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Abstract

Supercolonial ants are among the largest cooperative units in nature, attaining extremely high densities. How these densi-
ties feed back into their population growth rates and how abundance and extrinsic factors interact to affect their population
dynamics remain open questions. We studied how local worker abundance and extrinsic factors (rain, tree density) affect
population growth rate and spread in the invasive big-headed ant, which is disrupting a keystone mutualism between acacia
trees and native ants in parts of East Africa. We measured temporal changes in big-headed ant (BHA) abundance and rates
of spread over 20 months along eight transects, extending from areas behind the front with high BHA abundances to areas
at the invasion front with low BHA abundances. We used models that account for negative density dependence and incorpo-
rated extrinsic factors to determine what variables best explain variation in local population growth rates. Population growth
rates declined with abundance, however, the strength of density dependence decreased with abundance. We suggest that
weaker density dependence at higher ant abundances may be due to the beneficial effect of cooperative behavior that partially
counteracts resource limitation. Rainfall and tree density had minor effects on ant population dynamics. BHA spread near
50 m/year, more than previous studies reported and comparable to rates of spread of other supercolonial ants. Although we
did not detect declines in abundance in areas invaded a long time ago (> 10 years), continued monitoring of abundance at
invaded sites may help to better understand the widespread collapse of many invasive ants.
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Introduction

Relationships between population growth and abundance lie
at the heart of many empirical and applied efforts in ecology,
and our ability to detect such density dependence has often
relied on long-term data (Brook and Bradshaw 2006). In
animal populations, the functional form of density depend-
ence can affect the likelihood of establishment (Leung et al.
2004; Drake and Lodge 2006; Tobin et al. 2011), the rate of
population expansion (Lewis and Kareiva 1993; Hastings
et al. 2005; Sullivan et al. 2017), and interact with environ-
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mental stressors (Hodgson et al. 2017). Biological invasions
are particularly well suited for testing how abundance affects
rates of population growth, since there is often strong spa-
tial and temporal heterogeneity in an invader’s abundance
as it spreads: invaders tend to increase in density over time
following establishment, and invasion fronts are character-
ized by lower densities relative to those behind it. Here, we
exploit this temporal and spatial variation in invader abun-
dance to assess how density dependence and environmental
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variability impact local population growth rates of big-
headed ants (Pheidole megacephala), an invasive, unicolo-
nial supercolony-forming ant species (Hoffmann et al. 1999)
that is disrupting a keystone ant—plant mutualism in East
Africa.

Ant supercolonies are among the largest cooperative units
known in nature, capable of reaching densities of millions of
individuals per hectare (Abbott 2005). In contrast to other
ant species, supercolonial ants can establish territories that
span large areas, within which ants cooperate to procure
food, maintain defense, and reproduce (Holway et al. 2002).
These traits make them extraordinary competitors, dominat-
ing native ant communities and often drastically reducing
native biodiversity (Hoffmann et al. 1999; Holway et al.
2002; O’Dowd et al. 2003). Some of these supercolonial
ants are among the most harmful invaders in the world and
affected countries spend millions of dollars annually on their
control and eradication (Hoffmann and Broadhurst 2016;
Hoffmann et al. 2016).

Despite their strong competitive abilities, populations of
invasive supercolonial ants can collapse, even in the absence
of human intervention. This highlights the need to better
understand the drivers of population growth, spread, and
collapse, to efficiently control these populations. Over the
course of 3 years, Cooling and Hoffmann (2015) reported
declines of entire populations of invasive, supercolonial
yellow crazy ants (Anoplolepis gracilipes) in northern Aus-
tralia. In Europe, 10 out of 29 supercolonies of the invasive
garden ant (Lasius neglectus) declined to extinction between
the 1990s and 2015 (Tartally et al. 2016). Numerous mecha-
nisms have been invoked to explain these declines, including
pathogens, resource depletion, and the introduction of other
invasive ants (Lester and Gruber 2016).

Ant population dynamics themselves can also contribute
to such declines. For example, if populations are reduced by
environmental stressors, positive density dependence (i.e.,
Allee effects), can lead to low densities, decreased competi-
tive ability, and an increase in predation (Lester and Gruber
2016). The potential for Allee effects could be particularly
high in supercolonial species, that require large popula-
tion sizes for resource acquisition and defense (Luque et al.
2013). Negative density dependence, on the other hand, can
set a limit to population growth and may help stabilize ant
populations (Morris and Doak 2002), but supercolonial ant
activities may deteriorate their habitats over time pushing
carrying capacities to low densities where they are more
likely to collapse (Clements et al. 2015; Zarada and Drake
2017).

The big-headed ant (Pheidole megacephala, hereafter
“BHA”) is a widespread, supercolonial species that is con-
sidered one of the most disruptive invasive species in the
world (Lowe et al. 2000; Wetterer 2012). Like other super-
colonial species, BHA form colonies with multiple queens
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and interconnected nests that spread generally through
“budding”, where a queen leaves its natal nest with a group
of workers to found a new nest (Vanderwoude et al. 2000;
Wilson 2003). Population collapses of BHA have been
described on the islands of Culebrita, Puerto Rico (Torres
and Snelling 1997) and Madeira, Portugal (Wetterer et al.
2006) where they were a plague by the end of the nineteenth
century and are rare today. The impacts of BHA on native
communities have been extensively studied in Australia,
where they have extirpated native ants and strongly reduced
the abundance and diversity of other native arthropods, par-
ticularly Coleoptera and Orthoptera (Hoffmann et al. 1999;
Hoffmann and Parr 2008). Although the species was origi-
nally described from Mauritius (Fabricius 1793), its point
of origin remains a mystery (Wetterer 2012). In Laikipia
county, Kenya, the exact timing of the invasion is not well
known but the species has established strongholds in many
areas (Visitacao 2011).

On the Laikipia Plateau of central Kenya, tree cover of
monodominant stands of the whistling-thorn tree, Acacia
drepanolobium, is maintained by a mutualism between this
tree and several species of native ants (Palmer et al. 2000).
Acacia drepanolobium provide nest space (swollen spine
domatia) and nectar to native ants, which in turn protect host
trees against herbivory, including catastrophic herbivory by
elephants (Goheen and Palmer 2010). Where BHA are pre-
sent, they eliminate native Acacia ants but do not provide
protection to the host plant, resulting in five- to sevenfold
increases in catastrophic damage to these trees by elephants
(Riginos et al. 2015). Over time, such sustained herbivory
may reduce tree cover, potentially affecting species such as
giraffes and black rhinos, which rely on A. drepanolobium
as food. To manage such African savannas, it, therefore, is
important to slow the spread of BHA and control popula-
tions where they have already established.

Our aim in this study was to evaluate the strength and
shape of density dependence in BHA, and to assess potential
environmental drivers of BHA population growth rates. To
evaluate density dependence, we measured temporal changes
in BHA abundance and rates of spread over 20 months
along permanent transects running perpendicular to inva-
sion fronts, extending from densely populated areas behind
the front, to low abundance areas at the invasion front. We
examined two potential extrinsic drivers of BHA local
population growth: (1) spatial variation in the density of A.
drepanolobium among transects, since extrafloral nectaries
in Acacia drepanolobium may provide carbohydrate fuel to
expanding colonies of BHA, and carbohydrate availability
has been shown to drive invasive ant population dynamics in
other systems (O’Dowd et al. 2003; Wilder et al. 2011; Witt-
man et al. 2018), and (2) temporal variation in rainfall across
our 20-month sampling period, since bouts of high precipi-
tation have been shown to be correlated with reductions in
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BHA populations in both Hawaii (Beardsley et al. 1982) and
monsoonal Australia (Hoffmann et al. 1999). Our approach
allowed us to address three major questions: (1) are temporal
changes in BHA abundance correlated with BHA density,
and if so, what is the shape of that density dependence? (2)
Are BHA local population growth rates associated with A.
drepanolobium densities and/or rainfall? (3) How rapidly are
BHA invasion fronts spreading and do these relate to rainfall
and/or tree density?

Methods
Study area

We conducted our study at Ol Pejeta Conservancy (OPC) a
privately owned 36,000-ha ranch in Laikipia county, cen-
tral Kenya. Ol Pejeta Conservancy lies on the equator (0°N,
36°56'E), and receives a mean annual rainfall of 900 mm
concentrated in the months of March, April, May, Novem-
ber, and December. The conservancy is comprised of four
major habitats (wooded grassland dominated by Acacia
drepanolobium, open grassland, shrub woodland domi-
nated by Euclea divinorum, and riparian forest dominated
by Acacia xanthophloea) and harbors important populations
of megafauna including elephant (Loxodonta africana),
giraffe (Giraffa camelopardalis) and both white (Ceratoth-
erium simum) and black rhino (Diceros bicornis) as well as
a diverse assemblage of wild African ungulates. Ol Pejeta
is also managed for cattle production at stocking rates com-
patible with wildlife conservation. We focused our work on
the Acacia drepanolobium savanna. Each A. drepanolobium
is occupied by a single species of one of four ant species
that vary in their levels of aggressive defense of host plants,
from the strongly mutualistic Crematogaster mimosae and
C. nigriceps, to the non-defending exploiter C. sjostedti
(Palmer and Brody 2007, Palmer et al. 2000, Tamashiro
et al. 2019).

At Ol Pejeta, BHA have spread from human settlements
to surrounding savannas, starting around 2000. By 2018, a
significant part of the property was invaded, including an
area of a 3-km radius surrounding the largest human set-
tlement, and at least five other hubs of different size. The
ants dwell primarily in the soil but also occupy acacia trees
within invaded areas. BHA completely eliminate the three
Crematogaster species on and behind their invasion fronts
(Riginos et al. 2005), making it relatively easy to identify
advancing fronts.

BHA are frequently seen feeding at extrafloral nectaries
(hereafter “EFN”") although the number of active nectaries
falls abruptly after BHA invasion suggesting that, unlike
native Acacia ants, BHA do not induce EFN production.
BHA densities at trees are particularly high during the dry

season while during rainy times fewer BHA are found on
trees, probably because BHA rely more on arthropods found
in the highly productive grasslands on the wet season. Possi-
ble benefits of the trees include EFNs and honeydew hemip-
teran associations. These have been found in other systems
but at Ol Pejeta, we found no evidence of honeydew-pro-
ducing hemipteran being tended by BHA after the invasion.

Data collection

In December 2016, we selected four active invasion hubs
(North Control, NC; South Control, SC; Kamok, K; and
the Tourism house, TH), and established two transects at
each invasion hub, perpendicular to the invasion front and
separated by 250 m. We identified the locations of inva-
sion fronts in two ways, first by visual inspection of trees
(presence or absence of Crematogaster and BHA ants), and
then using tuna baits. All invasion fronts occurred > 3.5 km
from each other. Since the distance of BHA invasion fronts
from the putative origin of the invasion was variable among
sites, transect length varied from 300 m (K, TH) to 500 m
(NC, SC). We placed baiting stations at 100-m intervals
behind each invasion front, running towards invasion hubs.
In addition, to estimate more accurately the rates of spread,
we placed baiting stations at 20-m intervals beginning at
the front and running 40 m inward towards invasion hubs,
and at 20-m intervals outward from the front and running
40 m into uninvaded (at the time of the onset of monitoring)
habitat (Fig. 1).

We performed six censuses at each baiting station
between December 2016 and June 2018 (December 2016,

T1 T2

Invasion front

Direction of
spread

250 m

Fig. 1 Schematic disposition of two transects (T1 and T2) at a study
site. Crosses represent baiting stations
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February 2017, June 2017, October 2017, February 2018
and June 2018). Censuses were conducted from 8 to 10:30
(because BHA activity drops off sharply past 10:30 AM)
on non-rainy days. For each census, at each baiting station,
we chose a random direction (left or right) and a distance
from the transect line (from O to 9 m) to place the first of
three baits, which consisted of one tablespoon of tuna. The
remaining two baits were placed at 10 and 20 m from the
first bait, along the same perpendicular line running from
the main transect. Two trained observers independently
recorded the number of BHA workers (both castes were
pooled) at each bait after 30 min and we averaged the two
counts for each bait. We repeated ant counts the next day
whenever possible, following the same protocols. Differ-
ences in count estimates between observers were minor
(mean — 0.85; range — 20-30, N=300 baits), and the mean
number of workers recorded was relatively small compared
to other studies (mean 21; range 0—175, N=3392 baits)
(Hoffmann et al. 1999). The use of lures has been used in
the past to measure ant abundance (Holway 1998; Hoffmann
et al. 1999; Gibb et al. 2017), and like other methods, it has
its limitations. To verify how reliable our worker abundance
estimates were, we ran a correlation between total abun-
dance on surveys conducted on consecutive days. Correla-
tion between the first and second survey was high (0.78) for
all transects and censuses, suggesting baits consistently esti-
mate worker abundance. Since invasion fronts often moved
from one census to the next, new baiting stations were added
and old baiting stations removed, to keep the number of bait-
ing stations at the front (5) constant. The workers of some
ant supercolonial species can move among nests at longer
temporal scales, potentially biasing abundance estimates.
There is very little literature on BHA territories and move-
ment, however, analysis of movement for P. megacephala
over 3 days in Malaysia showed short foraging distances
(range 1.8-3.34 m) and relatively small foraging territories
for individual nests (range 2.75-4.84 m?) (Loke and Lee
2004). Our censuses were separated by 4 months, yet baits
could be as far as 39 m from the transect. Thus, we believe
that any short distance movement of workers among nests or
even movement of nests will have little impact on abundance
measures of our baiting stations.

To test the hypothesis that host tree density influences
BHA local population growth rates and rates of spread, we
counted the number of A. drepanolobium saplings (indi-
viduals < 1 m height) and trees (> 1 m) in strip transects
50 m long and 5 m wide, perpendicular to the transect and
centered at each of the five baiting stations arrayed across
the invasion front (Fig. 1). Correlation between numbers of
saplings and trees was low (r=0.23) and BHA feed on EFN
of both trees and saplings, so we kept both variables for our
analyses. To examine the effects of rainfall on local popula-
tion growth and spread of BHA we used daily rainfall data
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during inter-census period. Rainfall gauges were located
at Kamok and Control (meaning records for NC and SC
were the same). We used all local population growth rates
to assess the influence of abundance and extrinsic factors,
with the exception of data from the Tourism House. Since
we lacked estimates of rainfall for the Tourism House, data-
points (n=27) from those transects were excluded from our
analysis.

Data analysis

We estimated local population growth rates for each inter-
census period at each baiting station within each transect.
To do this, we first summed BHA counts at each baiting
station and obtained an estimate for mean abundance by

averaging counts from the 2-day replicates. We estimated

1/i
N, .
4-month growth rates as A = (&—*') , where t is census

T

number, N the mean abundance and i is the number of
4-month periods between censuses. Thus, we squared the
lambdas of our first survey (2 months) to make them com-
parable to those of the following surveys (separated by
4 months).To test for density dependence, we calculated the
correlation coefficient between the logarithm of the observed
local population growth rates and abundance at time ¢ (Mor-
ris and Doak 2002).

Visual inspection of population growth vs abundance
plots helped us determine what population growth func-
tions to fit. Since density may obscure the effects of extrin-
sic variables (and vice-versa), we fitted density-dependent
models that included both extrinsic variables (acacia density,
cumulative rainfall) and interactions of extrinsic variables
with BHA counts. To take full advantage of the dataset,
we ran mixed non-linear regressions with nested random
effects of baiting station within transect to account for non-
independence of the points. We later found that models
including a random nested effect showed a singular fit and
we chose to leave only the transect ID as a random effect.
To incorporate uncertainty in the estimation of our popula-
tion growth functions due to repeated sampling, we used
a Monte Carlo simulation to generate 1000 datasets. First,
we randomly drew abundance values from a normal distri-
bution with mean equal to the mean abundance estimated
at each baiting station and variance equal to the square of
the standard deviation of the day replicates. Then, for each
dataset, we fitted the selected population growth function,
and stored the parameter estimates of the model. Last, we
retrieved the 2.5 and 97.5% quantiles and the mean of the
estimated parameters.

To estimate rates of BHA spread, we collected data on new
ant detections within transects. We only recorded the detec-
tions that were farthest from the origin of the invasion, because
location of the presumed invasion front may vary between day
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replicates. We used distance-regression methods to obtain an
estimate of the rate of spread (Gilbert and Liebhold 2010).
Distances from the point of origin to new detections were
recorded and these were regressed against time. The slope
of the regression line gives an estimate of the rate of spread.
We compared these estimates with the average spatial offset
between the first and last census for each transect. To explore
synchrony in spread, we ran pairwise correlations among
transects. Strong correlations among transects may indicate
temporal and spatial covariates acting on the rates of spread.
To examine the influence of extrinsic covariates on the rate of
spread, we fitted four general linear models that each included
only one predictor variable (because only points at the front
were used for the analysis, n=28), and ranked them by AIC,
(Burnham and Anderson 2002).

Density-dependent models

Observed local population growth rates (n=257) were nega-
tively correlated with abundance (r=— 0.43) (Fig. 2). We fit-
ted two stochastic population growth models that accounted
for negative density dependence to our dataset, the Ricker
model and a Gompertz model. Under the Ricker model, there
is a constant linear decrease in r as population increases. This
means that local population growth rates keep declining at a
constant rate as population grow larger. We modeled the loga-
rithm of the change in population size for the Ricker model as:

In(N,,,/N,) =r+bXN, )

where N is the average number of ants counted at each
baiting station at census ¢, the intercept r is the population

growth rate at zero density and the slope b measures den-
sity dependence. We added linear terms to this model that
included rain, tree cover, sapling cover, and the interaction
of each of these extrinsic drivers with N,.

In the Gompertz model, there is a linear decrease in
the log population growth rate as the natural logarithm of
population size increases. This means density dependence
is stronger at small population sizes and weaker as popula-
tion sizes grow larger. We used a stochastic version of the
Gompertz model proposed by Dennis et al. (2006):

In(N,,,/N,) = r+ b X In(N,) )

Here, we also added a linear combination of the extrin-
sic drivers and the interaction of each with In(%,). We fit-
ted models using the package Ime4 (Bates et al. 2014) in
R (R Development Core Team 2019). All covariates were
standardized.

Results

We found great variation in abundance within our transects.
A Gompertz model with the extrinsic drivers was much bet-
ter ranked than the Ricker model with drivers (AAIC =44).
Abundance had a strong and negative effect on local popula-
tion growth rates (Fig. 2). In contrast, none of the extrinsic
drivers clearly affected local population growth rates and all
of their coefficients included zero within their confidence
intervals (Fig. 3).

Invasion fronts moved at a maximum speed of almost
53 m/year (Table 1). Two of the other fronts showed

Fig.2 Relation between the
observed local population ¢
growth rates (estimated as the 4- ¢
natural logarithm of 4, see .o,
“Methods”) and worker abun- - * .
dance. Population growth rates s s
tend to decrease at high density ) .
o
(r=—0.43) c 2f ° °.
K] s .
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Fig.3 Estimates of the regres-
sion coefficients for the best

|
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|
1
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1
I
log(Nt) * Rain - L :
1
|
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|
1
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Table 1 Estimates of spread for different invasion fronts based on the
distance-regression method

Active front Slope  95% CI Speed (m/year) 95% CI
North control 0.13 0.1-0.15 47.5 36.5-54
South control 0.14 0.12-0.16 52.6 43.8-61.3
Kamok 0.08 —0.06-0.17 30.9 —-21.9-62.2
Tourism house —0.08 —0.16-0.00 —30.9 —584-32

slightly slower rates of spread, and one (TH) retracted by
30.9 m. Estimates of invasion speed based on the spatial
offset were similar to those based on the distance-regression
method (NC =54.9 + 18.5 m/year, SC=52.8 + 0.6 m/year,
K=46.3+0.5 m/year, TH=— 20.8 +29.5 m/year).
Transects within North Control (NC) and South Control
(SC) fronts showed a high correlation in spread (Table 2),
and correlation between transects at these two sites were also

Regression coefficients (95% Cl)

high suggesting synchrony in spread. In contrast, we found
weak correlation among transects at Kamok (K) and the
Tourism House (TH) and between these transects and NC
and SC (Except for transect 7 in Kamok). When we modeled
the effect of single covariates on the rate of spread (again
excluding points from TH), a null model ranked best, fol-
lowed by models that showed a positive association with rain
(AAIC,=0.69, slope=0.03+0.2), only trees (AAIC,=2.52)
and only saplings (AAIC,=2.51).

Discussion

Although density dependence is a fundamental phenomenon
of population dynamics, the role of density dependence in
population growth and spread of invasive ants remains little
explored. We exploited spatial variation in abundance of a
spreading invasive ant to quantify the strength and direction

Table 2 Pairwise correlations

to test synchrony in spread Site Ne 5¢ K ™

between transects Transect 1 2 3 4 5 6 7 8
1 0.93 0.78 091 0.81 0.47 —0.68 0.09
2 0.89 0.92 0.91 0.6 -0.82 0
3 0.89 0.88 0.58 -0.58 0.58
4 0.98 0.58 -0.88 0.09
5 0.44 - 0.94 0
6 -0.38 0.63
7 0.33
8
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of density dependence. Our results demonstrate that abun-
dance is the most important predictor of Pheidole mega-
cephala local population growth rates at our study sites.
BHA rates of spread at our sites on the other hand, were
higher than other studies previously reported, and the effect
of extrinsic variables on spread was weak.

In theory, there are reasons to expect positive or nega-
tive density dependence in supercolonial ants. For Pheidole
megacephala, we found that local population growth rates
declined with abundance (negative density dependence)
and we did not find evidence of Allee effects at low den-
sities. Instead, we found extremely high local population
growth rates at near-zero abundances, best described by the
Gompertz model. Allee effects have been reported for other
invasions and researchers have suggested that positive den-
sity dependence is likely important for eusocial insects that
cooperate for food and colony defense (Luque et al. 2013).
However, Allee effects are probably less important for well-
established supercolonies and more relevant at the initial
establishment of BHA propagules into new areas or when
populations fall to low abundance levels. Yet, Chang (1985)
found that BHA ant colonies may thrive when starting from
only a queen and ten minor workers. The higher popula-
tion growth rates at low abundances we observed, compared
to a simple Ricker model which would have shown com-
paratively lower growth rates at near-zero abundances, may
explain the high rates of spread of BHA at our sites and other
sites around the world. The absence of Allee effects may also
facilitate establishment of BHA populations at low densities,
making their invasions harder to control.

The relation of local population growth rates with abun-
dance was not linear, and negative density dependence deac-
celerated at higher abundances. Although it is difficult to
identify a single mechanism that may give rise to this pat-
tern, we suggest that the cooperative nature of supercolonial
ants may weaken the disadvantages of density as density
increases. For example, higher population abundance may
facilitate more efficient foraging, patrolling and defense. At
high abundance, invasive ants may display more aggressive
behaviors or increase in body size, allowing them to over-
come the resistance of native defenders (in this case, acacia
ants), other prey and competitors (Sagata and Lester 2009;
Wills et al. 2014). Likewise, large colonies may be better
able to cope with environmental change. For instance, Kas-
pari and Vargo (1995) showed that queens of Solenopsis
invicta stressed by the lack of food and water survived longer
when they had more workers.

While few studies have looked at density dependence of
supercolonial ants in the field, the large size of their colonies
may increase the probability of negative density dependence
for these species, consistent with suggestions that resource
depletion may be more important for large colonies com-
pared to small colonies (Kaspari and Byrne 1995). Large

colonies are less susceptible to predation, and may be buff-
ered more from environmental stochasticity, thus increas-
ing the likelihood that they may deplete resources around
their nests. Most evidence for negative density dependence
in large colonies comes from studies of the red fire ant (Sole-
nopsis invicta), another species that form supercolonies
(Porter and Tschinkel 1985; Tschinkel 1988), while little
support for negative density dependence was found in neo-
tropical Pheidole ants that maintain small colonies (Kaspari
and Byrne 1995). Luque et al. (2013), on the contrary, did
not find negative density-dependent responses in Argentine
ants reared in the lab. The methods we use here may help
to quickly assess density dependence in other invasive ant
species that show spatial variation in abundance.

The negative density dependence of P. megacephala
observed in this study is inconsistent with observation of
colony collapse reported from other systems (Cooling et al.
2011; Cooling and Hoffmann 2015; Lester and Gruber
2016). Both mathematical models we used assumed a fixed
carrying capacity with ants tending to an equilibrium den-
sity. However, it is likely that carrying capacity will deterio-
rate over time because BHA may reduce food availability,
pushing populations to lower densities, where they are more
likely to collapse. Continued abundance monitoring over
time, particularly at fixed points of the invasion, may help
detect collapses, but if resources ahead of the invasion front
are still abundant, BHA may continue to spread.

Extrinsic factors had negligible effects on local popula-
tion growth rates of BHA. Our study design included only
A. drepanolobium habitats, which constrains environmental
variation. Nevertheless, at a finer scale, higher densities of
trees and saplings (sources of extrafloral nectar) did not have
an impact on local population growth rates, in contrast to
studies of other supercolonial ants that emphasize the impor-
tance of carbohydrates in fueling the spread of ant invasions
(Holway et al. 2002; Rowles and Silverman 2009; Wittman
et al. 2018). In Australia, abundant carbohydrate supply from
honeydew insects and extrafloral nectar has been shown to
increase BHA abundance (Lach et al. 2009; Gaigher et al.
2011), but it is not well understood how these increased den-
sities affect rates of spread. Unlike native Acacia ants, BHA
do not induce extrafloral nectar production and nectaries dry
up on trees behind the invasion front (Riginos et al 2015).
This may explain the absence of any effects of tree and/
or sapling density on BHA abundance. However, many of
our datapoints were taken at the invasion front where BHA
abundances are low and trees still offer abundant EFN, yet
we still did not detect interactions between ant abundance
and tree or sapling density. Thus, for supercolonial species
that have multiple queens and show high densities, intrinsic
factors such as density may play a more important role than
climate or resources relative to other ant species, although

@ Springer



Oecologia

we acknowledge that other extrinsic factors not considered
in our study may be also important.

The apparent lack of importance of extrinsic factors,
particularly carbohydrate-provisioning trees, suggests
BHA are plastic and resilient to environmental change.
Plasticity is a feature shared by many successful invad-
ers (Forsman 2014; Gonzalez-Suéarez et al. 2015), and can
be particularly important for eusocial insects (Manfredini
et al. 2019). Argentine ants, for instance, have transitioned
from a protein-rich diet to a sugar-rich diet in many parts
of their invaded range (Shik and Silverman 2013; Hu et al.
2017). But Pheidole can also adjust their body size within
castes or the caste ratio to adjust to changes in competi-
tion or resources (Passera et al. 1996; Wills et al. 2014),
another strategy to potentially buffer their colonies from
environmental variation.

The rates of BHA spread we observed on Ol Pejeta Con-
servancy were comparable to rates of spread recorded else-
where for other invasive ants (Holway et al. 2002). We only
found one study describing spread of BHA in monsoonal
Australia, averaging 22 m in 17 months, considerably lower
than the speed of the invasion reported here. In our study,
spread was particularly synchronous between North and
South Control, both of which we believe originated from
the largest human settlement in the ranch. Distances from
these two fronts and a third front not described here to the
center of the human settlement are very similar (range
2.29-3.1 km, mean 2.76 km +0.3) suggesting isotropic
spread, even though some of the areas behind the fronts were
shrubland dominated by Euclea divinorum and open grass-
land, indicating that vegetation type may have little influence
on rates of spread. At the regional scale, assisted dispersal
by humans is likely a major factor affecting BHA expansion,
as we found invasion fronts in Laikipia generally associated
with human settlements.

In sum, our research shows that population dynamics of
big-headed ants is best predicted by past abundance, with
high local population growth rates at low abundance and low
local population growth rates at high abundance. Despite the
common expectation that eusocial animals experience Allee
effects at low densities, we did not detect lower recruitment
at low abundance, which may facilitate the establishment of
BHA propagules in uninvaded areas. High local population
growth rates may cause the rapid spread of big-headed ants,
particularly given that queens and their workers move only
a few meters from their natal nests to found new nests. We
found little evidence for the effects of our measured extrinsic
factors, particularly acacia trees, a major source of carbo-
hydrates, on local population growth rates or spread. We
believe that these expansive colonies may be more resilient
to environmental factors, than other, smaller colonies. Fur-
ther, the ability to cope with environmental variation is a
feature common to many successful invaders that are hard

@ Springer

to eradicate, suggesting that BHA pose a major threat to a
key ant-acacia mutualism in East Africa.
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