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Abstract

1. The degradation of forests in tropical agricultural landscapes has reduced biodiver-

sity and may negatively affect ecosystem services. However, the role of forest frag-

ments in the provision of ecosystem services for agroecosystems, such as biological

control, is still not well understood.

2. This study analyses the relationship between tree diversity and arthropod commu-

nities in forest fragments and adjacent sugarcane fields around Jaboticabal (São

Paulo, Brazil) to evaluate the benefits of preserving Atlantic Forest fragments.

3. We tested the hypotheses: (1) arthropod diversity and the abundance of key func-

tional groups in forest fragments are favoured by tree diversity, (2) diversity and

abundance of these functional groups in sugarcane fields depend on adjacent for-

ests and (3) the insect community composition of forest fragments and sugarcane

fields is similar due to spillover effects.

4. Arthropods were sampled in 10 forest fragments over 2 years (2020 and 2022)

using traps (Malaise, yellow pan) and direct tree sampling. We identified arthropods

to morphospecies (2020) and family level (2022) and associated families to func-

tional groups.

5. We found that the quality of forest fragments, particularly tree species richness,

was positively related to forest arthropod richness and frequency (occupied sam-

ples) of functional groups involved in ecosystem services such as predators, but also

of phytophagous insects. There was also a strong positive correlation between

insect family richness and functional groups of forest fragments and adjacent sugar-

cane fields, indicating potential spillover and spatial connectivity between habitats.

Although insect community composition was significantly different between forest
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fragments and sugarcane fields, NMDS ordination revealed partial overlap of family

communities, suggesting many shared taxa in both habitats.

6. This study highlights the importance of diverse forest fragments in preserving

insect biodiversity and related ecosystem services in tropical agricultural landscapes

and advocates for the conservation and restoration of these habitats. However, the

benefits in terms of crop damage reduction and yields remain to be confirmed.
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INTRODUCTION

Human land use has caused the loss and fragmentation of natural and

semi-natural habitats, affecting the stability of ecosystems (Jacobson

et al., 2019; Newbold et al., 2015). Fragmentation is the division of

such habitats into more or less distant native remnants, characterised

by the emergence of ecological discontinuities within the ecosystem

(Fahrig, 2003). Fragmentation is often the result of partial transforma-

tion to arable land (Heisswolf et al., 2009; Wilson et al., 2016). The

replacement of semi-natural habitats by simplified agricultural systems

negatively affects ecosystems, including the loss of biodiversity and

related services (Asbjornsen et al., 2014; Wilson et al., 2016). To main-

tain or improve ecosystem services in agricultural landscapes, it is nec-

essary to conserve and/or restore biodiversity (Garbach et al., 2014).

However, efficient conservation and restoration require the under-

standing of interactions and mechanisms driving biodiversity and

abundance of taxonomic or functional groups providing such services

(Gutierrez-Arellano & Mulligan, 2018).

Arthropods, in particular insects, are key organisms providing

many ecosystem services such as pollination, biological control of

pests and organic matter decomposition (Millennium Ecosystem

Assessment, 2005; Ramos et al., 2020). However, arthropod popula-

tions and the services they provide can be negatively affected by hab-

itat degradation (Gagic et al., 2018; Schowalter et al., 2018). Several

studies have documented the decline in abundance, species diversity

and quality of ecosystem services in disturbed environments, in par-

ticular the decline in pollinator and seed-dispersing ant abundance

(Leal et al., 2014; Mata & Tidon, 2013; Winfree et al., 2009). This

decline is related to the degradation of plant communities, such as

species loss and spread of exotic plants, that directly affect insect

populations (Diniz et al., 2010). Conversely, increased plant diversity

increases the availability and variety of resources, which in turn pro-

motes greater insect abundance, diversity and the provision of eco-

system services (Brockerhoff et al., 2017). Therefore, ecosystem

services provided by arthropods are increasingly considered in land

management decisions including practices that protect biodiversity

(Losey & Vaughan, 2006).

Maintaining or enhancing ecosystem services in agricultural land-

scapes may be facilitated by preserving non-crop areas, particularly

semi-natural vegetation zones near crop fields sustaining beneficial

insect populations (Gagic et al., 2018; Parry et al., 2015; Pywell

et al., 2015). This facilitation can be explained by movements of

insects between habitats (habitat spillover), and among them several

groups represent important ecological functions and services (Blitzer

et al., 2012; Rand et al., 2006). Forest fragments are examples of natu-

ral or semi-natural habitats that influence the provision of multiple

ecosystem services in adjacent fields (Decocq et al., 2016; Mitchell

et al., 2014). Several studies have shown that arthropods involved in

biological control of tropical crops are favoured by adjacent natural

forests (Klein et al., 2006; Santos et al., 2018; Sousa et al., 2011) but

they did not take into account habitat quality. Areas with high plant

species diversity are key drivers of insect diversity and abundance

(Rowe & Holland, 2013; Zhang et al., 2016), contributing to the overall

ecological quality of the habitat. The biodiversity and ecosystem ser-

vices provided by forest fragments depend on their ecological quality,

including resource availability, vegetation structure and connectivity

(Haddad et al., 2015; Hertzog et al., 2019). A more comprehensive

understanding of the specific habitat and vegetation characteristics

that promote insect biodiversity and the abundance of beneficial

arthropods is crucial to preserve or improve related ecosystem ser-

vices (Bartual et al., 2019).

The Brazilian Atlantic Forest, in particular the semi-deciduous for-

est vegetation of Southeastern Brazil, has been largely fragmented,

and agriculture is one of the main drivers of fragmentation and loss of

forest area (Rezende et al., 2018). Forests were mostly replaced by

sugarcane fields, resulting in a sugarcane-dominated agricultural land-

scape with a low proportion of remnant forest fragments (Haddad

et al., 2015; Ribeiro et al., 2009). Recent estimates indicate that only

28% of the original Atlantic Forest cover remains, of which an

unknown part is highly disturbed by previous cutting or burning

(Rezende et al., 2018). The size of these fragments is usually small

(<50 ha), and they are often isolated. We consider them as natural

habitats since, contrary to European forests (Decocq et al., 2016),

they are not managed. Despite disturbance and fragmentation, these

forest fragments may still represent an important reservoir of benefi-

cial arthropods and potentially contribute to the provision of ecosys-

tem services in adjacent crop fields through spillover effects (Castro &

Moraes, 2010). A deeper knowledge of interactions between forest

quality and arthropod communities in forests and the spillover to adja-

cent agroecosystems is needed to support beneficial arthropod popu-

lations and their associated ecosystem services. Thus, this study aims

at improving the knowledge of the arthropod communities in frag-

ments of the Atlantic Forest and their influence on communities of

adjacent sugarcane fields. We further relate arthropod occurrence
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and community composition to characteristics of forest fragment veg-

etation. We tested the following hypotheses: (1) insect diversity and

the abundance of key functional groups are favoured by tree diversity;

(2) richness and/or abundance of insect functional groups in sugar-

cane fields depend on richness and/or abundance of the same func-

tional groups in adjacent forests and (3) the insect family composition

of forest fragments and sugarcane fields is similar due to spillover

effects.

MATERIALS AND METHODS

Study sites and design

The study was conducted in fragments of the Atlantic rain forest

(Mata Atlantica) and adjacent sugarcane fields in the municipality of

Jaboticabal, São Paulo state, Brazil (21�1501900 S, 48�1902100 W). The

study area is characterised by a dominance of sugarcane fields with a

small percentage of remnant gallery and plateau forests. The climate

is mesothermic with dry winters and a rainy summer season, an annual

rainfall of 1300 mm and a mean temperature of 22�C. The western,

more continental parts of the Atlantic rain forest are semi-deciduous

and represent a transition zone to the drier savanna systems (Brazilian

Cerrado). Atlantic rain forest was the prevailing vegetation of the

study area before European colonisation.

Arthropods were sampled in April 2020 and August 2022, using

direct and indirect (trapping) collection methods. The 2020 samples

served as a preliminary baseline to support and refine our 2022

sampling design. In 2020, 10 forest fragments (Figure 1) were selected

according to the following selection criteria: >50 m width and length,

no commercial tree plantation in the fragments, and a minimum dis-

tance of 1 km from each other. Five fragments were situated on shal-

low slopes (plateau fragments), and five were gallery forest remnants

close to rivers and creeks (river valley or gallery fragments). Plateau

fragments typically exhibited a greater cover of shrub and liana spe-

cies compared to river valley fragments because disturbance by fire or

cutting was more frequent. River valley fragments are protected as

Permanent Preservation Areas (PPAs), in particular to preserve the

water quality of tap water catchment areas (Santos et al., 2018). Three

fragments had to be replaced in 2022 due to access problems and

wildfires. In each forest fragment, we collected data in a randomly

selected 50 � 20 m plot, 5 m from the edge.

Arthropods were also sampled in sugarcane fields adjacent to for-

est fragments (5 m from the field edge). Sugarcane is usually har-

vested during the dry season between May and September and

resprouts from rhizomes afterwards. Regrowth is slow until the begin-

ning of the rainy season in November. Herbicide treatments are com-

mon, but no insecticides were applied during the study period.

Tree species and habitat quality index

At the end of the rainy season in 2020, we set up a preliminary study

focusing on arthropod biodiversity of forest fragments. We defined

woody plants of more than 5 cm diameter at breast height as trees

and identified them to species level. Sampling was limited to 20 trees

F I GU R E 1 Study area and geographical position of the 10 studied forest fragments.
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associated with five subplots of 1 m2 in each plot (closest tree to each

corner). We used a simple habitat quality index to characterise forest

fragments suggested by Felfili et al. (2011). The index uses tree cover

as a positive criterion and climber and grasses cover as negative cri-

teria. Forest disturbance by tree cutting or fire increases the cover of

climbers (lianas, vines) and grasses relative to tree cover. The cover

was estimated as the vertical projection of aboveground plant organs

using a modified Londo scale (Londo, 1976) reaching from 0 (bare

ground) to 1 (full cover) with 0.1 intervals. The quality index was cal-

culated as the sum of the three parameters, with liana and grass cover

fitted as negative and tree cover as positive values. In August 2022, a

more detailed method was used to obtain more information on plant

and arthropod community characteristics. Instead of selecting 20 trees,

all trees of the 1000 m2 plots were identified and insects were sam-

pled from all trees in the dry season.

Arthropod sampling

On each tree, we carefully cut a randomly selected branch at 2–5 m

height with long-reach pruning shears and manually captured all

arthropods. If insects flew away or fell to the ground during cutting,

another branch was collected to reduce losses by escape. Sampled

arthropods were transferred to 70% diluted alcohol prior to identifica-

tion. In 2020, insects and spiders were identified to morphospecies

level. In 2022, we identified sampled insects individually to family

level in order to obtain more information on taxonomic and functional

groups (Báldi, 2003) but we did not include spiders. We assigned all

insects sampled in 2022 to the following functional groups using

knowledge on life-history feeding features of the majority of species

in each family: parasitoids, predators, omnivores and phytophagous

arthropods (Brown et al., 2009; Brown et al., 2010; Fernandez &

Sharkey, 2006). Families that could not be clearly assigned to a func-

tional group were considered omnivorous and finally removed from

analyses of functional groups. For insects that change feeding

between larval and adult stages, we used the larval feeding behaviour,

as larvae generally have higher resource demands and are the primary

consumers in the life cycle (Kaleka et al., 2019). In August 2022, we

additionally used trapping to sample flying insects. A Malaise-type

trap was positioned in each forest fragment plot. The catching recipi-

ent of the traps was filled with 400 mL of 70% alcohol solution, and

the insects were collected after 48 h. In sugarcane fields, we placed

two yellow pan traps (42 � 28 � 8 cm) 15 m apart and 5 m from the

field edge. Each pan trap was filled with 2 L of water and 10 drops of

detergent before exposure for a duration of 48 h. Likewise, the

insects were preserved in 70% alcohol, identified at family level and

classified into functional groups.

Data analysis

We ran generalised linear mixed models (GLMM) to analyse the

effects of habitat quality (2020 habitat quality index, 2022 tree

richness) on arthropod richness (2020 morphospecies, 2022 insect

family), family frequency and functional group frequency. Frequency

was calculated as the number of occupied branches per fragment

(only 2022). We fitted fragment type (plateau or gallery) as a random

effect to account for variation among different fragments, resulting in

the following model structure: diversity measure � habitat quality

+ (1jfragment type). Poisson distribution with log-link was used when

data were not overdispersed, and negative binomial error distribution

in the case of overdispersion. We also tested the relationship between

the 2020 habitat quality index and 2022 tree species richness using a

linear mixed-effects model (LMM) with Gaussian errors and fragment

type as a random effect. We further calculated the marginal and con-

ditional R2 using the r-squared GLMM function of the MuMIn pack-

age to analyse model fit.

Similar models were run to analyse the influence of insect family

richness (total and within functional groups) in forest fragments on

the same variables in adjacent sugarcane fields following the model

structure: sugarcane family richness � forest family richness

+ (1jfragment type). Additionally, insect family composition of forest

fragments and sugarcane fields was compared using non-metric multi-

dimensional scaling (NMDS) based on Jaccard dissimilarity in

presence-absence data. The NMDS was run using the metaMDS func-

tion from the vegan package with a maximum of 100 random starts

(trymax = 100) to avoid local minima. The NMDS ordination was

visualised with convex hulls representing each habitat–forest type

combination, and point colours and shapes were used to differentiate

forest types and habitat types. We tested differences between the

sugarcane and forest fragment habitat using permutational multivari-

ate analysis of variance (PERMANOVA). Statistical tests were run

using the adonis2 functions of the vegan package with 999 permuta-

tions and Jaccard distance as the dissimilarity metric. All analyses

were performed using R 3.6.2 software (R Core Team, 2024).

RESULTS

In the 10 forest fragments of our study, we found 115 tree species of

35 plant families. Croton floribundus (Euphorbiaceae), Astronium grave-

olens (Anacardiaceae) and Acacia polyphylla (Fabaceae) were the most

frequent tree species (Table S1). Tree density was on average 79.1

(29–125) per 1000 m2 plot (only measured in 2022).

In 2020, we collected 200 arthropod morphospecies including

148 insect morphospecies (Table S2). In 2022, we found 33 insect

families in direct collections, of which six families were predatory,

seven were parasitoids and fifteen were phytophagous (Table S3).

Trapping in 2022 provided 121 insect families, of which 20 families

were predators, 26 were parasitoids and 40 were phytophagous. Sev-

enty families occurred in both habitats, 36 only in forest fragments

and 15 only in sugarcane fields (Table S4).

The influence of forest fragment quality measured as habitat

quality index was significant for overall arthropod morphospecies rich-

ness (estimate = 0.384, χ2(1) = 13.659, p < 0.001, marginal/

conditional R2 = 0.59; Figure 2a), but not for insect morphospecies
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richness (estimate = 0.267, χ2(1) = 2.490, p = 0.115, marginal/

conditional R2 = 0.23; Figure 2b) in 2020.

The habitat quality index of 2020 was positively correlated with

tree species richness of 2022 in seven fragments analysed in both

years (estimate = 0.040, χ2(1) = 8.2824, p = 0.004, marginal

R2 = 0.53, conditional R2 = 0.79) indicating that the index was a reli-

able estimate of tree diversity (Figure 3).

The family richness of insects (Figure 4a), as well as the frequency

of phytophagous (Figure 4b) and predatory insects (Figure 4c) were

positively related to tree species richness whereas the relationship

with parasitoids (Figure 4d) was not significant (Table 1).

Relationships between family richness of insects in forest frag-

ments and family richness in sugarcane fields were significantly posi-

tive for total richness, phytophagous family, and predator family

richness, indicating that insect diversity of sugarcane fields depends

on adjacent forest fragments (Table 2; Figure 5). The relationship

between family richness of parasitoids in forest fragments and that in

sugarcane fields was also positive but only marginally significant

(Table 2).

NMDS separated sugarcane insect communities from those of

forest fragments (Figure 6). Despite different trap types, there was,

however, an overlap between both habitats. Habitat and forest frag-

ment type explained 8.55% and 6.67% of the total variation, respec-

tively. PERMANOVA still revealed a significant difference between

sugarcane fields and forest fragments (F = 1.6837, p = 0.011).

DISCUSSION

We found a positive influence of forest habitat quality (tree species

richness and forest quality index) on arthropod richness and the fre-

quency of functional groups involved in ecosystem services such as

predators but also of phytophagous insects that may attack crop

plants. While the preliminary data of 2020 showed significant rela-

tionships with habitat quality index only when spiders were included,

the more detailed analyses of 2022 revealed significant relations for

insect family richness and the frequency of several functional insect

groups. We further demonstrated that the richness of insect families

and functional groups in sugarcane fields were highly correlated to

those of adjacent forest fragments, suggesting a causal relationship

and insect movements between the two habitats. However, although

NMDS showed some overlap of insect family composition in forest

fragments and sugarcane fields, the differences were still significant.

Previous studies have already identified a positive effect of tree

species richness on arthropod diversity (Ampoorter et al., 2020;

Schuldt et al., 2019), as well as a positive relationship between tree

productivity and arthropod richness (Li et al., 2023). Such a positive

influence of plant diversity on arthropod richness across multiple tro-

phic groups is known to improve ecosystem multifunctionality and

promote a wide range of ecosystem services (Soliveres et al., 2016).

As diversity increases, the number of available niches increases and

organisms are more likely to use resources in diverse, complementary,

F I GU R E 2 Relationship between habitat quality index and 2020 invertebrate morphospecies richness in gallery and plateau forest fragments.
(a) Total arthropod morphospecies richness, (b) Insect morphospecies richness. Lines show predictions from linear mixed-effects models (LMM)
with habitat quality as a fixed effect and fragment type as a random effect.

F I GU R E 3 Relationship between habitat quality index estimated
in 2020 and tree species richness in 2022. Regression lines are drawn
according to GLMM, including habitat quality as fixed and fragment
type as random effect.
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or mutually facilitative ways (Haan et al., 2021). Furthermore, biodi-

versity plays a crucial role in maintaining the stability of ecosystem

processes by supporting different species that occupy similar func-

tional niches but respond differently to environmental changes. The

absence of a particular species may be compensated by the presence

of another species with a similar functional role (Cadotte et al., 2011;

Elmqvist et al., 2003). Thus, our findings support the hypothesis that

tree diversity and forest habitat quality are key drivers of arthropod

F I GU R E 4 Relationship between tree species richness and insect family richness and frequency in 1000 m2 forest fragment plots (2022).
(a) Insect family richness, (b) Phytophagous family frequency, (c) Predator family frequency, (d) Parasitoid family frequency. Regression lines are
drawn according to GLMM, including tree species richness as fixed effect and fragment type as a random effect.

T AB L E 1 Generalized linear mixed model (GLMM) testing the effects of tree species richness on insect family richness and the frequency of
phytophagous, predatory and parasitoid insects in 1000 m2 in forest fragment plots (2022).

Estimate Chi2 p Marginal R 2 Conditional R 2

All families (richness) 0.035 ± 0.012 χ2(1) = 9.010 0.003 0.549 0.549

Phytophagous (frequency) 0.062 ± 0.011 χ2(1) = 30.05 <0.001 0.837 0.837

Predators (frequency) 0.067 ± 0.030 χ2(1) = 4.989 0.026 0.438 0.438

Parasitoids (frequency) 0.012 ± 0.034 χ2(1) = 0.124 0.725 0.047 0.047

Note: p-values in bold are significant at p < 0.05.

T AB L E 2 Generalized linear mixed model (GLMM) testing the influence of insect family richness in forest fragments on the same variable in
adjacent sugarcane fields.

Estimate Chi2 p Marginal R 2 Conditional R 2

All families 0.008 ± 0.004 χ2(1) = 4.907 0.027 0.226 0.713

Phytophagous 0.059 ± 0.028 χ2(1) = 4.56 0.034 0.349 0.349

Predators 0.075 ± 0.036 χ2(1) = 4.33 0.038 0.296 0.296

Parasitoids 0.064 ± 0.036 χ2(1) = 3.22 0.073 0.441 0.560

Note: p-values in bold are significant at p < 0.05, in italics at p < 0.1.
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diversity. In addition to the conservation of habitats, it is thus also

important to preserve or restore habitat quality in order to support

complex arthropod communities sustaining ecosystem services across

landscapes.

The influence of tree species richness on phytophagous insects

was expected as they directly depend on plants. Other studies found

that habitats with greater tree diversity harbour more diverse and

abundant herbivore communities (Leal et al., 2016; O’Brien

F I GU R E 5 Influence of forest total insect family richness and functional group richness on the same parameters in sugarcane fields (2022).
(a) Total insects, (b) Phytophagous, (c) Predators and (d) Parasitoids. Regression lines are drawn according to GLMM including forest family
richness as fixed and fragment type as random effect.

F I GU R E 6 Non-metric Multidimensional Scaling (NMDS) of the insect family community in forest fragments and adjacent sugarcane fields.
Yellow polygons: Sugarcane, green polygons: Forest fragments.

88 DE OLIVEIRA ET AL.
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et al., 2017). A higher number of plant species provides a greater vari-

ety of resources facilitating the coexistence of more herbivorous spe-

cies (Leal et al., 2016; Lewinsohn & Roslin, 2008). However, increased

plant diversity may also hamper insects’ ability to locate their host

plants (Silva & Clarke, 2020). Hence, plant species richness may limit

the negative effects of herbivorous insects on individual plant species,

but other factors such as the taxonomic distance of tree species and

the proportion of non-host trees may be equally or more influential

than species richness (Gougherty & Davies, 2024; Jactel et al., 2021).

Although phytophagous insects are commonly perceived as pests in

agriculture, they represent a vital trophic group in maintaining ecosys-

tem services (Soliveres et al., 2016). They are prey for predators, and

a higher abundance of prey supports greater species richness

and abundance of natural enemies (Dominik et al., 2018; Fenoglio

et al., 2012). Additionally, most phytophagous insect species are not

considered pest insects since they do not attack crop plants. The

major pest insects of sugarcane, sugarcane borer, spittle bugs and sug-

arcane weevil are oligophagous, feeding either only on sugarcane or

on very few other grass species (Buitrago et al., 2022; Li et al., 2024).

It is thus unlikely that they use forest fragments as habitats. There-

fore, the increase of phytophagous insects with increasing tree diver-

sity cannot necessarily be considered a disservice to the ecosystem.

The effect of tree or plant species is generally less pronounced

than on phytophagous arthropods, as natural enemies do not feed

directly on plants (O’Brien et al., 2017). However, several important

predator and parasitoid groups change nutrition from larval to adult

stages. While larvae are carnivorous, adults feed on floral resources

such as pollen and nectar (Gardarin et al., 2018). Although food con-

sumption is much higher during carnivorous larval stages, adult access

to floral and extrafloral nectar can enhance longevity, fecundity and

host searching activity (Benelli et al., 2017; Gillespie et al., 2016). This

is particularly relevant in tropical forests, where many trees have

extrafloral nectaries that produce nectar to favour ants and parasit-

oids protecting plants from herbivory (Câmara et al., 2017; Miranda

et al., 2022). Furthermore, several predator groups such as ladybirds

use floral resources and extrafloral as complementary food (Gardarin

et al., 2018; Holm et al., 2021; Stowe et al., 2021). Finally, herbivores

feeding on forest fragment vegetation represent alternative prey for

predators including natural enemies feeding on pest insects (Gillespie

et al., 2016; Stemmelen et al., 2022). Accordingly, our results showed

an increase in predator richness in forest fragments of higher tree spe-

cies richness. However, the frequency of parasitoid families was not

significantly affected. Since many parasitoids are limited by their abil-

ity to access floral nectar, especially from deep flowers, they may rely

on specific nectar sources not analysed in our study, such as lianas or

understory herbs (Garcia et al., 2014; Russell, 2015). Complete vege-

tation analysis is required to better understand relationships with

insects at higher trophic levels (Garcia et al., 2014).

Although our study revealed relationships between tree species

richness and the richness of certain insect functional groups, such as

predators, we acknowledge that family richness alone may not fully

reflect the functional contribution of these groups to ecosystem ser-

vices. Therefore, it remains unclear whether the observed increase in

predator richness translates into improved biological control (Chaplin-

Kramer et al., 2011; Tscharntke et al., 2016). Furthermore, different

predator families vary considerably in their hunting strategies, prey

specificity and efficiency, which limits the interpretation of potential

impacts on pest suppression (Tylianakis & Romo, 2010). Our results

suggest that species with potential for biological control are favoured,

but future studies need to include identification to species level and

abundance measurements to better assess the relationship between

biodiversity and ecosystem service provision in agroecosystems.

The positive relationship between insect richness in forest frag-

ments and sugarcane fields confirms that natural habitats in agricul-

tural landscapes favour species richness in crop fields and may thus

promote the associated ecosystem services (Bartual et al., 2019;

Medeiros et al., 2019). This positive effect can be explained by the

movement of insects between habitats to search for resources, pro-

tection and a suitable microclimate (González et al., 2016; Sorribas

et al., 2016). However, the comparison of community differences

using PERMANOVA also showed that insect family composition is dif-

ferent between forests and agricultural habitats. These differences in

community composition reflect habitat differences in terms of food

resource availability, microclimate and predator abundance limiting

interaction between forests and agricultural habitats (Schneider

et al., 2016; Alves et al., 2020). Although spillover likely results in

shared taxa between habitats, habitat-specific conditions maintain dis-

tinct community assemblages. The placement of traps at different

distances from the forest fragments may help to better understand

movements between forest fragments and sugarcane fields. Addition-

ally, the use of different trap types in our study may have overesti-

mated the differences between both habitats. Although yellow pan

traps are not optimal for forest habitats, their use in both habitats

may improve the comparison of insect communities and should be

included in future studies. Directional traps or even capture-

mark-recapture studies are required to ultimately evaluate spillover

from forest fragments to sugarcane fields (Pollier et al., 2016).

Another limitation of our study is the use of larval feeding prefer-

ence for functional group classification. This choice is justified by the

amount of food consumption but may bias spillover dynamics, as

adults are usually more mobile than larvae. In particular, holometabo-

lous insects often change nutrition during their life cycle, such as Lepi-

doptera, of which larvae are typically herbivorous while adults are

pollinators (Wang et al., 2024). The separation of larvae and adults in

different functional groups may help to overcome this limitation

in future studies.

Our findings highlighted the critical role of natural habitats to pre-

serve insect biodiversity and their associated ecosystem services

within agricultural landscapes. The diversity and quality of forest frag-

ments had a significant influence on arthropod community composi-

tion. Beyond tree species richness, understory vegetation and

climbers may also play an important role that needs to be considered

in future studies (Ampoorter et al., 2020; Staab & Schuldt, 2020). Our

study does not only emphasise the necessity for policies and manage-

ment strategies improving the conservation of natural habitats, such

as forest fragments in tropical agricultural landscapes, but also shows
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the importance of examining the characteristics of these fragments,

such as plant species composition, floral resource provision and phe-

nology, more closely. Further studies are needed to fully understand

the effects of tropical forest fragments on ecosystem service provi-

sion and to develop strategies for improving these services.

AUTHOR CONTRIBUTIONS

Sabrina Cesarin de Oliveira: Conceptualization; formal analysis; inves-

tigation; methodology; writing – original draft. Noelline Tsafack: For-

mal analysis; validation; writing – review and editing. Maëlle Cario:

Conceptualization; formal analysis; methodology. Davi Rodrigo Ros-

satto: Conceptualization; methodology; writing – review and editing.

Armin Bischoff: Conceptualization; formal analysis; writing – original

draft; writing – review and editing. Odair Aparecido Fernandes: Con-

ceptualization; formal analysis; methodology; resources; supervision;

writing – review and editing.

ACKNOWLEDGEMENTS

We thank all involved farmers for providing field sites; the Applied

Insect Ecology Lab members for field and lab assistance, and the mem-

bers of the Laboratory of Evolution and Morphology of Diptera – USP

for assistance in identifying Diptera and Hymenoptera insects. This

work is associated with CEPENFITO – Engineering Research Center for

Sugarcane Plant Health (FAPESP Grant 2017/25258-1). The Article

Processing Charge for the publication of this research was funded by

the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior -

Brasil (CAPES) (ROR identifier: 00x0ma614).

FUNDING INFORMATION

This work was supported by CNPq (National Council for Scientific and

Technological Development), Coordenação de Aperfeiçoamento de

Pessoal de Nível Superior – Brasil (CAPES) – Finance Code 001 and

Project BRAFAGRI (049/2019), and São Paulo Research Foundation

(2017/25258-1).

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that supports the findings of this study are available (Oliveira

et al., 2025): https://doi.org/10.5061/dryad.c866t1gjv.

ORCID

Sabrina Cesarin de Oliveira https://orcid.org/0000-0002-9236-

1393

REFERENCES

Ampoorter, E., Barbaro, L., Jactel, H., Baeten, L., Boberg, J., Carnol, M.

et al. (2020) Tree diversity is key for promoting the diversity and

abundance of forest-associated taxa in Europe. Oikos, 129, 133–146.
Available from: https://doi.org/10.1111/oik.06290

Asbjornsen, H., Hernandez-Santana, V., Liebman, M., Bayala, J., Chen, J.,

Helmers, M. et al. (2014) Targeting perennial vegetation in agricul-

tural landscapes for enhancing ecosystem services. Renewable

Agriculture and Food Systems, 29, 101–125. Available from: https://

doi.org/10.1017/S1742170512000385

Báldi, A. (2003) Using higher taxa as surrogates of species richness: a study

based on 3700 coleoptera, Diptera, and Acari species in central-

Hungarian reserves. Basic and Applied Ecology, 4, 589–593. Available
from: https://doi.org/10.1078/1439-1791-00193

Bartual, A.M., Sutter, L., Bocci, G., Moonen, A.C., Cresswell, J., Entling, M.

et al. (2019) The potential of different semi-natural habitats to sus-

tain pollinators and natural enemies in European agricultural land-

scapes. Agriculture, Ecosystems & Environment, 279, 43–52. Available
from: https://doi.org/10.1016/j.agee.2019.04.009

Benelli, G., Giunti, G., Tena, A., Desneux, N., Caselli, A. & Canale, A. (2017)

The impact of adult diet on parasitoid reproductive performance.

Journal of Pest Science, 90, 807–823. Available from: https://doi.org/

10.1007/s10340-017-0835-2

Blitzer, E.J., Dormann, C.F., Holzschuh, A., Klein, A.M., Rand, T.A. &

Tscharntke, T. (2012) Spillover of functionally important organisms

between managed and natural habitats. Agriculture, Ecosystems &

Environment, 146, 34–43. Available from: https://doi.org/10.1016/j.

agee.2011.09.005

Brockerhoff, E.G., Barbaro, L., Castagneyrol, B., Forrester, D.I.,

Gardiner, B., González-Olabarria, J.R. et al. (2017) Forest biodiversity,

ecosystem functioning and the provision of ecosystem services. Bio-

diversity and Conservation, 26, 3005–3035. Available from: https://

doi.org/10.1007/s10531-017-1453-2

Brown, B.V., Borkent, A., Cumming, J.M., Wood, D.M., Woodley, N.E. &

Zumbado, M. (2009) Manual of central American Diptera, Vol. 1.

Ottawa, Ontario, Canada: NRC Research Press, p. 714.

Brown, B.V., Borkent, A., Cumming, J.M., Wood, D.M., Woodley, N.E. &

Zumbado, M.A. (2010) Manual of central American Diptera, volume 2.

Ottawa, Ontario, Canada: NRC Research Press, p. 728.

Buitrago, P.A.E., Manzano, M.R. & Hernández, L.M. (2022) Spittlebugs

(Hemiptera: Cercopidae): integrated pest management on gramine-

ous crops in the neotropical ecozone. Frontiers in Sustainable Food

Systems, 6, 891417. Available from: https://doi.org/10.3389/fsufs.

2022.891417

Cadotte, M.W., Carscadden, K. & Mirotchnick, N. (2011) Beyond species:

functional diversity and the maintenance of ecological processes and

services. Journal of Applied Ecology, 48, 1079–1087. Available from:

https://doi.org/10.1111/j.1365-2664.2011.02048.x

Câmara, T., Almeida, W.R., Tabarelli, M., Andersen, A.N. & Leal, I.R. (2017)

Habitat fragmentation, EFN-bearing trees and ant communities: eco-

logical cascades in Atlantic Forest of northeastern Brazil. Austral Ecol-

ogy, 42, 31–39. Available from: https://doi.org/10.1111/aec.12393

Castro, T.M.M.G. & Moraes, G.J. (2010) Diversity of phytoseiid mites

(Acari: Mesostigmata: Phytoseiidae) in the Atlantic Forest of São

Paulo. Systematics and Biodiversity, 8, 301–307. Available from:

https://doi.org/10.1080/14772001003801375

Chaplin-Kramer, R., O’Rourke, M.E., Blitzer, E.J. & Kremen, C. (2011) A

meta-analysis of crop pest and natural enemy response to landscape

complexity. Ecology Letters, 14, 922–932. Available from: https://doi.

org/10.1111/j.1461-0248.2011.01642.x

Decocq, G., Andrieu, E., Brunet, J., Chabrerie, O., De Frenne, P., De

Smedt, P. et al. (2016) Ecosystem services from small forest patches

in agricultural landscapes. Current Forestry Reports, 2, 30–44. Avail-
able from: https://doi.org/10.1007/s40725-016-0028-x

Diniz, S., Prado, P.I. & Lewinsohn, T.M. (2010) Species richness in natural

and disturbed habitats: Asteraceae and flower-head insects

(Tephritidae: Diptera). Neotropical Entomology, 39, 163–171. Avail-
able from: https://doi.org/10.1590/S1519-566X2010000200004

Dominik, C., Seppelt, R., Horgan, F.G., Settele, J. & Václavík, T. (2018)

Landscape composition, configuration, and trophic interactions

shape arthropod communities in rice agroecosystems. Journal of

Applied Ecology, 55, 2461–2472. Available from: https://doi.org/10.

1111/1365-2664.13226

90 DE OLIVEIRA ET AL.

 14619563, 2026, 1, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/afe.70011 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [28/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.c866t1gjv
https://orcid.org/0000-0002-9236-1393
https://orcid.org/0000-0002-9236-1393
https://orcid.org/0000-0002-9236-1393
https://doi.org/10.1111/oik.06290
https://doi.org/10.1017/S1742170512000385
https://doi.org/10.1017/S1742170512000385
https://doi.org/10.1078/1439-1791-00193
https://doi.org/10.1016/j.agee.2019.04.009
https://doi.org/10.1007/s10340-017-0835-2
https://doi.org/10.1007/s10340-017-0835-2
https://doi.org/10.1016/j.agee.2011.09.005
https://doi.org/10.1016/j.agee.2011.09.005
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.3389/fsufs.2022.891417
https://doi.org/10.3389/fsufs.2022.891417
https://doi.org/10.1111/j.1365-2664.2011.02048.x
https://doi.org/10.1111/aec.12393
https://doi.org/10.1080/14772001003801375
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.1111/j.1461-0248.2011.01642.x
https://doi.org/10.1007/s40725-016-0028-x
https://doi.org/10.1590/S1519-566X2010000200004
https://doi.org/10.1111/1365-2664.13226
https://doi.org/10.1111/1365-2664.13226


Elmqvist, T., Folke, C., Nyström, M., Peterson, G., Bengtsson, J., Walker, B.

et al. (2003) Response diversity, ecosystem change, and resilience.

Frontiers in Ecology and the Environment, 1, 488–494. Available from:

https://doi.org/10.1890/1540-9295(2003)001[0488:RDECAR]2.0.

CO;2

Fahrig, L. (2003) Effects of habitat fragmentation on biodiversity. Annual

Review of Ecology, Evolution, and Systematics, 34, 487–515. Available
from: https://doi.org/10.1146/annurev.ecolsys.34.011802.132419

Felfili, J.M., Eisenlohr, P.V. & de Melo, M.R.F. (2011) Fitossociologia no Bra-

sil: Métodos e estudos de casos. Viçosa: UFV, p. 558.

Fenoglio, M.S., Srivastava, D., Valladares, G., Cagnolo, L. & Salvo, A. (2012)

Forest fragmentation reduces parasitism via species loss at multiple

trophic levels. Ecology, 93, 2407–2420. Available from: https://doi.

org/10.1890/11-2043.1

Fernandez, F. & Sharkey, M.J. (2006) Introduccion a los Hymenoptera de la

Region Neotropical. Bogota: Sociedad Colombiana de Entomologia y

Universidad Nacional de Colombia.

Gagic, V., Paull, C. & Schellhorn, N.A. (2018) Ecosystem service of biologi-

cal pest control in Australia: the role of non-crop habitats within

landscapes. Austral Entomology, 57, 194–206. Available from:

https://doi.org/10.1111/aen.12328

Garbach, K., Milder, J.C., Montenegro, M., Karp, D.S. & DeClerck, F.A.J.

(2014) Biodiversity and ecosystem services in agroecosystems. Ency-

clopedia of Agriculture and Food Systems, 2, 21–40. Available from:

https://doi.org/10.1016/B978-0-444-52512-3.00013-9

Garcia, L.C., Hobbs, R.J., dos Maees Santos, F.A. & Rodrigues, R.R. (2014)

Flower and fruit availability along a forest restoration gradient. Bio-

tropica, 46, 114–123. Available from: https://doi.org/10.1111/btp.

12080

Gardarin, A., Plantegenest, M., Bischoff, A. & Valantin-Morison, M. (2018)

Understanding plant–arthropod interactions in multitrophic commu-

nities to improve conservation biological control: useful traits and

metrics. Journal of Pest Science, 91, 943–955. Available from: https://

doi.org/10.1007/s10340-018-0958-0

Gillespie, M.A., Gurr, G.M. & Wratten, S.D. (2016) Beyond nectar provi-

sion: the other resource requirements of parasitoid biological control

agents. Entomologia Experimentalis et Applicata, 159, 207–221. Avail-
able from: https://doi.org/10.1111/eea.12424

González, E., Salvo, A., Defagó, M.T. & Valladares, G. (2016) A moveable

feast: insects moving at the forest-crop interface are affected by

crop phenology and the amount of forest in the landscape. PLoS One,

11, e0158836. Available from: https://doi.org/10.1371/journal.

pone.0158836

Gougherty, A.V. & Davies, T.J. (2024) Evolutionary history of host trees

amplifies the dilution effect of biodiversity on forest pests. PLoS Biol-

ogy, 22, e3002473. Available from: https://doi.org/10.1371/journal.

pbio.3002473

Gutierrez-Arellano, C. & Mulligan, M. (2018) A review of regulation eco-

system services and disservices from faunal populations and poten-

tial impacts of agriculturalisation on their provision, globally. Nature

Conservation, 30, 1–39.
Haan, N.L., Iuliano, B.G., Gratton, C. & Landis, D.A. (2021) Designing agri-

cultural landscapes for arthropod-based ecosystem services in North

America. In: Advances in ecological research, Vol. 64. London, UK:

Academic Press, pp. 191–250.
Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A.,

Holt, R.D. et al. (2015) Habitat fragmentation and its lasting impact

on Earth’s ecosystems. Science Advances, 1, e1500052. Available

from: https://doi.org/10.1126/sciadv.1500052

Heisswolf, A., Reichmann, S., Poethke, H.J., Schröder, B. & Obermaier, E.

(2009) Habitat quality matters for the distribution of an endangered

leaf beetle and its egg parasitoid in a fragmented landscape. Journal

of Insect Conservation, 13, 165–175. Available from: https://doi.org/

10.1007/s10841-008-9139-4

Hertzog, L.R., Boonyarittichaikij, R., Dekeukeleire, D., de Groote, S.R., van

Schrojenstein Lantman, I.M., Sercu, B.K. et al. (2019) Forest fragmen-

tation modulates effects of tree species richness and composition on

ecosystem multifunctionality. Ecology, 100, e02653. Available from:

https://doi.org/10.1002/ecy.2653

Holm, L.L., He, X. & Sigsgaard, L. (2021) Flower diet enhances Adalia

bipunctata larval development significantly when prey is limited.

Entomologia Experimentalis et Applicata, 169(8), 750–757. Available
from: https://doi.org/10.1111/eea.13068

Jactel, H., Moreira, X. & Castagneyrol, B. (2021) Tree diversity and forest

resistance to insect pests: patterns, mechanisms, and prospects.

Annual Review of Entomology, 66, 277–296. Available from: https://

doi.org/10.1146/annurev-ento-041720-075234

Jacobson, A.P., Riggio, J., Tait, A.M. & Baillie, J.E.M. (2019) Global areas of

low human impact (‘Low Impact Areas’) and fragmentation of the

natural world. Scientific Reports, 9, 14179. Available from: https://

doi.org/10.1038/s41598-019-50558-6

Kaleka, A.S., Kaur, N. & Bali, G.K. (2019) Larval development and molting.

In: Edible insects. London, UK: IntechOpen, p. 98. Available from:

https://doi.org/10.5772/intechopen.85530

Klein, A.M., Steffan-Dewenter, I.N.G.O.L.F. & Tscharntke, T. (2006) Rain

forest promotes trophic interactions and diversity of trap-nesting

Hymenoptera in adjacent agroforestry. Journal of Animal Ecology, 75,

315–323. Available from: https://doi.org/10.1111/j.1365-2656.

2006.01042.x

Leal, C.R.O., Silva, J.O., Sousa-Souto, L. & Neves, F.S. (2016) Vegetation

structure determines insect herbivore diversity in seasonally dry

tropical forests. Journal of Insect Conservation, 20, 979–988. Available
from: https://doi.org/10.1007/s10841-016-9930-6

Leal, L.C., Andersen, A.N. & Leal, I.R. (2014) Anthropogenic disturbance

reduces seed-dispersal services for myrmecochorous plants in the

Brazilian caatinga. Oecologia, 174, 173–181. Available from: https://

doi.org/10.1007/s00442-013-2740-6

Lewinsohn, T.M. & Roslin, T. (2008) Four ways towards tropical herbivore

megadiversity. Ecology Letters, 11, 398–416. Available from: https://

doi.org/10.1111/j.1461-0248.2008.01155.x

Li, A.M., Chen, Z.L., Liao, F., Zhao, Y., Qin, C.X., Wang, M. et al. (2024) Sug-

arcane borers: species, distribution, damage and management

options. Journal of Pest Science, 97, 1171–1201. Available from:

https://doi.org/10.1007/s10340-024-01750-9

Li, Y., Schmid, B., Schuldt, A., Li, S., Wang, M.Q., Fornoff, F. et al. (2023)

Multitrophic arthropod diversity mediates tree diversity effects on

primary productivity. Nature Ecology & Evolution, 7, 832–840. Avail-
able from: https://doi.org/10.1038/s41559-023-02049-1

Londo, G. (1976) The decimal scale for releves of permanent quadrats.

Vegetatio, 33, 61–64. Available from: https://doi.org/10.1007/

BF00055300

Losey, J.E. & Vaughan, M. (2006) The economic value of ecological ser-

vices provided by insects. Bioscience, 56, 311–323. Available from:

https://doi.org/10.1641/0006-3568(2006)56[311:TEVOES]2.0.

CO;2

Mata, R.A. & Tidon, R. (2013) The relative roles of habitat heterogeneity

and disturbance in drosophilid assemblages (Diptera, Drosophilidae)

in the Cerrado. Insect Conservation and Diversity, 6, 663–670. Avail-
able from: https://doi.org/10.1111/icad.12020

Medeiros, H.R., Martello, F., Almeida, E.A., Mengual, X., Harper, K.A.,

Grandinete, Y.C. et al. (2019) Landscape structure shapes the diver-

sity of beneficial insects in coffee producing landscapes. Biological

Conservation, 238, 108193. Available from: https://doi.org/10.1016/

j.biocon.2019.07.038

Millennium Ecosystem Assessment. (2005) Ecosystems and human well-

being, Vol. 5. Washington, DC: Island press, p. 563.

Miranda, V.S., Gütler Rodrigues, L., Dutra, S.C. & Alves-Araújo, A. (2022)

Extrafloral nectaries of an Atlantic Forest conservation area in

TREE AND ARTHROPOD DIVERSITY IN FOREST FRAGMENTS 91

 14619563, 2026, 1, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/afe.70011 by U

niversidade E
stadual Paulista, W

iley O
nline L

ibrary on [28/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1890/1540-9295(2003)001%5B0488:RDECAR%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2003)001%5B0488:RDECAR%5D2.0.CO;2
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1890/11-2043.1
https://doi.org/10.1890/11-2043.1
https://doi.org/10.1111/aen.12328
https://doi.org/10.1016/B978-0-444-52512-3.00013-9
https://doi.org/10.1111/btp.12080
https://doi.org/10.1111/btp.12080
https://doi.org/10.1007/s10340-018-0958-0
https://doi.org/10.1007/s10340-018-0958-0
https://doi.org/10.1111/eea.12424
https://doi.org/10.1371/journal.pone.0158836
https://doi.org/10.1371/journal.pone.0158836
https://doi.org/10.1371/journal.pbio.3002473
https://doi.org/10.1371/journal.pbio.3002473
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1007/s10841-008-9139-4
https://doi.org/10.1007/s10841-008-9139-4
https://doi.org/10.1002/ecy.2653
https://doi.org/10.1111/eea.13068
https://doi.org/10.1146/annurev-ento-041720-075234
https://doi.org/10.1146/annurev-ento-041720-075234
https://doi.org/10.1038/s41598-019-50558-6
https://doi.org/10.1038/s41598-019-50558-6
https://doi.org/10.5772/intechopen.85530
https://doi.org/10.1111/j.1365-2656.2006.01042.x
https://doi.org/10.1111/j.1365-2656.2006.01042.x
https://doi.org/10.1007/s10841-016-9930-6
https://doi.org/10.1007/s00442-013-2740-6
https://doi.org/10.1007/s00442-013-2740-6
https://doi.org/10.1111/j.1461-0248.2008.01155.x
https://doi.org/10.1111/j.1461-0248.2008.01155.x
https://doi.org/10.1007/s10340-024-01750-9
https://doi.org/10.1038/s41559-023-02049-1
https://doi.org/10.1007/BF00055300
https://doi.org/10.1007/BF00055300
https://doi.org/10.1641/0006-3568(2006)56%5B311:TEVOES%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2006)56%5B311:TEVOES%5D2.0.CO;2
https://doi.org/10.1111/icad.12020
https://doi.org/10.1016/j.biocon.2019.07.038
https://doi.org/10.1016/j.biocon.2019.07.038


southeastern Brazil. Acta Botanica Brasilica, 36, e2021abb0187.

Available from: https://doi.org/10.1590/0102-33062021abb0187

Mitchell, M.G., Bennett, E.M. & Gonzalez, A. (2014) Forest fragments mod-

ulate the provision of multiple ecosystem services. Journal of Applied

Ecology, 51, 909–918. Available from: https://doi.org/10.1111/

1365-2664.12241

Newbold, T., Hudson, L.N., Hill, S.L., Contu, S., Lysenko, I., Senior, R.A.

et al. (2015) Global effects of land use on local terrestrial biodiver-

sity. Nature, 520, 45–50. Available from: https://doi.org/10.1038/

nature14324

O’Brien, M.J., Brezzi, M., Schuldt, A., Zhang, J.Y., Ma, K., Schmid, B. et al.

(2017) Tree diversity drives diversity of arthropod herbivores, but

successional stage mediates detritivores. Ecology and Evolution, 7,

8753–8760. Available from: https://doi.org/10.1002/ece3.3411

Oliveira, S., Tsafack, N., Cario, M., Rossatto, D., Bischoff, A. &

Fernandes, O. (2025) The role of tropical forest fragment vegetation

in maintaining arthropod diversity and spillover to adjacent sugar-

cane fields. Dryad. Available from: https://doi.org/10.5061/dryad.

c866t1gjv

Parry, H.R., Macfadyen, S., Hopkinson, J.E., Bianchi, F.J., Zalucki, M.P.,

Bourne, A. et al. (2015) Plant composition modulates arthropod pest

and predator abundance: evidence for culling exotics and planting

natives. Basic and Applied Ecology, 16, 531–543. Available from:

https://doi.org/10.1016/j.baae.2015.05.005

Pollier, A., Dosdat, S., Tricault, Y., Bischoff, A., Plantegenest, M. &

Jaloux, B. (2016) Using the stable isotope marker 13C to study extra-

floral nectar uptake by parasitoids under controlled conditions and in

the field. Entomologia Experimentalis et Applicata, 161, 131–140.
Available from: https://doi.org/10.1111/eea.12495

Pywell, R.F., Heard, M.S., Woodcock, B.A., Hinsley, S., Ridding, L.,

Nowakowski, M. et al. (2015) Wildlife-friendly farming increases crop

yield: evidence for ecological intensification. Proceedings of the Royal

Society B: Biological Sciences, 282, 20151740. Available from: https://

doi.org/10.1098/rspb.2015.1740

R Core Team. (2024) R: a language and environment for statistical comput-

ing. Vienna, Austria: R Foundation for Statistical Computing. Avail-

able from: https://www.R-project.org/.

Ramos, D.L., Cunha, W.L., Evangelista, J., Lira, L.A., Rocha, M.V.C.,

Gomes, P.A. et al. (2020) Ecosystem services provided by insects in

Brazil: what do we really know? Neotropical Entomology, 49, 783–
794. Available from: https://doi.org/10.1007/s13744-020-00781-y

Rand, T.A., Tylianakis, J.M. & Tscharntke, T. (2006) Spillover edge effects:

the dispersal of agriculturally subsidized insect natural enemies into

adjacent natural habitats. Ecology Letters, 9, 603–614. Available from:

https://doi.org/10.1111/j.1461-0248.2006.00911.x

Rezende, C.L., Scarano, F.R., Assad, E.D., Joly, C.A., Metzger, J.P.,

Strassburg, B.B.N. et al. (2018) From hotspot to hopespot: an oppor-

tunity for the Brazilian Atlantic Forest. Perspectives in Ecology and

Conservation, 16, 208–214. Available from: https://doi.org/10.1016/

j.pecon.2018.10.002

Ribeiro, M.C., Metzger, J.P., Martensen, A.C., Ponzoni, F.J. & Hirota, M.M.

(2009) The Brazilian Atlantic Forest: how much is left, and how is the

remaining forest distributed? Implications for conservation. Biological

Conservation, 142, 1141–1153. Available from: https://doi.org/10.

1016/j.biocon.2009.02.021

Rowe, H.I. & Holland, J.D. (2013) High plant richness in prairie reconstruc-

tions support diverse leafhopper communities. Restoration Ecology,

21, 174–180. Available from: https://doi.org/10.1111/j.1526-100X.

2012.00882.x

Russell, M. (2015) A meta-analysis of physiological and behavioral

responses of parasitoid wasps to flowers of individual plant species.

Biological Control, 82, 96–103. Available from: https://doi.org/10.

1016/j.biocontrol.2014.11.014

Santos, L.A., Bischoff, A. & Fernandes, O.A. (2018) The effect of forest

fragments on abundance, diversity and species composition of

predatory ants in sugarcane fields. Basic and Applied Ecology, 33, 58–
65. Available from: https://doi.org/10.1016/j.baae.2018.08.009

Schneider, G., Krauss, J., Boetzl, F.A., Fritze, M.A. & Steffan-Dewenter, I.

(2016) Spillover from adjacent crop and forest habitats shapes cara-

bid beetle assemblages in fragmented semi-natural grasslands. Oeco-

logia, 182, 1141–1150. Available from: https://doi.org/10.1007/

s00442-016-3710-6

Schowalter, T.D., Noriega, J.A. & Tscharntke, T. (2018) Insect effects on

ecosystem services - introduction. Basic and Applied Ecology, 26, 1–7.
Available from: https://doi.org/10.1016/j.baae.2017.09.011

Schuldt, A., Ebeling, A., Kunz, M., Staab, M., Guimarães-Steinicke, C.,
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