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ABSTRACT

There have been few reports of invasions in continental rain forests, especially for exotic animals. This study provides original data concerning the potential of exotic
drosophilid species to colonize the Amazonian tropical rain forest. To investigate if the structure of drosophilid assemblages differed in response to anthropogenic
disturbance, we performed a taxonomic survey at six sites within the Yasuni National Park in Ecuadorian Amazonia along a disturbance gradient from pristine to clearcut
artificial forest. A total of 7425 individuals from 34 species were collected of which seven species were exotic. There was significant variation in the assemblage com-
position along this disturbance gradient; 31 percent of which was explained by the presence of exotic species, particularly at the most disturbed sites, through nonmetric
multidimensional scaling and SIMPER analyses. These results confirm the susceptibility of continental rain forests to invasion by exotic species. There is an urgent need
to develop and implement monitoring systems, for example, based on drosophilid assemblage surveys, to detect exotic invasions in continental tropical forests.

Abstract in Spanish is available at http://www.blackwell-synergy.com/loi/btp
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LIKE OTHER ECOSYSTEMS, TROPICAL RAIN FORESTS face significant
threats from exotic species, especially in areas disturbed by ant-
hropogenic activities (Rejmanek 1996, Phillips 1997). Most exam-
ples come from oceanic islands where rain forest communities have
been under the pressure by a wide array of plant (Lorence & Suss-
man 1986, D’Antonio & Vitousek 1992, Green ez al. 2004, Meyer
& Lavergne 2004, Zimmerman et al. 2007) and animal invaders
(Lehtonen ez al. 2001, Kraus & Campbell 2002, Borges et a/. 2006,
Wetterer 2007, Peck ez al. 2008). Reports of biological invasions of
continental rain forest are much less common, although such inva-
sions can be equally damaging (Fine 2002).

Early ecologists hypothesized that the high species richness of
mainland rain forest made them less susceptible to invasion by ex-
otic plants and animals (Darwin 1859, Elton 1958). However, pat-
terns of invasibility have since proven to be complex and depend on
various factors such as spatial scale, biome or species-specific re-
sponses to disturbances (Stohlgren ez al. 1999, Fridley ez al. 2007).
This has been supported by recent studies showing that exotic or-
ganisms may also successfully invade continental rain forest (Scariot
1999, Peters 2001, Cordeiro et al. 2004, Murphy ez al. 2006).
Published studies, however, have mostly focused on plants, and
documented invasions of continental rain forest by exotic animals
are scarce (Roubik 1978, Tennant 1994, Hoffmann ez 2/. 1999,
Martins 2002). In this study, we investigated the structure of fly
(Drosophilidae: Diptera) assemblages in Amazonian tropical forest
sites differing in their level of anthropogenic disturbance. The
Drosophilidae are ubiquitous and can spread and settle largely un-
noticed as ‘tramp’ species associated with human settlements. Al-
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though the colonization potential of these flies has been reported
(Avondet ez 2l. 2003, Ferreira & Tidon 2005), little is known about
their ability to invade continental tropical rain forests.

METHODS

Stupy AREA.—The study was performed in the area surrounding the
Yasuni Scientific Research Station (YSRS) of the Pontifical Catholic
University of Ecuador (0°39'03” S, 76°22'42" W) located in Ya-
suni National Park (YNP) in the northwestern part of the Ecua-
dorian Amazon forest, one of the most megadiverse areas of the
world. This park encompasses cz 1 million ha with extensive areas
of primary forest. Disturbances have originated from indigenous
groups clearing the forest for agriculture as well as oil companies
that have constructed roads for prospecting and exploitation (Va-
lencia ez al. 2004). This evergreen lowland wet forest has a 15-30 m
canopy, with some emergent trees reaching 50 m. The altitude of
the YNP is 200-300 m asl. The vegetation belongs to the AF sub-
type described by Koeppen (Peel ¢t /. 2007). Rainfall and temper-
ature are aseasonal with a monthly mean precipitation of 235 mm.
No months receive < 100 mm of rain. Temperatures range from
22°C to 32°C and humidity from 56 to 96 percent. Despite this
lack of seasonality in climatic variables, plants show three distinct
flowering periods: ‘active’ (high flowering, from mid-July to De-
cember), ‘passive’ (low flowering, from the second half of February
to May) and ‘intermediate’ (from June to the beginning of July and
from January to the first half of February) (Aguilar 2004). Such
flowering periods are likely to influence drosophilid abundance
(Pipkin 1953, Tidon 2006).

In 1994 a road was opened for oil extraction activities in YNP.
The road is 140 km long and 20 m wide and end at the Napo River.
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Before road construction, the forest was considered a primary for-
est, except for some local disturbances originating from indigenous
groups who clear the forest for agriculture. As the road is the main
source of disturbance in this area, we used the distance of each
sampling site to the road as a proxy of disturbance level (Table 1).

SAMPLING DESIGN.—Drosophilid assemblages were studied in six
distinct sites in YNP spanning a range of anthropogenic distur-
bance from pristine to high disturbance (clearcut forest). We used
a nested sampling design in which each of the three low-distur-
bance sites were nested to a site with a different level of distur-
bance: medium, high and pristine. These three pairs of sites were
located along a road for oil extraction activities at 5, 7 and 15 km,
respectively.

All sites were ranked according to their category of distur-
bance, estimated by proximity to the petroleum road and evidence
of forestry practices (Table 1). The six sites were divided into four
categories of disturbance: (1) pristine: site located 100 km away
from the petroleum road, rivers or small villages; (2) low distur-
bance: sites located few hundred meters away from road for oil ex-
traction activities; (3) medium disturbance: site that was logged and
cleared 20 yr ago to build a helicopter landing platform; and (4)
high disturbance: cleared site located close to the YSRS and the ac-
cess petroleum road. To describe relative levels of invasions in each
of the sites, we calculated the proportion of exotic species to native
species during three flowering periods (Table 2).

Drosophilid collections were made on three occasions (De-
cember 2005, March and July 2006) to include active, passive and
intermediate flowering periods. For each sampling session, daily
collections were made over 15 d. At each site, we sampled six plots
separated by a minimum of 30 m. Drosophilid traps, 25 X 5cm
(see more details in Rafael ez 2/. 2000), were filled with ¢z 110 mL
of a 3:1 mixture of banana (Musa paradisiaca) and Baker’s yeast
(Saccharomyces cerevisiae), and were hung in trees ca 15 cm above-
ground level.

Because Drosophila communities are known to be vertically
segregated (Tidon-Sklorz & Sene 1992), our sampling procedure
was unlikely to capture all possible species. Instead our design fo-
cused on effectively sampling the understory community where
most early establishing exotic invasive species are found (Huebner

2007).

Baits were replaced daily after collection of the trapped insects.
Trapped male drosophilids were identified by their terminalia and
other morphologic characters (Vilela & Bichli 1990). Single in-
seminated females collected from the wild were allowed to oviposit
and the larvae were reared to adults to analyze the terminalia of off-
spring males for species determination. For sibling species in the
melanogaster species group and the willistoni species subgroup, we
used morphologic characters proposed by Bichli ez al. (2004),
Burla ez al. (1949), Malogolowkin (1952) and Shorrocks (1972).
Based on available literature (Vilela & Bichli 1990, Tidon 2006),
species were classified into three categories: new species (previously
undescribed), endemic species and exotic species to the Neotropical
region.

DATA ANALYSIS.—We quantitatively compared the differences in as-
semblage structure of drosophilids among the six sites using ranked
species abundance (RSA) plots (Magurran 2004). Data from the
three trapping periods were pooled to calculate the cumulative rel-
ative abundance (logarithmic scale) of each species against its rank
in sequence from most to least abundant. RSA data were fitted to
the exponential model (y=100e ). Differences among sites were
evaluated by comparing the value of the exponential factor 4; higher
a values indicate greater dominance within the assemblage.

Secondly, we used nonmetric multdimensional scaling
(NMDS) analysis to examine the patterns of biological similarity
of the drosophilid assemblages among sites. This technique repre-
sents samples as points in an ordination space, such that the relative
distances between points reflects the relative similarities of the sam-
ples with respect to both abundance and composition (van der Gu-
cht ez al. 2005). Abundance data were log (x+1) transformed to
reduce the importance of extremely high values and the Bray—Cur-
tis method was used as a measure of similarity. Plots of the same
level of disturbance were grouped within convex hulls, which are
the boundaries of the minimal convex set containing the set of
sampling points in the plane. The NMDS goodness of fit was es-
timated with a stress function (which ranges from 0 to 1) with val-
ues close to zero indicating a good fit.

Differences in composition of the fly assemblage among the
four levels of disturbance were tested using an analysis of similarities
(ANOSIM). ANOSIM generates a statistical parameter R which is
indicative of the degree of separation between groups; a score of 1
indicates complete separation, and a score of 0 indicates no

TABLE 1. Disturbance level (pristine, low, medium and high) of the six sites where drosophilid assemblages were sampled. The distance to the road is used as a proxy of

disturbance (sites close to the road have higher probability to be colonized by exotic species). The first column shows the three pairs of sites tested (A, B and C).

Site Disturbance level Pairs tested Forest clearcut Proximity to the road Dominant tree species (family)

1 Pristine A Never 100 km Memora cladotrichia (Bignoniaceae)
2 Low A Never 300 m Matisia oblongifolia (Bombacaceae)
3 Low B B Never 200 m Matisia oblongifolia (Bombacaceae)
5 Medium 1980 350 m Cecropia sciadophylla (Cecropiaceae)
4 Low C C Never 100 m Rinorea lindeniana (Fabaceae)

6 High 2007 5m Surrounded by Cecropia sciadophylla




TABLE 2. Percentage of invasive species in the drosophilid assemblage at four levels
of disturbance. Data from December 2005, and March and July 2006

have been pooled.
Levels of disturbance (%)
1 2 3 4
Month Pristine Low Medium High
March 0 0 0.2 50
July 0 0.1 0.3 45
December 0 0.1 0.1 50

separation (van der Gucht er /. 2005). Monte-Carlo randomiza-
tion of the group labels was used to generate null distributions to
test the hypothesis that within-group similarities were higher than
would be expected by chance. A one-way ANOSIM was performed
with 10,000 permutations using a Bray—Curtis distance measure.
Pairwise ANOSIMs between all pairs of groups were provided as a
post-hoc test. P-values were adjusted using the Bonferroni correc-
tion. Finally, we determined which species (e.g., native or exotic)
were most responsible for differentiating sites with different levels
of disturbance by performing a SIMPER analysis on density log-
transformed data for all drosophilid taxa. The contribution of ex-
otic species was calculated by summing the contribution of each
exotic species over the average dissimilarity of all the exotic species
(Clarke 1993). The contribution of each species to the ordination is
shown in Table S1. All analyses were performed using PAST (Pale-
ontological statistics, version 1.90; Hammer ez a/. 2001).

RESULTS

A total of 7425 individuals of 34 species belonging to four genera of
Drosophilidae (Drosophila Fallen 1823, Scaptodrosophila Duda
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1924, Neotanygastrella Duda 1925 and Zaprionus Coquillett
1901) were captured (Table S1). There was significant variation in
the assemblage structure of drosophilids in each sampled site with
an increased abundance of invasive exotic species at sites showing
higher disturbance intensity as illustrated by RSA curves (Fig. 1).
Species richness in the high-disturbance site was greater than that of
the other sites (19 species). In the medium-disturbance site, 13 spe-
cies were recorded and the pristine site had eight species. The high-
disturbance site also had the highest number of exotic species (seven
species). In pristine-, low- and medium-disturbance sites, the three
neotropical species Drosophila willistoni, Drosophila paulistorum
and Drosophila sturtevanti were the most abundant, accounting for
44 percent (site 5) to 97 percent (site 2) of total individuals. The
most abundant species in the high-disturbance site was a native
species (20%) but the next four most abundant species (Drosophila
melanogaster, Drosophila simulans, Drosophila malerkotliana and
Zaprionus indianus) were exotic. We found an increase in the expo-
nential @ coefficient from pristine- to medium-disturbed sites when
RSA data were fitted to exponential models; pristine 2=0.51, low
disturbance (A, B and C) 2=0.55, 0.58 and 0.59, respectively, and
medium disturbance 2=1.06. This indicates that the drosophilid
community at the medium-disturbance site was dominated by a few
species. Surprisingly, the high-disturbance site had a low # value
(0.27) suggesting a more uniform distribution of species. There was
a similar positive relationship between the raw proportion of exotic
species in the drosophilid communities and the levels of distur-
bance pooled over the three sample periods (Table 2).

There were clear differences in the composition of drosophilid
assemblages relative to degree of disturbance in NMDS analysis.
The pristine-, low- and medium-disturbance sites were distinctly
separated from the high-disturbance site in the two-dimensional
space defined by the first two coordinates (Fig. 2). The NMDS
showed that assemblage composition in the low- and medium-dis-
turbance sites (1-4) was influenced more by collection month than
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FIGURE 1. Species rank abundance (RSA) distribution plot of the drosophilid assemblages in the six study sites. Data from the different collection periods (December

2005, March and July 2006) have been pooled. All abundance curves have been fit to an exponential model. /V, total abundance.
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FIGURE 2. Nonmetric multidimensional scaling (NMDS) analysis of drosophilid assemblages in six study sites. Site numbers are given in Table 1. Collection month

is denoted by empty symbols (December), gray symbols (March) and black symbols (July). Numbers indicate the disturbance category for each site. NMDS

Stress = 0.01. The lines connecting points denote the convex hull (see Methods).

location, indicating there were similarities in drosophilid composi-
tion within flowering periods. The ANOSIM global test confirmed
the statistical separation in ordination space of the sites presented in
the NMDS into four groups relative to the category of disturbance
(R=0.72, P < 0.001; Fig. 2). In pairwise tests, the differences were
significant in two pairs (A and C), each involving a high- and a low-
disturbance site (ANOSIM, pairwise test, P < 0.01 and P < 0.02,
respectively), but not in the third pair (B) comprising a low- and a
medium-disturbance site (P=0.232). The latter two sites also plot-
ted closely to each other but separated from pristine- and high-dis-
turbance sites in the NMDS graph.

Seven exotic species contribute 31 percent to the ordination.
Irrespective of site, the exotic discriminating species were D. me-
lanogaster, D. simulans, D. ananassae, D. malerkotliana, Z. indianus
and Scaprodrosophila latifascieformis. These species were recorded
only in the high-disturbance site with exception of D. ananassae
that was also recorded in the medium-disturbance site.

DISCUSSION

This study is the first to document a change in the structure of
drosophilid assemblages along a disturbance gradient in the Am-
azon forest. There are very few reports of invasions by exotic spe-
cies in continental tropical rain forest, suggesting that species-rich
rain forests, particularly continental ones, are relatively resistant to
invasions (Laurance & Bierregaard 1997, Laurance er al. 2002,
Sax et al. 2005). However, we found that tropical rain forests sub-
jected to severe anthropogenic disturbance can be susceptible to
invasion by exotic drosophilid species. Thereby supporting the
view of Davis (2005) that even environments with rich regional
species pools like tropical rain forests are susceptible to exotic spe-
cies invasions.

There is little information about when these exotic species, na-
tive to oriental and afrotropical regions (David & Tsacas 1981), ar-
rived in YNP. They were probably introduced accidentally, mostly
by the first settlements related to petroleum exploration in the
1980s. After these introductions, the establishment of the YSRS in
1994 and the lack of quarantine controls have likely created an en-
vironment favorable to colonization by exotic species such as D. me-
lanogaster. This latter species was the most abundant in our survey,
and is the most invasive species of Drosophila globally, being present
on all vegetated continents (Huey er /. 2005). Another exotic spe-
cies found in the most disturbed site was Z. indianus. This species
prefers open and disturbed habitats (Tidon er /. 2003), demon-
strating that anthropogenic disturbance can facilitate invasions of
exotic species into species-rich communities of tropical rain forests.

From four categories of disturbance sampled in YNP, the pris-
tine site recorded the lowest number of individuals collected. This
could be a result of sampling bias in our collection. Our results (34
species from 7425 individuals), however, are within the range of fly
abundance and species richness collected in other studies within the
region (Tidon-Sklorz & Sene 1995, Torres & Madi-Ravazzi 2006).

The similarity between the low disturbance A and medium-
disturbance site in the RSA plot (Fig. 1) could be explained by the
geographic proximity of these two localities. This is consistent with
the well-documented distance-decay of similarity relationship
among communities (Morlon er a/. 2008). Geographically, these
two sites are in the closest proximity to each other and are located at
kilometer 5 on the road. This close proximity may have resulted in
an artificial similarity in the drosophilid fauna.

The trends observed in the RSA analysis indicate that exotics
species responded positively to disturbances by increasing their
abundance in disturbed sites. The exotics were the dominant species
in the high-disturbance site thereby decreasing the proportion of
the fauna contributed by native species. The establishment of exotic



species in disturbed sites may promote changes in the structure and
dynamics of resident assemblages (Fig. 1).

Disturbance in Amazonian rain forest fragments has been
shown to promote invasion by exotic species, as documented for
plants (Scariot 1999), insects (Klein 1989, Brown & Hutchings
1997, Dick 2001, Martins 2002), frogs (Tocher ¢t al. 1997) and
bats (Kalko 1998). Aside from disturbance, we think that other
factors that could have aided in the successful establishment of ex-
otic drosophilid species including ability to tolerate change in mi-
croclimatic conditions, efficient life history strategies (Parsons &
Stanley 1981) and repetitive introductions of new individuals of
exotic species via decaying vegetables and fruit used as food at the
YSRS. We cannot conclude definitively if the absence of invasive
flies at the pristine site was related to a resistance of this site to in-
vasions or if it was simply too far from a source of invasion, im-
peding colonization by exotics.

Our results are in general agreement with Martins (2002), who
reported that forest fragmentation modified the species composi-
tion and relative abundance patterns of drosophilid guilds.
However, we found a rather equitable distribution of species at the
high-disturbance site, probably due to the loss of rare species. This
contrasts with the general view that highly disturbed areas exhibit a
greater degree of dominance of a few species (Tilman & Lehman
2001, Sanchez-Moyano et al. 2002, Seabloom et al. 2003). This
may be a compensatory response of the drosophilid assemblage due
to both the arrival of exotic species and the absence of 15 native
species in the high-disturbance site. This suggests an ongoing, con-
tinual process of colonization by exotics. Although the competitive
relationships between exotics and native species are unknown, sim-
ilar patterns of reduction in abundance of native species concurrent
with the co-occurrence of exotic species have been reported for
drosophilid assemblages (Parsons 1983, Huey er 4/. 2005, Tidon
20006).

CONCLUSION

This study provides evidence that, in the presence of disturbance,
even species-rich tropical rain forests are susceptible to exotic spe-
cies invasions. Resource exploitation by humans in this habitat is
increasing and causing loss of species diversity. Detection of the
early establishment of exotics species using long-term monitoring is
essential to understand invasion patterns and impacts on associated
native species. Effective evaluation and management of the impacts
of anthropogenic disturbance in tropical rain forests requires ap-
propriate assessment and monitoring tools to detect and monitor
exotic invasive species. Drosophilids may represent useful indica-
tors as they are short-lived, mobile, abundant organisms and inex-
pensive to collect (Powell 1997, van der Linde 1997). However,
there are still few studies using this group to monitor environmental
disturbance in tropical rain forests (Parsons 1991, Davis & Jones
1993, van der Linde & Sevenster 2002, Mata ez 2/. 2008). Our re-
sults suggest that the response of drosophilid assemblages to forest
disturbance could be a fruitful avenue to develop as a useful indi-
cator of invasion risk by exotics in continental rain forests.
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