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Abstract. 1. Understanding the processes that shape biotic interactions within biological communities helps us to develop strategies for the establishment of ecological communities and to rehabilitate the functionality of degraded environments.
2. We evaluated the functional diversity of cavity-nesting bees and wasps and their
interaction networks established with nest parasites in different types of reforestation
in Southern Amazonia. To do so, we used bee and wasp trap-nests to sample six different
types of environments: pasture, teak reforestation, ﬁg reforestation, mixed reforestation,
natural regeneration and primary forest.
3. Although the bees’ functional diversity indices evaluated did not vary between
reforestation types and natural forests, the functional traits of these insects were quite different in reforestation with planting species, especially teak. For wasps, we observed
lower functional diversity in pasture, ﬁg plantation and mixed reforestation. Moreover,
we observed that while teak reforestation presented the highest parasite richness, parasitism rate and diversity of interactions, natural regeneration shows higher interaction
specialisation.
4. Our results indicate that the simpliﬁcation of the structure of reforested environments contributes to increase the divergence in the functional diversity of cavity-nesting
bee and wasp community and the interactions they establish with their parasites in relation to natural environments. However, these differences can be reduced by structuring
the environment. Thus, natural regeneration can be a favourable strategy if the degraded
areas are not severely impacted and present proximity to the source of propagules.
Key words. Functional traits, network, parasite–host interaction, rainforest,
reforestation.

Introduction
Biological communities are composed by species that
interact with each other in different ways, forming complex
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ecological networks, in which species are denoted by nodes
and their interactions by links (Dáttilo & Rico-Gray, 2018;
Osorio-Canadas et al., 2018). In recent years, studies of these
interaction networks have greatly improved our understanding
as to the importance of the organisation of such networks on
the stability of ecological communities (Harvey et al., 2017).
Mainly in the face of increasing biodiversity loss through the
conversion of natural environments into highly anthropized
landscapes (Costanza et al., 2014), understanding the effect of
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these changes on the pattern of interaction of these communities
has been the goal of many ecologists (Tylianakis et al., 2006;
Falc~ao et al., 2015; Campi~ao & Dáttilo, 2020; Silva
et al., 2020). This because changes in species composition and
also ecological interactions mismatches may compromise ecosystem functionality (Esquivel-Muelbert et al., 2019; Fei
et al., 2017; Wood et al., 2019). In fact, biological communities
can naturally change, since environments can experience instabilities that promote the exclusion of resident species and the
arrival of new ones (Bramon Mora et al., 2020). But the intense
modiﬁcations of the natural landscapes in the last decades by the
land-use have led to the exclusion of biological groups strongly
linked to human well-being, such as pollinators, seed dispersers
and biological control agents (Potts et al., 2010; Hua
et al., 2016). In an attempt to mitigate the environmental and
socioeconomic impacts caused by the loss of these services,
environmental recovery projects have taken place around the
world in recent years (Chazdon & Guariguata, 2016).
During the process of recovering vegetation cover from
degraded areas worldwide, two strategies are commonly used:
reforestation with planting species process (active strategy) and
natural regeneration process (passive strategy) (Holl &
Aide, 2011). Regardless of the process performed, both aim to
restore the functional diversity, biodiversity and ecosystem
dynamics (Aronson et al., 2006). Despite the emergence of restoration ecology, proposed in the mid-1990s (Suding
et al., 2015; Beiroz et al., 2019), most studies in recovered areas
concentrate on restoring species diversity but do not evaluate
parameters that can, in fact, promote an exam of the quality of
these systems (Audino et al., 2014; Cisneros et al., 2015; Beiroz
et al., 2018). Thus, functional and ecological information, such
as the recovery of individuals with traits that allow them to perform the activities associated with their group and the establishment of interactions between biological species are still limited.
In the process of environmental restoration, the attributes used in
the vegetal recovery can strongly regulate the established fauna
due to the presence of conditions that allow them exploring these
resources or not (Olito & Fox, 2015). Thus, variations in the
characteristics of individuals (functional traits) that can be attributed to a species, such as phenological, morphological, physiological, reproductive or behavioural (Kissling et al., 2018;
Esquivel-Muelbert et al., 2019), can be suggested to evaluate
the community abilities in using the environment or its vulnerability to environmental changes (Laliberte & Legendre, 2010;
Palma et al., 2015).
Bees and wasps together make up more than 40 000 species
worldwide (Michener, 2000; O’Neill, 2001). Beyond to the variety of nesting behaviour (digging, natural cavities, exposed-nesting, parasitic) (Krombein, 1967), social organisation (solitary,
semi-social, eusocial, cleptoparasites and parasitoids)
(Silveira & Almeida, 2002) and larval diet (pollen, spiders, cockroaches, caterpillars and grasshoppers) (Krombein, 1967;
Michener, 2000; O’Neill, 2001) that these Hymenoptera present,
they play an important ecological and economic role in both natural and cultivated systems (Tylianakis et al., 2005; Araújo
et al., 2018a,b, 2020; Flores et al., 2019; Giannini et al., 2020).
Due to their pollination activities, bees are responsible for the
reproduction of up to 90% of the species of ﬂowering plants in

tropical regions (Ollerton et al., 2011) and 75% of cultivated
plants (Klein et al., 2007). Although wasps can also play a role
in pollination, the main activity of this group is the biological
control of several species of invertebrates, many considered as
pests in agricultural crop (Tylianakis et al., 2005;
Saunders, 2016). As far as we know, there are no studies evaluating the efﬁciency of different types of reforestation in restoring
the functionality of introduced species or the interactions that
they establish in the new environments. Understanding these factors is a key element to promote the efﬁciency of the efforts used
in projects that aim to re-establish the local biodiversity and its
associated services. Bees and wasps that nest in cavities form
an interesting model for studies of this purpose. Their nesting
strategy allows the use of trap-nests to sample not only the characteristics of the species that occur in the region but also the
interactions that they establish with other organisms, such as parasites associated with their nests (Tylianakis et al., 2006, 2010;
Osorio-Canadas et al., 2018; Araújo et al., 2018a,b).
In this study, we evaluated whether different reforestation
types used in the recovery of degraded areas from pastures also
differ in their capacity to recover the functional diversity of
cavity-nesting bees and wasps and the interactions that these species establish with their nest parasites. Due to their different food
specialisation and different ecological functions, we evaluated
the functional diversity of bees and wasps separately. However,
we evaluated the interactions of both groups with the parasites
together, because our interest was to assess the effects of reforestation on the host–parasite relationship. Our hypothesis is that
the vegetation structure used in the reforestation process from
pasture areas inﬂuences the capacity of these new environments
to recover the functional diversity of cavity-nesting bees and
wasps and to restore the structure of the interaction networks
with the parasites associated with their nests, once the plant species used on reforestation process can shape the established communities. Our predictions are that: reforestations with a more
diverse vegetation structure will present (i) functional diversity
of bees and wasps, (ii) parasite richness, and (iii) parasitism rates
more uniform (similar) to those found in primary forests. We
also predict that the plant diversity used in reforestation favours
a greater similarity in parasite species composition, (iv) and
greater similarity of their interactions with cavity-nesting bees
and wasps in relation to the primary forests. Finally, (v) we predict that increasing plant structure may favour the establishment
of more specialised networks than those present in simpliﬁed
environments.

Materials and methods
Study area
We conducted this study at the S~ao Nicolau Farm (9 48’S,
58 15’W, 254 m), located in the municipality of Cotriguaçu,
northern Mato Grosso State, Brazil (Fig. 1). The study region
is characterised as a tropical rainforest within the southern Brazilian Amazonia, not being subject to seasonal inundation. Of
the farm’s 10 000 ha, 2800 ha were converted and used as cattle
pasture between the 1980s and 1990s. In the years 1999 and
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Figure 1. Map showing the spatial arrangement of our 64 sites established in six different types of habitats at the S~ao Nicolau farm, municipality of Cotriguaçu, State of Mato Grosso, Brazil: pasture, teak, reforestation, ﬁg reforestation, mixed reforestation, natural forest and primary forest.

2000, 2000 ha of grazing area was replanted with various tree
species. In the same period of revegetation, 500 ha of pasture
were abandoned for their reversion in secondary forest by the
process of natural succession, leaving 300 ha of active pasture
for cattle grazing. The farm still has 7200 ha of primary forest
(Araújo et al., 2020). The climate of the region is the AW type,
according to the Köppen classiﬁcation (warm and humid), with
an average annual temperature of 24 C, 85% humidity, and
2300 mm of precipitation (Rodrigues et al., 2011).

Experimental design
We collected data on six different landscapes: (i) Pasture
(PA): landscape dominated by great predominance of planted
grasses (not more than 50 cm tall) used as food for cattle. This
landscape is characterised by a very high incidence of light and
the absence of leaf litter accumulation. We used pasture in our
design as a ‘starting point’ of forest succession under different
reforestations (Supporting Information Fig. S.1a); (ii) teak reforestation (TR): monoculture of Tectona grandis (Verbenaceae) of
nearly 17 years, an exotic tree that loses/sheds its leaves annually. During the collection period on this landscape, leaves were
green, allowing little light penetration in the understory. Moreover, the understory is open and has an abundant leaf litter accumulation (Supporting Information Fig. S.1b); (iii) ﬁg
reforestation (FR): monoculture of native species, Ficus maxima
(Moraceae), of nearly 17 years and performed with seedlings
obtained from native seeds in our study area. This landscape

presents some gaps formed by dead trees, which are characterised by grasses and shrubs. The understory has plants of varying
sizes and low leaf litter accumulation (Supporting
Information Fig. S.1c); (iv) mixed reforestation (MR): mixed reforestation with tree species obtained from native seeds in our study area,
including Handroanthus chrysotrichus (Bignoniaceae), Tabebuia
roseoalba, Handroanthus impetiginosus, Cedrela ﬁssilis var. macrocarpa (Meliaceae), Cordia alliodora (Boraginaceae), Simarouba
amara var. typica (Simaroubaeae), Spondias mombin var. globosa
(Anacardiaceae), Hevea brasiliensis var. acreana (Euphorbiaceae),
and Schizolobium parahyba var. amazonicum (Fabaceae). This
reforestation presents understory of low shrubs and low leaf litter
accumulation (Supporting Information Fig. S.1d); (v) natural regeneration (NR): Secondary forest formed by the natural regeneration
process of nearly 17 years without the presence of cattle or anthropogenic interference. The understory of natural regeneration forest is
extremely dense, with vegetation higher than 5 m; there is a low
leaf litter accumulation and light incidence (Supporting
Information Fig. S.1e); (vi) primary forest (PR): our control,
deﬁned as ‘terra-ﬁrme’ and closed-canopy forest without the inﬂuence of seasonal ﬂooding from larger rivers. The understory is relatively open and very biodiverse, and the canopy varies between
30 and 40 m tall with some trees reaching up to 50 m
(Supporting Information Fig. S.1f).
Within each of the six landscapes, we randomly selected 10
sampling sites (n = 14 in the case of the primary forest) based
on the feasibility of access and logistical constraints (64 sites in
total, Fig. 1). Based on the typical foraging distances estimated
for cavity-nesting bees and wasps (Gathmann &
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Tsharntke, 2002; Klein et al., 2004; Zurbuchen et al., 2010), our
sites were sampled at least 500 m apart from any other site to
minimise spatial dependence among sites, following the distance
used in previous bee and wasp works in the same study area
(Araújo et al., 2019, 2020). Site replicates of each forest type
were also spatially interspersed among replicates of all other
degraded forest types (Fig. 1). Because permission to sample
was only available for one spatial location in the northwest of
the study region (but only 1–3 km from the nearest degraded forest sites; Fig. 1), the primary forest sites could not be interspersed. To address this issue, we used the same approach as
Araújo et al. (2020), incorporating tests of spacial autocorrelation in all statistical analyses (see in statistical analyses).
At each of the 64 sites, we marked out ﬁve equidistant points
50 m apart on a line transect (oriented along the primary forest)
and installed experimental trap-nest blocks constructed of wood
(Cedrela ﬁssilis, Meliaceae) with holes drilled into them. Trapnests were placed at a height of 1.5 m above the ground attached
to trees or wooden stakes (Araújo et al., 2019).

Trap-nest design and sampling
We considered each trap-nest as one woodblock (30 cm
length × 7 cm height × 12 cm width) with 10 holes each of four
sizes, 8, 12, 16 and 20 mm diameter, randomly distributed across
the block surface and drilled to 100 mm deep (Supporting
Information Fig. S.2). We inserted an appropriate black cardboard tube in each hole to create a removable sleeve. Our methodology for the construction of trap nests was based on previous
studies of survey of solitary bees and wasps that nest in cavities
(Araújo et al., 2018a,b). To prevent ant and termite attacks on
the traps, we use an anti-pest glue (type Tanglefoot) around their
substrate. We placed, across all sites, a total of 320 trap-nests, containing 12 800 nest tubes. We inspected the traps every 20 days
between August 2016 and July 2017, and those occupied were collected and replaced by another trap with the same measurements.
In the laboratory, the trap nests brought from the ﬁeld were placed
in test tubes, closed with cotton, and kept in a dark room at temperatures of between 20 C and 25 C until the emergence of adults.
After emergence, we pinned the insects, quantiﬁed the number
of cells built and identiﬁed the specimens. Voucher specimens
were deposited in the Invertebrate Collection of the Federal University of Mato Grosso (Araújo et al., 2020).

Functional community structure among habitats
We compiled ecological and morphological traits of all species
recorded in our study. Our traits were selected based on information
available in the literature that demonstrated their importance in carrying out activities. For bees, we evaluated: (i) wing length,
(ii) body size, (iii) posterior tibia length, (iv) nesting material,
(v) tongue length, and (vi) pollen-carrying structures (see Supplementary Table S1 and S2). As for wasps, we measured: (i) wing
length, (ii) body size, (iii) posterior tibia length, (iv) mandibular
length, and (v) larval diet (see Supplementary Table S1 and S3).
These traits were selected because they included several ecological

attributes of bees and wasps that are known to inﬂuence their functional roles in the assembly. The wing length correlates with the foraging ability of the individual within the landscape (Spaethe &
Weidenmüller, 2002; Greenleaf et al., 2007). The mean body size
reﬂects the resource availability within the landscape and it is positively related to the distance of foraging (Goulson, 2010; Persson &
Smith, 2011). Individuals with longer posterior tibia may have a
greater ability to handle food (e.g. pollen and prey) in a shorter
period of time, reﬂecting greater agility in the provision of resources
for their offspring ( Michener, 2000; Eggenberger et al., 2019).
Nesting materials reﬂect the specialisation of nesting individuals
on resources necessary for the construction of their nests, the limitation of these resources may affect the occurrence of these individuals in the environment (Michener, 2000). The tongue length is
related to food preferences, determining accessibility to food
resources (pollen and nectar), and their handling time in ﬂowers
with different depths of the corolla (Harder, 1985; Goulson
et al., 2010). Pollen-carrying structure can affect the amount of pollen transported, affecting the foraging duration and the range supported on each trip (Michener, 2000; Araújo et al., 2018a,b;
Eggenberger et al., 2019). The mandibular length is related to the
size of the prey capable of being captured by the individual, indicating its predation capacity (Michener, 2000; Blanke, 2019). The larval diet can indicate a feed restriction on a speciﬁc type or group of
prey, limiting the occurrence of individuals in the environment
(Coudrain et al., 2014). For all species in which emerged more than
20 females, we randomly selected 20 individuals to take the measures of all traits cited above. For all those species that emerged less
than 20 females, we measured all females. For species that did not
show female emergence, we measured all males available. The
measurements of the insect’s body parts were made on a millimetre
scale, using Leica Application Suite software version 2.0.
We characterised the functional composition of bee and wasp
communities at each site by computing the following functional
indices: (i) trait average – indicative of the most common trait in
a community. For continuous traits, we computed the trait average as the weighted community mean (mean of the trait values of
all species in the community weighted by their abundance) using
dbFD function. In the case of categorical traits, we converted
each level of the trait into a separate variable and we calculated
the proportion of individuals of each species accounting for each
level; (ii) functional richness (FRic) – which provides a measure
of the amount of niche space ﬁlled by community species;
(iii) functional evenness (uniformity) (FEve) – which provides
a measure of the evenness of the distribution of abundance in
the space of the ﬁlled niche; (iv) functional dispersion (FDis) –
which provides a measure of functional trait diversity and
reﬂects the extent to which species within a community differ
in their traits (Mason et al., 2005; Laliberte &
Legendre, 2010). We quantiﬁed the weighted community mean
and functional indices using the Gower dissimilarity coefﬁcient
in the ‘FD’ package v. 1.0-12 package (Laliberté et al., 2014).

Parasitism rate and host–parasite network structure
We expressed the parasitism rate as the percentage of cells that
were parasitised. We used a network approach to understand the
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relationship between host and parasite. We ﬁrst built network of
species interactions recorded at the brood-cell level for each site
of each habitat. Of the 64 sites sampled, 54 showed interaction
with parasites. Of these, we used only 44 for the analysis because
10 networks had less than 2 × 2 species, which we considered
too small to generate meaningful values of network structure
(Murphy, 2016). We then computed the following quantitative
metrics related to networks specialisation: (i) The specialisation
index H2’, a measure of the degree of complementary specialisation at the network level. This metric, which accounts for the
interaction frequency (number of parasitised brood cells) of each
species, is not affected by network size and ranges between
0 (maximum generalisation) and 1 (maximum specialisation)
(Blüthgen et al., 2006); (ii) diversity of host–parasite interactions, this index is derived from Shannon’s diversity index and
ranges from 0 (no diversity) to inﬁnity (Bascompte
et al., 2005) and estimates the degree to which a community is
rich in species and interactions (and how these interactions are
distributed among all species) (Corro et al., 2019); (iii) number
of compartments, this metric measures subgroups of species of
one trophic level that interact more frequently with a group of
species of another trophic level (Bascompte et al., 2005);
(iv) Nestedness, this metric estimates the degree which species
engaged in few interactions are connected to a subset of generalist species with more interactions (Corso et al., 2011);
(v) Connectance, this metric quantiﬁes the proportion of established interactions relative to all possible interactions
(Jordano, 1987); and (vi) Niche overlap, this metric also quantiﬁes the similarity between species regarding their partners from
another trophic level (i.e., interaction functional redundancy)
(Messeder et al., 2020). Values near 0 indicate no common use
of niches and 1 indicates a perfect niche overlap
(Cornell, 2011). The signiﬁcances as to results were assessed
by randomization, using the r2dtable null model based on the
Pateﬁeld algorithm. This null model uses ﬁxed marginal totals
to distribute the interactions and produce a set of networks where
all species are randomly associated (Pateﬁeld, 1981). Network
analyses were performed using the networks.list function in the
‘bipartite’ v. 2.15 package (Dormann et al., 2008).

Statistical analyses
We used general linear models (GLMs) to analyse the effect of
reforested environments on functional indices, parasite richness,
parasitism percentage and network indices. In order to estimate
signiﬁcant differences in the response variables between the primary forest and reforestation types, we ﬁxed the ﬁrst (our control) as the intercept of the analysis. This allowed us to directly
contrast reforestation with undisturbed environments. In the parasite richness and parasitism percentage models, we also speciﬁed a ﬁxed covariate effect for ‘occupation’ (i.e., number of
cavities occupied by bees and wasps) to account for any variation
in richness and/or parasitism percentage that could be attributed
solely to variation in sample occupation. We used Gaussian for
continuous dependent variables, Poisson for discrete dependent
variables and Binomial for proportion dependent variables. We
tested each model for overdispersion of residuals and, where
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necessary, overdispersed models were ﬁt using quasibinomial
or negative binomial error distribution, according to the dependent variable. Following the construction of the model for each
response variable, we contrast the proposed model against the
null model using the ‘AICcmodavg’ v. 2.3-1 package
(Mazerolle & Linden, 2019), in order to ﬁnd the best-ﬁt model
for our response variables. We determined the minimum adequate model(s) by comparing Akaike Information Criterion corrected (AICc) values and AICc weights (AICcWt) for proposed
models and null models (intercept-only model). Models within
2 ΔAICc units of the top model (i.e the model with the lowest
AICc and highest AICcWt values) were considered to have
equivalent explanatory power (Burnham & Anderson, 2002)
(Supplementary Table S4 and S5). Due to the lower nesting rate
of bees, our analyses of FEve produced a high amount of ‘NA’.
Therefore, for this group, we do not include these indices in the
statistical models. In addition, pasture treatment presented an
extremely low number of occupations of bees and parasites associated with the nests (see Table 1). Thus, we did not include this
treatment in the GLMs analyses for functional diversity indices.
In the models for all response variables, we assessed potential
spatial autocorrelation in raw response values and in the residuals of the models, by calculating spatial correlograms for Moran’s I values in ‘ncf’ v.1.2-6 package (Bjornstad & Cai, 2018).
We tested the variation in the composition of parasites and
parasite–host interactions among habitats by performing permutational multivariate analyses of variance (PERMANOVA)
with 1000 permutations (Anderson, 2001) on the abundance of
data (parasite/parasite–host interaction) standardised to proportion, using Bray–Curtis dissimilarity index with the adonis function in ‘vegan’ v. 2.5-7 package (Oksanen et al., 2020).
Standardisation was necessary, as we were more interested in
relative similarity/dissimilarity patterns than down weighting
abundant species or interactions (Clarke & Warwick, 2001).
When the result was signiﬁcant, we assessed the differences
between “Control vs. Treatments”, by pairwise comparisons
with adjusted P-value using Bonferroni correction (Paolucci
et al., 2017). Additionally, we also assessed within-group homogeneity using PERMDISP (Warton et al., 2012). We used the
ﬁrst two axis of principal coordinates analyses (PCoA) to visualise graphically signiﬁcant differences in PERMANOVA and
treatment clusters. All analyses were performed in R version
3.5.1 (R Team Core, 2018).

Results
General description of the community
From the total of 2000 (2800 in PF) trap-nests available in
each sampled treatment, 23.96% were occupied in PF, 24.99%
in TR, 17.10% in MR, 16.45% in NR, 13.80% in FR and 1.5%
in PA. We recorded 26 host wasp species (1813 nests, 3525 individuals) belonging to the families Crabronidae, Pompilidae,
Sphecidae and Vespidae, and 14 host bee species (330 nests,
1286 individuals) belonging to the families Apidae and Megachilidae that nested among sampled habitats (Supporting
Information Table S.6). We also found 26 parasite species
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3.757
−3.226

3.973
−0.852
−3.362

t/z-value
−0.679
1.05
−1.766
−1.019
−2.017
−1.781

0.045 ± 0.05
−0.654 ± 0.49

0.227 ± 0.11
−0.848 ± 0.26
0.404 ± 0.753
1.562 ± 0.55

MR vs. PF
Estimate ± SE
−0.046 ± 0.02
0.042 ± 0.02
0.004 ± 0.04
−1.219 ± 0.38
−0.159 ± 0.08
0.232 ± 0.66
−0.418 ± 0.13

0.095 ± 0.47
−2.302 ± 1.12
3.010 ± 0.92
−1.273 ± 0.46

0.937 ± 0.23
−2.340 ± 1.21
−1.344 ± 0.50

Estimate ± SE
0.026 ± 0.06
−0.076 ± 0.04
−0.598 ± 0.37
−0.247 ± 0.15
−1.163 ± 0.41
−1.277 ± 0.59

MR vs. PF

0.889
−1.328

2.014
−3.188
0.537
2.834

t/z-value
−2.284
1.684
0.089
−3.165
−1.91
0.349
−3.139

0.2
−2.047
3.24
−2.749

4.03
−1.925
−2.642

t/z-value
0.428
−1.592
−1.599
−1.563
−2.798
−2.137

0.039 ± 0.05
−0.601 ± 0.47

0.114 ± 0.11
−0.438 ± 0.22
0.635 ± 0.688
1.394 ± 0.55

NR vs. PF
Estimate ± SE
−0.035 ± 0.02
0.020 ± 0.02
−0.004 ± 0.4
−0.788 ± 0.38
−0.013 ± 0.08
−0.398 ± 0.66
−0.069 ± 0.13

0.429 ± 0.49
−0.535 ± 0.68
1.815 ± 0.98
−0.669 ± 0.44

0.643 ± 0.25
−0.293 ± 0.71
−0.757 ± 0.50

Estimate ± SE
−0.019 ± 0.05
−0.062 ± 0.05
−0.03 ± 034
−0.097 ± 0.14
−0.444 ± 0.38
−0.191 ± 0.55

NR vs. PF

0.771
−1.256

1.028
0.224
0.923
2.501

t/z-value
−1.76
0.774
−0.098
−2.047
−0.164
−0.597
−0.518

0.87
−0.78
1.838
−1.506

2.476
−0.411
−1.494

t/z-value
−0.351
0.056
−0.089
−0.662
−1.152
−0.345

(a) Functional dispersion (FDis); (b) Functional richness (FRic); (c) Wing length; (d) Body size; (e) Posterior tibia length; (f) Pollination capacity; (g) Pollen-carrying structures and (h) Nesting material,
and wasps: (i) Functional dispersion (FDis); (j) Functional richness (FRic); (k) Functional evenness (FEve); (l) Wing length; (m) Body size; (n) Posterior tibia length; (o) Mandibular length; (p) Larval diet
and (q) Nesting material. Signiﬁcant values (P ≤ 0.05) are marked in bold.

(i) FDis
(j) FRic
(k) FEve
(l) Wing length
(m) Body size
(n) Posterior tibia length
(o) Mandibular length
(p) Larval diet
Spider
Cockroach
Grasshopper
Larvae
(q) Nesting material
Mud
Plant parts

Variables

Response variables
(a) FDis
(b) FRic
(c) Wing length
(d) Body size
(e) Posterior tibia length
(f) Tongue length
(g) Pollen-carrying structures
Abdomen
Corbicula
Leg
(h) Nesting material
Leaves
Resin
Resin-plants
Sand + resin

PF (reference level)

Bee functional diversity

Table 1. Summary of general linear model outputs analysing the effect of different types of reforestations in southeast of the Amazon Forest (reference level: Primary forest) on recovery of functional
diversity of bees.
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belonging to 14 families of four orders (Coleoptera, Diptera,
Hymenoptera, and Neuroptera) which parasitised 11.27% of
the constructed cells (349 nests, 543 cells) (Supporting
Information Table S.6). Among the families of parasite species,
Mutillidae showed the highest number of species (n = 4), followed by Ichneumonidae, Chrysididae, Bombyliidae and Meloidae (all with three species). Of the breeding cells parasitised,
77.16% (n = 419) were in wasp nests and 22.84% (n = 124) were
in bee nests.

Effects of different types of reforestation on bee and wasp
functional diversity
Regardless of the reforestation process used, we found that all
reforested sites had higher functional diversity of bees compared
to severely impacted environments such as pasture. Nonetheless,
several bee traits were different in treatments with active planting
of species (TR, FR, and MR). In general, bee species found in
TR, FR and MR were specialised in using resins for nest construction and in transporting the pollen using leg and abdomen
scopae. They also presented smaller posterior tibia. In addition,
FR bees presented lower tongue length (Table 1). On the other
hand, in NR, only the structure used to transport pollen varied
in relation to primary forest. The species of this treatment were
more specialised in transporting the pollen in the abdomen scopae. The different reforestation processes did not differ in their
FRic and FDis for this group (Table 1).
In wasps, the treatments PA, TR, MR, and NR presented a
community characterised by reduced wing length, smaller body
size and lower mandibular length. PA and TR also presented
wasps with smaller posterior tibia. The reforestations that had
active process of planting of species showed a lower proportion
of cockroach hunting species and a higher proportion of spider
hunting and caterpillar-hunting species. The secondary regeneration treatments not only presented a greater proportion of spider
and caterpillar-hunting species but also of cockroach-hunting
species (Table 1). In relation to the indices of functional diversity
of the community, pasture, ﬁg, and mixed reforestation supported lower FDis (Table 1; Fig. 2). We did not ﬁnd differences
for the other indices evaluated (Table 1).

Parasitism and network structure in different types of
reforestation
We found that the parasite richness and the percentage of parasitism varied among the different types of reforestation. Teak
reforestation was the treatment with a greater number of parasite
species and a higher percentage of parasitised cells (Table 2;
Fig. 3a, b, respectively). Although we did not identify differences in the percentage of parasitism of the cells constructed in
the pasture area, this treatment showed lower richness of parasite
species (Fig. 3a; Table 2).
We did not ﬁnd differences between the treatments in relation
to the composition of the parasite species associated with the
nests of solitary bees and wasps (PERMANOVA: R2 = 0.12,
P = 0.06; PERMDISP: F = 0.75, P = 0.58). However, we found

Figure 2. Variation in Wasp Functional dispersion among different
types of reforestation in southeast of the Amazon rainforest. Treatments:
pasture (PA), teak reforestation (TR), ﬁcus reforestation (FR), mixed
reforestation (MR), natural regeneration (NR) and primary forest (PF).
Asterisks (*) on the boxes mean signiﬁcant differences (P ≤ 0.05) in relation to the primary forest (our control).

differences in the identity of the interactions established between
parasites vs. hosts (PERMANOVA: R2 = 0.12, P = 0.002;
PERMDISP: F = 3.340, P = 0.005). The heterogeneity in the dispersion within the treatments occurred due to the high variability
of the pasture samples (Supporting Information Fig. S.3). When
we ran PERMDISP without pasture, we did not ﬁnd signiﬁcant
differences (F = 2.481, P = 0.06). Through pairwise comparison,
we have identiﬁed that even the composition of the teak reforestation and pasture parasites were not different from those found
in primary forest. The identity of the interactions that these species established with their hosts differed in these environments in
relation to those found in primary forest (Table 2; Fig. 4a,b).
Regarding the structure of interaction networks, we found that
the observed values for the indices were signiﬁcantly different
from the random values in more than 50% of the networks, with
the exception of connectance and diversity of interactions in MR
and Niche Overlap in PF and NR. In these cases, the differences
in observed and randomised values ranged from 25% to 37% of
the networks (Supplementary Table S7 and S8). Moreover, we
found that ﬁg reforestation and natural regeneration present
higher specialisation values (H2’) in their parasite and host interactions than those recorded in primary forests. We also identiﬁed
greater diversity of interactions in teak reforestation and higher
nestedness in ﬁg reforestation (Table 2; Fig. 5a–c, respectively).
For the other network descriptors, we did not identify any significant variation.

Analysis of spatial autocorrelation
We found no signiﬁcant spatial autocorrelation of model
residuals in the analysis of any of the response variables of bee
and wasp functional diversity (Supplementary Figs. S4 and S5,
respectively) or network descriptors (Supplementary Fig. S6).
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2.531
2.122
0.323
−0.965
2.084
1.229
0.897
−0.191
r2
0.06

0.048 ± 0.24
0.194 ± 0.22
0.370 ± 0.15
−0.032 ± 0.60
−0.122 ± 0.20
−0.209 ± 0.60
0.364 ± 0.29
10.785 ± 4.99

0.202
0.859
2.464
−0.529
−0.598
−0.347
1.237
2.161
r2
0.04

0.202 ± 0.23
0.312 ± 0.20
0.154 ± 0.13
0.011 ± 0.05
0.1911 ± 0.19
0.678 ± 0.49
0.030 ± 0.31
2.414 ± 4.79

0.877
1.504
1.182
0.201
0.976
1.375
0.099
0.503
r2
0.05

−0.094 ± 0.25
0.118 ± 0.22
0.328 ± 0.14
0.043 ± 0.60
0.052 ± 0.20
0.747 ± 0.50
−0.018 ± 0.32
−3.506 ± 4.99

−0.374
0.536
2.31
0.704
0.256
1.48
−0.055
−0.703
r2
0.08

Discussion

Signiﬁcant values (P ≤ 0.05) are marked in bold.

(i) Pairwise Permanova

−1.966
0.458
r2
0.08
−1.966 ± 0.50
0.254 ± 0.55
(a) Parasite richness
(b) Parasitism (%)
(c) H2’
(d) Connectance
(e) Diversity of interactions
(f) Niche overlap
(g) Compartments
(h) Nestedness

0.539 ± 0.21
0.385 ± 0.18
0.040 ± 0.12
−0.053 ± 0.05
0.384 ± 0.18
0.583 ± 0.47
0.249 ± 0.27
−0.862 ± 4.51

t-value
Estimate ± SE
Estimate ± SE
Estimate ± SE
Estimate ± SE
t-value
Estimate ± SE
Variable

Pasture

Teak reforestation

t-value

Ficus reforestation

t-value

Mixed reforestation

t-value

Secondary regeneration

Gustavo Júnior de Araújo et al.

Table 2. Summary of general linear model outputs analysing the effect of different types of reforestations in Southeast of the Amazon Forest (reference level: Primary forest) on recovery of (a) parasite
richness; (b) parasitism percentage; (c) H2’; (d) Connectance; (e) diversity of interactions; (f) niche overlap; (g) compartments, (h) Nestedness and (i) composition of parasite–host interaction.
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The loss of biodiversity due to land-use has been the main factor
disturbing ecosystem functionality (Laliberte & Legendre, 2010;
2010; Rader et al., 2014). In fact, studies have shown that
changes in vegetation cover inﬂuence the distribution pattern
of communities and exert selective pressure on their individuals,
such as bees and wasps (Tylianakis et al., 2007; Flores
et al., 2018, 2019; Araújo et al., 2018a,b, 2020). The conditions
imposed by planting reforestation resulted in a cavity-nesting
bee and wasp community often composed by functional traits
that are different from those found in primary forests, which
could modify the natural patterns of provided services by these
organisms. Variations in the functional traits of other groups of
Hymenoptera have also been reported in reforestation plantations (Santoandré et al., 2019). Beyond the simpliﬁed structure
of reforestation (teak and ﬁg plantings), the features of planted
species (species mix planting) exerted signiﬁcant pressures that
modiﬁed functional traits for both bee and wasp groups in primary forests. For example, bee species specialised in resin collection may be more selective in choosing the visited plants
(Pinto et al., 2019) and individuals with less ability to handle
pollen grains in the ﬁeld, such as those with the smaller posterior
tibia, may spend more time and energy to meet the nutritional
requirements of their offspring (Eggenberger et al., 2019). These
factors can culminate in a lower pollination efﬁciency community. Also, in addition to the lower capacity of foraging and predation, which results in less efﬁciency in capturing prey
(Greenleaf et al., 2007; Goulson et al., 2010), wasps with different food habits possibly interfere in the group’s ability to provide
biological control services. Highly modiﬁed environments typically undergo changes in the mechanisms that shape the structure
of biological communities (Temperton & Zirr, 2004). In modiﬁed environments, such as those with active planting of species
in the present study, niche restriction due to modiﬁcation of the
natural structure may displace the functional characteristics of
the established species (Mayﬁeld et al., 2010). Thus, even
though the establishment of a vegetation cover has contributed
to the increase of functional diversity of communities such as
wasps, their assemblages were composed by species whose functional traits are different from those expected in primary forests.
Therefore, even the establishment of vegetation cover has contributed to the increase in wasps’ functional diversity, both bee
and wasp groups were composed of species whose functional
traits are different from those expected in primary forests.
Although the reforestation types have changed the patterns of
functional traits of both groups, cavity-nesting bees and wasps
responded differently in regards to recovering the functional
diversity of their communities. In our study, the no difference
in FRic and FDis of bees suggests that either species of primary
forest and species of reforestations have high functional redundancy in relation to each other, or that substitution for functionally distinct species may have contributed to similar functional
diversity values between these environments (Rosenfeld, 2002;
Magnago et al., 2014). Based on the differences in the traits of
bee communities established in the planting reforestations and
the primary forest community, our results corroborate with the
latter. This implies that although the forest structure applied in
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Figure 3. Variation in (a) parasite richness and (b) parasitism percentage among different types of reforestation in southeast of the Amazon rainforest.
Treatments: pasture (PA), teak reforestation (TR), ﬁcus reforestation (FR), mixed reforestation (MR), natural regeneration (NR) and primary forest (PF).
Asterisks (*) on the boxes mean signiﬁcant differences (P ≤ 0.05) in relation to the primary forest (our control)

the impacted areas contributes to improve their functional diversity, the cavity-nesting bee communities present in these reforestations have different environmental functionalities in relation to
primary forest species. Forest structure by itself does not appear
to be a good predictor of functional diversity in the bee community (Brito et al., 2018). These insects appear to be strongly associated with local abiotic factors, such as variations in
temperature, humidity, and precipitation (Andrade-Silva
et al., 2014; Giangarelli et al., 2014), and other habitat characteristics, such as canopy and understory density and exposure to
sunlight (Taki et al., 2008). These parameters are already known
to result in biological losses, especially of insects (Hanski &
Cambefort, 1991). Thus, our results demonstrate that, for
cavity-nesting bees, more variables must be taken into consideration to evaluate the effectiveness of the recovery of functional
diversity values.
Wasp communities presented lower functional FDis in environments like ﬁg and mixed reforestations. Previous studies have
shown that these reforestations are more subject to greater exposure
to light and heat due to their open canopy (Falc~ao et al., 2015). High
temperatures and light intensity are factors that can act as environmental ﬁlters (Holl, 1999). Thus, the structure of tree species
involved in plantations are of great importance in restoring cavitynesting wasps with traits found in undisturbed environments. This
helps to explain the high modiﬁcation of the features of the wasp
community in teak, even with this treatment presenting FDis similar
to natural conditions. Unlike Ficus, pollinated exclusively by wasps
Agaonidae, a parasitic group (Schifﬂer, 2002; Kjellberg
et al., 2005), Tectona grandis ﬂowers can be visited by a wide variety of insects, including Sphecidae, Vespidae and Megachilidae
(Tangmitcharoen et al., 2006, 2009), families reported in our study.
However, its ﬂowers are only available for speciﬁc periods, with
subsequent loss of leaves (given the deciduous characteristic of
teak) and strong structural changes in this treatment over time
(Falc~ao et al., 2015; Araújo et al., 2019). Certainly, this structural

variation can direct the reestablishment of resources, e.g., prey species, that support these conditions. Regardless of the type of reforestation, all of them, to some degree, had wasp communities
functionally distinct from natural conditions, but no differences
were reported for indexes FEve and FRic. This may suggest that
the niche space is being similarly occupied by wasps in the different
reforestation types (Audino et al., 2014; Correa et al., 2019).
Changes in the functional structure found in the host communities present in the different treatments have demanded specialised traits for the establishment of host–parasite interactions
such as, for example, the types of food resource offered to their
offspring and body size. Consequently, we expected to ﬁnd that
the variation of these traits could exert changes in the interactions
of parasite species with their hosts. However, our expectations
were not corroborated. Studies of the relationships between
functional diversity and ecological interaction networks are rare
(Osorio-Canadas et al., 2018), and most network studies are
focused on taxonomic changes in communities (Kaartinen &
Roslin, 2011; Staab et al., 2016). Although changes in the community composition may change the composition of interactions
between species (Albrecht et al., 2007; Tylianakis et al., 2007),
the extent of these changes acting over networks of interactions
is still uncertain (Kaartinen & Roslin, 2011; Staab et al., 2016;
Dáttilo & Vasconcelos, 2019). An explanation for the low
changes in the organisation of species interactions between most
of the treatments analysed could be the high generality of the parasite communities in the choosing of their hosts. This can be supported by the high occurrence of Chrysididae and
Ichneumonidae emerged in collected bee and wasp nests. In
addition to parasitising a wide variety of hosts, such as caterpillar/or pupae of butterﬂies, solitary bees and wasps
(Townes, 1958; Kimsey & Bohart, 1991), Chrysididae larvae
can also develop at the expense of food (moth and beetle larvae,
aphids, spiders, insects and thrips) stored in wasp nests of the
families Vespidae, Sphecidae and Crabronidae (Martynova &
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Figure 4. PCoA samples of parasite–host composition according to treatments (a) teak reforestation and (b) pasture against primary forest (control),
based on Bray–Curtis dissimilarity index.

Fateryga, 2015). Therefore, speciﬁc functional traits do not seem
to be the main modulators of the interactions for most of the parasites found in the present study.
Some studies relate the increase in host–parasite interactions
with the increase in productivity and/or structure of environments (Albrecht et al., 2007; Tylianakis et al., 2010; Swanson
et al., 2011). In the temperate region, a high occurrence of bees
and wasps with solitary and parasitic behaviour was reported in
early successional stages forests (Taki et al., 2013). Although
our study was carried out in the tropical region, this helps to
explain the high parasite richness and parasitism rate in teak.
Even being a monoculture, reforestations with Tectona grandis
present a temporal explosion of resources which promote a high
variation in the occurrence of cavity-nesting bees and wasps
(Araújo et al., 2020). Since host availability has been considered
as a predictor of increased parasitism rate (Fox, 2004; Gamfeldt
et al., 2005), the high occurrence of bees and wasps in speciﬁc
periods may have shaped the parasite’s success in teak. The

greater richness of parasites in this treatment may explain its
greater diversity of interaction with bees and wasps, since a
greater number of parasites allows the establishment of new connections (Lewis, 2014; Falc~ao et al., 2015). The high diversity of
interactions in teak reﬂects an important result, where the functional role of host species seems to be quite redundant for their
parasites. In environments with a higher occurrence of parasites,
such as teak, the low speciﬁcity in the choice of hosts may be a
characteristic that favoured their reestablishment (Morris
et al., 2004). Another hypothesis that could be considered is
the abundance of community components. Rocha-Filho
et al. (2019) observed that woody savannah areas, which had
more abundant trap-nesting bee and wasp species, presented
lower degree of host–parasite specialisation than seasonal semideciduous forest areas, which had few abundant trap-nesting
wasp species. In woody savannah areas, the most abundant parasite attacked more host species in comparison to seasonal semideciduous forest areas. In fact, the number of generalist species

Figure 5. Variation in (a) H2’, (b) Diversity of interactions and (c) Nestedness among different types of reforestation in southeast of the Amazon rainforest. Treatments: teak reforestation (TR), ﬁcus reforestation (FR), mixed reforestation (MR), natural regeneration (NR) and primary forest (PF). Asterisks (*) on the boxes mean signiﬁcant differences (P ≤ 0.05) in relation to the primary forest (our control).
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tends to increase in more simpliﬁed environments (Dáttilo
et al., 2011; Falc~ao et al., 2015), while more specialised species
tend to be more prevalent in habitats which are more structurally
diverse, due to increased habitat availability (Tylianakis
et al., 2006; Araújo et al., 2018a,b). This may explain the greater
specialisation of parasites in secondary regeneration. Although
the parasite communities are not different among the environments, the greater structural complexity of these environments
apparently contributes to the establishment of more specialised
parasitic behaviour, probably due to the variety of resources
(hosts) available. In environments with favourable conditions,
it is expected that the species will show preferences in choosing
their hosts (Tylianakis et al., 2007; Lewis, 2014). However, ﬁg
reforestation also showed greater specialisation in the established interactions. Disturbed/modiﬁed environments can induce
shifts in species composition and also ecological mismatches
(Esquivel-Muelbert et al., 2019; Wood et al., 2019), which
may compromise the natural ecosystem functionality (Fei
et al., 2017; Wood et al., 2019). The lower richness of hosts in
ﬁg reforestation possibly directed the parasites to species that
could provide food for the development of their offspring, such
as pollen and prey. In this case, it would be “apparent specialisation” (Tylianakis et al., 2010; Souza et al., 2018) since the sampled parasite community showed great ﬂexibility regarding the
use of available resources, based on the different host nests that
these insects were able to parasite in this study. The “apparent
specialisation” can be supported by the higher nestedness values
found in ﬁg reforestation. The high values of this index are
linked to treatments that have greater redundancy of interactions,
i.e. species capable of performing the same functions (Tylianakis
et al., 2010). Thus, parasites related to a speciﬁc resource
(e.g., pollen), even being able to colonise nests of several species, can narrow their relationships in environments when its
occurrence is low. Consequently, these species could be identiﬁed as specialists in interaction networks given the presence of
few interaction options.

Conclusion
The structure of reforestation affected the functional diversity of
cavity-nesting bees and wasps and consequently their ability to
provide their related services to the level of natural environments
(primary forest). But regardless of the type of reforestation used,
all of them contributed to increase functional diversity of cavitynesting bees and wasps in relation to the impacted areas. Here,
we found that functional diversity does not seem to shape the
interactions between cavity-nesting bees and wasps and the parasites associated with their nests, since the most common parasites have a wide range of hosts (Chrysididae and
Ichneumonidae). However, in simpliﬁed reforestations, such as
teak, we observed that the frequency of encounter between parasite and host seems to be favoured by the speciﬁc concentration
of treatment resources over time, promoting the high occurrence
of bees and wasps in a short period of time. In environments not
severely impacted and near to natural forests, as in our study, natural regeneration is certainly a favourable strategy to increase the
similarity of the functional traits of the restored bee and wasp
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communities to the natural habitats, as well as their levels of
parasite–host interaction. In this case, natural forest can act as a
source of propagules, favouring the establishment of conditions
close to natural ones. In degraded environments surrounded by
simpliﬁed landscapes, such as monocultures, mixed planting of
natural species may be the most appropriate alternative, but
planted species should be evaluated. In our study, we
approached the traits as a ﬁlter capable of limiting the occurrence
of the species in the environment. Thus, the main focus was to
investigate the role of different types of reforestation in the reorganisation of communities restored under new conditions. But
there is still a lot to investigate about the establishment of functional diversity in reforested environments. A suggestion for
new studies to address phylogenetic diversity together with functional diversity to investigate the relationship between species
that make up the new communities.
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Table S3 Functional traits for each wasp species based on
measurements, laboratory observations and literature source.
Table S4 Comparison of the likelihood of model ﬁt for linear
and null models of the bee response variables against the effect
of different types of reforestations in Southeast of the Amazon
Forest. Separate models were run for FDis, FRic, wing length,
body length, posterior tibia length, tongue length, pollencarrying structures and nesting materials. K: the number of estimated parameters for each model, AICc: Akaike Information
Criterion corrected; ΔAICc: difference in AICc between the
model and the model with the smallest AICc; AICcWt: model
weight according to ΔAICc.
Table S5 Comparison of the likelihood of model ﬁt for linear
and null models of the wasp response variables against the effect
of different types of reforestations in Southeast of the Amazon
Forest. Separate models were run for FDis, FRic, FEve, wing
length, body length, posterior tibia length, mandibular length,
larval diet and nesting materials. K: the number of estimated
parameters for each model, AICc: Akaike Information Criterion
corrected; ΔAICc: difference in AICc between the model and the
model with the smallest AICc; AICcWt: model weight according
to ΔAICc.
Table S6 Abundance of hosts (bees and wasp) and parasites
species identiﬁed from trap nests at different types of reforestation in southeastern Amazonia between August 2016 and July
2017. PA = Pasture; TR = Teak reforestation; FR = Ficus reforestation; MR = Mixed reforestation; NR = Natural regeneration
and PF = Primary forest.
Table S7 Percentage of matrices analysed with observed
index values signiﬁcantly different (≤ 0.05) from randomised
null models. The signiﬁcance of observed results was tested by
constructing 1000 randomised networks with identical margin
totals as the empirical networks and comparing the observed
and random values using the null model ‘r2d’.
Figure S1 An illustrative representation of the six treatment
types sampled at S~ao Nicolau farm, municipally of Cotriguaçu,
Mato Grosso state – Brazil: (a) pasture, (b) teak reforestation,
(c) ﬁcus reforestation, (d) mixed reforestation, (e) natural regeneration and (f) primary forest.
Figure S2 Trap-nest sample used to collect solitary bees and
wasps in six different types of habitats at the S~ao Nicolau farm,
municipality of Cotriguaçu, state of Mato Grosso, Brazil.
Figure S3 Graphic representation of test for homogeneity of
multivariate dispersions (PERMDISP) for interaction composition between parasite–host among treatments.
Figure S4 Spatial correlograms showing the degree of spatial
autocorrelation (Moran’s I) among sites for each of the raw
response measures for bee traits (a, c, e, g, i, k, m, o, q, s), and
the corresponding residuals of the GLM model appropriate to
each response (b, d, f, h, j, l, n, p, r, t).
Figure S5 Spatial correlograms showing the degree of spatial
autocorrelation (Moran’s I) among sites for each of the raw
response measures for wasp variates (a, c, e, g, i, k, m), and the
corresponding residuals of the GLM model appropriate to each
response (b, d, f, h, j, l, n).
Figure S6 Spatial correlograms showing the degree of spatial
autocorrelation (Moran’s I) among sites for each of the raw
response measures for indexes of the host–parasite networks

(a, c, e, g, i), and the corresponding residuals of the GLM model
appropriate to each response (b, d, f, h, j).
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