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Abstract Following successful establishment in
Australia and North America, the South African dung
beetle (DB) Digitonthophagus gazella was introduced
in Brazil in 1990. We investigated the impact of the
exotic species on the native community of 42 native
DB species using a unique weekly data set spanning
26 years, including 4 years of pre-invasion data. The
invasion of D. gazella was very rapid with abundances
increasing by 4 orders of magnitude during the first
few years following establishment. We show that the
DB diversity shrank to sixty percent of the pre-
invasion level. Results from multivariate analyses
identified three distinct periods of changes in compo-
sition and abundance: before the invasion (BI); after
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invasion I (AI-I); and AI-II each one characterized by
a particular dynamic of the native species. The impacts
on the native species differed according to their
nesting behavior. Species with the same behavior as D.
gazella (tunneler) became less abundant and five
species went locally extinct. Dweller species, in
contrast, became more abundant. Although the anal-
ysis of all species combined showed an increase in
abundance and a less oscillatory dynamic in AI-II
compared to BI, this was the case only for the dweller
species, as the tunnelers showed a tendency to
continued decrease throughout the 26-year study.
Our results show that a new community was originated
as a consequence of the invasion, in which dweller
species, particularly Labarrus pseudolividus, are the
dominant species and all the tunnelers, including D.
gazella, are decreasing in abundance.

Keywords Scarabaeidae - Biological invasion -
Invasive species - Native community - Dung beetles -
Pasture area

Introduction

Dung beetles (Coleoptera, Scarabaeidae, Scarabaei-
nae) utilize a variety of resource for feeding and
nesting, including cow pads (Halffter and Matthews
1966). In such ephemeral resources, competition can
be fierce (Hanski and Cambefort 1991a). To avoid
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competition, these species developed distinct nesting
behaviors, which include (a) rollers, species which
make balls of dung, roll them away from the food
source, and bury them in the soil; (b) tunnelers, which
dig tunnels and construct nest chambers below the
dung pile; and (c) dwellers, species that live freely in
the droppings (Hanski and Cambefort 1991b). In
addition, they have different periods of activity during
the day, with diurnal, crepuscular and nocturnal
species (Koskela 1979; Krell et al. 2003), different
seasonal patterns (Davis 1996), different burying
depths (Halffter and Edmonds 1982) and body sizes,
which may facilitate coexistence (Hanski and Cam-
befort 1991b).

In a successful example of biological control by
insects, dung beetles (Coleoptera, Scarabaeidae) from
South Africa were introduced into Australia during the
mid-1960s to remedy the problems caused by the
accumulation of cow pads in pasture areas. Because
the cow pads were not being removed from the
surface, grass growth declined, which led to loss of
grazing area and to an increase in abundance of cattle
pests and parasites (Bornemissza 1960, 1979). Several
dung beetle species with different nesting behaviors
were introduced. Of the introduced species, Digiton-
thophagus gazella became widespread (Ridsdill-
Smith and Edwards 2011). Due to its successful
introduction in Australia and with the same objective,
D. gazella was deliberately released in many countries
around the world (Blume and Aga 1978; Gutierrez
et al. 1988; Ripa et al. 1995), including Brazil in 1990
(Bianchin et al. 1992).

Digitonthophagus gazella sensu Génier and Mor-
etto (2017), an African tunneler species adapted to
open areas (Cambefort 1984), was able to become
established in countries such as the United States and
Australia. It is efficient in removing cow dung
(Bornemissza 1970; Young 2007) and has the highest
reproductive rate among Scarabaeinae dung beetle
species with a short generation cycle (Blume and Aga
1975). Additionally, D. gazella has a good dispersal
capacity (Kohlmann 1991; Seymour 1980) and a wide
tolerance to climatic conditions (de Oca and Halffter
1995). Although these characteristics were responsi-
ble for the establishment of the species in areas where
it was introduced, these features also made D. gazella
an effective competitor and invader. This calls atten-
tion to the potential risk of invasion and establishment
of this species in countries where it was not
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intentionally released, and to its possible negative
effects on the native dung beetle fauna (Zunino and
Barbero 1993; de Oca and Halffter 1998). A few years
following its release in the United States, D. gazella
invaded Mexico and quickly expanded its range
(Barbero and Lopez-Guerrero 1992). Even though
only a handful of papers have been published on the
species’ effect on native dung beetle communities in
Mexico, the results were similar. Digitonthophagus
gazella became the dominant species, and most native
species decreased in abundance, with a few becoming
locally extinct (Howden and Scholtz 1986; de Oca and
Halffter 1995; Young 2007). However, due to the lack
of pre-invasion data and the long time span between
collecting times, none of these studies showed that
reported changes were due to the exotic species,
instead of to changes in other environmental condi-
tions. Therefore, long-term studies that focus on
invaded communities and encompass sampling
before, during, and after an introduction, collecting
continuously over a period of years, are needed in
order to fully understand the consequences and the
dynamics of this biological invasion (Blossey 1999;
Strayer et al. 2006; Stricker et al. 2015).

Generally, invasions have an initial acute phase
when a new species arrives and expands its territory.
This is followed by a chronic phase, which may
involve genetic changes in the invader and changes in
the biological community of the invaded ecosystem.
After various abiotic, ecological, and evolutionary
changes have occurred, the former invader may
become a non-dominant member of the ecosystem
(Strayer et al. 2006; Blackburn et al. 2011; Zenni et al.
2017). Thus, the time since an invasion needs to be
considered to understand the impacts of the invasion,
because the results of the effects on the native species
are dependent on when and for how long the sampling
was conducted (Yelenik and D’Antonio 2013). For
example, for the same invasive species, if a study is
conducted during the acute phase, one may find that
biological invasions lead to decreased abundance and
diversity (Porter and Savignano 1990). However, if the
investigation is conducted during the chronic phase,
one may conclude that the exotic species had a benign
impact, since local original species’s populations had
increased to pre-invasion levels (Morrison 2002).
Moreover, there may be time lags between the arrival
of the exotic species and its influence on the native
fauna, making long-term studies necessary in order to
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evaluate both transient and persistent effects of the
invasive species (Drake 2004; Sakai et al. 2001;
Crooks 2005).

A dung beetle community in a pasture area in Brazil
was systematically studied over 26 years, starting the
collections in 1989, before the arrival of D. gazella
(Flechtmann et al. 1995a, b, c, d, e), and extending
them up to 2015. Dung beetles were sampled using a
black light trap, by field evaluations in cow pads, and
by dissections of dung beetles from cow pads in the
laboratory (Flechtmann et al. 1995d). These studies
reported the species associated with cow pads in the
area (Flechtmann et al. 1995¢), evaluated the removal
of dung in relation to beetle’s body size (Flechtmann
et al. 1995a), and compared the efficiency of the
sampling methods in collecting dung beetles (Flecht-
mann et al. 1995b, ¢). In 1993, D. gazella was first
collected, without being intentionally introduced in
the area. Thus, we present a long-term study that
comprised 26 years of weekly collection data, includ-
ing 4 years preceding the invasion, conducted in the
same locale. The local native dung beetle community
is a specious guild, comprising more than 40 species
with different nesting behaviors. Our objectives were
(1) to investigate the impact of the exotic tunneler
species D. gazella on the abundance of the native dung
beetle community during the process of invasion and
establishment, (2) to study the dynamics of invasion
by D. gazella, (3) to determine how species with
different nesting behaviors responded to the invasion,
and (4) to evaluate the relative influence of abiotic
factors and the invasive species on the observed
changes.

Methods
Field area and insect collection

Since November 23, 1989 a black-light flight-intercept
trap, model “Luiz de Queiroz” (Matioli and Silveira
Neto 1988), equipped with an F;sTgBL lamp, has been
used for weekly collection of insects from dusk to
dawn of the next day. The trap is installed in the
Research, Teaching and  Extension Farm
(20°22'34.11"S, 51°24'58.22"W) owned by the Sdo
Paulo State University (UNESP) and located in
Selviria, Mato Grosso do Sul, Brazil. Dung beetles
captured were identified using the reference collection

of the Museum of Entomology of UNESP (MEFEIS),
Ilha Solteira, state of Sao Paulo, Brazil, where all
voucher specimens were deposited, and where their
abundance was recorded. Digitonthophagus gazella
was first recorded in the study area in 1993. The most
likely source of pioneer invading beetles is a property
about 20 km distant from the study area, where D.
gazella was reared and released in the pasture.

The local climate is classified as Aw (equatorial
savannah with a dry winter) according to the Koppen-
Geiger climate classification (Kottek et al. 2006) and
the local altitude is 335 m. During the period of the
experiment, the average maximum, minimum and
mean temperatures were respectively 30.91, 19.43 and
24.83 °C, average air relative humidity 71.13% and
annual rainfall 1384.53 mm (Appendix S2: Fig. S1).
The rainy season extends from September through
March, and the dry season from April through August.
The weather variables for this analysis included the
average maximum (aTmax) and minimum (aTmin) air
temperatures, relative humidity (RH), and rainfall.
The total daily rainfall was recorded on the Farm
where the trap is located. All other variables were
collected by a data logger located 3 km from the
collecting site. The average of each weather variable
was recorded hourly, and the daily mean used in this
study.

The total area of the Farm is 1158.68 ha, with
350 ha of pasture areas of the spreading liverseed
grass Urochloa decumbens (Stapf). The landscape has
remained the same since the mid-1970s, when the
native vegetation was removed and pasture imple-
mented. Livestock began in the early-1980s. The city
of Selviria, which is located adjacent to the Farm, has
not expanded toward it since the pastures were formed
in the late 1970s. Fertilizers were never heavily
applied on the Farm. Only lime and superphosphate
were used, and applications were occasionally made
only a few times over the years, only once in a few
areas, and never near the trap. Additionally, iver-
mectin, which is used to control ecto- and endopar-
asites of livestock and may be harmful to dung beetles
(Verdu et al. 2015), was never used on the Farm.

Data analysis
During the 26 years of weekly data collection, only

74 weeks of data (5.65%) were lost due to trap
malfunction, poor weather conditions, or no collection
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at all. However, of these missing weeks, 44 weeks
(59.5%) were lost in dry months (March to August)
when dung beetles are significantly less active. These
missing data were interpolated linearly, based on the
data for the preceding and following weeks.

Diversity across the years was estimated by Hill’s
diversity number N; (Hill 1973). Hill’s N, is the
exponential form of Shannon entropy (H') and uses the
numbers equivalent of species or individuals, which is
a more appropriate method for measuring diversity
(Ellison 2010).

Prior to all analyses, the abundance data were log-
transformed, averaged across the years, and normal-
ized to rescale the variance of all species. These
statistical transformations were applied to avoid bias
in the results due to the difference in the variance of
the species, since some had high abundance while
others had low abundances. As collections began on
November 23, 1989, each year refers to the weeks
between November from 1 year and November of the
next year (e.g. year 1: samples from Nov. 23, 1989 to
Nov. 16, 1990; year 2: samples from Nov. 23, 1990 to
Nov. 16, 1991).

A variety of multivariate analyses were used to
analyze the data. A principal component analysis
(PCA) was carried out using the prcomp function from
the stats package in the R Statistical Software (R Core
Team 2015), and was used to visualize the changes in
abundance and which species varied most over the
years. Functional data analysis (FDA) was carried out
based on the so-called empirical orthogonal function
(EOF), which consists of using the loadings from the
PCA as the functions that describe the general pattern
of the data (Ramsay and Silverman 2005). FDA was
applied to visualize the general pattern of changes in
the abundance of all species, and how the abundance
of the species varied in relation to the mean.
Additionally, FDA was used to understand which
mechanisms might be regulating the changes in
abundance. Using the results of the PCA and FDA,
the years were grouped as a function of similarities in
the dynamics of the abundance in relation to the
invasion. A linear discriminant analysis (LDA) was
then applied, using the lda function from the R
package MASS (Venables and Ripley 2002), on those
groups to evaluate if the differences observed were
discriminating periods with distinct dynamics. Bi-
plots were produced, following Roy et al. (2009),
enabling visualization of the distance between groups.
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MANOVA was used to compare the mean of the
groups. Redundancy analysis (RDA) was used in order
to determine the amount of the variability explained
by the exotic species and by the climate variables.
RDA is an extension of multiple regression, which
regresses explanatory variables (weather variables,
log-transformed abundance of exotic species averaged
across years (D.gaz), and years since invasion by D.
gazella (year) on response variables (species abun-
dance) and observations (collecting years), and pro-
vides a test of significance similar to that of a linear
regression analysis (Legendre and Legendre 2012).
Triplots of the results were then plotted to visualize the
correlation among observations, response variables
and explanatory variables. The significance of the
model was tested using ANOVA, and a permutation
test applied to determine which canonical axes were
significant. RDA was carried out using the rda
function in the R package vegan (Oksanen et al.
2015). A forward selection of the explanatory vari-
ables was employed using the forward.sel function in
the R package packfor (Borcard et al. 2011; Dray et al.
2013).

All analyses were conducted for the following
cases: (1) all dung beetle species, including and
excluding the abundance of D. gazella; (2) only
tunneler species, including and excluding D. gazella;
and (3) only dweller species.

Results

A total of 725,605 dung beetles representing 42
species and 19 genera were collected, including D.
gazella. The exotic species comprised 67% of the
total, with more than 400,000 individuals captured.
Among the native species, more than 200,000 dwellers
were collected, while tunnelers totaled 27,491, and
only two roller species were collected (Appendix S1:
Table S1). The total abundance of each group and
exotic species across the years is displayed in Fig. 1,
showing the changes in the numbers of individuals of
different nesting behaviors and the exotic species.

The mean maximum air temperature and rainfall
increased during the period of the experiment, while
mean minimum air temperature decreased and varied
less through the years since year 10 (1998-1999).
Relative humidity has been increasing since year 18
(2006-2007) (Appendices S2: Fig. S1).
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Dynamics of invasion

Our data suggest four distinct “stages” in the invasion
and establishment timeline of D. gazella. Stage 1 was
from September 19, 1993 (the first collection of this
species) to February 2, 1996, and was characterized by
a rapid increase in abundance, with a peak of 35,428
specimens collected in October 5, 1995, followed by a
decrease in abundance. The following stage II
extended until April 30, 1998 and was characterized
by high abundance, but lower than in the previous
stage and with no distinct peak in abundance. The
same dynamic was observed in the two subsequent
stages. In stage III, which extended from the end of
stage II to April 26, 2001, D. gazella decreased even
more in abundance. The dynamics in stage IV (from
the end of stage III until the last day used in the
analyses) was the same, with the exotic species
continuously decreasing in numbers through the years
(Fig. 2).

Impact of D. gazella on native dung beetle
community

Comparing the time periods before and after invasion
the results showed some species not collected before
the invasion were collected afterward; other species
increased in abundance for years after the invasion and
then were no longer collected; and finally, some

dwellers
tunnelers
I D. gazelia

f\ — - —  HIlI's number

HlllI’s diversity (N,)

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Year

species present before the invasion were not collected
again after the invasion. These last species are
Canthidium nr. pinotoides, Ontherus dentatus and
Ontherus sulcator (Appendix S1: Table S1).

The abundance of native species (both dwellers and
tunnelers) decreased sharply following the invasion.
Digitonthophagus gazella was the most abundant
species from right after it invaded the Farm pastures
until year 15 (2004-2005), after which the native
dweller species were the dominant group. Mirroring the
changes in native species abundance, the diversity was
higher on the 4 years before the invasion, decreasing
sharply after this period until year 14 (2002-2003).
Since year 15 (2003-2004) it has stabilized around a
value lower than the period before the invasion (Fig. 1).

We selected the most abundant species to evaluate
the possible impacts of D. gazella invasion on the
native community. These species were the dwellers
Genieridium bidens, Labarrus pseudolividus, Niala-
phodius nigrita and Trichillum externepunctatum, and
the tunnelers Areuchus nr. puncticollis, Canthidium nr.
pinotoides, Dichotomius bos, Dichotomius nisus,
Dichotomius semiaeneus, Dichotomius sexdentatus,
Ontherus appendiculatus, O. dentatus, O. sulcator,
and the exotic D. gazella.

PCA and FDA were first carried out including the
abundance of all native dung beetle species and D.
gazella (hereinafter referred to as all-species analysis).
The results showed that PC1 captured the variation in
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Fig. 2 Total weekly abundance of the exotic dung beetle
species D. gazella collected in a black-light trap in a pasture area
in Selviria, Mato Grosso do Sul, from November 1989 to

the abundance in relation to the mean (all arrows
pointing in the same direction; the so-called “mean-
effect” in ordination); while PC2 captured the impact
of the invasion on the abundance of native species, as
the years before the invasion (years 1-4) are distinct
from the remaining years along this axis. These results
were confirmed by the EOF 2 plot of the FDA
(Appendix S2: Fig. S2). Thus, the ordination of years
and species in relation to PC2 indicates whether the
species became more or less abundant after the
invasion. To evaluate the impact of the exotic species
on the native fauna, we performed a PCA and FDA
using only the abundance of native species. Here, we
focus on the results from PC2, as it is the most
informative component.

Figure 3a displays the biplot from the PCA. The
first two principal components captured 92.73% of the
variability of the data. Ordination of the years
according to the PC2 did not show a distinct separation
among them. However, there was a marked difference
between the species that became more abundant after
the invasion (negative scores) and those that became
less abundant (positive scores). In general, the impact
of the exotic species varied according to the nesting
behavior of the native species, since only dweller

@ Springer

stage IV

4/26/2001

Date

November 2015. Stages -1V delimit different periods in the
changing dynamics of the exotic species during the process of
invasion and establishment

species showed increase in abundance. Of the 13
native species analyzed, four tunneler (A. nr. puncti-
collis, D. bos, D. nisus and O. appendiculatus) and two
dweller species (G. bidens and T. externepunctatum)
decreased, while two other dweller species (L. pseu-
dolividus and N. nigrita) and five tunnelers (C. nr
pinotoides, D. semiaeneus, D. sexdentatus, O. denta-
tus, and O. sulcator) increased in abundance after the
invasion. The FDA results are shown in Fig. 3b. The
upper panel shows the result of EOF 2 and the bottom
panel the dynamics in relation to the mean when
adding or subtracting the variability from the function.
This bottom plot showed that the decrease in abun-
dance of all native species occurred beginning with the
first year after the invasion, and that there were
different periods in the community dynamics. Years
1-4 (1989-1993), the period prior to the invasion,
were followed by 10 years of marked decreases in the
abundance of the native species (years 5-14). In year
15 (2003-2004), the species rebounded in abundance,
reversing the trend of a decrease in numbers to a
dynamic of oscillation around a mean, and an apparent
“inversion” in the prevalence of the native species
occurred. This is shown in Fig. 3b, when the EOF
curves change position in relation to the mean,
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Fig. 3 Bi-plot and
functional data analysis
(FDA) from the principal
components analysis (PCA).
a The bi-plot shows the
results from the PCA of
native dung beetle species,
with the respective
percentage of variance
explained by each PC axis.
b Upper panel corresponds
to the plot of loadings from
the PC2, termed EOF 2. The
bottom graph is the plot of
the mean abundance during
the years, and the mean
abundance with added (red)
and subtracted (blue)
variability from the EOF 2,
which show the functional
response of species
abundance in relation to the
observed mean. See
Appendix S1: Table S2 for
abbreviations
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suggesting that the species that were more abundant
before the invasion became less abundant afterward,
and vice versa.

Based on the patterns described above, the years
were grouped into three “periods” related to the
invasion: before invasion (BI), comprising years 14
(1989-1993); after invasion I (AI-I), years 5-14
(1993-2003); and after invasion II (AI-II), which
consisted of the remaining 12 years. The LDA con-
firmed the existence of a clear discrimination between
the three periods, showing that the abundance of the
native species was impacted by the invasion (Fig. 4).
The differences were significant by the MANOVA test
(Fy24 = 11.03, p < 0.001).

The RDA results were significant for the regression
model (F; 0 =3.93, p =0.001) and the first three
canonical axes (RDAIl: F;,9 = 14.17, p = 0.001;
RDAZ2: F, ;9 = 4.00, p = 0.002; RDA3: F; ;o = 3.30,
p = 0.003), which captured 42% of the variation in
abundance. Forward-selection revealed that the abun-
dance of the analyzed species was significantly affected
by the years after invasion (year), D. gazella abundance
(D.gaz), relative humidity (RH) and average minimum
air  temperature (aTmin) (Fig. 5). Labarrus

pseudolividus and N. nigrita were positively correlated
with year and negatively with aTmin. Five species were
negatively correlated with D.gaz while three were
positively correlated. Only three species showed neg-
ative correlation with RH; the others were not affected
by this explanatory variable (Fig. 5).

Given that the PCA and FDA results for all native
dung beetle species showed that species with different
nesting behaviors had different responses (Fig. 3), the
same multivariate analyses were performed separately
for the tunneler and dweller species, in order to
understand how the abundance of each functional
group was impacted.

Impact of D. gazella on native tunneler species

The abundance of most tunneler species decreased
sharply following the invasion of D. gazella, which
continued over time (Fig. 1). However, the PCA
results indicated that apparently two species, D. bos
and D. sexdentatus, increased in abundance after the
invasion. Years one to four clustered together, and
apart from the remaining years (Appendix S2:
Fig. S3A).

Fig. 4 Bi-plot from the
linear discriminant analysis
(LDA) on the periods with
varying native dung beetle
species abundance due to the
D. gazella invasion. The
horizontal and vertical axes
on each panel represent the Bl
first and second LDA 14
directions, respectively. The
arrows depict the loadings of
the 13 most abundant
species, and the orientation
and length indicate the role
of the abundance of each
species in relation to the
LDA directions and the
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Fig. 5 Correlation tri-plot

from the redundancy
analysis (RDA) on the N
yearly abundance of native
dung beetle species,
showing the ordination of v
species abundance
(response variables), years =
(objects) and the significant
explanatory variables years
since the invasion by D.
gazella (year), abundance of
D. gazella (D.gaz), relative
humidity (RH) and average
minimum air temperature
(aTmin). See Appendix S1:
Table S2 for abbreviations
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The FDA of the abundance of native tunneler
species showed that the post-invasion dynamics were
distinct from the dynamics observed for the all-species
analysis despite the occurrence of an inversion in
species prevalence. The first difference was that,
contrary to the dynamics for the all-species analysis,
the abundance of tunneler species decreased over all
years, with no trend toward an increase. A second
difference occurred in the duration of the BI period:
for the tunneler species it corresponded to the years
1-5 (1989-1994), and not year 4. A third difference
was the inversion, which was observed earlier, in year
13 (2001-2002), and not in year 15. Therefore, AFI-II
for tunneler species included the years 13-26
(2001-2015). The last difference was that tunneler
species continued to show a tendency to decrease in
abundance in AFI-II (Appendix S2: Fig. S3B).

Both the LDA biplot and the MANOVA confirmed
significant differences in the abundance of the species
among the periods (F;4 = 31.93, p < 0.001). Dis-
crimination between periods was similar to the all-
species analysis, with three distinct periods discrim-
inated (Appendix S2: Fig. S4). Species were discrim-
inated into four groups, one including species that

T T T T
1 0 1 2
RDA1 (25.24%)

were positively impacted in the first period following
the invasion (period AI-I), another including species
that increased in abundance during period AI-II, a
third group including species that decreased sharply in
abundance in period Al-I, and the fourth with the ones
that decreased in abundance during period AI-II
(Appendix S2: Fig. S4).

The regression model (Fg 19 = 4.14, p = 0.001)
and the first three RDA axes were statistically
significant (RDAl: F;;9 =20.21, p = 0.001;
Fi19 =629, p=0.001; and Fi10 =238,
p = 0.013, respectively), explaining 50% of the
variation in abundance. The results indicated that year
since invasion, D.gaz and rainfall were significant
explanatory variables. As displayed in the triplot, the
differences varied within species (Appendix S2:
Fig. S5). The abundances of D. bos and C. nr.
pinotoides were positively correlated with the exotic
species and negatively with year, and both species had
either a weak or no correlation with rainfall. Ateuchus
nr. puncticollis abundance correlated negatively only
with year. The abundance of D. nisus and O.
appendiculatus was negatively correleted with year
and rainfall, and had no correlation with D. gazella.
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Ontherus sulcator, O. dentatus and D. sexdentatus had
their abundances negatively correlated with D. gazella
and rainfall, without showing correlation with year
(Appendix S2: Fig. S5).

Impact of D. gazella on dweller species

After the invasion, there was not a distinct decrease in
their abundance as observed on the tunnelers, and
since year 15 (2004-2005) their abundance has been
increasing. These species were able to rebound more
rapidly than tunnelers following the decrease in
abundance of D. gazella (Fig. 1).

The PCA results showed that among the four
selected dweller species, G. bidens and T.
externepunctatum decreased in abundance, whereas
L. pseudolividus and N. nigrita increased following the
invasion (Appendix S2: Fig. S6A). The periods were
identical to the all-species FDA (Appendix S2:
Fig. S6B). The MANOVA results indicated a signif-
icant difference in the abundance between periods, but
only periods BI and AI-II differed from each other
(F124 = 6.35, p < 0.001; Appendix S2: Fig. S7).

The RDA analysis captured 22% of the variation in
abundance of the dweller species. The analysis with
regression model (Fg 9 = 2.7, p = 0.01), RDAIl
(F121 = 8.95, p = 0.001) and RDA 2 (F;,; = 44,
p = 0.023) were all significant. The abundance of G.
bidens and T. externepunctatum species showed weak
correlation with the two significant explanatory vari-
ables, year (negatively) and RH (positively). Labarrus
pseudolividus and N. nigrita had their abundances
positively correlated with both variables, year and RH
(Appendix S2: Fig. S8).

Discussion

Our results showed that the exotic tunneler dung beetle
species D. gazella was able to rapidly establish in the
study area, impacting negatively the abundance of the
majority of the native species. Although the nesting
behavior influenced the native species response, both
dweller and tunneler communities decreased in abun-
dance following the invasion, suggesting that the
increase of D. gazella’s population affected all species
equally during that years. We observed three periods
associated with the invasion. The period BI was totally
different from the other two, AI-I and AI-II,

@ Springer

suggesting the assembly of a new community after
the invasion. Results from all-native species analyses
showed that after 10 years of decreasing abundance
(AI-II), the population size of the community rebound
and a change in species prevalence occurred. The
inversion in species dominance in the period AI-II was
observed for both dweller and tunneler dung beetle
communities. However, only dweller species were
able to rebound in abundance. Population size of the
tunneler community has been continuously decreasing
since year 6 (1994-1995). The same tendency has
been observed for the exotic species, which decreased
sharply in abundance after a distinct peak of 2 years
following its first record in the area (Fig. 2). Since year
16 (2004-2005), dwellers became the most abundant
species, overcoming D. gazella and native tunnelers.
RDA supported that D. gazella invasion influenced the
abundance of the native species, as both year since
invasion and abundance of the exotic species were
significant explanatory variable for all cenarios,
except for dweller species.

Before the invasion by D. gazella, the local
community was characterized by similar numbers of
species of tunnelers and dwellers; no rollers were
associated with cow dung pads, and dwellers were the
most abundant species (Flechtmann et al. 1995a, b, e).
This general pattern was observed in our study, and
was inverted only during AI-I, leading to the domi-
nance of tunneler species (Fig. 1) in relation to
dwellers in that period, restoring the initial relation
among dwellers and tunnelers in AI-II. The dominance
of small-bodied species in pasture areas as observed in
our results was also observed in other studies (Schef-
fler 2005; Nichols et al. 2007).

Decrease in population size and species diversity
are the most common outcomes of invasion by insects
(McGeoch et al. 2015). We showed that both
decreases occurred in the study area following the
invasion by D. gazella. Because the majority of native
species decreased in abundance and only a few
species, especially Labarrus pseudolividus, were able
to recover their population abundance, the lower
diversity in AI-II compared to Bl is the consequence of
few species dominating the area. Another important
change to contribute to that was the inversion in the
prevalence of species observed in AI-II (Fig. 3b).
Since Hill’s diversity number N; is a method that
unifies Shannon’s index and evenness (Hill 1973), the
lower values are a consequence of the smaller number
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of highly abundant species (dwellers) and a majority
of less-abundant species (tunnelers) after the invasion,
as opposed to the period before it (Appendix Sl:
Table S1).

Invasion by exotic insect species usually may cause
species extinctions (Kenis et al. 2009; McGeoch et al.
2015). Although some species cited in this study were
never collected again after the invasion (Appendix S1:
Table S1), this could have happened due to an
expressive drop in abundance, not extinction by itself.

The recognition of three distinct periods during the
process of invasion shows the importance and neces-
sity of long-term studies for a correct evaluation of the
impacts of any invasive species. Each period was
characterized by a unique dynamic (Fig. 2), and only
continuous and regularly-spaced data collections
made it possible to determine them. These results also
highlight the importance of regular samplings for a
correct evaluation of the impacts of a biological
invasion (Wilson et al. 2004; McCarthy et al. 2006;
Stricker et al. 2015).

There are several abiotic and biotic barriers that an
exotic species must overcome in order to establish in a
new environment (Blackburn et al. 2011; Zenni et al.
2017) and the pathway to an invasion is important
when evaluating the dynamics of an exotic species
(Liebhold et al. 2016).

The successful invasion and establishment of
D. gazella was possible conceivably because of the
suitable environmental conditions in the invaded area
(Duncan 2016), the ability of D. gazella to rapidly
acquire resources (Young 2007), and its high fecun-
dity rate and short life cycle (Blume and Aga 1975). In
addition, dung was highly available, as hundreds heads
of cattle were present in the area every year (Appendix
S2: Fig. S9). These characteristics enabled D. gazella
to outcompete native dung beetles and increase its
population very rapidly in only 2 years. However, a
common consequence of such rapid population growth
was seen in the sharp decrease of D. gazella abundance
after its peak, which often occurs in biological
invasions (Hengeveld 1989), as seen in Fig. 2. This
decrease might have been resulted from intense
intraspecific competition in D. gazella. High densities
of conspecifics result in fewer and smaller offspring.
Smaller adults bury dung slowly, increasing their
feeding time and exposing them to more intense intra-
and interspecific competition. Thus, smaller adults
utilize less of the resource and provision their larvae

with less-nutritious food sources. As a consequence,
their offspring are smaller and lay fewer eggs,
resulting in decreased abundance (Lee and Peng
1981, 1982). Once low numbers are reached, inter-
specific competition and other ecological forces as
predation, parasitism and diseases are likely to become
more important, which could explain the lack of high
numbers in D. gazella after the post-invasion period
and its continuous decrease in abundance.

Exotic species are subjected to genetic inbreeding
depression, which can limit their abundance (Dlu-
gosch and Parker 2008). This may also have affected
the dynamics of the population of D. gazella (Fig. 2)
because the genetic diversity of this species is
considered to be low in Brazil (Martins and Contel
2001).

Competition in dung pads can be fierce (Hanski and
Cambefort 1991a). In general, species that share the
same resource require a higher level of intraspecific
than interspecific competition in order to coexist
(Chesson 2000), which requires that these species
partition the resource to some extent (Chesson 1991).
The invasion by D. gazella disrupted this balance in
the native community, leading to higher interspecific
competition, a situation that could have led to the
competitive exclusion of inferior competitors and a
decrease in the abundance of species that shared the
same ecological niche (Atkinson and Shorrocks 1981;
Shorrocks et al. 1984; Ives 1988a, b; Hanski 1991).
Competition with native species is a well-known
mechanism by which exotic insect species impacts
local communities (Rowles and O’Dowd 2007; Kenis
et al. 2009; Brown et al. 2011; Roy and Brown 2015).

Body size is an important characteristic when the
concern is dung beetle community competition. Big-
ger species (usually rollers and tunnelers) tend to be
superior competitors than smaller ones (dwellers)
(Hanski and Cambefort 1991a). Therefore, it was
expected that the impacts of the invasion by D. gazella
would be harsh in those species of the same size or
smaller than the exotic. However, our results did not
support this hypothesis. A previous study at the same
location showed that Dichotomius species were the
largest species, followed by Ontherus, while dwellers
were the smallest ones (Flechtmann et al. 1995a).
Following the same methodology, D. gazella would be
classified as a medium-sized species. The species
more negatively impacted, O. appendiculatus, indeed
has the same size of D. gazella. However, regardless of
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body size, all species were negatively affected during
AI-I. Moreover, either species bigger (D. bos and D.
sexdentatus) and smaller (L. pseudolividus and N.
nigrita) than D. gazella were positively affected.
Therefore, body size does not seem to have influenced
the species response.

Niche partitioning is another important ecological
characteristic that can affect the outcome of dung
beetle species competition (Giller and Doube 1994).
The importance of temporal niche partitioning with a
superior competitor is evident in the response of the
native species to the invasion. Digitonthophagus
gazella initiates its activity early after the first rains
(de Oca and Halffter 1995). All the native species that
were negatively impacted by D. gazella have a peak in
their annual activities early in the rainy season
(Flechtmann et al. 1995b, e), whether they are
tunnelers or dwellers. In contrast, native species that
reach their peak activity later in the year, such as D.
bos and most of the dweller species (Flechtmann et al.
1995b, e), increased in abundance despite the presence
of the exotic species, presumably because, due to the
negative impacts on the other native species, inter-
specific competition in the community in general was
lower at that time.

The dweller species were able to rebound in
abundance faster than the tunnelers as D. gazella
decreased in number over the years (Fig. 1). Dwellers,
while having a late active peak, also remain active for
a longer period when neither tunnelers nor D. gazella
are active on cow pads (Flechtmann et al. 1995b, e).
Furthermore, dweller species are spatially aggregated
(Hutton and Giller 2004), require a smaller amount of
resource to survive and reproduce (Holter 1982), have
a higher fecundity rate (Holter 1979) and a shorter life
cycle (Verdd and Galante 1997) than tunneler species.
All these characteristics likely enabled the dweller
species to rebound rapidly in numbers as the exotic
and native tunneler species decreased in abundance.
Therefore, D. gazella did not directly influence the
response of the dweller species, which explains the
lack of significance of D.gaz among the explanatory
variables tested (Appendix S2: Fig. S8). Neither the
changes in environmental conditions nor the invasion
made it possible for dweller species to increase, but
rather the decrease in abundance of other dung beetle
species caused by the invasion of D. gazella.

A behavioral characteristic of dweller species
might have positively influenced its rebound in
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abundance while affecting negatively the abundance
of tunneler species, including D. gazella. More
common in tropical and subtropical regions as a
consequence of the intense competition (Hanski and
Cambefort 1991a), kleptoparasitic behavior has been
observed in some small tunneler and dweller species,
like L. pseudolividus (Howden 1955; Hammond 1976;
Rougon and Rougon 1980; Klemperer 1980; Brus-
saard 1987; Martin-Piera and Lobo 1993). By using
the brood ball of superior competitors to their own
feeding and reproduction, inferior competitors can
coexist with these species while negatively affecting
the larvae of the other species, by reducing the amount
of available resources or by direct killing competitor
larvae (Rougon and Rougon 1980; Hammond 1976).
Because of the high numbers L. pseudolividus, it is
probable that more of their eggs, larvae and adults
have been unintentionally buried by tunneler species,
leading to a negative effect on their population while
enabling L. pseudolividus to increase its population
size.

The impacts of exotic species on ecosystem
services is of great concern due to their ecological
and financial importance (Vila et al. 2010; Simberloff
2014; Vila and Hulme 2017). Our results suggest that
the invasion by D. gazella may have led to a decrease
in the ecosytem functions provided by native dung
beetles, with possible economic impacts. Tunneler
dung beetles bury the largest amount of excrement
among all dung beetles (Hanski and Cambefort
1991b), and body size is positively correlated with
dung burying (Giller and Doube 1989; Dangles et al.
2012). In our study area, the large- and medium-sized
tunneler species are responsible for dung-pad burial,
and dwellers are not correlated with dung-pad removal
(Flechtmann et al. 1995a). Several recent studies have
suggested that ecosystem services provided by dung
beetles, including dung pad removal, might benefit
from having several functional groups (Slade et al.
2007; Manning et al. 2016; Menéndez et al. 2016).
Therefore, as the tunnelers, including the invasive
species, became less abundant and the dwellers
increased in number, the invasion of D. gazella might
have led to effects opposite of those expected from its
introduction: less cow dung buried, with a consequent
increase in the amount of dung available for cattle
pests and parasites to breed. This can still be occurring
despite the high numbers of D. gazella because the
higher the density of this dung beetle per dung pad, the
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lower the amount of dung buried (Lee and Peng 1982),
an effect that was also observed on other dung beetle
species (Ridsdill-Smith et al. 1982; Ridsdill-Smith
1991). This is a matter of concern, not only because of
the possible increase in livestock economic losses,
which are estimated to be around USD14 billion per
year in Brazil (Grisi et al. 2014), but mainly because
one of the main reasons for the introduction was to
promote the biological control of these pests (Bianchin
et al. 1992).

Climate change can be advantageous for an inva-
sive species, but the effects of this change on native
species and the native community require additional
studies (Dukes and Mooney 1999; Stachowicz et al.
2002). Our analyses showed that rainfall, mean
minimum air temperature, and relative humidity were
significant covariates, along with the abundance of the
exotic species and years since invasion. The occur-
rence of the El Nifio-Southern Oscillation (ENSO),
which affects temperature and precipitation in Brazil
(Marengo et al. 1998), might influence dung beetles at
the species and community levels. The oscillations in
weather conditions caused by ENSO could be related
to the fluctuations in the species abundance through
the years, causing an increase in some years and a
decrease in others. However, as different species may
respond in different ways to warmer climates (Ruoko-
lainen et al. 2009; Chen et al. 2011; Fowler and
Ruokolainen 2013), further investigation is needed to
predict how environmental changes influence the
dynamics of the native dung beetle species.

Although only one trap was used, we believe that
our results are robust due to some characteristics of our
sampling methods and of the study area. Regarding the
sampling method the long-term, regular data collec-
tion, which includes data for the 4 years preceding the
invasion, make it possible to compare the abundance
of native species before and after the invasion. In
addition, the data were collected in the same place
throughout the study, which allowed us to collect
information on abiotic factors that could have influ-
enced the results.

Black light flight intercept traps are not commonly
employed to collect dung beetles, which is usually
done with the use of dung-baited pitfall traps (Hanksi
and Cambefort 1991b). Nonetheless, it is still a valid
methodology (Hill 1996). Additionally, pitfall trap
collections are though influenced by a number of
variables, such as size and source of dung (Gill 1991;

Errouissi et al. 2004; Filgueiras et al. 2009) and smell
of decaying trapped insects (Flechtmann et al. 2009),
to name a few. Such variables do not interfere with the
efficiency of the attractant (black light) in light traps
though. Another characteristic is that, although the
city of Selviria, adjacent to the collecting site, could
have affect the trapping because of light pollution
(Rich and Longcore 2006), Selviria did not expand in
size over the years (Flechtmann pers. observ.).

One factor in the study area that could have
influenced the dung beetle population might be
depletion and/or variation of the resource, i.e., dung.
However, after livestock were introduced into the farm
in 1984, the number of cattle varied very little over the
years and averaged 800 head/year, half of them calves
(< 36 months old) and the other half adults
(> 36 months old), producing a constant and sufficient
amount of dung for dung beetle development (Ap-
pendix S2: Fig. S9). Also, it has been suggested that
fertilizers can influence dung beetle populations
(Holm and Wallace 1987). Indeed, some elements in
fertilizers, such as nitrogen and potassium, can be
toxic to insects (Nation 2015). However, on the farm
only a few areas have occasionally received lime and
phosphate over the years, and only once since the
pasture establishment. Hence, it is unlikely that any
soil application could have influenced changes in the
dung beetle community.

As far as we can tell, we have here a unique set of
features, not paralleled by any other studies found in
the literature regarding any studies on the impact of an
animal invader species, let alone an insect, which
allow one to correctly evaluate the effect of an exotic
species on the native fauna.

Conclusion

Our results show that the invasion by D. gazella was
detrimental to the native dung beetle community,
specifically for species that overlap with D. gazella in
both nesting behavior and phenology.

Because of the decrease in diversity and the
changes in abundance and dominance of the native
dung beetle species, the invasion by D. gazellaled to a
new community in which dwellers are the most
abundant group of species, with a tendency to
maintain high numbers, whereas tunneler species
abundance has been decreasing since the invasion
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and shows no sign of recovery from the negative
effects of the invasion.

The consequences of the invasion of D. gazella are
the more worrisome, as it is now present in all states of
Brazil and has been recorded in almost all countries in
Central and South America, from Mexico to Uruguay
(Rivera and Wolff 2007; Vidaurre et al. 2008; Alvarez
Bohle et al. 2009; Noriega et al. 2010, 2017). Based on
our results, D. gazella is a threat to the native dung
beetle fauna of all these countries and could cause
serious damage to the local ecosystems.
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