of canopy cover ( F  2,19 =17.89,  P    <   0.0001) and 
tree diversity ( F  2,19 =63.42,  P    <   0.0001), while complex-shade 
and simple-shade had intermediate and lowest, respectively 
(data not shown).  

  Red spider mite and coffee leaf miner surveys 

 In all study sites, we sampled red spider mites and coffee leaf 
miners over time to assess seasonal population dynamics and 
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stage structure changes in relation to agroforestry 
management. 

 In each study site, we randomly chose 20 coffee plants lo-
cated at least 5   m away from habitat boundaries to avoid edge 
effects and evaluated 120 leaves (six per plant, two from the 
top, two from the middle, and two from the base) at monthly 
intervals during a whole year (from August 2004 to July 
2005). Only fully developed leaves from the second and third 
internodes from shoot tip were taken. In each survey, all de-
velopmental stages of red spider mites (i.e. eggs, larvae, 
nymphs, and adults) and two developmental stages of coffee 
leaf miners (i.e. larvae and pupae) were recorded using a bin-
ocular microscope (Stemi SV 11; Zeiss, Jena, Germany  ). We 
averaged densities of red spider mites and coffee leaf miners 
on a per-site basis.  

  Coffee berry borer survey 

 Coffee berry borers were surveyed in the three manage-
ment types of agroforests during the 6-month coffee pro-
duction period in 2005 (from February to July). In each 
evaluation, 10 coffee plants per study site located at least 
5   m away from habitat boundaries were randomly chosen 
and 60 fruits per plant were collected (20 from each part, 
i.e. top, medium, and bottom). Care was taken to collect 
only well-developed unripe and ripe coffee fruits as small 
berries are not a suitable substrate for the development of 
coffee berry borers. Overripe berries were not sampled in 
our study. The fruits were opened and the number of all de-
velopmental stages of coffee berry borers (i.e. eggs, larvae, 
pupae, and adults) was counted using a binocular micro-
scope. We averaged the number of coffee berry borers at 
each site.  

  Data analyses 

 Repeated measures  anovas  were used to examine the popu-
lation change of coffee pests in the three agroforestry man-
agement types over time. One-way  anovas  followed by 
post-hoc Fisher LSD tests were used to test differences be-
tween agroforestry management types on the number of pests 
within each month. 

 Using repeated measures  anovas  to remove variance ex-
plained by seasonal effects, we analyzed the influence of 
agroforestry management on population stage structure of 
each coffee pest. Post-hoc Fisher LSD tests were used to test 
the effect of agroforestry management on densities of each 
pest developmental stage. 

 Additionally, we tested the effects of measured environ-
mental variables on densities of red spider mites, coffee leaf 
miners, and coffee berry borers using general linear models 
(GLMs) on a per study site level, with agroforestry type as a 
random factor and each environmental variable as a continu-
ous variable. 

 Densities of coffee berry borers were log    +    1 transformed 
to achieve assumptions of a normal distribution. All analyses 
were performed using  statistica  7.0 ( StatSoft Inc., 
1984 – 2004 ).   

  Results 

  Seasonal population dynamics in relation to 
agroforestry management 

 The number of red spider mites per study site significantly 
varied throughout the season (   Fig.   1a ;  F  11,209    =   8.39; 
 P    <   0.0001). Overall, high densities of red spider mites were 
observed from August to December (dry season) but de-
creased rapidly in January probably as a result of heavy rains, 
remaining lower until July. More pronounced peaks of red 
spider mites in simple-shade agroforests throughout the year 
( Fig.   1a ) led to higher densities in this agroforestry type com-
pared with complex-shade and abandoned agroforests 
( F  2,19    =   4.45;  P    =   0.025). 

 Higher densities of coffee leaf miners were found between 
December and February with a sharp peak in January ( Fig.   1b ; 
 F  11,209    =   17.26,  P    <   0.0001). Furthermore, there was a signifi-
cant interaction between time and agroforestry type 
( F  22,209    =   1.77,  P    =   0.021) driven by a higher coffee leaf miner 
density in January in simple-shade agroforests ( Fig.   1b ). The 
number of coffee leaf miners per study site did not differ be-
tween simple-shade, complex-shade and abandoned coffee 
agroforests ( F  2,19    =   2.47,  P    =   0.111). 

 Coffee berry borer densities increased significantly in sim-
ple-shade and complex-shade agroforests throughout the cof-
fee-growing season ( Fig.   1c ), leading to higher densities in 
these agroforestry types than in abandoned coffee agroforests 
( F  2,19    =   4.21,  P    =   0.030). Also, the number of coffee berry bor-
ers per study site varied over the season ( Fig.   1c ;  F  5,95    =   4.51, 
 P    =   0.0009).  

  Population stage structure in respect to 
agroforestry management 

 Red spider mite population stage structure was affected by 
agroforestry management. Densities of all developmental 
stages of red spider mites per study site were higher in sim-
ple-shade agroforests compared with complex-shade and 
abandoned coffee agroforests (   Fig.   2a ; eggs:  F  2,41    =   10.12, 
 P    <   0.001; larvae:  F  2,41    =   8.92,  P    <   0.001; nymphs:  F  2,41    =   7.64, 
 P    =   0.001; adults:  F  2,41    =   5.14,  P    =   0.01). 

 Densities of coffee leaf miner larvae per study site were 
affected by agroforestry management, with higher densities 
in simple-shade agroforests compared with abandoned cof-
fee-agroforests, although there were no significant differ-
ences in the number of larvae between simple-shade and 
complex-shade agroforests ( Fig.   2b ;  F  2,41    =   4.98,  P    =   0.011). 
However, densities of coffee leaf miner pupae per study site 
did not differ between agroforestry types ( Fig.   2b ;  F  2,41    =   0.29; 
 P    =   0.748). The number of coffee leaf miner larvae that trans-
formed into pupae was reduced in all agroforestry types, em-
phasizing the great mortality inflicted mainly by natural 
enemies and environmental variables during this develop-
mental stage. 

 Coffee berry borer adults responded differently to agrofor-
estry management. The number of adult coffee berry borers 
per study site was higher in simple-shade and complex-shade 
agroforests compared with abandoned coffee agroforests 
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( Fig.   2c ;  F  2,19    =   4.45,  P    =   0.024). The remaining developmen-
tal stages of coffee berry borers did not respond to agrofor-
estry management ( Fig.   2c ; eggs:  F  2,19    =   2.64,  P    =   0.096; 
larvae:  F  2,19    =   2.30,  P    =   0.127; pupae:  F  2,19    =   1.35,  P    =   0.282).  

  Relationships between environmental variables 
and pest densities 

 Densities of coffee pests were affected by environmental 
habitat variables. Red spider mite density increased with 
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     Figure   2     Population structure of: (a) red spider mites (eggs, larvae, 
nymphs, and adults), (b) coffee leaf miners (larvae and pupae), and 
(c) coffee berry borers (eggs, larvae, pupae, and adults) per study 
site in relation to agroforestry management, i.e. simple-shade 
agroforests, complex-shade agroforests, and abandoned coffee 
agroforests. Means    +    SE are shown. Different letters indicate significant 
differences of each pest developmental stage between agroforestry 
management types based on the post-hoc Fisher LSD test ( P    <   0.05).   
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     Figure   1     Seasonal changes in the number of: (a) red spider 
mites, (b) coffee leaf miners, and (c) coffee berry borers per study 
site in relation to agroforestry management, i.e. simple-shade 
agroforests, complex-shade agroforests, and abandoned coffee 
agroforests. Means    ±    SE are given and all developmental stages 
are pooled. Asterisks represent significant differences between 
agroforestry management types based on one-way  ANOVAS  with 
post-hoc Fisher LSD tests within each month ( P    <   0.05).   
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temperature ( F  1,260    =   13.13,  P    =   0.005,  R  2    =   0.09), decreased 
with relative humidity ( F  1,260    =   30.67,  P    <   0.0001,  R  2    =   0.15), 
tree diversity ( F  1,18    =   5.41,  P    =   0.03,  R  2    =   0.32), and canopy 
cover ( F  1,18    =   5.22,  P    =   0.03,  R  2    =   0.32), and was not correlated 
with coffee density ( F  1,18    =   2.88,  P    =   0.06,  R  2    =   0.32). Densities 
of coffee leaf miners were negatively related to relative hu-
midity ( F  1,260    =   10.79,  P    =   0.001,  R  2    =   0.04) and canopy cover 
( F  1,18    =   10.33,  P    =   0.04,  R  2    =   0.23), positively related to tem-
perature ( F  1,260    =   16.11,  P    <   0.001,  R  2    =   0.05), and not related 
to tree diversity ( F  1,18    =   1.39,  P    =   0.40,  R  2    =   0.23) and coffee 
density ( F  1,18    =   1.72,  P    =   0.197,  R  2    =   0.22). Densities of coffee 
berry borers (log    +    1 transformed data) were positively cor-
related with temperature ( F  1,128    =   4.09,  P    =   0.04,  R  2    =   0.19), 
negatively correlated with tree diversity ( F  1,18    =   8.36, 
 P    =   0.009,  R  2    =   0.39), and not related to relative humidity 
( F  1,128    =   3.46,  P    =   0.06,  R  2    =   0.19), canopy cover ( F  1,18    =   2.44, 
 P    =   0.13,  R  2    =   0.34), and coffee density ( F  1,18    =   1.07,  P    =   0.382, 
 R  2    =   0.15).   

  Discussion 

 Over time, agroforestry management affected population dy-
namics of coffee pests. Furthermore, specific developmental 
stages of coffee pests responded differently to agroforestry 
management. 

 The three coffee pests showed different patterns of sea-
sonal population dynamics according to agroforestry man-
agement. Red spider mites reached higher peaks throughout 
time in intensively managed, lower vegetational diverse sim-
ple-shade agroforests compared with complex-shade and 
abandoned coffee agroforests resulting in higher population 
densities in this agroforestry type. This pattern was consist-
ent with higher densities of all developmental stages of red 
spider mites in simple-shade agroforests compared with the 
other two agroforestry types ( Fig.   2a ). The effects of vegeta-
tional management on dynamics of red spider mites are in 
agreement with results of  Prischmann  et al.  (2005),  who 
found that low- and high-input grapevine agroecosystems 
had the greatest densities of the three tetranychid mites than 
non-managed ones. 

 Coffee leaf miners showed a significant interaction between 
time and agroforestry type, in that more coffee leaf miners 
were found in January during the rainy season in simple-shade 
agroforests than in complex-shade and abandoned agroforests 
( Fig.   1b ). During the rainy season in the region, coffee leaf 
miners increased from December to February and showed a 
unimodal population fluctuation with a peak in January. 
Similar results were found by  Nestel  et al.  (1994) , who inves-
tigated the role of shaded and unshaded coffee agroforests on 
population dynamics of coffee leaf miners in Mexico. They 
did not find any effects of agroforestry management on coffee 
leaf miner densities, but reported a significant time effect, 
with higher population densities between March and May. 
Additionally, coffee leaf miner larvae, but not pupae, re-
sponded to agroforestry management, with more larvae in 
simple-shade than in abandoned coffee agroforests ( Fig.   2b ). 

 The number of coffee berry borers increased over the cof-
fee growing season in simple-shade and complex-shade agro-

forests until the harvest in mid-July, but remained constant in 
abandoned coffee agroforests. Moreover, only adults of cof-
fee berry borers responded to agroforestry management, with 
more individuals in simple and complex shade than in aban-
doned agroforests ( Fig.   2c ). Berry ripeness is known to influ-
ence coffee berry borer densities in the field, but in this study 
we collected only well-developed unripe and ripe coffee ber-
ries, avoiding small under-developed fruits which are a poor 
substrate for berry borers. Moreover, as our surveys lasted 
until the harvest we did not collect overripe berries, in which 
berry borers are reported to survive from 1 year to another in 
the field. 

 Interestingly, the stage structure of coffee pests was af-
fected by agroforestry management, highlighting that each 
pest developmental stage experiences and responds differ-
ently to the vegetational diversity and further related envi-
ronmental habitat variables acting at a local level. Similarly, 
management effects could be only shown in distinct months. 

 The three agroforestry types studied here differed in tem-
perature, relative humidity, canopy cover, tree diversity, and 
coffee density. Such environmental habitat variables are 
known to influence arthropod population parameters 
( Roininen  et al. , 1996; Yarnes & Boecklen, 2005; Hofmann & 
Mason, 2006 ). In this study, environmental variables charac-
terizing each agroforestry type proved to play a key role in 
influencing density patterns of coffee pests in the field. For 
instance, densities of red spider mites, coffee leaf miners, 
and coffee berry borers were generally positively influenced 
by temperature and negatively affected by relative humidity. 
Overall, pests built up higher populations in intensively man-
aged agroforests, which were characterized by higher tem-
perature and lower relative humidity values. Similarly, 
specific developmental stages of coffee pests generally at-
tained higher densities in more intensively managed agrofor-
ests. Therefore, the lower pest densities in more diverse, 
extensively managed agroforests are related to high vegeta-
tional diversity and complexity in these agroforestry manage-
ment types, which affect local environmental variables that 
in turn influence pest densities. This is in line with predic-
tions of lower pest densities in more diverse, vegetationally 
complex agroecosystems ( Root, 1973; Landis  et al. , 2000 ). 

 Top-down control carried out by natural enemies are im-
portant factors regulating pest population densities in the 
field ( Klein  et al. , 2002b ), but in another study carried out in 
the same study sites we found that natural enemies did not 
seem to play an important role in influencing coffee pest 
densities in the three agroforestry types. Densities of the two 
major natural enemies associated with red spider mites and 
coffee leaf miners in the region of study, the predatory mite 
 Amblyseius herbicolus  Chant (Acari: Phytoseiidae) and a eu-
lophid parasitoid (Hymenoptera: Eulophidae), respectively, did 
not differ between the three agroforestry types. Additionally, 
there was no important natural enemy such as parasitoids asso-
ciated with coffee berry borers in the study region (A. Teodoro, 
A.M. Klein & T. Tscharntke, unpublished data  ). 

 In conclusion, our results emphasize the importance of vege-
tational management in influencing coffee pest seasonal popula-
tion trends, with higher peaks being reached in more intensively 
managed agroforests. In addition, specific developmental 
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stages of each coffee pest responded to local vegetational 
management, so that intensive managed agroforests sup-
ported higher densities of coffee pests. However, effects were 
contingent on season and developmental stages. Environmental 
variables characterizing habitat types were important drivers 
of pest population densities in the field. In   order to under-
stand the outcome of agroforestry management on arthropod 
population parameters, you need to consider the season and 
population stage structure to avoid partially misleading con-
clusions, because responses change with season and develop-
mental stage.    
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