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Abstract Biodiversity may enhance and stabilise eco-

system functioning, but little evidence exists for diversity–

function relationships involving multitrophic interactions

in real landscapes. In multitrophic communities diversity

may vary at different trophic levels, with either synergistic

or antagonistic effects on ecosystem functioning. Intensi-

fication of land-use systems is often found to reduce

diversity, which in turn may lead to reduced associated

ecological functions in natural food webs, such as host-

parasite interactions. In this study we investigated the

relationship between the number of natural enemy and host

species and the mean rate and temporal variability of

parasitism (inverse of stability), along an intensification

gradient of coffee agroforests in Ecuador. We used stand-

ardised trap nests for bees and wasps and their natural

enemies in 14 agroforests, and evaluated these monthly

over a period of 17 months. We found that parasitism rates

of wasps and bees increased with increasing number of

enemy species and decreased with increasing number of

host species. Temporal variability in parasitism rates

decreased with increasing number of enemy species and

increased with temporal variability in enemy species

richness; however, these effects were restricted to wasp

hosts. Intensification of agroforests did not significantly

affect species richness of hosts or enemies or their relation

to parasitism and its temporal variability. We conclude that

high enemy diversity may enhance parasitism rates and that

high host diversity may provide resistance against con-

sumption. Furthermore, we show that a diverse and stable

enemy community may also have a stabilizing effect on

parasitism rates. However, these effects may be host-guild

specific, as these relations were restricted to wasps.

Keywords Land use � Biodiversity � Management �
Pollinator � Predator

Introduction

The worldwide anthropogenic modification of habitats

leads to a considerable loss of global and local biodiversity,

which in turn may significantly alter ecosystem functions,

including those important for human well-being (Daily

et al. 1997; Diaz et al. 2006). To understand the functional

consequences of species’ extinctions, several studies have

experimentally analysed the effects of diversity changes on

ecosystem functioning by artificially manipulating diver-

sity. These experiments were largely restricted to aquatic

systems or terrestrial plant communities and a single tro-

phic level (e.g. Tilman et al. 1996; Cardinale et al. 2008;

Schmid et al. 2009). Natural ecosystems, however, are built

of interactions across multiple trophic levels, which may

influence the relationship between diversity and ecosystem

function (Petchey et al. 2004; Thébault and Loreau 2006;
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Tylianakis et al. 2008). Diversity at one trophic level can

affect diversity and abundance at adjacent levels through

trophic interactions (Hooper et al. 2005; Thébault and

Loreau 2005; Long et al. 2007). Yet, the few studies that

have examined multitrophic interactions have mostly

investigated the effects of diversity changes at the con-

sumer level, while the diversity of prey has remained

unmanipulated (e.g. Cardinale et al. 2003; Larsen et al.

2005; Snyder et al. 2006; but see Montoya et al. 2003;

Gamfeldt et al. 2005). But changes in diversity, at both the

prey and consumer level, could affect ecosystem func-

tioning in a multitrophic system, either synergistically or

antagonistically (Srivastava and Vellend 2005). The liter-

ature on the relationship between diversity and ecosystem

functioning provides a broad theoretical framework for

biodiversity effects on multitrophic systems. However,

previous research has also examined the importance of

predator and parasitoid diversity for prey/host suppression

often in the context of biological pest control (Ehler 1992;

Sih et al. 1998; Briggs and Latto 2000; Straub et al. 2008).

In this context, diversity may also stabilise ecosystem

functioning in a multitrophic system (Srivastava and Vel-

lend 2005; Long et al. 2007) by reducing variability in

function over time. So far, few empirical results are

available on the stabilizing effect of diversity on ecosystem

functioning in non-experimental terrestrial multitrophic

systems (Hooper et al. 2005; Thébault and Loreau 2005,

2006, Tylianakis et al. 2008), although trophic interactions

can play an important part in community stability (Aoki

and Mizushima 2001).

Consequently, it remains unclear whether diversity–

function relationships experimentally found for single

trophic levels apply to multitrophic systems. From experi-

mental manipulations some evidence exists for a diversity–

function relationship in multitrophic systems, such as her-

bivore control by enemies (Snyder et al. 2006) or marine

microbial systems (Gamfeldt et al. 2005). However, empir-

ical results from terrestrial, multitrophic systems are lacking.

For example, land-use intensification, such as the conversion

from traditional agroecosystems to intensified monocultures

may change the diversity–function relationship. Environ-

mental changes may affect species in a non-random manner,

in contrast to the design of many experiments, but may select

for certain species traits (Srivastava and Vellend 2005), and

if the response traits are correlated with functional effect

traits (Larsen et al. 2005) or highly functional species go

extinct, then the effects of extinctions may differ from the

effects of diversity in experimental studies.

Tylianakis et al. (2006) analysed the diversity–function–

stability relationship in a multitrophic system of enemies

and hosts of different land-use types, forming a strong

gradient of anthropogenic modification from natural forests

to rice fields in an open, intensified agricultural matrix.

They found a strong diversity–function relationship, which

was constant across different land-use types, but land-use

intensification strongly affected diversity and abundance of

hosts and enemies, thereby indirectly affecting function

rates.

However, it is not yet known if these stabilizing effects

in parasitism can be also found in a single land-use system

with less variation in diversity than would be seen across a

land-use intensification gradient.

Traditional agroforests, such as diverse shaded coffee

systems, are known to contain a high diversity of many

taxa (Moguel and Toldeo 1999), and ecosystem function

rates similar to those of natural forests (Tylianakis et al.

2006). However, these systems are increasingly converted

to intensive sun monocultures or coffee managed under a

single shade tree species. Several studies show that inten-

sification of these systems significantly reduces their bio-

diversity (Mas and Dietsch 2003; Perfecto et al. 2003;

Armbrecht et al. 2005; Philpott et al. 2008; Vergara and

Badano 2008), which may also affect beneficial insects and

associated ecological functions and services (Klein et al.

2003; Klein et al. 2006; Vergara and Badano 2008).

Bees and wasps found in trap nests made of reed in-

ternodes belong mainly to the bee family Megachilidae

(leaf-cutting bees, larvae feed on pollen and nectar and can

act as pollinators); the wasp families are Eumenidae

(mason wasps, larvae feed mainly on various caterpillars

and some species on aphids and other arthropods),

Sphecidae (sand wasps, larvae feed on spiders), and

Pompiliidae (spider wasps, larvae feed on spiders) (Gath-

mann 1998; Tscharntke et al. 1998; Tylianakis et al. 2005;

Klein et al. 2006). Around 5% of all bees and wasps are

potential trap-nesting species (Gathmann 1998). Depend-

ing on the ecoregion, bees or wasps are the dominating

group in trap nests. In general, it seems that the proportion

of wasp- to bee-occupied brood cells is higher in tropical

compared to temperate regions (e.g. compare studies of

Tscharntke et al. 1998; Tylianakis et al. 2005; Klein et al.

2006).

Bees and wasps using trap nests are usually obligate

cavity nesters with a solitary life cycle (Gathmann 1998).

Depending on the climatic region, trap-nesting bees and

wasps can bear one to several generations per year. Both

functional groups are attacked by two groups of natural

enemies, parasitoids and kleptoparasites. Parasitoids are

mainly tiny wasps, e.g. of the families Braconidae, Chal-

cidoidae, Eulophidae, Ichneumonidae. The main parasitoid

species found in trap nests in Ecuador is a cosmopolitan,

gregarious ectoparasitoid Melittobia acasta (Walker) of the

family Eulophidae (Tylianakis et al. 2005, 2006). Domi-

nant kleptoparasites that do not directly feed on the bees

and wasps but on their food resources are cuckoo wasps

of the family Chrysididae. Besides the Hympenoptera,
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Diptera (bee flies, Bombyliidae and tachinid flies, Tachi-

nidae) and Coleoptera (Dermestidae, Meloidae, Mordelli-

dae) also feed on the larval food. Common kleptoparasites

of bees only are the cuckoo bees of the genus Coelioxys

(Tscharntke et al. 1998; Klein et al. 2006; Tylianakis et al.

2006).

We investigated multiple trophic levels in a coffee

agroecosystem to address these questions:

1. Is diversity related both to mean function rates and the

stability of an ecosystem function in a natural,

multitrophic system?

2. Do diversity changes at different trophic levels in a

multitrophic system have different effects on related

functions?

3. Does land-use intensification within one land-use type

alter these relationships?

To answer these questions we analysed the community

of trap-nesting bees and wasps and their parasitism rates

and temporal variability in parasitism rates (inverse of

stability) in 14 traditional agroforests that were specifically

chosen to represent a slight intensification gradient, from

coffee agroforests with low shade and tree diversity to

agroforests with high shade and tree diversity in coastal

Ecuador.

Materials and methods

Study area and sites

The study was carried out in the cantons of Jipijapa, Pajan,

and Noboa in Manabi, coastal Ecuador. The study area is

situated at 100–550 m a.s.l. (17 N546800m, E9849274m).

Annual rainfall is between 1,500 and 1,700 mm, and the

annual average temperature is 25�C. The dry season lasts

approximately from June until November. Numerous tra-

ditional coffee agroforests are distributed randomly over

the landscape, embedded in a mosaic of bushland, sec-

ondary forests, pastures, and other agricultural systems

such as arable crops (rice, maize). The coffee agroforests

consist of coffee planted under a community of various

shade tree species, including Leguminosae (Inga sp.), for-

est remnants or tree species that provide products for local

or market subsistence (e.g. fruits, construction materials or

timber). For our investigation we chose 14 of these tradi-

tional coffee agroforests differing in tree diversity (species

richness and Shannon diversity index) and light intensity,

thereby representing a slight intensification gradient

(Table 1). The distance between sites was always several

kilometres (outside of the dispersal range of bee or wasp

individuals), thereby reducing the potential for spatial

autocorrelation.

Habitat parameters

As indicators of habitat and land-use intensity change

between agroforests we assessed the two parameters tree

diversity (Shannon index) and incident light (light inten-

sity). We measured light intensity with a luxmeter (digital

light-gauge with four scopes from 0–1,999 W/m2; Mavo-

loux, Gossen) at the edges and in the middle of nine

10 9 10-m quadrants (placed in a 3 9 3 grid in the centre

of each site with a distance of 15 m between quadrants)

and outside the site under open sky to calculate the per-

centage of incident light in the systems. We sampled trees

in nine 10 9 10-m quadrants and recorded the number of

morphospecies and individuals. Because some tree species

were represented by only one or few individuals in a site,

we calculated the Shannon diversity index as a measure of

canopy tree diversity. Tree diversity and incident light

were not intercorrelated (r = -0.1731, P = 0.5541).

Table 1 shows the distribution of light intensity, tree spe-

cies richness, and tree diversity for each site.

Trap nests

We provided nesting opportunities for cavity-nesting bees

and wasps and their kleptoparasites and parasitoids (here-

after collectively ‘‘natural enemies’’) by establishing traps,

which consisted of plastic tubes filled with internodes of

reed (Arundo donax L. Poaceae) of different diameters (see

Tscharntke et al. 1998; Tylianakis et al. 2005). In each of

the 14 study sites we exposed ten traps, five at the

approximate layer of coffee shrubs (1.5 m above ground)

and the other five at the approximate height of the herb

layer (0.5 m above ground), because we initially also

Table 1 Sites and values for light intensity (mean value), number of

shade tree species, and shade tree diversity (Shannon diversity index)

Site number Light intensity (%) Tree species Tree diversity

1 20.7 14 0.72

2 36 6 0.33

3 66.88 9 0.49

4 18.05 12 0.83

5 35.5 10 0.8

6 36 5 0.22

7 46.6 12 0.94

8 17.75 10 0.91

9 32.62 12 0.73

10 38.6 8 0.62

11 60 9 0.85

12 18.1 6 0.5

13 25.9 9 0.83

14 21 9 0.82
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wanted to test for vertical spatial differences in diversity

and parasitism. Traps were hung in branches of coffee

shrubs or other shrubs or trees and remained in the field

continuously from June 2003 until November 2004. To

prevent ants from entering the traps we put sticky glue on

the suspension point. Each month we removed occupied

reeds and replaced them with empty ones of the same

diameter. We reared the occupied reeds in the laboratory

until the insects emerged. Insects were identified to sub-

family level following Goulet and Huber (1993) for wasps,

and Michener (2000) for bees. Genera and species were

partly identified by J. Gusenleitner and D. W. Roubik and

partly by the authors using keys or reference collections

from the Pontificia Universidad Católica del Ecuador.

Unidentified species were classified as morphospecies. We

noted the number and species of emerging individuals

(hereafter either wasp or bee ‘‘hosts’’), the number of brood

cells (individuals) for each wasp and bee morphospecies

(abundance), the number of parasitised brood cells, and the

number of enemy species and individuals.

Statistical analyses

All analyses were performed using Statistica 6.1 (StatSoft

2003). We calculated the proportion of brood cells

parasitised (hereafter ‘‘parasitism rate’’) for nesting wasps

and bees. As there was strong variation in either host or

enemy diversity and parasitism rates between months,

we calculated the mean of these variables per month

(n = 17 months). To assess temporal variability in para-

sitism rate and host and enemy diversity we calculated the

coefficient of variation (CV) across months for each of

these variables. With general linear models we tested the

different dependent variables as follows: species richness

of hosts was tested for a relationship with host abundance

and the two habitat parameters (light intensity and tree

diversity) and trap height. Species richness of enemies was

tested for a relationship with enemy abundance, species

richness and abundance of their hosts, and also habitat

parameters and trap height. Parasitism rate was tested for a

relationship with host and enemy diversity, their respective

abundance, the two habitat parameters and trap height.

Temporal variability in parasitism was tested for a rela-

tionship with host and enemy diversity and abundance and,

in a second model, for a relationship with temporal vari-

ability of host and enemy diversity. We used backward

stepwise elimination until only significant variables

remained in the model. When trap height had no effect on

the tested dependent variables we pooled data from the

different heights. To be conservative, we excluded zero

values for parasitism (and consequently enemy species

richness and abundance) from all analyses, as several zero

values for enemy diversity (and hence, parasitism rates)

could drive a positive slope to the diversity–parasitism

relationship by default. We tested for a normal distribution

of residuals and transformed variables if necessary to meet

the assumptions of the parametric tests. Proportion para-

sitism rates were arcsine square root transformed. For

plotting single relationships in models that included more

than one predictor variable we used the residuals to control

for the effect of the other variables in the model.

Results

In total 26 species nested in the traps, of which 11 were

solitary bee species (Apoidea) comprising 1,187 brood cells,

six were eumenid wasp species with 2,122 brood cells,

seven were sphecid wasp species with 505 brood cells, and

two were pompilid wasp species with 1,177 brood cells. We

found eight natural enemy species in 250 brood cells feeding

on wasp or bee larvae (parasitoids) or their food resources

(kleptoparasites). Five percent of all host individuals died

due to parasitism. Three enemy species were exclusively

found feeding on bees, three exclusively on wasps, and two

enemy species fed on both bees and wasps (Table 2).

Host and natural enemy diversity

Mean species richness was not correlated with light

intensity for wasps (r2 = 0.24, F1,13 = 3.74, P = 0.08),

bees (r2 = 0.12, F1,13 = 1.62, P = 0.23), or natural ene-

mies (r2 = 0.15, F1,13 = 2.19, P = 0.17). Similarly, shade

tree diversity had no significant effect on the species

richness of wasps (r2 = 0.05, F1,13 = 0.56, P = 0.47),

bees (r2 = 0.03, F1,13 = 0.31, P = 0.55), or natural ene-

mies (r2 = 0.04, F1,13 = 0.51, P = 0.49).

Parasitism rate

Mean parasitism rate increased with increasing species rich-

ness of natural enemies, and decreased with increasing species

richness of hosts (Fig. 1a, b), but was not related to their

abundances or to habitat parameters. Separation into bees and

wasps revealed similar patterns for both guilds. However, for

bees the overall model was not significant, presumably due to a

lower number of replicates (n = 10) (wasps, enemy richness

F1,13 = 5.79, P \ 0.05, host richness F = 9.41, P \ 0.05,

overall model r2 = 0.48, F1,13 = 5.24, P \ 0.05; bees, enemy

richness F1,13 = 5.49, P \ 0.05, host richness F1,13 = 5.4,

P \ 0.05, overall model r2 = 0.3, F1,13 = 3.37, P \ 0.1).

Temporal variability

Temporal (between month) variability in parasitism rate

decreased with increasing species richness of natural
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enemies (Fig. 2), and increased with variability in enemy

species richness (Fig. 3). It was not related to diversity or

abundance of hosts or to temporal variability of host

diversity. After separating wasps and bees into the two

guilds, it appeared that these patterns were caused by wasps

(relationship between temporal variability in parasitism of

wasps and enemy species richness r2 = 0.7, F1,13 = 29.33,

P \ 0.001; relationship between temporal variability in

wasp parasitism and temporal variability in enemy rich-

ness r2 = 0.94, F1,13 = 197.66, P \ 0.0001). Temporal

Table 2 Natural enemy species

associated with their host

species

B Bees, W wasps

Enemy family Enemy species Host species Host guild

Bombyliidae Bombyliidae gen. sp. Centris sp. B

Apidae gen. sp. B

Megachilidae Coelioxys sp. 1 Megachile sp. 1 B

Neofidelia sp. B

Tetrapedia sp. B

Megachilidae Coelioxys sp. 2 Megachile sp. 1 B

Meloidea Meloidae gen. sp. Pseudodynerus sp. W

Ichneumonidae Phygadeuontinae gen. sp. Trypoxylon sp. W

Pseudodynerus sp. W

Chrysididae Chrysis sp. Pompilidae Gen sp. 1 W

Monobia angulosa W

Pompilidae gen. sp. 2 W

Pseudodynerus sp. W

Leucospididae Leucospis sp. Megachile sp. 1 B

Neofidelia sp. B

Tetrapedia sp. B

Centris sp. B

Eumeninae gen. sp. 1 W

Pseudodynerus sp. W

Eulophidae Melittobia acasta Neofidelia sp. B

Tetrapedia sp. B

Megachile sp. 1 B

Eumeninae gen. sp. 1 W

Zeta sp. W

Sphecidae gen. sp. 1 W

Sphecidae gen. sp. 2 W

Monobia angulosa W

Pompilidae gen. sp. 2 W

Pseudodynerus sp. W

Eumeninae gen. sp. 2 W

BA
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Fig. 1 Relationship between mean parasitism rate per month and a
mean species richness of natural enemies per month (F1,13 = 5,83,

P \ 0.05) and b mean species richness of hosts per month

(F1,13 = 8.91, P \ 0.05). The overall model with host and enemy

richness was significant (F1,13 = 4.86, r2 = 0.46, P \ 0.05). Resid-

uals are taken after removing the effects for a host and b natural

enemy species richness
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variability in the parasitism rate of bees was significantly

positively related to the abundance of enemies attacking

bees (r2 = 0.54, F1,13 = 11.6, P \ 0.01), but not to their

species richness (r2 = 0.25, F1,13 = 3.36, P = 0.10), nor

to temporal variability in enemy richness (r2 = 0.04,

F1,13 = 0.46, P = 0.52).

Temporal variability in species richness and abundance

was significantly higher for host bees than for wasps (spe-

cies richness P \ 0.0001, F1,13 = 30.93; mean CV bee host

species 107.39 ± 36.06; mean CV wasp host species

64.95 ± 12.1; abundance P \ 0.05, F1,13 = 7.05; mean

CV bee host abundance 147.23 ± 32.5; mean CV wasp host

abundance 107.7 ± 42.73), but temporal variability in

enemy richness and temporal variability in parasitism rate

did not differ between wasps and bees. Temporal variability

in the diversity of enemies attacking wasps was not related

to temporal variability of host wasp diversity (r2 = 0.07,

F1,13 = 0.99, P = 0.34), but temporal variability in the

diversity of enemies attacking bees was significantly posi-

tively related to temporal variability in diversity of bee

hosts (bees: r2 = 0.51, F1,13 = 10.49, P \ 0.01).

Discussion

Parasitism rates of cavity-nesting wasps and bees were

found to be positively related to the diversity of their

natural enemy species. In addition, parasitism rates of

wasps and bees were significantly negatively related to the

number of wasp and bee species but not to their abun-

dances. The results of a positive relationship between

enemy diversity and parasitism support theoretical and

experimental evidence for a diversity–function relationship

in multitrophic systems (e.g. Cardinale et al. 2003; Gam-

feldt et al. 2005; Ives et al. 2005; Tylianakis et al. 2006).

The general mechanisms driving positive biodiversity–

function relationships range from complementarity in niche

use between functional groups or species, facilitation by

interspecific interactions between functional groups or

species, to sampling effects (Hooper et al. 2005; Klein

et al. 2008). An increase in parasitism rate may be attrib-

uted to niche complementarity among natural enemy spe-

cies, by increasing host resource partitioning (Lehman and

Tilman 2000; Long et al. 2007; Casula et al. 2006). Most

enemy species fed on no more than one to six wasp or bee

host species. Therefore an increased number of enemy

species should have resulted in an enhanced overall con-

sumption (Lehman and Tilman 2000). The only exception

was a gregarious parasitoid species (Melittobia acasta)

feeding on 13 different host species (11 wasps and two

bees). Further, functional diversity of enemies, including

differences between solitary and gregarious parasitoids and

kleptoparasites, may have increased consumption rates.

A negative relationship between parasitism and host

diversity was also found, thereby showing that the diver-

sity–function relationship may be driven by diversity at

more than one trophic level (Hooper et al. 2005). A high

number of host wasp and bee species may have decreased

their rate of parasitism by enemies. Higher host diversity

can imply an increased number of inedible species, thereby

reducing overall consumption effects and increasing

resistance against parasitism (Hillebrand and Cardinale

2004). Resource concentration in the density of hosts

seems not to lead to a positive diversity–parasitism rela-

tionship in this study as host abundance was not related to

overall parasitism rates. In general, the results confirm the

study of Tylianakis et al. (2006) which was conducted in

the same study area but in different study sites comprising

a broader land-use gradient compared to this study, which

comprised a finer gradient in only one agricultural system

(coffee agroforestry). Hence, positive diversity–parasitism

relationships may be a general ecological phenomenon in

natural bee and wasp communities and can be found in and

between habitat types.

The results also support the expectation that diversity

can stabilise ecosystem functioning (Lehman and Tilman

2000) in multitrophic systems, as temporal variability of

wasp parasitism rates decreased with increasing species

richness of enemies. These results differ from those found

by Rodrı́guez and Hawkins (2000), who did not find such
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Fig. 2 Relationship between temporal (between-month) variability of

parasitism rate [expressed by the coefficient of variation (CV)] and

mean species richness of natural enemies per month (F1,13 = 13.77,

r2 = 0.53, P \ 0.01)
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Fig. 3 Relationship between temporal (between-month) variability

(CV) of parasitism rate and temporal variability (CV) of parasite

species richness (F1,13 = 64.27, r2 = 0.82, P \ 0.0001)
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stabilizing effects of diversity in a natural enemy com-

munity that was, in contrast to this study, functionally

extremely homogeneous. Because different species may

respond differently to environmental changes, a diverse

and functionally heterogeneous predator community may

ensure a stable ecosystem function, such as predation over

time, by compensating for species losses in temporarily

less favourable environmental conditions (Tilman and

Downing 1994; Lehman and Tilman 2000; Winfree and

Kremen 2009). Thereby, biodiversity acts as a biological

insurance for ecosystem processes (Thébault and Loreau

2005). However, the number of enemy species was not

related to temporal variation in bee parasitism. This may be

linked to the relatively high variability in bee host species

richness and abundance in comparison to wasp hosts,

which in turn may be caused by the high temporal vari-

ability of floral resource availability in the study region.

In accordance with Tylianakis et al. (2006), temporal

variability of the number of enemy species attacking wasps

was also positively related to the temporal variability of

parasitism rate. The lower the variation is within a func-

tional group, the more likely it can provide a constant

ecosystem service. But temporal variability of the number

of enemy species was not related to temporal variability of

bee parasitism rate. Similarly, the high temporal variability

of bee hosts might have blurred the effect of a temporally

stable natural enemy community on the temporal stability

of parasitism rates.

We infer from our correlative results that a high number

of enemy species may contribute to increased overall par-

asitism rates in a single agricultural system and this may

apply for hosts as different as pollinators and predators. At

a lower trophic level, diversity may also reduce attack rates

in a multitrophic system, because increasing prey diversity

could limit parasitism and therefore act as resistance

against consumption in both host guilds. In addition, these

results show that a diverse and stable enemy community

may stabilize parasitism rates. However, these effects may

be host-guild specific and influenced by resource-mediated

temporal variation in host communities. Positive diversity–

parasitism function and diversity–parasitism stability rela-

tionships seem to be general in natural bee and wasp

communities and can be found in and between habitat

types. Further, experimental analyses including manipu-

lated diversity levels in the same system may strengthen

our correlative results and detect possible mechanisms.
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