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To mitigate the impacts of deforestation, Brazilian legislation requires the implementation of a Degraded Area Recovery Plan
(PRAD). One way to assess the recovery of these areas is using bioindicators. This research tested the use of the drosophilid
community structure as an indicator to evaluate post-mining area restoration. We compared two regeneration techniques
within the same chronological sequence and as reference used the forest remnants within the exploration area. The study
was conducted in the municipality of Paragominas—Para4, in areas managed by Hydro mining company. Five sites of forest
remnants were selected, five in natural regeneration and five in the nucleation technique, the latter two making up
the PRADs. A total of 5,919 male drosophilids were collected belonging to 10 genera, and 32 species. Rarefaction showed the
curves of the PRADs to be more asymptotic, than forested areas. Forest areas are potentially richer and, on average, have lower
abundances and lower diversity. Beta diversity components in the forest present greater turnover and less nestedness processes
when compared to PRADs areas. The PRADs showed no differences between them for any of the analyzed patterns. D. nasuta
and D. sturtevanti behaved as generalists in relation to habitats, D. paulistorum and D. willistoni as forest specialists.
D. malerkotliana, D. simulans, Scaptodrosophila latifasciaeformis, and Zaprionus indianus behaved as specialists in PRADs
areas. The structure of the drosophilid community varied according to the environment, proving to be a good indicator for for-
est and regenerating environments, but it did not detect differences between the PRADs environments in early regeneration
(6 years).
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of forested areas, changes in the hydrological cycles, all of
which can lead to loss of species (Mechi & Sanches 2010), mak-
ing it necessary to apply measures to mitigate the impacts caused
by this activity.

Forest restoration has been a viable means to compensate for
losses and to minimize impacts caused by human activities
(Cole et al. 2016). Restoration is founded on the theory of eco-
logical succession, which relates to how a community of organ-
isms can change over recovery time and become important for
biodiversity recovery (Chang & Turner 2019). Forests planted
in degraded environments can help in ecological succession, as
well as promoting the recovery of biodiversity (Thompson
et al. 2011). In this way, several techniques can be applied to
improve the performance of forest succession and reduce the

Implications for Practice

e The analysis of entomofaunal communities can provide
indicators for evaluating restoration of forest processes
as well as providing a deeper understanding of the factors
driving biotic homogenization.

e For this region of the Amazon rainforest, 5 years does not
reflect an effect on fruit fly community structure between
natural regeneration and nucleation techniques. Thus, in
the short term, the natural regeneration technique is more
economically feasible for forest restoration, but it is
important to emphasize monitoring the fauna in the
medium and long term to measure the performance of dif-
ferent restoration techniques.
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Introduction

Tropical forests have been extensively exploited over the years,
causing losses in biodiversity and significantly damaging their
ecosystem functions (Laurance et al. 2014; Cole et al. 2016).
Among the activities that generate impacts, bauxite mining,
which removes forest cover to extract underground minerals,
causes significant damage to ecosystems, such as fragmentation
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Drosophilidae as indicator in restoration areas

negative impacts caused by human actions (Khan et al. 2019).
In addition to planting, other techniques have also been pro-
posed to promote restoration; among the techniques that are
frequently used are nucleation and natural regeneration
(Corbin & Holl 2012). Monitoring the restoration of biodiver-
sity by means of environmental indicators throughout the
stages of forest recovery becomes necessary to assess restora-
tion success (Palmer 2009; Borges et al. 2021). Many studies
use vegetation parameters as indicators; however, these do
not capture all the relevant relationships that lead to increased
diversity (Siddig et al. 2016).

Indicators that only consider vegetation recovery aspects
provide little information about the real probability of success
in restoring biodiversity as a whole, which essentially results
from interactive processes between animals and plants
(Onésimo et al. 2021). Monitoring the success of forest restora-
tion lacks fauna indicators that assess the trajectory of biodiver-
sity recovery. Many taxa are used as ecological indicators,
among them invertebrates are commonly used because they
are easy to collect, can produce several generations in a short
period of time, and actively participate in ecosystem processes
relevant to regeneration (de Oliveira et al. 2014; Borges
et al. 2021). According to Siddig et al. (2016), bioindicators
have been widely used to monitor community responses to envi-
ronmental changes, especially of anthropogenic origin. Species
richness, abundance, and diversity measures are common eco-
logical metrics to assess restoration success at the community
or population level (Borges et al. 2021).

As the forest restoration process is long, taking from 30 to
50 years (Casimiro et al. 2019), it is essential to obtain parame-
ters that assess the succession trajectory, so that adjustments can
be made in a preventive manner. Thus, the search for indicators
that estimate the dynamics of fauna in regeneration areas
becomes crucial. The community structure of insects enhances
information about the degree of recovery of these environments.
Among invertebrates, flies of the Drosophilidae family are a
good alternative for bioindication (Martins 1987; Parsons 1991;
Ferreira & Tidon 2005; da Mata et al. 2008). Drosophilids are
reasonably well known in terms of their biology and population
dynamics; they are easily collected and can respond quickly to
environmental changes through alteration in their abundance,
species diversity, or species composition within their guilds
(Monteiro et al. 2016).

These organisms can respond to variations in temperature and
humidity (Parsons 1975; Tidon 2006); their composition can
vary in a gradient of degradation, through changes in species
(Gottschalk et al. 2007; da Mata et al. 2008); and the abundance
varies with the type of environment (Martins 1987; Penariol &
Madi-Ravazzi 2013; Furtado & Martins 2018). Thus, drosophi-
lids are good tools to improve the understanding of patterns and
processes related to the recovery of biodiversity, as well as the
understanding of how human activities affect it (da Mata
et al. 2010). This study tests the use of drosophilids to assess
the success of forest restoration in terms of restoring local biodi-
versity. It uses the initial stage of restoration in post-mining
areas to evaluate two restoration techniques with the same chro-
nology and compare them with the surrounding forest remnants.

The hypothesis investigated is that the structure of the drosophilid
community (composition, richness, diversity, and abundance)
changes according to the study environment, due to the differen-
tial capacity of species to inhabit different environments, thus
highlighting the recovery trajectory.

Methods

Study Area

We conducted the study in a bauxite mining area owned by
Hydro Mining Paragominas company, located in the municipal-
ity of Paragominas, State of Para, Brazil, in the northeastern
region of the Brazilian Amazon (03°15'02" S, 47°44'03" W)
(Fig. 1). According to Koppen'’s classification, the region’s cli-
mate is characterized as hot and wet (Aw) with well-defined
rainy and dry seasons. Hydro, is located 70 km from the city
center of Paragominas; its bauxite production is 11.4 million
tons per year. The company has 18,763.98 ha of area, of which
3,246.9 ha are destined to the legal reserve and 2,486.4 ha corre-
spond to the exploited areas that are in the recovery phase
(Cerqueira et al. 2021; Hydro 2021). Hydro Mining Paragomi-
nas uses three different techniques to recover degraded areas
after bauxite extraction: direct planting, natural regeneration,
and nucleation technique. For this study, natural regeneration
and nucleation techniques were used, both of which make up
the Degraded Area Recovery Plans (PRADs) whose recovery
was started 6 years before collections, in 2014.

The bauxite extraction process takes place at depths between
8 and 12 m of soil depth, where the topsoil is removed with the
sterile layer, until reaching the ore; the removed soil is stored in
open air. Natural regeneration is a low-cost technique in which
the removed soil (both sterile and organic) is replaced. The areas
are adjusted in a contour line to avoid erosion, and firstly, the
sterile layer is spread through a topographic reshaping of
the ground and afterward adding an organic soil layer (the previ-
ously removed topsoil) containing nontimber residues such as
leaves and litter. After these procedures, there were no more inter-
ventions in the area and no chemical or biological treatment was
applied (da Cruz et al. 2020). Forest regeneration occurs from
the seed bank present in the topsoil and by successional events
from the dispersal of propagules (de Araujo et al. 2021).
Nucleation of the study area was made forming “topsoil” nuclei
of residues and antlers (leaves, branches, stumps, etc.) from the
suppressed vegetation in areas of approximately 10 m® in a “chess-
board” layout. This technique started in 2013 on 9.16 ha and was
later extended in 2014, 2015, and 2016, up to a total of 81.63 ha
(da Cruz et al. 2020). This regeneration method aimed to provide
a favorable microenvironment for the recolonization of the envi-
ronment by a greater number of species, accelerating the process
of forest regeneration (Corbin & Holl 2012; de Araujo et al. 2021).

Vegetation Description

The original vegetation is characterized by dense rainforest, with
a predominance of soil classified as Latosol (Martins et al. 2018;
de Araujo et al. 2021). The plant species commonly
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Figure 1. Location of the Hydro mining company in Paragominas, PA. Areas in the mining process are identified in white, forest remnants in green, and areas
under recovery (PRAD) in gray. In blue, the recovery areas in natural regeneration since 2014 stand out, and in red, areas where nucleation techniques are being
applied in the same period. Black dots identify the location of the 15 transects established in this study.

found in the forest remnants of the study area are mostly
represented by the families Fabaceae, Lecythidaceae, and
Sapotaceae (Martins et al. 2018; Cerqueira et al. 2021). In
these forest remnants, a large part of the vegetation is altered
due to fire or selective logging, that is, they have some degree
of degradation (de Araujo et al. 2021). The landscape on
Hydro’s property until 2007, when mining activities began,
was characterized by a mix of forest remnants, areas of
secondary vegetation, and pastures. In naturally regenerat-
ing PRADs environments, the Euphorbiaceae, Urticaceae,
and Fabaceae families are the most common (Martins
et al. 2018). The formation of the arboreal stratum is due to
the predominance of pioneer species, which are later replaced
by secondary initial species (Brasil Neto et al. 2021). It is
observed that the Fabaceae family has an ecological plastic-
ity, which allows it to live in forest areas and environments
undergoing restoration. The Solanaceae and Urticaceae fami-
lies are the most common in nucleation areas. As this tech-
nique consists of forming a nucleus of plant galls and leaf
litter, which provide greater coverage and fertility to the soil;
it becomes a favorable environment for species such as those
of the Urticaceae family, which are usually found in areas in
early stages of forest succession, as well as in forest glades
(Cerqueira et al. 2021).

Sample Design

Field activities took place in February 2020, the beginning of the
rainy season in the region (Figueiredo et al. 2010; Padilha
et al. 2018). We selected 15 study sites, comprising five forest
remnant sites, five sites undergoing natural regeneration, and
five sites undergoing regeneration by the nucleation method.
These two methods are part of the PRAD.

We captured drosophilids with two complementary tech-
niques: (1) Malaise-type trap and (2) bait trap (Fig. 2A & 2B).
The Malaise-type trap captures several groups of flying insects
by interception (Skvarla et al. 2021). We set up a Malaise trap
at each sample site, totaling 15 traps that were exposed for
9 days. The insects in this trap were captured directly in con-
tainers with absolute alcohol. After these containers were
removed, they were taken to the laboratory, where we proceeded
with the screening of the family of the insects. In these same
sites, we installed 5 traps with attractive bait, one placed in the
center, with the Malaise trap as a reference, and another 4 distrib-
uted in relation to the four cardinal points 50 m away from the
center, totaling 75 traps. Traps with attractive bait contained
banana fermented for 48 hours in 100 g portions and the traps
were exposed for 48 hours in order to capture frugivorous
drosophilids (Martins et al. 2008). This exposure time is in
agreement with other studies for surveying drosophilids
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Figure 2. Traps used (A) Malaise trap installed in the forest, in (B) banana bait trap placed in restoration environment (PRAD) in the Hydro Mineracao study area

in Paragominas, Pard, Brazil.

(Martins 1987; de Medeiros & Klaczko 2004; Penariol et al. 2008;
Coutinho-Silva et al. 2017; Mendes et al. 2017, 2021;
Duarte et al. 2018), as well as effects of the loss of bait attractive-
ness after 48 hours (Nascimento et al. 2014). After this period, the
collected drosophilids were removed from the traps with a
mechanical sucker and stored in 96% alcohol and individualized
by traps. All material was sent to the laboratory where it under-
went a screening process, with the selection of all drosophilids.
Drosophilidae were counted and separated into males and
females. For identification at a specific taxonomic level, we ana-
lyzed the terminals (male sexual apparatus), using the available
literature, such as Malogolowkin (1952), Magalhdes and Bjomn-
berg (1957), Vilela (1983), Vilela et al. (2002), Béchli et al.
(2004) and the morphological comparison with material depos-
ited in the collection of the Museu Paraense Emilio Goeldi
(MPEG) and with image records stored in the image bank of the
MPEG invertebrate ecology laboratory. When necessary, we
removed the aedeagus for detailed morphological analysis, using
the methodology proposed by Béchli et al. (2004). Only male
individuals were counted in the analyses.

Climate Measures

To assess the abiotic environmental conditions, we measured
local climatic variables at the sampling points. We installed a
HOBBO Onset datalog at each site to take measurements of
air temperature and humidity. Climatic data were measured at
12 sites, four in each environment. The equipment was in oper-
ation during the 9 days that Malaise traps remained exposed.

Data Analysis

All analyses were performed using R software (Rstudio
Team 2021). First, we grouped the data from the two types of
traps to generate a sample universe with 15 independent units.
We then generated rarefaction and extrapolation curves based
on the number of individuals for each environment. Each curve
was extrapolated by up to 2x the number of individuals, recog-
nizing that extrapolations beyond these values may be unreliable

(Colwell et al. 2012; Chao et al. 2014). Extrapolations were
made with 1,000 randomizations to compare richness between
sampled habitats, using the iNEXT package (Hsieh et al. 2016).

To test the effect of the three environments on the richness,
abundance, and diversity of drosophilids, we used generalized
linear models (GLM). The species richness model was built
using the Poisson family as the error distribution for count data
and the adequacy of the distribution was verified through a
residual analysis. Due to the presence of outliers in the
abundance of collected drosophilids, this variable was log-
transformed and together with the diversity variable (Hill num-
ber, ¢ = 1), the models followed a Gaussian distribution
(Ives 2015). Through an analysis of variance/deviance, the
significance of the model was verified. We performed a contrast
analysis for the models that showed a significant effect, in order
to verify the difference between the three environments.

As the number of climate data samples was smaller (n = 12),
we performed the climate models independently. As there is a
multicollinearity between the measured climate variables
(Fig. S1), we conducted a principal component analysis to
reduce the dimensions and obtain a variable that represents most
of the explained variance (Harrison et al. 2018). We selected
four climatic measures: (1) average temperature, (2) average
humidity, (3) temperature range (highest temperature minus
lowest temperature of the period we sampled), and (4) humidity
range (highest humidity minus lowest humidity of the period we
sampled). These variables represent local climatic characteris-
tics and aspects of environmental stress that are determinant
for the response of the drosophilid community (Mendes
et al. 2017; Lue et al. 2018). The first principal component gen-
erated scores that represented 97.64% of the explained variance
(Fig. S2), and was used as an explanatory variable in climate
models. We also use GLMs to test the relationship between the
diversity attributes (species richness, In[abundance] and Hill
diversity) and the local climate profile of the sampled sites, fol-
lowing the same process of error distribution adequacy and res-
idue analysis described above.

We evaluated the species composition of Drosophilidae using
nonmetric multidimensional analysis (NMDS; metaMDS function).
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Drosophilidae as indicator in restoration areas

To verify the significant effect of the composition of the
drosophilid community, we applied a permutation multivar-
iate analysis of variance (PERMANOVA; Anderson 2001),
using the adonis function, followed by a pairwise comparison test
using the pairwise adonis function (Arbizu 2020). All the analyses
aforementioned were performed by inserting an incidence matrix
and using the Jaccard distance as an index of dissimilarity. To
complement our understanding of the processes that shape the
structure of the Drosophila community, we calculated the beta
diversity within sites, and examined whether the components
responsible for species replacement (turnover) and species loss
or gain (nesting) differed between the environments studied. For
this, we calculated the beta diversity with Jaccard coefficient for
presence and absence data, through the betapart package
(Baselga & Orme 2012).

Finally, we use the species classification method (CLAM),
proposed by Chazdon et al. (2011), which uses a multinomial
model based on estimating the relative abundance of species in
two habitats. This method minimizes bias due to differences
in sampling intensities between the two habitat types, as well
as insufficient sampling within each habitat. To this end, we
organized the samples into two groups: samples from forest
remnants and samples from recovery areas (PRAD). The latter
encompasses both Natural Regeneration and Nucleation sites.
Finally, the model classifies species into one of four groups:
(1) generalists; (2) specialists in forest remnants, (3) specialists
in PRAD, and (4) very rare to reliably classify via clamtest func-
tion of the Vegan package (Oksanen et al. 2020).

Results

The total collection corresponded to 5,919 male drosophilids dis-
tributed in two subfamilies (Drosophilinae and Steganinae),
10 genera, and 32 species. In forest environments, there were
327 males of 18 species (5 unnamed), in the nucleation 3,743
males of 22 species (7 unnamed) were captured and for natural
regeneration, 1,849 specimens of 19 species (6 unnamed) were
collected. In this survey, six exotic species were recognized, all
from the Afro-Asian continents and some with a recent history
of invasion in the Neotropics (Table 1). The three environments
shared 10 species, natural regeneration and nucleation shared
15 species, the forest had two species shared only with nucleation
and no species shared exclusively with natural regeneration. Six
unique species were registered for forest environments, five for
nucleation environments and four unique species for natural
regeneration environments. Of the total species collected, 9 were
common for both traps, the banana-baited trap contributed with
9 exclusive species and the Malaise trap with 14 species. The
most abundant species were Scaptodrosophila latifasciaeformis
and Zaprionus indianus, both exotic species, which corre-
sponded to almost half of the individuals collected in this study.

It was observed through the rarefaction curves, based on the
number of individuals, that the curves extrapolated from envi-
ronments under restoration (nucleation and natural regenera-
tion)—PRADs, were more asymptotic when compared to
forest remnants (Fig. 3A), indicating that for forest remnants,
greater sampling efforts may be necessary for greater

completeness of the inventory. In the standardized sampling
based on the environment with the lowest number of individuals
collected, it was observed that the forest remnants have signifi-
cantly higher species richness (95% non-overlapping confi-
dence intervals) than areas undergoing regeneration (Fig. 3B).

The average species richness among the three studied
environments did not show any significant difference
(F2,121 = 1.86, p = 0.1971) (Fig. 4A). Both the abundance
(Fig. 4B) and the diversity (Fig. 4C) were different between
the environments, with the same response patterns: the forest
environment showed, on average, lower abundance and lower
diversity, when compared to areas in the process of regeneration
(Fig. 4B, Fj312=9.08, p=0.003; mean =+ standard error
[SE], forest = 4.11 £ 0.19, regeneration = 5.68 + 0.38,
nucleation = 6.18 £ 0.45, Fig. 4C; Fpp 10 =524, p =0.02,
mean + SE, forest = 2.94 £ 0.30, regeneration = 3.86 £ 0.49,
nucleation = 4.55 + 0.20).

The effect of the local climate profile on the diversity attri-
butes showed weak evidence for richness (Fj; 0y = 3.14;
p = 0.07; Fig. 5A) and abundance (F[; o) = 3.89; p = 0.07,
Fig. 5B), while diversity was not related to the climate of the
sites (Fpy,101 = 1.15; p = 0.30).

A clear distinction in the species composition between the
studied environments was observed through the NMDS analy-
sis. The forest remnants formed a distinct group of the restora-
tion areas (natural regeneration and nucleation) (Fig. 6A),
PERMANOVA showed a significant effect (Fjp 14 = 3.10;
= 0.34; p < 0.01) with differences between the forest rem-
nants and the natural regeneration (p = 0.007) and nucleation
(p = 0.011) environments (Table S1). The processes of substi-
tution (turnover) and loss/gain of species (nesting) show similar
and opposite patterns. The areas under restoration do not differ
from each other, but they are distinct from the forest remnants.
Beta diversity components show that forest areas have a higher
level of turnover and lower nestedness processes (Fig. 6B,
Fioo7 = 19.148, p = 6.6457°, mean + SE = 0.335 + 0.034;
Fig. 6C, mean £+ SE = 0.073 + 0.018) when compared to
areas under restoration (natural regeneration: Fig. 6B,
mean + SE = 0.067 £ 0.029, Fig. 6C, mean &+ SE = 0.206 +
0.043; nucleation: Fig. 6B, mean &+ SE = 0.141 %+ 0.031,
Fig. 6C, mean £ SE = 0.174 £ 0.036).

The species classification method (CLAM) showed two spe-
cies as generalists, Drosophila nasuta and Drosophila sturte-
vanti (Fig. 7). For the dataset between forest remnant and
restoration environments (natural regeneration and nucleation),
it showed that Drosophila paulistorum and Drosophila willistoni
were classified as specialists in forest remnants, while Drosoph-
ila malerkotliana, Drosophila simulans, Scaptodrosophila lati-

fasciaeformis, and Zaprionus indianus, all exotic species, were

classified as typical of environments undergoing restoration.

Discussion

Assessing different aspects of the structure of biological com-
munities, we observed that both restoration techniques have
not yet been able to demonstrate differences in their effective-
ness from the point of view of the Drosophila assemblage
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Table 1. List of species and abundance of Drosophilidae collected at Hydro Minera¢do Paragominas, state of Para, Brazil. Code denominations* are recognized
species (morphotypes) with no specific epithet identified and that may represent new species to science. **Exotic species. FL corresponds to Remnant Forest
areas; NU are recovery areas through the nucleation method and RN are recovery areas through the natural regeneration method.

Total Banana Malaise
Species FL NU RN abundance % bait trap
Drosophila B21012 0 1 0 1 0.017 No Yes
Drosophila cardini Sturtevant, 1916 0 0 4 4 0.067 Yes Yes
Drosophila equinoxialis Dobzhansky, 1946 2 4 0 3 0.050 Yes Yes
Drosophila fulvimacula Patterson & Mainland, 1944 0 2 0 2 0.034 Yes No
**Drosophila malerkotliana Parshad & Paika, 1964 18 1,271 358 1,643 27.637 Yes Yes
**Drosophila melanogaster Meigen, 1830 0 12 14 69 1.161 Yes No
Drosophila moju Pavan, 1950 0 1 0 1 0.017 Yes No
**Drosophila nasuta Lamb, 1914 10 12 1 24 0.404 Yes No
Drosophila nebulosa Sturtevant, 1916 1 21 35 57 0.959 Yes Yes
Drosophila paulistorum Dobzhansky & Pavan in 23 27 6 44 0.740 Yes No
Burla et al., 1949

Drosophila prosaltans Duda, 1927 0 2 3 5 0.084 Yes No
Drosophila saltans Sturtevant, 1916 1 0 0 1 0.017 Yes No
**Drosophila simulans Sturtevant, 1919 13 658 184 816 13.726 Yes No
Drosophila sturtevanti Duda, 1927 8 32 14 54 0.908 Yes Yes
Drosophila tropicalis Burla et al., 1949 1 36 1 79 1.329 Yes No
Drosophila willistoni Sturtevant, 1916 238 341 64 642 10.799 Yes Yes
*Hirtodrosophila B21007 3 0 0 3 0.050 No Yes
*Hirtodrosophila B21010 0 1 0 1 0.017 No Yes
Hirtodrosophila thoracis Williston, 1896 1 0 0 1 0.017 No Yes
*Paramycodrosophila C20009 0 1 0 1 0.017 No Yes
*Paramycodrosophila C20010 0 0 2 2 0.034 No Yes
**Scaptodrosophila latifasciaeformis Duda 1940 2 130 134 266 4.474 Yes Yes
**Zaprionus indianus Gupta, 1970 2 1,174 1,019 2,195 36.922 Yes Yes
*Zygothrica B21009 0 0 1 1 0.017 No Yes
*Amiota C20006 1 6 0 7 0.118 No Yes
*Amiota C20007 0 0 1 1 0.017 No Yes
*Leucophenga C20004 0 2 3 5 0.084 No Yes
*Rhinoleucophenga B21003 1 0 0 1 0.017 No Yes
*Rhinoleucophenga B21004 0 1 1 2 0.034 No Yes
*Rhinoleucophenga B21006 0 8 4 12 0.202 Yes Yes
*Stegana B21002 1 0 0 1 0.017 No Yes
*Stegana C20003 1 0 0 1 0.017 No Yes
Total 327 3,743 1849 5,919

recompositing. Some studies indicate that nucleation is an
attractive option for forest recovery (Holl et al. 2020). This tech-
nique, through the formation of nuclei, antlers and topsoil, helps
in the recolonization of plants and allows the creation of micro-
environments that can be favorable to the colonization of organ-
isms and facilitates seed dispersal (Corbin & Holl 2012; Piaia
et al. 2020). Another relevant aspect of the results is the under-
standing of beta diversity patterns for the structuring of the
fruit fly community in regeneration areas in the northeastern
Amazon. Beta diversity patterns for several organisms are
crucial for understanding the succession and restoration process
of habitats, such as ants (Bishop et al. 2015), beetles (da Silva
et al. 2018), bees (Perillo et al. 2021), saprophytic flies
(Viana-Junior et al. 2021) and—here we highlight for the first
time—drosophilids.

Restoration techniques can promote site heterogeneity, with
the aim of improving environmental recovery (Mounsey
et al. 2022), creating biotic and abiotic conditions favorable to

forest species. Nucleation techniques are proposed as capable
of accelerating natural restoration processes (Ramirez-Soto
et al. 2018). Although some indicators point to the greater effi-
ciency of the method, it is not yet proven that the improvements
in soil conditions resulting from nucleation are reflected in the
faster restoration of biodiversity. This work showed that 6 years
of recovery are still not enough to identify differences between
regeneration techniques in terms of biodiversity restoration
regarding the composition of species in the focal group. This is
probably due to the floristic and structural similarity that the
sites of natural regeneration and nucleation have (da Cruz
et al. 2020).

For this time of management, when observing the effect of
restoration on the metrics of diversity, faunal composition and
beta diversity pattern of drosophilids, the restoration environ-
ments present a homogeneous set of species more tolerant to
open areas, with higher solar incidence, which may be
contributing to diversity metrics. Despite not differing in
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average richness, the accumulation curves showed that the rich-
ness in forest remnants is greater. In addition to the greater avail-
ability of resources that forest remnants offer, this can also occur
due to the amenity and climate stability of these areas. It is
important to observe the absence or small number of individuals
of exotic species within the forest remnants, even in contiguous
environments. Despite exotic species such, as Zaprionus india-
nus, being strong competitors and limiting the coexistence of
native species (Oliveira et al. 2016), the forest seems to show
resistance to the invasion of these species, maintaining the typi-
cal regional fauna. The regenerating environments, despite
being dominated by exotic species, also denote the presence of
typical forest species, which points to a positive trajectory

of integration of these environments to the forest matrix, even
if still incipient.

The fact that Hill diversity and abundance do not differ
between areas under recovery is due to similarities in their com-
position in species with a predominance of those more cosmo-
politan, mostly exotic. These species live in open areas, with
greater tolerance to environmental changes and have reproduc-
tive strategies that lead to the production of large numbers of
individuals per generation, such as Z. indianus, Drosophila
nasuta, Scaptodrosophila latifasciaeformis (Penariol & Madi-
Ravazzi 2013), and are usually associated with altered environ-
ments (da Mata et al. 2008; da Mata & Tidon 2013; Furtado &
Martins 2018). Such species have been used as indicators of
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environmental changes because they do not have affinity to for-
ested environments in the Amazon, not occurring or being
extremely rare in preserved forests (Martins 2001). These spe-
cies together represented 41% of the total number of individuals
sampled in the PRADs.

Despite the relationship between diversity and abiotic factors
being statistically uncertain and presenting weak biological evi-
dence in the present study, as discussed by Dushoff et al. (2019)
and Muff et al. (2022) on the meaning of statistical significance,
several works showed that the abundance and richness of droso-
philids are significantly affected by abiotic conditions
(climatological variables) (Dobzhansky 1957; Poppe et al. 2013;
Furtado & Martins 2018). It is important to highlight that the
evidence we found in our study is due to the time frame that
we collected (a collection made in the rainy season). We know
that the drosophilid community is seasonally structured
(Roque et al. 2013; Coutinho-Silva et al. 2017), and possibly
this effect could be more evident if our sampling time spectrum
was larger, corroborating the findings of other studies. However,
it is also important to point out that the rainy season is the time
when more diversity is collected from drosophilids in tropical
forests (Martins 1987; Tidon 2006; Garcia et al. 2014) and pos-
sibly there would not be much increase in diversity if we col-
lected in the dry season. Our results raise the question about
the temporal effort to find robust ecological patterns in the
Drosophila community. Temperature and relative humidity
can influence insect development (Winkler et al. 2020) and
interfere with their fecundity (Nava et al. 2007). Works have

reported that drosophilids are influenced by the stress of temper-
ature and mean relative humidity in laboratory tests, showing the
effect of climatic variables on the drosophilid community
(Schou et al. 2017; Kriiger et al. 2021). Torres and Madi-
Ravazzi (2006), Nava et al. (2007), and Bombin and Reed
(2016) show that climate variation, which occurs in subtropical
areas of Brazil, has a strong influence on drosophilid species.

The distinction in composition between forest and areas
under restoration demonstrate particular preferences of some
species for certain environments, which facilitates the use of
these species as indicators. The forest remnants comprise envi-
ronments with a greater variety of niches and capable of hosting
a greater variety of species, including species with a lower
degree of tolerance to environmental variations (da Mata
et al. 2008). Environments in early stages of recovery harbor
species that are more general and have greater plasticity in rela-
tion to variations in temperature and humidity, such as those
found in other types of altered environments in the Amazon
(Furtado & Martins 2018). The results of the beta diversity com-
ponents of this study make clear the strong effect of turnover in
forest remnants. The forest remnants arranged between Hydro’s
forestry exploration and recovery areas may be contributing in a
complementary way to each other, probably due to the high het-
erogeneity and variety of niches that these environments have
with a great variety of resources that can be used by these flies
(Cavasini et al. 2014), capable of providing a greater number
of species coexisting (da Mata et al. 2008; Soares et al. 2015).
The nestedness process observed in areas undergoing restora-
tion is associated with the slow recolonization of environments
(Dobrovolski et al. 2012), and the intensity of environmental fil-
ters defining favorable conditions for a certain set of species that
is relatively more restricted. The highest nestedness values
found in restoration areas, when compared with the areas of
remaining forest, show that the losses and gains of species struc-
ture the community to processes of biotic homogenization
(Socolar et al. 2016). These environments will have more or less
the same species with a preference for open areas, which justifies
the results found for the PRADs, that is, the beta diversity values
analyzed here are strongly influenced by environmental charac-
teristics (Soares et al. 2015; Soininen et al. 2018). And it rein-
forces how the structure of the drosophilid community can
serve as a valuable indicator of an environment condition.

The species classified as typical of forested areas
(D. paulistorum and D. willistoni) belong to the willistoni sub-
group, of which they are known as indicators of forest environ-
ments and are occasionally found in open habitats (Torres &
Madi-Ravazzi 2006; da Mata et al. 2008; Penariol & Madi-
Ravazzi 2013). The records of these species in open habitats
must be due to their high flight capacity, which makes it
possible to cross great distances attracted by fruit baits
(Dobzhansky 1957). Already, the predominance of species such
as S. latifasciaeformis, D. simulans, D. malerkotliana, and
Z. indianus, specialists in open areas, here represented by
PRADs, is consistent with the literature. These species are
exotic, and the last two recent invaders in the Amazon
(Martins 1989, 2001), and show greater tolerances to environ-
mental stress characteristic of the regeneration areas (da Mata
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et al. 2008; da Mata & Tidon 2013; Furtado & Martins 2018).
The species D. nasuta and D. sturtevanti, classified as from both
sites, have different biological and ecological aspects. D. nasuta
is an exotic species, recently introduced in Brazil (first record in
2013, Ledo et al. 2017; Silva et al. 2020), and first recorded in
the Amazon in 2017 (from de de Medeiros et al. 2022). Its inva-
sive potential causes concern to native species, as this species
has a high reproductive capacity and can use a great diversity
of habitats and resources (Silva et al. 2020; Montes
et al. 2021). D. sturtevanti is a native neotropical species
(da Conceicao Galego & Carareto 2005) and the structural char-
acteristics of the environment do not seem to be a limiting factor
for this species (Martins 1987). In fact, it is a very abundant spe-
cies both in the Amazon biome, in the open cerrado and in gal-
lery forests (Tidon 2006; Chaves & Tidon 2008), however,
this species actually corresponds to a complex of cryptic species
whose designation can be representing more than one
species with complementary ecologies (Souza et al. 2014).

The similarities between richness, composition, diversity,
and pattern of abundance of drosophilids in areas undergoing
restoration show that these environments behave similarly in
the initial trajectory of restoration (6 years), regardless of the
technique applied. It also demonstrates the fidelity of the ecolog-
ical behavior of the indicator species, giving consistency to the
assessment of the evolution stage of forest restoration, regarding
the recovery of biodiversity. This work represents a baseline for
the progression of monitoring forest restoration. Continuous
monitoring will make it possible to identify if there is variation
in the degree of efficiency of biodiversity recovery between res-
toration techniques. Using drosophilids as indicators, it will be
possible in the future to find a threshold at which the techniques
used can be distinguished as to their effectiveness, if any. The
big difference between these regeneration environments and
the forest clearly reflects the initial phase of restoration. The
future absence or reduction in the abundance of exotic species
can be used as an easily measurable indicator of forest restora-
tion. When these environments start to become more forest-like,
the abundance of exotic species, such as Z. indianus and
S. latifascieformis, will tend to decrease drastically, and typical
forest species should predominate.
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