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Alternative stable ecological states
observed after a biological invasion
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Although biological invasions play an important role in ecosystem change worldwide, little is known
about how invasions are influenced by local abiotic stressors. Broadly, abiotic stressors can cause
large-scale community changes in an ecosystem that influence its resilience. The possibility for
these stressors to increase as global changes intensify highlights the pressing need to understand
and characterize the effects that abiotic drivers may have on the dynamics and composition of a
community. Here, we analyzed 26 years of weekly abundance data using the theory of regime shifts
to understand how the structure of a resident community of dung beetles (composed of dweller and
tunneler functional groups) responds to climatic changes in the presence of the invasive tunneler
Digitonthophagus gazella. Although the community showed an initial dominance by the invader that
decreased over time, the theory of regime shifts reveals the possibility of an ecological transition
driven by climate factors (summarized here in a climatic index that combines minimum temperature
and relative humidity). Mid and low values of the driver led to the existence of two alternative stable
states for the community structure (i.e. dominance of either dwellers or tunnelers for similar values
of the climatic driver), whereas large values of the driver led to the single dominance by tunnelers.
We also quantified the stability of these states against climatic changes (resilience), which provides
insight on the conditions under which the success of an invasion and/or the recovery of the previous
status quo for the ecosystem are expected. Our approach can help understand the role of climatic
changes in community responses, and improve our capacity to deal with regime shifts caused by the
introduction of exotic species in new ecosystems.

Ecologists have long had an interest in how and why abiotic or biotic drivers can lead to changes in the resilience
of a specific ecosystem state, and under what circumstances such drivers will result in an ecosystem potentially
moving into a different stable state?*. There is evidence that such ecological regime shifts can be driven by
climatic factors like increased warming, heat waves, and droughts®. In addition, climate can interact with co-
occurring anthropogenic disturbances such as invasive species’™, increasing the per-capita effect of the invader
on native species in some situations'’, which may directly or indirectly shift the ecosystem to a new state!!. The
understanding of how invasive species affect changes of dominance triggered by climate factors is, however, still
lacking. In this context, investigating a particular example can reveal important information on the climatic
resilience of an ecosystem to the modifications brought by an invasive species. To address this knowledge gap,
we used the theory of regime shifts to explore the climatic response of a dung beetle community in Brazil after
the invasion of a competitor’. Specifically, our goal was to understand the response of the dung beetle commu-
nity to climate in the presence of the strongly interacting invader, including the characterization of community
structure, the possibility for alternative stable states, and their resilience.

Although the theory behind resilience and regime shifts has matured considerably in recent years'?, empirical
evidence of ecological transitions has continued to lag, leading to a debate on their prevalence and importance!>!.
The current ‘gold standard’ to provide empirical evidence for regime shifts comes from a combination of empirical
observation and experimentation or modeling®'>. The increasing availability of long-term datasets has provided
another compelling avenue of investigation, especially in regards to how ecosystems respond to combinations
of documented changes in system drivers>*'¢, although a challenge in the identification of an ecosystem’s stable
states and shifts between them is still the absence of field studies, since laboratory observations are not always
verified in non-controlled situations'”.
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Here, we analyzed a previously published 26-year dataset on a focal native dung-beetle community after the
introduction of the non-native Digitonthophagus gazella (Fabricius, 1787). D. gazella was (allegedly) intention-
ally introduced in Brazil aiming to reduce the negative effects of cow pads within grazed lands and control
dung-breeding horn flies'®'®. Dung beetles provide substantial ecosystem services within open-grass dominated
ecosystems®*?!. For example, their decomposition activity leads to a reduction of natural greenhouse gas emis-
sions (especially methane) by up to 40%?>*; moreover the burial of manure deposited in grazing systems is
followed by nutrient cycling, increasing grass growth and fertilization?*,

The functional composition of a dung beetle community is key to the provisioning of these services®, and
therefore shifts in this functional diversity are of clear practical importance in Brazil and elsewhere. Thus, here
we used functional diversity to represent the state of our focal dung beetle community. The community was com-
posed of two functional groups: dwellers, which do not move the dung from its original place but consume the
food directly in the dung piles; and tunnelers, which excavate tunnels and store the food underground®*?’. The
presence of D. gazella had a clear effect on functional redundancy within our focal system, as it replaced nearly
all native species of its same functional group (tunnelers) and suppressed the abundance of the other (dwellers,
see below). During the same time frame, local climatic conditions shifted toward drier and warmer conditions
in our focal region, likely in accordance with the El Nifio Southern Oscillation'. Each dung beetle group in this
community exhibits a certain response to these climatic factors (see below), and therefore it is expected that
the diversity of the dung beetle community also shift in accordance with prevailing climatic conditions. Mes-
quita Filho et al.! indeed found that several climatic factors drive each group’s changes over time. Here, using the
tools and concepts from the theory of regime shifts, we characterized the qualitative and quantitative response
of the community to climatic changes by defining a single variable representing community structure (system
state), and a single index representing climate. Although intermediate values of the climatic index should facili-
tate the survival of both groups, it is unclear whether this will translate into a single state in which one group
dominates over the other, or the system can alternate dominance by either group. It is also unclear whether there
is a climate range that favors overwhelming dominance by one group, and what that range is. To fill this gap, we
explored whether the focal system transitioned between states, and measured the resilience of the associated
states. Our framework contributes to understanding the environmental conditions that, in the presence of an
invasive species, may trigger long-term changes in the community. In addition, our methodology may provide
important information to support management plans, thus increasing the capacity to deal with these regime
shifts and reduce the likelihood of disruptive events”*-%°.

Methods

Study system. Our focal ecosystem is in Selviria, state of Mato Grosso do Sul, Brazil (20°22' 41.86” S, 51°
24/ 58.90” W), on a property owned by the Sdo Paulo State University (UNESP). The location covers 350 ha of
pasture composed of liverseed grass (Urochloa decumbens). The native vegetation was removed, pasture areas
were implemented, and livestock was introduced in the 1970s, maintaining this configuration during the follow-
ing 50 years. The climate of this area is categorized as equatorial savanna, with dry periods concentrated mostly
during the winter, from April to August. During our sampling period (from November 23th, 1989, to November
19th, 2015), no vermifuges and insecticides that could affect negatively the community of dung beetles associ-
ated with cow pads were used’.

The native dung beetle community at this site is composed of dwellers and tunnelers. Dwellers comprise the
Aphodiinae subfamily, whereas all the tunnelers belong to the Scarabaeinae subfamily’’. In total, there were
eight species classified as dwellers (Ataenius crenulatus, A. picinus and Atanius aequalis-platensis grouped as one
species, Blackburneus furcatus, Genieridium bidens, Labarrus pseudolividus, Nialaphodius nigrita and Trichillum
externepunctatum) and ten native tunnelers (Ateuchus nr. puncticollis, A. vividus, Canthidium nr. pinotoides,
Dichotomius bos, D. semiaeneus, D. sexdentatus, Ontherus appendiculatus, O. dentatus, O. sulcator). These species
were chosen for our study because, as the invasive tunneler D. gazella (also from the Scarabaeinae subfamily),
they all co-occur in pasture and exploit the same resource (cow pad)?*?. The initial establishment of D. gazella
caused the loss of most of the native tunnelers from the community, with the invader becoming the overwhelm-
ing representative of the functional group, and an initial decrease of abundance for dwellers. Differently from
native tunnelers, however, dwellers were able to recover their number a few years after invasion (Fig. 1a, Fig. S1).

As reported in’, the abundance of dung beetles was significantly affected by both local minimum temperature
and relative humidity. The influence of these two factors is expected, as they determine egg and larval survival and
development of dung beetles. For example, because dung beetles are poikilotherms, environmental temperature
is key to their development and fecundity®. One of the main dweller species, Labarrus pseudolividus, is widely
found in locations with temperature averages ranging between 12 °C and 18 °C*, making it tolerant to colder
local temperatures. On the other hand, for D. gazella the lower developmental threshold is15.5 °C (individuals
cannot survive below this temperature), and the optimum temperature for population growth is 28 °C*. For
both groups, physiological growth and reproduction rates are maintained even when outside temperatures are
close to the lower developmental threshold; dwellers, for example, live inside the dung pile, where temperature
is higher and less variable than outside***”. However, while tunnelers oviposit deep in the soil to protect the eggs,
warmer and drier conditions reduce dweller egg viability on dung piles since they are exposed®®. Low humid-
ity conditions lead to drier dung and can cause egg and insect dessication. In addition, dwellers from our focal
system have Palearctic evolutionary origins*; D. gazella’s natural distribution ranges from central to southern
Africa®, presenting high physiological plasticity that allows it to tolerate high temperatures and low relative
humidity better than other tunneler species*’.
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Figure 1. Left: Community composition by functional group for all weeks of observation'. Green represents
dwellers, blue represents tunnelers, and orange represents the invader D. gazella. Right: Sketch of responses of
the community composition to the climatic driver (i.e. phase diagram) expected from the physiological and
behavioral characteristics of the functional groups in the community as described in text: linear (red), or non-
linear but monotonic without (blue) or with (brown) hysteresis.

Functional-group data collection and community structure characterization. Dung beetles
were collected once a week in a black-light flight intercept trap*?, which guarantees the collection of coprophagic
beetles. During all collection periods, climate variables were also collected from a meteorological station located
within 2 km of our collecting site. See! for the complete description of the collection process and database. For
our purposes, we retained the species, number of individuals per species, and climate variables for each week
sampled (Supplementary Information, SI, Figs. S1-S2).

We focused first on the weekly abundance data, which we needed to process in order to avoid spurious results
in our analyses stemming from the measurement protocol. Specifically, we filtered out seasonal low values
associated with sampling in the coldest periods, when few beetles are captured because the reduced activity in
all functional groups restricts their spatio-temporal distribution®. Including such samples would not be repre-
sentative of the community and could bias the analysis since we are investigating community composition (i.e.
proportions, very sensitive to low sampling). Thus, we considered only samples with a total number of beetles
(that is, summing up all groups together) higher than the value of the median of all data, a conservative threshold
that retains observations that allow for as much representation of the community as possible. As will become
evident in the Results section and Supplementary Information, less conservative choices for the threshold did
not alter our main conclusions.

Following Mesquita -Filho et al.!, we categorized all sampled species into either dwellers or tunnelers. D.
gazella is a tunneler and, as explained above, the native tunneler species experienced massive declines in abun-
dance after its establishment, leaving D. gazella as almost the single representative in the tunneler functional
group during the period of observation'. Thus, given the sharp contrast in community composition, we also
separated the data into before and after invasion using to that end the 200th week, when D. gazella was first
observed at the study site (September 11th, 1993, starting date for what we will call “after invasion”, our focal
period henceforth).

To describe community functional composition (i.e. system state) through time, we derived a normalized
functional group ratio. First, because the abundance of each functional group spanned up to four orders of
magnitude, we performed a logarithmic transformation of the number of captured insects from each group i,
log,,(N; + K), following Yamamura*!. Here, we chose K = 1, but the value of K did not alter our results qualita-
tively. In addition, the original data showed random mismatches in the phenology of each group, which gave the
wrong impression of extreme short-term shifts in functional group dominance within the community. To avoid
such artifacts, we used nonparametric local regression (LOESS)* to smooth the dynamics of each group*. For
this smoothing, we employed the loess function in the R software 3.6.1*” with a smooth parameter equal to 0.25,
but other moderate values (or an optimal value calculated with Bayesian inference by the R function optimal_
span) did not alter our conclusions. Finally, we extracted back from the smoothed curve the number of beetles
within each functional group to calculate the fraction fz,, that measures the relative abundance of dwellers:

Np
=— 1
Jawe Np + Ny (1)
where Np corresponds to the number of dwellers per week and N corresponds to the number of native tunnelers
(for the period before invasion), or only the number of D. gazella observed per week (after invasion), using their
corresponding smoothed curves. Including also native tunnelers after invasion did not alter our conclusions.

Climate driver. We devised a single climatic driver variable that merges the weekly measurement of tem-
perature and relative humidity over the years, abiotic factors key to the survival and reproduction of both groups
(see above). We first converted minimum temperatures and relative humidity to normalized climate variables

Scientific Reports |

(2022) 12:20830 | https://doi.org/10.1038/s41598-022-24367-3 nature portfolio



www.nature.com/scientificreports/

using a min-max normalization (a feature scaling that uses the total range of temperatures or relative humidity,
respectively, as normalization factor):

T = Tyweek — Tmin , RH = RHyyeek — RHpin
RHyax — RHpin

Tmax - Tmin

, )

where T corresponds to the normalized temperature, T,k is the weekly temperature, and Tpax and Tyin are the
absolute maximum and minimum temperatures observed during the whole sampling period, respectively. We
used a similar notation for relative humidity, RH. Based on the information above regarding beetle response to
climate, the merged climate factor ¢ was defined as the relationship:

T

C:ﬁ> (3)

for RH # 0. That is, higher temperatures and/or drier conditions (expected to favor D. gazella) lead to higher
values for c. On the other hand, lower temperatures and/or more humid conditions (expected to favor dwellers)
imply lower values for c. Intermediate values of ¢ can represent either moderate or extreme values for both T
and RH.

Identifying ecological states and quantifying resilience. With our f;,.; data as an index of com-
munity composition (i.e. system state), we calculated kernel density functions to interpolate a continuous prob-
ability distribution of the relative fraction of dwellers in the community, p, (fawen) (function density, R software
3.1.6*) for a given range of climatic driver ¢ values. We grouped the f;,,.;1 data using ranges for ¢ of size 0.4, to
ensure a significant amount of weekly samples that allowed for the reconstruction of these probability distribu-
tions (see Table S1, first column). Note that bins with extreme values showed few data points (see first and last
rows in Table S1), and thus were rejected to prevent misleading results due to reduced sampling. Also note that,
for the density function, we used the default Gaussian kernel with a smoothing bandwidth adjusted to be 50%
larger than the default value (“adjust” argument set to 1.5). This conservative choice aims to reduce the effect of
the different sampling across ¢ bins and to ensure that differences among distributions across c values are not the
result of spurious sampling noise.
Further, we transformed the kernel density function:

V (fawen) = — In(py (fawenr)) (4)

This V (faenr) function, called potential (e.g.*®), shows by design well-defined minima for the most frequently
observed values of fz,. (i.e. configurations most frequently observed for the community, which conform the
modes of the probability distribution) in a given group of data. At these points, the potential exhibits a change of
trend from decreasing to increasing, and therefore its derivative shows a change of sign. Eq. (4), thus, provides
a simple criterion to identify possible system states, which is a reason why potentials have been used extensively
across disciplines*-!. Nonetheless, because the position of extrema is invariant under the transformation, using
probability distributions instead would not alter our conclusions.

Representing the potential obtained from all the f3,.y system states associated with a same range of climatic
driver c values allowed us to identify stable community configurations associated with a specific climate. The
comparison of the potentials obtained for different ¢ ranges enabled the description of how the community
changed in response to climatic variation. The location of the minima revealed which states were stable for a
given value of the climatic driver; the presence of two minima, then, flagged the existence of bistability (i.e. two
different community compositions possible for the same ¢ value).

These minima are materialized as wells in the potential’s landscape, which provides an easy way to understand
the concept of stability: the dynamics of the system for the given value of the driver will eventually “fall” into
a well (either a state dominated by dwellers or a state dominated by tunnelers), with the shape of the well (e.g.
its depth) determining how difficult it is for the system to “escape” that state. Therefore, the area inside a well
provides quantification of the tendency of a system to stay in that specific state, i.e. the resilience of the associ-
ated ecological state or how strong a perturbation has to be to move the system from such an ecological state to
another>>*°-**, Thus, in addition to number and location of wells, measuring their associated area allowed us to
further characterize the resilience of the community. To this end, we first set a visualization window common to
all potentials. Specifically, we plotted the potentials within a range for the vertical variable (the potential, V) given
by[—1.5, 1.5]; the horizontal variable (fraction of dwellers, fz,.n) is by definition bounded between 0 and 1. For
potentials that showed one single well, the area of the well was measured as the area above the potential curve
within this visualization window. For potentials that showed two wells (bistability), we measured the value of the
potential at the local maximum separating the two wells, and established that value as the upper (horizontal) line
closing the area of each well. To ensure all cases were comparable and eliminate any arbitrariness of the choices
above, we expressed resilience as a relative area; in other words, we further normalized the well area by the total
area across wells for that potential, which means that any single-well case will show a resilience (or relative area)
of 1, and the resilience of the two wells when there is bistability adds up to 1.

Identifying ecological transitions. Measuring a state variable, f;,., and a driver, ¢ (order and control
parameter, respectively, in the jargon of regime shift theory), allowed us to study how their observed behavior
over time materializes in a driver-state relationship (the so-called phase diagram) defining the possible shifts in
dominance (i.e. regime shifts) that the community may undergo as climate changes'>. The non-monotonic tem-
poral behavior of the components of the order parameter (i.e. dwellers and tunneler availability) and the compo-
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Figure 2. Log-transformed number of individuals for both native and invasive tunneler D. gazella (left) and
dwellers (right) as a function of time after the invasion. The curve through the points was obtained using a
nonparametric local regression smoother (loess) with smoothing intensity 0.25.
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Figure 3. (a) Change with time (weeks after invasion) of the fraction of dwellers, f4 (blue line representing
the loess version); note that the order parameter is calculated already from the smoothed data (see Fig. 2 and
main text), but overimposing also the fraction of dwellers calculated before smoothing Np and N7 (gray dots)
provides a sense for the degree of variation observed. (b) Change with time of climate observable, c (gray dots),
with its corresponding loess line (red).

nents of the control parameter (i.e. temperature and relative humidity) makes it difficult to predict the shape of
the phase diagram, and therefore whether we can expect alternative stable states in the focal example. For such
cases, the dominance of the dung beetle community could (1) shift in a linear fashion toward the functional
group favored by climatic conditions; (2) shift between functional groups in non-linear threshold response to
climatic conditions without hysteresis; or (3) shift between functional groups in non-linear threshold response
to climatic conditions with hysteresis —and thus showing bistability (see Fig. 1b, or'?). Other possibilities, e.g. a
non-linear shift between functional groups where one group is favored at intermediate climatic conditions'? are
discarded as the invader is better suited for warmer and drier conditions. To evaluate which of these possibilities
occurred, we represented fz,.; as a function of ¢, as well as the location of the minima shown by the potentials
above. In addition to the emerging shape of this relationship, this plot can reveal the presence of alternative sta-
ble states if two or more different points occur for the same value of the control parameter, c.

Results

We calculated the median of all weekly sample sizes (Nyeqian = 59 individuals, see Fig. S1), a value that was used
as the threshold to filter our data as described above. This value was appropriate considering the range of the
data, because it preserved the information from months when beetles are more active and thus when sampling
provides a reliable snapshot of the community.

Characterization of the state of the system and climatic driver. The abundance of D. gazella
quickly increased after being introduced then started to slowly decrease after ~ 200 weeks (Fig. 2a). Over the
same time frame, dwellers initially declined then recovered slowly but in an irregular fashion after the invader’s
peak (Fig. 2b).

The fraction of dwellers showed a sharp decline after D. gazella was introduced at the study site (Fig. 3a). It
reached a minimum around week ~ 200 after invasion, increasing and decreasing in the following ~ 300 weeks,
and increasing monotonically afterwards. Thus, fy.y summarized accurately the behavior of the community
inferred from the functional group abundance trends.
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Figure 4. Potentials for different values of ¢, calculated as explained in the main text. Note that, unless two true
minima (i.e. locations on the curve where the derivative is zero) are detected, the area is calculated as the total
area shown by the single well. (a) Climatic driver ¢ = [0.4, 0.8]; (b) Climatic driver ¢ = [0.8, 1.2]; (¢) Climatic
driver ¢ = [1.2, 1.6]; (d) Climatic driver ¢ = [1.6, 2.0]; (e) Climatic driver ¢ = [2.0, 2.4]. See Table S1 for the
corresponding ranges of temperature and relative humidity.

Our climate driver variable, ¢, summarized the temperature and relative humidity data at the study site
(Fig. S2 and Fig. 3b). After invasion, ¢ presented a slight overall downward trend. The overall range of variation
was similar before and after invasion (Fig. S3), although the (much longer) period after invasion showed more
marked fluctuations and outlier values.

Characterization of the stability landscape (potential). We then classified the f,.; data according
to their associated ¢ value, and calculated the associated potential (Fig. 4). The shape, location, and number
of minima of the potential changed with the climatic driver c¢. A well around a value fz,.; > 0.5 indicated a
dweller-dominated state, whereas a well around a value fg,.; < 0.5 indicated a invader-dominated state. In
the period after invasion, we observed a single well for large ¢, characterized by a decreasing fyy.; value rang-
ing between 0.10 and 0.30; we observed two minima for any other ¢ (one well around fj,.y = 0.17—0.19 and
another well around fy,. = 0.66—76, or ~ 0.5 if ¢ within[1.2, 1.6]).

Representing the values of the minima against the value of the driver confirms that, after D. gazella was
introduced, the invasive tunneler dominated the community for high ¢, and the system showed dominance by
either group for intermediate and low values of the climatic driver (Fig. 5). As Fig. S8 shows, the existence of
bistability was robust against different choices for the smoothing parameter and against different choices for the
threshold below which we consider a sample not representative of the community (see above).
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Figure 5. (a) Phase diagram, i.e. relationship between the order parameter, fz,, and the climatic driver, c,
after invasion; red points represent the location of the minima in the associated potentials (see Fig. 4) and thus
two dots for the same ¢ range indicate two alternative stable states, i.e. bistability of both functional groups.

(b) Normalized area of the wells in the different potentials; squares represent the dweller-dominated well and
triangles the tunneler-dominated well.

Finally, we measured the area of each well shown by the potentials (shaded area in Fig. 4), and normalized
by the total area across wells. We then represented this measure of stability as a function of the climatic driver.
After invasion, the area of the well representing the dweller-dominated state decreased with ¢ while that of the
invader-dominated state increased (Figs. 4 and 5b).

Behavior before invasion. Before invasion, the abundance of dwellers increased whereas that of tunnelers
decreased (Fig. S4). The fraction of dwellers increased over time (Fig. S5a), although no trend is discernible for
the climatic driver before the introduction of D. gazella (Fig. S5). The pre-invasion community showed only one
well for the associated potential (Fig. S6), and the location of the single well was at a fz,,;; value that increased
with ¢ but always remaining above 0.80, thus indicating clear dominance by dwellers (Fig. S7) for any value of
the climatic driver c. The area of the single well remained barely changed across values of the climatic driver
(Fig. S7). The period before invasion showed, because of the scarcity of data available, much more sensitivity to
both smoothing and threshold parameters.

Discussion

Identifying and characterizing ecological transitions, and the possibility of alternative stable states associated with
the transition, is an elusive but essential task. Given the accelerated rate of climatic change, understanding how
potential climatic drivers affect a focal system, and whether they trigger a significant change in its observed state
(i.e. a transition or shift) or lead to bistability, is key to understanding system dynamics and informing manage-
ment decisions. Identifying the control and order parameters of the transition provides invaluable information
to this end, but requires a large amount of data. Here, the use of a 26-year data collection in combination with
the theory of regime shifts has unveiled a climate-driven dominance transition and alternative stable states in
a beetle community in the presence of the invasive D. gazella. Although the temperature and relative humidity
before and after invasion were within similar ranges, an extended period of time with drier conditions occur-
ring after the establishment of D. gazella and higher temperatures (leading to high ¢ values) favored the invasive
species (a tunneler), allowing it to effectively exclude most native tunnelers and dominate the community. Inter-
mediate climatic ranges led to the bistability of alternative states where either dwellers or tunnelers dominated.
This reveals the existence of an abrupt transition (or shift in dominance) triggered by the combined effect of
temperature and relative humidity.

Changes in dominance driven by climate. We identified an ecologically relevant parameter able to
represent the state of the community ( f3y., order parameter), and a parameter able to encapsulate the main
environmental drivers of the transition (c, control parameter). These two measures provided a clear picture of
the qualitative changes in beetle functional composition after invasion under different climate conditions. After
invasion, the dominance of tunnelers or dwellers strongly depended on c.

Our results illustrate how the establishment of the invader, involving survival and reproduction, required for
the organism to overcome a “survival barrier”**. Our framework allowed for the identification of such a barrier,
which in our case is values of the composite driver ¢ > 0.4. With low presence for weeks after introduction, the
invasive tunneler reached dominance only after the driver, ¢, reached high values during the initial years after
its introduction (within 300 weeks post-invasion) favoring the invading D. gazella. This result is highlighted by
the decrease of the fraction of dwellers, fz,., which reached a minimum that also marked the highest domi-
nance of tunnelers. Although very high temperatures and dry conditions negatively affect D. gazella individual
growth rates, the invader managed to thrive in such conditions, which may be the reason why it established as
a non-native species even in arid ecosystems within Texas and Australia®™. Although temperature variation has
been flagged in Texas and Australia as an influential factor in favoring the establishment of D. gazella®*, it has
remained unclear until now how temperature and relative humidity influenced long-term shifts in native dung
beetle community structure in these locations.
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The subsequent decreasing trend for the composite driver, ¢, favored instead the dweller functional group. Our
data, however, are not conclusive enough to identify the origin of these climatic changes, although it is possible
that they are associated with EI-Nifio Southern Oscillation, typical in this region’.

Alternative community structures/states. Under climatic conditions with intermediate tempera-
tures and relative humidity, our results show the possibility for either dominance by dwellers or the tunneler
D. gazella, i.e. bistability, with the invader representing the vast majority of tunnelers. The presence of alterna-
tive stable states in this dung beetle community leads to uncertainty about its expected structure for a given
range of environmental conditions. For values of the composite driver ¢ € [0.4,1.6], the community could be
either overwhelmingly dominated by the dweller or the invader species; for this same range, native tunnelers
consistently represented less than 20% of the pre-invasion community. In this bistable regime, the dominance
of either group is possible, and our results suggest that even small fluctuations in temperature or relative humid-
ity could shift the relative abundance one way or the other. Note, however, that the invader seemed to exert a
stronger dominance over the community than the dweller, as the latter represented when dominating a smaller
proportion of the population than when the former dominated ( f,.; was 0.55 and 0.71 for the wells indicating
dweller-dominated states, whereas the wells indicating invader-dominated states led to a proportion of invader
1 — fawen ~ 0.82).

A plausible explanation for bistability in this climate range is that intermediate temperatures and relatively
humid conditions favor both groups, creating circumstances in which either could competitively dominate.
Coexistence is reinforced by the fact that the native beetles can explore outside grasslands and utilize dung from
animals other than cattle, whereas the invader is specialized to open areas and use of livestock dung*>*®, which
contributes to niche separation and reduces competition across groups. Climatic changes that are non-extreme,
however, could tilt dominance towards one versus the other group, at least when those changes occur while the
community is still in the transient years after invasion (as in our focal example).

In the presence of the invader, large values of the climatic driver (high temperatures and/or low relative
humidity) lead to the overwhelming single dominance by tunnelers because, on one hand, dung piles are hotter
and drier, which is detrimental for dwellers as they consume food at the surface of the dung pile; on the other
hand, the plasticity in climate tolerance of the tunneler D. gazella allows it to thrive. In other words, such condi-
tions enable the growth of one group and hinder the growth of the other, preventing the existence of a second
well in the potential. The calculation of potentials thus offers more focused information than observing only how
annual abundance (e.g. Fig. S1 and Fig. 1a) and climate variables (Fig. S2) change with time.

The existence of alternative stable states was unaltered by either relaxing or tightening our (conservative)
choices for smoothing intensity or the threshold above which we considered weekly data as representative. The
latter is especially important, since reduced beetle activity (and therefore fewer observations) occurred mostly
in colder weeks; our results show that the reported alternative stable states do not result from removing those
weeks (which, in any case, affects only the lowest ¢ values). The threshold is, nonetheless, necessary because
weeks with low activity/observations may lead to the mischaracterization of the community based on only a
few individuals, consequences exacerbated by the fact that we focus on the structure of the community (i.e. on
proportions, which are very susceptible to low sampling).

Irreversibility of the transition. The invasive D. gazella survives in a wider range of environments than
the native beetles, whereas dwellers can thrive in drier and colder environments where the growth of tunneler
populations (including D. gazella) is more limited******%. The phase diagram, however, shows that low values
of the composite climatic driver ¢ were not enough for dwellers to recuperate dominance over tunnelers when
these climate conditions prevailed. Thus, the resurgence of the native dweller beetle community in the years after
invasion is not necessarily a sign that the community can be fully restored after the removal of D. gazella, as its
success depends on climatic conditions.

The invasion resulted in the restructuring of the dung beetle community, with a stronger impact of the invader
on tunnelers than on dwellers as it reduced the diversity of resident tunnelers and almost drove them to extinc-
tion (see above). This increased impact on beetles with similar feeding behavior may be explained by the the
functional closeness of D. gazella and the native tunnelers®, all part of the same taxonomic group. Moreover,
the presence of bistability and associated hysteresis further reinforces the possible irreversibility of the transition
to single-species dominance by D. gazella that occurs for higher c. The discontinuity and bistability of the order
parameter in the phase diagram, resembling the brown curve (i.e. hypothesized curve 3) in Fig. 1b, means that
the community will respond to climatic changes that increase c differently from the way it will respond to changes
that decrease the climatic driver. This path dependence may eventually hinder an eventual single dominance by
dwellers (for which low c values are needed, as noted above).

Changes inresilience associated with the transition. The probability for the dweller-dominated state
to withstand a given climate fluctuation, and/or the ranges of the composite driver ¢ that would increase this
probability, are represented by the area of the associated wells and how it depends on ¢. Our results suggest that,
in the presence of the invader, the dweller-dominated state loses stability as the driver c increases, in favor of the
tunneler-dominated state. This interpretation of the area of the wells in turn enables a quantitative understand-
ing of the resilience of a particular desirable (e.g. dweller-dominated) state and, therefore, of the community
structure. According to this, the resilience of the dweller-dominated state decreased as the composite driver, c,
increased whereas that of the invader-dominated state increased. In contrast, before invasion the stability of the
dweller-dominated state remained barely affected by the climatic driver, i.e. the community structure remained
resilient against environmental change. Bistability can be expected for any range of the driver for which the areas
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of both dweller-dominated and tunneler-dominated wells are different from zero, which for our system occurs
for intermediate values of ¢ after invasion.

Limitations. Characterizing ecological transitions is very data-intensive. Despite compiling more than 1300
weekly observations spanning 26 years, we needed to use a high smoothing factor to eliminate low-sampling
noise that occurred especially for extreme values of the climatic driver ¢ and before invasion. Thus, although the
bistability we observed is robust from a biological and a technical (e.g. still observed for different smoothing
and threshold values) viewpoint, more data would have allowed us to include a wider range for ¢ in our analysis
and thus investigate whether lower ¢ lead to the recovery of single dominance by dwellers even in the presence
of the invader.

A longer time period of data collection would also have allowed us to be more certain regarding the behavior
of the system before invasion. Our data indicate that, before the invasion, the dweller functional group dominated
under all climatic conditions experienced in this time frame. The potentials show that changes in the value of
the composite driver ¢ did not benefit resident tunnelers (or were so detrimental to dwellers) as to shift the com-
munity structure. Also, bistability was not observed before invasion despite the apparent lack of trend shown by
the driver, c. This suggests that the invasion changed how the community responded to climatic changes: before
invasion, the dominance of dwellers would be robust against changes in temperature and relative humidity within
ranges for which the community post-invasion showed bistability. The observations before invasion (200 weekly
observations), although a rare feat in invasion studies, were still sparse in the context of regime shift analysis and
therefore our conclusions regarding the period pre-invasion are to be taken with caution.

Another aspect that calls for caution is the potential existence of other factors that may participate as a
driver of the transition. We focused on the combination of temperature and relative humidity because both are
important factors influencing beetle survival, and were identified in' as correlating with changes in the number
of dwellers and tunnelers. The robustness of our post-invasion results further justifies our choice of driver.
However, other factors may also correlate with changes in the number of beetles that we could not include here
due to lack of information, such as natural predators targeting the invader after it started dominating the com-
munity. Moreover, although not the scope of this study, the co-occurrence of climatic changes and the invasion
prevented us from discerning the effects of these two factors separately.

Conclusions

Our results constitute evidence for the effects of climatic change on the establishment of new exotic terrestrial
arthropods. Our framework provides information about the climatic conditions that will favor dominance by
either dung beetle functional group, and hence the conditions are more optimal for each group. Recent evidence
shows that the area of study (and, more broadly, the Brazilian Cerrado), is becoming warmer and drier®, condi-
tions that our study indicates should favor the dominance of D. gazella.

Although we applied our methodology to a specific case study, it should be similarly useful in other systems
involving biological invasions and climatic change. Given the increased concern on the effects of climate change
on ecosystems and the widespread introduction of non-native species, our study provides a framework to assess
how these dual forces of global change can interact to cause regime shifts. Climate change may either prevent
or favor recently introduced species, the latter disrupting the structure of local communities and leading to
augmentative shifts in the stability of ecological systems, which in turn modifies relationships of dominance
and may cause loss of biodiversity. In such cases, like in our study, the biological invasion is regulated by climate
factors, and therefore it is not possible to propose a management plan to reverse the associated shifts. However,
by identifying the key elements involved in these shifts, our framework helps pinpoint and prioritize vulnerable
species or groups in the focal system®.. This information, together with the identification of the order and con-
trol parameters associated with the regime shift, can help managers and stakeholders devise strategies designed
not to stop the (climate-driven) transition, but rather to ameliorate its potentially disruptive consequences. For
example, ecosystem engineering may help eliminate bistability totally or partially*®, thus reducing uncertainty
and increasing the effectiveness of management for invasive species impacts. Thus, our methodology provides
relevant information for regional land management, increasing the capacity of local human communities to
anticipate regime shifts and reduce the likelihood of associated disruptive consequences”?$-*.
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No new data were generated or analyzed in this study. The code that support the findings of this study is avail-
able from the corresponding author (J.A.B.), and the data originally collected for! are available from W.M.E. and
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