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Abstract – Changes in landscape structure have increased the edge amount between different environments, 
and its implications for biodiversity may vary depending on the level of analysis, ecological groups, and species 
life history. We investigated the effect of distance from the forest edge on species of solitary wasps and bees 
and their associated natural enemies, on a gradient from 200 m into the anthropogenic matrix to 200 m into the 
forest, in Atlantic Forest biome in Brazil. In general, species were positively affected by forest edge proximity, 
while those forest specialists were more negatively influenced. The natural enemy species were more depend-
ent on the distribution of their hosts than on the edge effect directly. Caterpillar and spider hunters seem to be 
positively affected by the edge, while pollen collectors progressively decrease their richness and abundance from 
the matrix towards the interior of forest area, and cockroach hunters present an opposite response. We demon-
strate the importance of forest conservation and reforestation programs, not only by some cavity-nesting wasps 
and bees being entirely dependent on forests to persist, but also because most species sampled here depend on 
being close to a forest edge (less than 100 m) to carry out their ecological holes. Therefore, understanding how 
different species respond to environmental and landscape changes and may depend on staying close to forests is 
essential for effective management and planning strategies for biodiversity conservation.

fragmentation / forest dependent / conservation / habitat loss / trap nests

1. INTRODUCTION

Tropical forests sustain the highest terrestrial 
biodiversity in the world (Laurance et al. 2012; 
Alroy 2017). However, they are highly threatened 
due to intense anthropic exploitation (Laurance 
et al. 2012; Kok et al. 2018). Habitat loss and 

fragmentation processes have increased the risk 
of extinction for many species worldwide, par-
ticularly forest-dependent species (Fahrig 2003; 
Souza et al. 2020).

One effect of intensive landscape modification 
is the formation of edges, which are interfaces 
between natural and anthropogenic environments 
(Ries et al. 2004). Approximately 20% of the 
world’s remaining forest cover is estimated to be 
within 100 m of an edge (Haddad et al. 2015), 
potentially subjecting many species to edge influ-
ences, particularly in smaller forest patches (Ries 
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et al. 2004). The effect of edges on biodiversity 
arises from the existence of changes in biotic and 
abiotic conditions from the matrix to interior 
of forest patches (Villaseñor et al. 2014). The 
distance from the edges may influence both the 
direction and magnitude of the effects. Available 
evidence suggests that the most pronounced com-
munity changes occur within 100 m of the edge, 
but edge effects may extend to more than 1 km for 
insect and vertebrate species (Marsh et al. 2018; 
Willmer et al. 2022).

The presence of edges in landscapes may 
affect communities in three different ways: (1) 
abiotic effects (changes in environmental condi-
tions due to proximity to the edge); (2) direct 
biological effects (changes in species abundance 
and distribution due to physiological tolerance 
of species near the edge); and (3) indirect bio-
logical effects (changes in interspecific interac-
tions, such as herbivory, predation, competition, 
pollination, and parasitism) (Murcia 1995). 
These edge effects on communities may also 
vary depending on the life history traits of spe-
cies, such as nesting strategy, dispersal capac-
ity, body mass, and diet breadth (Caitano et al. 
2020). Therefore, ecological responses to edge 
effects may be positive, negative, or neutral. 
Positive responses occur when the combination 
of two habitat types increases the availability 
of resources accessible to species. Negative 
responses occur when species avoid edges, 
which depends on the species’ sensitivity to the 
conditions of the surrounding anthropogenic 
matrix. Finally, neutral responses occur when 
species are able to use both types of environ-
ments because their realized niches are well dis-
tributed across the anthropogenic matrix, edge 
zone, and core habitat area (Ries et al. 2004; 
Haddad et al. 2015).

The edge effect on biodiversity can be con-
sidered an indirect consequence of the habitat 
fragmentation process, particularly prevalent 
in regions that have been heavily degraded by 
human actions, such as agriculture, changes 
in land use, and urban area expansion (Fahrig 
2017). One example is the Atlantic Forest bio-
diversity hotspot in Brazil, which is one of the 
world’s richest biomes with many endemic 

species but is currently facing significant threats 
from anthropogenic actions (Myers et al. 2000). 
The forest cover in this region ranges from 16 
to 28%, depending on the mapping method. 
Most fragments smaller than 50 ha are subject 
to several edge effects, such as increased tem-
perature, reduced humidity, and greater exposure 
to human land use, mainly agriculture and urban 
areas (Ribeiro et al. 2009; Rezende et al. 2018; 
Haddad et al. 2015).

As a consequence of the landscape alterations 
in the Atlantic Forest biome, both ecological pro-
cesses and the associated economy are affected, 
particularly with regard to communities and their 
associated ecosystem services, such as pollina-
tion and population regulation (Mitchell et al. 
2015; Duarte et al. 2018). In this biome, pollina-
tion and biological population control services 
are mainly provided by insects, primarily hyme-
nopteran species (Losey et al. 2006; Noriega 
et al. 2018).

Among Hymenoptera, solitary wasps and 
bees, as well as their associated natural ene-
mies (parasitoids and kleptoparasites), exhibit a 
diverse array of species that may respond differ-
ently to the edge effect. By individually assess-
ing each species, we can explore which of them 
are negatively, positively, or neutrally affected by 
edge effects. Moreover, an important aspect over-
looked by previous studies with these species is 
how their responses to edge effects may vary 
according to functional groups. For example, 
Rocha-Filho et al. (2020) found that caterpillar-
hunter species were more affected by a landscape 
resistance index, while spider-hunter species 
were unaffected by any of the landscape attrib-
utes. Thus, the responses of different functional 
groups may also vary in relation to edge dis-
tances, reflecting how groups with similar char-
acteristics (e.g., trophic level or food resources) 
are affected by edges.

Considering the diversity and sensitivity of 
solitary wasps and bees and their associated 
natural enemies to environmental changes, this 
study aims to identify how these communities 
respond to edge effects. For this, we compared 
the communities along a gradient of distances 
across the anthropogenic matrix, including the 
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edge zones and the interior of forest patches. 
We tested the following hypotheses: (1) habitat 
generalist species are positively affected by the 
edge (edge preference model) and (2) habitat 
specialist species are negatively affected by the 
edge, whereas matrix and forest specialist spe-
cies are more abundant and have higher species 
richness in their preferred habitats (edge avoid-
ance model). Our null hypothesis is that cavity-
nesting hymenopterans are neutrally affected by 
the edge (Figure 1).

2.  MATERIAL AND METHODS

2.1.  Study area

Our sampling was conducted in four forest 
patch areas and four surrounding anthropogenic 
matrices located within private properties in Vale 
do Jordão and Guabiroba, municipality of Guara-
puava, Paraná state, northern Brazil (Figure 2). 
According to the Köppen classification, the climate 
in this region is humid mesothermal subtropical, 
characterized by abundant rainfall (annual aver-
age of 1961 mm) and the absence of a dry season 
(Kottek et al. 2006). The warmest months occur 
from September to April, with temperatures aver-
aging 23 °C. The coldest months occur from May 
to August, with temperatures averaging 12.8 °C. 
During this period, frosts and temperatures below 
0 °C are recorded (IAPAR 2014).

The main phytophysiognomy in the region 
is Araucaria Forest, which is surrounded by 
anthropogenic matrices consisting of grasslands 
used for cattle and sheep farming. Moreover, 
some properties in the area also have agricultural 
fields for corn, soybean, Eucalyptus, or Pinus. 
All of these properties are located in the rural 
area of the Guarapuava municipality (Figure 2, 
Table S1).

2.2.  Sampling design

Sampling was conducted biweekly every 
month between August 2018 and August 2019. 
We used trap nests, a method widely used in 
studies aimed at sampling cavity-nesting wasps 
and bees and their associated natural enemies 
(Staab et  al. 2018). This method consists of 
placing artificial cavities in the field to serve as 
nesting sites for wasps and bees. Trap nests can 
be built with several materials, and in this study, 
we used trap nests made of wood and bamboo. 
The wood trap nests were constructed according 
to Buschini et al. (2010). The bamboo trap nests 
ranged from 8 to 19 cm in length and from 0.4 
to 1.6 cm in diameter. This broad range of cav-
ity lengths and diameters enabled us to sample 
all cavity-nesting hymenopteran groups, given 
the substantial interspecific variation in body 
sizes within this group. Previous studies have 
also used similar-sized trap nests to those used 

Figure 1.  Expected patterns of edge effects on cavity-nesting hymenopteran communities and their associated natu-
ral enemies in fragmented landscapes of the Atlantic Forest, Brazil.
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here (MacIvor 2017; Staab et al. 2018). Both the 
wood and bamboo trap nests were longitudinally 
openable, allowing for visual inspection of their 
interiors (Figure S1).

In each forest patch and anthropogenic matrix 
area, we sampled six points, each located at a differ-
ent distance from the edge. The distances from the 
edges were randomly chosen and ranged between 
3 and 204 m from the edge on the matrix side and 
between 34 and 182 m from the edge on the for-
est side (Table S1). At each point, we installed a 
sampling station composed of 32 trap nests (16 
made of wood and 16 made of bamboo), totaling 
1536 nests available in the field. The wooden trap 
nests comprised four trap nests with 0.5, 0.7, 1.0, 
and 1.3 cm in diameter, and the bamboo trap nests 
had varied diameters. All nests were installed 1.5 m 
above the ground and covered to protect them from 
direct exposure to sunlight and rain (Figure S1).

The collection of occupied trap nests was done 
when the species had already finished building 
the nest, which was easily noticeable since most 
species that nest in pre-existing cavities close the 
nest entrance with some type of material, such 
as clay or some type of plant material. The col-
lected nests were taken to the Bees and Wasps 

Biology and Ecology Lab (LABEVESP), at the 
Universidade Estadual do Centro Oeste, located 
in Guarapuava, Paraná State, Brazil, where they 
were placed inside PET bottles, closed with cot-
ton, until the adults emerged, which were killed 
with ethyl acetate, dried, identified, and depos-
ited in the laboratory collection.

2.3.  Community composition and 
functional group levels

After species identification, we conducted the 
analysis at two levels of organization: species 
and community. At the species level, we ana-
lyzed each species separately. At the community 
level, we grouped the species into five functional 
groups as follows: (1) natural enemies, i.e., spe-
cies that use their hosts as a trophic resource; (2) 
caterpillar hunters; (3) spider hunters; (4) cock-
roach hunters; and (5) pollen collectors.

At the species level, we used abundance 
and occurrence (0 = absence; 1 = presence) as 
response variables. At the community level, 
we used the abundance and richness of species 
of each functional group as response variables. 

Figure 2.  Study area in the surroundings of Guarapuava municipality, Paraná state, Brazil. The letters refer to the differ-
ent areas of forest fragments (green dots) and an adjacent matrix (red dots) where the collections were conducted.
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We constructed separate models for each func-
tional group. In both levels of analysis, we used 
distances to the edge as explanatory variables. 
Positive values were assigned to distances within 
the forests, and negative values were assigned to 
distances within the anthropogenic matrix. For 
the functional group of natural enemies, we also 
included host abundance and richness as explana-
tory variables. Moreover, for the host species and 
functional groups formed by them, we also con-
ducted the analysis using the number of nest built 
as a proxy for abundance rather than the number 
of individuals that emerged from the nests.

2.4.  Statistical analysis

For each pair of response and explanatory 
variables, we fitted two different models to 
evaluate the effect of different distances of sam-
pling stations from the edge on the abundance 
and richness of cavity-nesting wasps and bees, 
as well as their associated natural enemies: (1) 
generalized additive models (GAMs) and (2) 
generalized additive mixed models (GAMMs), 
both to fit nonlinear response of richness and 
abundance of species and functional groups 
to edge distance, being the second used to we 
added the sample sites as random variables and 
and thus remove the effect of the different loca-
tions of collection points. The model’s response 
variables included the abundance and presence/
absence of each species separately and the abun-
dance and species richness for each functional 
group. For the presence/absence of species, we 
fitted a general linear model (GLM) with a bino-
mial distribution (Zuur et al. 2009) (Table I).

To select the best type of models (GAM or 
GAMM models), we used the Akaike informa-
tion criterion corrected for small sample sizes 
(AICc) (Burnham and Anderson 2004). The best 
models were those with the lowest AICc values 
(Table S2). For the GLM analysis, we used the 
“stats” package in R (R Core Team 2022). For 
the GAM and GAMM analyses, we used the 
“mgcv” package (Wood et al. 2011). All analy-
ses were performed in R version 4.1.3 (R Core 
Team 2022).

3.  RESULTS

3.1.  Community composition

We sampled 541 built nests, from which 1420 
hosts and 254 natural enemies emerged. Among 
the hosts, most were wasps (N = 1395), while bees 
accounted for a smaller portion (N = 25). Wasps 
belonged to four families (Crabronidae, Pompili-
dae, Sphecidae, and Vespidae), nine genera, and 
sixteen species (Table S3). Bees belonged to two 
families (Apidae and Megachilidae), three genera, 
and four species (Table S3). In terms of diver-
sity, Vespidae (S = 8) and Crabronidae (S = 4) 
families showed the highest richness among the 
wasp host species, whereas Megachilidae showed 
the highest richness among the bees. The natural 
enemies belonged to two orders: Diptera (N = 110) 
and Hymenoptera (N = 144). Dipterans were rep-
resented by two families (Bombyliidae and Sar-
cophagidae), three genera, and three species, 
whereas hymenopterans were represented by six 
families (Chalcididae, Chrysididae, Eulophidae, 
Ichneumonidae, Megachilidae, and Mutillidae), 
thirteen genera, and twenty-one species. The 
families Chrysididae and Ichneumonidae exhib-
ited the highest species richness among the natural 
enemies (Table S4).

Using the number of individuals that emerged 
from nests, we found that the abundance of matrix 
and forest specialist species was higher than that 
of generalist species, while the richness of matrix 
specialist species was higher than that of forest spe-
cialist and generalist species (Figure 3A). Based on 
the data collected in this study, we categorized spe-
cies as habitat specialists if they nested only in one 
habitat type (matrix or forest) and habitat generalists 
if they nested in both habitats. Similarly, when we 
analyzed the data using the number of nests built, 
matrix specialists had the highest abundance, fol-
lowed by forest specialists and generalists, which 
was also observed for the richness data (Figure 3B).

3.2.  Edge effect at the species level

At the species-level analysis, the impact of the 
edge varied for each species depending on whether 
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the species was a specialist or generalist in nesting 
habitat choice and life history traits. For example, the 
most abundant forest specialist species (Trypoxylon 
agamemnon Richards 1934 and Ancistrocerus fla-
vomarginatus Brèthies 1906) and matrix specialist 
species (Pachodynerus guadulpensis Saussure 1853 
and Trypoxylon opacum Latreille 1796) did not show 
their highest abundance and presence/absence at the 
edge, but their occurrence was close to it (Figure 3). 
On the other hand, the habitat generalist Auplopus 
subaurarius Dreisbach (1963) showed a positive 
response towards inside the forest area, while Try-
poxylon lactitarse Saussure, 1867 had its highest 
abundance at the edge between the matrix and the 
forest (Figure 4). When considering each natural 
enemy species, we observed that their response to 
the edge effect was linked to their hosts. Host-gen-
eralist natural enemies, such as Melittobia australica 
Girault (1912) and Chrysididae sp., showed a neu-
tral response to the edge effect, with their abundance 
remaining stable from the matrix to the interior of 
forest area (Figures S4 and S5). However, host-spe-
cialist natural enemies, such as Xystromutilla bucki 

Suárez (1960) and Caenochrysis parvula (Fabricius 
1804), exhibited a similar response to the edge as 
their hosts (Figures S4 and S6).

3.3.  Edge effect at the functional group 
level

At the functional group level, natural enemies 
exhibited their highest abundance and richness 
near the edge (matrix side), but their abundance 
also increased in higher distances inside forest 
area (Figure 5). Nevertheless, the response of 
natural enemies in terms of abundance and rich-
ness was better explained by the abundance and 
richness of their respective hosts than by the dis-
tance from the forest edge, and this relationship 
was positive (Table II, and Figure 5).

Caterpillar hunters exhibited a positive 
response to the edge in terms of both abundance 
and richness, regardless of whether we used the 
number of individuals that emerged from the 
nests or the number of built nests as a proxy for 

Table I  Models used to predict the relationship between the presence/absence, abundance and richness of 
cavity nesting hymenopteran, and the edge distance in fragmented landscape in Atlantic Forest biome, Brazil

Models Purpose Probability 
distribution

Response variables Explanatory 
variables

Generalized additive 
model (GAM)

Predict the explanatory-
response relationships, 
allowing for curves, 
interactions, and non-
linear patterns, using 
smooth functions.

Poisson distribu-
tion

Species abundance
Functional group abun-

dance
Functional group rich-

ness

Position relative 
to forest edge, in 
meters.

Generalized additive 
mixed effect model 
(GAMM)

Predict the explanatory-
response relationships, 
allowing for curves, 
interactions, and non-
linear patterns, using 
smooth functions and 
also include random 
effects, which capture 
the variability of obser-
vations within groups 
(sample location).

Poisson distribu-
tion

Species abundance
Functional group abun-

dance
Functional group rich-

ness
Sample ID as random 

effect

Position relative 
to forest edge, in 
meters.

Generalized linear 
model (GLM)

Fit linear relationships 
between explanatory 
and response variables.

Binomial distri-
bution

Species presence/
absence

Position relative 
to forest edge, 
in meters.
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their abundance. Spider hunters showed a posi-
tive response to the edge only in abundance (both 
in the number of individuals that emerged and 
the number of nests), while their richness was 
unaffected (Figure 6). Cockroach hunters showed 
a negative relationship from the forest towards 
the matrix, while pollen collectors exhibited a 
negative relationship in the opposite direction, 
from the matrix towards the forest (Figure 7).

4.  DISCUSSION

Our results demonstrate that the effects of 
the transition between the matrix and the for-
est on the communities of cavity-nesting wasps 
and bees depend heavily on the level at which 
analyses are conducted. All our hypotheses 
were confirmed, depending on the level of anal-
ysis (at the species or functional group levels) 
or the life history traits of each species (gen-
eralist and specialist in habitat use or trophic 

Figure  3.  Abundance and richness of cavity-nesting hymenopterans. A Abundance and richness calculated using 
the number of individuals that emerged from nests. B Abundance and richness of species calculated using number of 
nests (only for hosts). F, forest specialist species; M, matrix specialist species; MF, habitat generalist species. The let-
ters above the boxplots indicate statistical differences observed using the t test.
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resource). Forest specialist species were more 
negatively affected by edge distance. On the 
other hand, natural enemy species were more 
dependent on the distribution of their hosts than 
on the edge effect directly. Furthermore, the 
response to the edge varied among functional 
groups, depending on the trophic resources 
they use. Caterpillar and spider hunters seem 
to be positively affected by the edge, mainly in 
their abundance, since the richness of the latter 
group was not influenced. An interesting obser-
vation was that pollen collectors progressively 
decreased their richness and abundance from 
the matrix towards the interior of forest area. 
Similarly, cockroach hunters were negatively 
affected when moving from the forest towards 
the matrix area.

An interesting point about our results and that 
requires caution is whether the edge should be 
classified as a distinct habitat type or just the 
cessation of one habitat and the beginning of 
another. Although we lack enough data to defin-
itively classify the edge in our study area as a 
distinct habitat, information from the literature 
on cavity-nesting hymenopterans supports the 
idea that the ecotone between matrix and forest 
environments possesses unique characteristics 
(e.g., temperature, humidity, luminosity, and 
the presence of characteristic plant species) that 
differentiate the edge from other habitat types 
(Rocha-Filho et al. 2017; Stangler et al. 2015). 
Even so, the definition of edge as a distinct habi-
tat may depend on the taxa analyzed, since as 
we show in our data, some species presents their 

Figure 4.  Species-level responses of cavity-nesting hymenopterans to forest edges. Blue dots and slopes were calcu-
lated using the number of individuals that emerged from the nests, while red dots and slopes were calculated using 
the number of nests. Positive values represent species found within forests, and negative values represent species 
found within anthropogenic matrices. Zero represents the edge. Only the most abundant species are shown.
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Figure 5.  Functional group-level analysis of the natural enemies. The figure shows the responses of abundance and rich-
ness of natural enemies to forest edge distance, host abundance, and host richness. The AICc values are shown in Table II.



G. A. Alves et al.

1 3

24 Page 10 of 17

higher abundance at the edge (e.g., caterpillar 
and spider hunters), and to them, this interface 
between matrix and forest probably is realized as 
a distinct environment.

This habitat perception by species may 
depend on some life history traits, such as dis-
persal capacity, niche breadth, and reproductive 
potential, which may be influenced in species 
distribution in fragmented landscapes (Ewers 
and Didham 2006; Öckinger et al. 2010). In our 
study, the dispersal capacity seems to be not 
very importance since solitary wasps and bees 
are able to foraging at least 1 km (Gathmann 
and Tscharntke 2002; Montagnana et al. 2021) 
and our edge distance gradient was 400 m from 
matrix to forest interior. So, other variables, such 
as niche breadth and reproductive potential, may 
be playing an important role in species habitat 
distribution of our study. Moreover, the individu-
als may also be having their behavior altered by 
interactions with other species, since they always 
are competing for food resources and nesting 
sites with other cavity nesting hymenopteran, 
and are being parasitized by natural enemies 
and had their nests predated by ants, which may 
influence the choice of nesting site (Corbara 
et al. 2009; Staab et al. 2018).

Our study presents a large gradient of edge 
distance from 200 m in the anthropogenic matrix 
to 200 m into the forest, and we obtained consist-
ent results with other studies that had a minor 
gradient, that cavity-nesting wasps and bees, as 
well as their natural enemies, in general, exhibit 
higher richness and abundance in edge habitats 

than within forest fragments (Stangler et  al. 
2015; Rocha-Filho et al. 2017). The explana-
tions for this pattern are commonly linked to 
the resources used by species. As edge areas 
are a union between different habitats, they are 
expected to have greater access to resources, 
including greater plant flowering, higher food 
availability, higher light availability, and greater 
understory cover (Stangler et al. 2015; Rocha-
Filho et al. 2017). Moreover, higher environmen-
tal contrasts between the forest and matrix, as 
observed in our study, may increase species rich-
ness due to increased resource complementation 
between two different environments (Willmer 
et al. 2022). Nevertheless, this explanation may 
only apply to more tolerant species, which man-
age to survive edge conditions, as opposed to for-
est specialist species that avoid the edge because 
they are more sensitive to its effects (Matos et al. 
2013, Vieira et al. 2015; Stangler et al. 2015).

At the species-level analysis, the availability 
of trophic resources may not be the only factor 
limiting species distribution. For instance, the 
habitat specialist wasps Trypoxylon agamemnon 
(which nests in forests) and Trypoxylon opacum 
Brèthes 1913 (which nests in open areas) are both 
spider predators (Moura et al. 2019). While spi-
ders may be richer and more abundant at the edge 
(Prieto-Benítez and Méndez 2011; Rodrigues 
et al. 2014), these wasp species do not exhibit 
their highest abundance at the edge. Despite that, 
these species were also not positively affected by 
the higher distances inside their respective habi-
tats (forest and matrix). Solitary wasps and bees 

Table II  Natural enemy models comparing the effect of forest edge distance, host abundance, and host rich-
ness on natural enemy abundance and richness

NE natural enemies

Model comparison AICc dAICc df Weight

NE richness ~ host abundance 142.7 0.0 2.4 0.9966
NE richness ~ host richness 154.1 11.4 2 0.0033
NE richness ~ edge distance 162.1 19.3 2 < 0.001
NE abundance ~ host abundance 331.7 189.0 9.9 < 0.001
NE abundance ~ edge distance 356.2 213.5 8.5 < 0.001
NE abundance ~ host richness 411.0 268.3 2 < 0.001



 Edge effects on solitary bees and wasps

1 3

Page 11 of 17 24

have limited thermoregulatory capacity and may 
not survive in extreme temperatures and humidity 
(Loyola and Martins 2006; Stangler et al. 2015). 
Consequently, these species may avoid areas far 
from the edge, as they are unable to tolerate the 
high temperatures and low humidity of the matrix 
or the low temperatures and high humidity of the 
forest center (Stangler et al. 2015). In addition, by 
avoiding nest exactly in the edge, these species 

can benefit from the greatest amount of resources 
without having to compete with species from 
other environments, which are more common in 
forest edges (Youngentob et al. 2012).

On the other hand, habitat generalist wasp spe-
cies, such as Trypoxylon lactitarse Saussure, 1867, 
may benefit from edge conditions. As a result, T. 
lactitarse may negatively influence other habitat 
specialist species at the edge, leading to a decrease 

Figure  6.  Functional group-level analysis of caterpillar and spider hunters. Blue dots and slopes were calculated 
using the number of individuals that emerged from the nests, while open red dots and slopes were calculated using 
the number of nests. Positive values indicate the presence within forests, and negative values indicate the presence 
within anthropogenic matrices. Zero represents the edge.
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in their occurrence and abundance. This effect 
can be observed for both forest-dependent species 
(e.g., T. agamemnon) and open-area species (e.g., 
T. opacum). This phenomenon could be attributed 
to competition between these species, but previous 
studies have reported that they do not overlap their 
trophic niche and do not use the same cavity diam-
eter (Buschini and Wolff 2006; Buschini 2007; 

Buschini et al. 2010; Moura et al. 2019). There-
fore, another plausible explanation may be the 
apparent competition process, which is a decrease 
in the abundance of one species due to the popu-
lation increase of another species. These interac-
tions occur due to the abundance increase of a third 
species at a higher trophic level, such as natural 
enemies (Holt 1977). Thus, the higher abundance 

Figure 7.  Functional group-level analysis of cockroach hunters and pollen collectors. Blue dots and slopes were cal-
culated using the number of individuals that emerged from the nests, while open red dots and slopes were calculated 
using the number of nests. Positive values indicate the presence within forests, and negative values indicate the pres-
ence within anthropogenic matrices. Zero represents the edge.
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of T. lactitarse at the edges may increase the den-
sity of natural enemies in these areas, leading to a 
decrease in the abundance of habitat specialist spe-
cies. This process may explain the curve patterns 
observed in our results for generalist, specialist, 
and natural enemy species.

The response of species to edge effects may 
also depend on their life history traits. One exam-
ple is A. subaurarius, an ectoparasitoid spider 
wasp that occurred in both forest and open areas 
but exhibited higher abundance further into the 
forest. This species provisions only one spider 
per brood cell, and many females use various 
wood materials in nest entrances, possibly to 
avoid hyperparasitoids (Buschini et al. 2007; 
Deus et al. 2023). Given that this species requires 
fewer prey items for its offspring than species 
that engage in mass provisioning and also rely 
on the forest for nest protection against natural 
enemies, it seems reasonable that we found its 
highest abundance towards the forest interior.

The abundance of bee species was notably 
low compared to wasp species, which makes it 
difficult to understand their response to the edge. 
Nonetheless, studies have shown that bees are 
positively affected by open areas and nearby for-
est patches (Gutiérrez-Chacón et al. 2018; Flores 
et al. 2018; Montagnana et al. 2021). For exam-
ple, the distance of natural remnant edges in crop 
fields can positively affect bee abundance and 
richness, as these edges may be used by pollina-
tors as nesting, foraging, and mating sites, thus 
increasing their diversity (Bailey et al. 2014). 
The low bee abundance may have been due to 
the trap nest methodology, which has been dis-
cussed that trap nesting rate may be higher in 
matrix areas due to the lack of natural cavities 
and lower in forest areas where natural cavities 
may be more abundant (Nether et al. 2019; Deus 
et al. 2022a, b). In our study, although we did 
not observe increased nesting within the forest, 
which would be more robust to indicate no influ-
ence of the methodology, most nesting occurred 
near the edge of the forest, where there could be 
more natural cavities compared to open areas of 
the matrix (Morato and Martins 2006). Anyway, 
this methodology has been widely used in vari-
ous studies and has provided valuable insights 

into ecological processes (Staab et al. 2018), and 
in a previous study, comparing the occupancy of 
natural and artificial cavities by solitary wasps 
and bees found higher nesting rates in artificial 
nests (Westerfelt et  al. 2015), indicating the 
effectiveness of this methodology for sampling 
cavity-nesting hymenopterans and their associ-
ated natural enemies.

In our study, the natural enemies were posi-
tively affected by the edge and also showed a 
positive response inside the forest area, which 
may only the reflect of their respective hosts at 
a species level analysis. These natural enemies’ 
species are entirely dependent on their hosts to 
complete their larval development (Sobek et al. 
2009; Osorio-Canadas et al. 2018), and their 
responses to edge may vary depending on how 
they can use different host species. For example, 
the natural enemy M. australica Girault 1912, 
a gregarious species that parasitizes wasps and 
bees (Matthews et al. 2009), was found to be 
a generalist (parasitized several host species), 
occurring independently of edge distance, both 
in the matrix and forest directions. On the other 
hand, Caenochrysis nigropolita (Bischoff 1910) 
was positively affected by the forest edge, mainly 
because its specific hosts were more abundant 
in these areas. Therefore, the increased abun-
dance of functional groups of natural enemies in 
the forest interior showed in our results may be 
attributed to the higher abundance of host spe-
cies in these areas, such as A. subaurarius and T. 
agamemnon. Regardless, due to these great host 
dependence, natural enemy species may be more 
sensitive to environmental disturbances and may 
serve as bioindicators for assessing habitat qual-
ity (Staab et al. 2018).

The results from other functional groups also 
varied depending on the trophic resource used by 
species. The spider and caterpillar hunter were 
positively affected by edge while pollen collectors 
and cockroach hunters were negatively affected. 
The caterpillars preyed upon by wasps are typically 
herbivores, feeding on plant leaves, and they may 
benefit from the increased abundance of pioneer 
plants, especially herbaceous species at forest edges 
(Lôbo et al. 2011; Guimarães et al. 2014). In addi-
tion, spider species are also positively affected by 
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the edge, as they show a mixture of species from 
the two adjacent environments (forest and matrix) 
(Rodrigues et al. 2014). As a result, trophic general-
ist species that are able to use more available food 
resources may benefit from the edge and exhibit 
higher abundance, which highly contributes to 
the positive edge effect when we analyze all spe-
cies together, thus masking the effects of the edge 
on other species. Therefore, the general positive 
response of cavity nesting hymenopteran to the 
edge, shown here and in other studies, may merely 
reflect the disappearance of sensitive specialist spe-
cies and the increase of species more tolerant to the 
edge effects in disturbed landscapes.

Our results highlight the importance of the 
analysis level and how it can modify the species 
response to edge effects. We demonstrate the 
importance of forest conservation and reforesta-
tion programs, not only by some cavity-nesting 
wasps and bees being entirely dependent on 
forests to persist, but also because most species 
sampled here depend on being close to a forest 
edge (less than 100 m) to carry out their ecologi-
cal holes. Therefore, understanding how different 
species respond to environmental and landscape 
changes and may depend on staying close to for-
ests is essential for effective management and 
planning strategies for biodiversity conservation.
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