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Abstract

1. Although corridors are frequently regarded as a way to mitigate the negative

effects of habitat fragmentation, concerns persist that corridors may facilitate the

spread of invasive species to the detriment of native species.

. The invasive fire ant, Solenopsis invicta, has two social forms. The polygyne form

has limited dispersal abilities relative to the monogyne form. Our previous work in a
large-scale corridor experiment showed that in landscapes dominated by the poly-
gyne form, fire ant density was higher and native ant species richness was lower in

habitat patches connected by corridors than in unconnected patches.

. We expected that these observed corridor effects would be transient, that is, that

fire ant density and native ant species richness differences between connected and
unconnected patches would diminish over time as fire ants eventually fully estab-
lished within patches. We tested this prediction by resampling the three landscapes
dominated by polygyne fire ants 6 to 11 years after our original study.

Differences in fire ant density between connected and unconnected habitat
patches in these landscapes decreased, as expected. Differences in native ant spe-

cies richness were variable but lowest in the last 2 years of sampling.

. These findings support our prediction of transient corridor effects on this invasive

ant and stress the importance of temporal dynamics in assessing population and

community impacts of habitat connectivity.

KEYWORDS

INTRODUCTION

As habitat loss and fragmentation continue worldwide, landscape
corridors are increasingly considered important for establishing
connectivity among fragments to maintain biodiversity (Haddad
et al. 2015). Possible negative effects of corridors, proposed
decades ago (Simberloff & Cox, 1987), have received relatively lit-
tle attention in empirical studies (Haddad et al.,, 2014). The poten-

tial for corridors to facilitate the spread of invasive species is

connectivity, habitat fragmentation, Solenopsis invicta

particularly troublesome because interactions with invasive spe-
cies could exacerbate fragmentation’s deleterious effects on biodi-
versity. A review on possible negative effects of corridors found
scant evidence that corridors facilitate the spread of invasive spe-
cies (Haddad et al.,, 2014). This lack of support could be because
invasive species are often strong dispersers such that corridors are
unlikely to promote additional spread and impact (Levey
et al.,, 2005). However, our understanding of whether dispersal

ability can predict the degree to which invasive species use
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FIGURE 1 (a)A fire ant queen (Solenopsis invicta; photo credit: Nash Turley). (b) Aerial photograph of one experimental landscape (block) with
patch types indicated (photo credit: Ellen Damschen). (c) Effect sizes of corridors are shown as mean difference in S. invicta pitfall trap occupancy
between connected and unconnected patches over time. (d) Effect sizes of corridors are shown as mean difference in rarefied native ant species

richness between connected and unconnected patches over time.

corridors is limited by a lack of large-scale studies where the effect of
corridors is explicitly evaluated in the context of naturally dis-
persing invasive species. Experiments are needed to further under-
stand the potential role of corridors in population expansion of
invasive species and the interplay between dispersal ability and
habitat connectivity.

We previously examined the role of corridors in the spread of
the invasive fire ant Solenopsis invicta (Figure 1a) in a large-scale
landscape experiment (Figure 1b; Resasco et al.,, 2014). We found
that trait differences between two discrete fire ant colony social
forms were important predictors of the effect of corridors on fire
ant population densities and the subsequent impact of fire ants on
native ants. Two distinct colony social forms defined primarily by
differences in queen number exist in S. invicta and several closely
related fire ant species. Monogyne colonies contain a single egg-
laying queen, whereas polygyne colonies contain multiple egg-laying
qgueens. Social form is determined by a large non-recombining super-
gene (Sb), which includes hundreds of linked genes that together
determine a suite of characteristics that differ between ants of each

social form, such as female size, female fecundity, male sperm

numbers, and dispersal (Lawson et al, 2012; Wang et al.,, 2013).
Male reproductive fitness and queen polyandry are linked to varia-
tion in the supergene Gp-9 in the fire ant Solenopsis invicta (Ross &
Keller, 1995; Yan et al., 2020). Monogyne queens take part in large
aerial mating flights and occur at lower population densities in
established areas, whereas polygyne queens are typically limited to
local movements at or near ground level and disperse over short dis-
tances but establish at higher population densities (DeHeer et
al., 1999; Tschinkel, 1998). These differences in queen dispersal
provide a link to understanding how corridors affect colonisation
dynamics of the two social forms. In landscapes dominated by the
polygyne social form, fire ant population densities were higher and
native ant species richness was lower in connected than in uncon-
nected habitat patches, likely because of competitive exclusion by
fire ants (Resasco et al., 2014; Resasco & Fletcher Jr., 2021; Roeder et
al., 2021). However, in landscapes occupied by the monogyne form,
connectivity did not influence fire ant population densities and native
ant species richness. Fire ant densities and native ant species richness
were negatively correlated in both polygyne and monogyne

form-dominated landscapes (Resasco et al., 2014).
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Although this previous work shows the potential for corridors to
facilitate the population establishment of an invasive species, there
are reasons to expect only a temporary impact of corridors on the dis-
tribution of the polygyne form. Population simulations from a theoret-
ical study (Hudgens & Haddad, 2003) suggest that characteristics of
the fire ant system we studied (i.e., the limited dispersal and high pop-
ulation growth rate of the polygyne social form) result in positive, but
transient, corridor effects. The only apparent difference between
landscapes dominated by monogyne or polygyne fire ants was the
time since patch creation. Two of the eight landscapes were created
more recently than the others. Polygyne fire ants were found in both of
these landscapes that were 1 year old at the time of sampling. They
were also found in a 7- to 8-year-old landscape. Polygyne fire ants
likely were present in these landscapes in low densities before patch
creation.

We predicted that corridor effects on polygyne fire ants and, sub-
sequently, on native ants would be transient, as, eventually, fire ants
would establish at high densities in all patches (Resasco et al., 2014).
Here, we test this prediction. We resampled experimental landscapes
6—11 years after the sampling in Resasco et al. (2014) to determine
whether the effect of corridors on fire ant density and native ant spe-

cies richness was transient.

METHODS

Our study site is the Savannah River Site in South Carolina,
United States (3315°N, 8138°W), a National Environmental
Research Park. In our previous study, we sampled fire ants in 2008. In
this study, we resampled ants at the same time of year in 2014, 2015,
2016, 2017, 2018, and 2019 in the three experimental landscapes
(blocks) that had been dominated by polygyne fire ants (Resasco et
al., 2014). These blocks were created in 1999-2000 (n = 1) and 2007
(n=2).

Each block is comprised of patches that were created by clear-
ing a plantation forest of predominantly pines (Figure 1b). These
open patches are much better habitat for fire ants than the closed
pine plantation (Resasco et al.,, 2014). The patches are undergoing
restoration to native longleaf pine savanna, an open, diverse, and
endangered ecosystem (Noss, 2013). All blocks have a central
patch (100 100 m) surrounded by four other patches 150 m
away. Each surrounding patch is one of three randomly assigned
types: connected, rectangular, or winged (Figure 1b). The con-
nected patch is 100 100 m, with a 25-m-wide cleared corridor
that connects it to the centre patch (1.375 ha total). Winged
patches are also 100 100 m, but have two 75 25 m half corri-
dors (“wings”) extending from opposite sides. Rectangular patches
are 100 137.5 m. The additional area that makes these patches
rectangular or winged is equal to the area of the corridor. Each
block has one duplicate winged or rectangular patch. We sampled
connected, rectangular, and winged patches using only one dupli-
cate patch from each block that was randomly selected in the origi-

nal study. In this study, we treat winged and rectangular patches
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as “unconnected patches” because we previously found that these
patch types did not differ in fire ant density or native ant species
richness (i.e., we found no evidence of patch-shape effects;
Resasco et al., 2014).

In July 2014, we collected workers from each of six fire ant colo-
nies interspersed over each patch to determine whether the polygyne
social form was still the dominant social form in the resampled blocks.
We placed sampled workers in 95% alcohol. We extracted DNA and
used the informative gene Gp-9 to determine the colony social form.
Procedures followed those described in Resasco et al. (2014). Infor-
mation on colony social form determination by the Gp-9 gene is found
in Valles and Porter (2003), Shoemaker and Ascunce (2010), and Yang
etal. (2012).

We used pitfall traps to estimate fire ant density (prevalence per
patch area) and native ant diversity. Pitfall sampling methodology
slightly differed between 2014 and 2015-2019. We included eight
pitfall traps from each patch across all time periods in our analysis
(Figure S1). In 2014, we deployed 12 pitfall traps per patch in con-
nected, winged, and rectangular patches, following the original sam-
pling design used in 2008 (Resasco et al., 2014). These traps were
placed along transects that extended diagonally from all corners of
each sampled patch into the patch centre at 0, 21.5, and 50 m from
the corner. Pitfall traps used in 2014 were 15-dram (55.5 ml, 28.6-mm
inner diameter) plastic vials, while pitfall traps used in 2015-2019
were made with Corning 50 ml plastic conical centrifuge tubes
(28.2-mm inner diameter). Pitfall traps were filled to approximately
one-third of their volume with 50% propylene glycol and inserted
flush with the soil surface. Pitfall traps were capped for at least 48 h
to reduce “digging-in effects” (Greenslade, 1973). Once uncapped,
traps were left open for 48 h. In 2015-2019, we distributed pitfall
traps in a grid pattern for each patch for greater spatial coverage for a
monitoring study. To align the traps with previous years, we selected
traps located near the transects used to sample in 2008 and 2014
(Figure S1). Pitfall trap samples were sorted, and ants were identified
according to species in the laboratory. We quantified the extent of
fire ant invasion as pitfall trap occurrence across each patch.

We used generalised linear models (GLM) with a binomial
response distribution to compare the corridor effect on fire ants in
the polygyne-dominated blocks in the years following the previous
study. Corridor presence (connected vs. unconnected), year (2014,
2015, 2016, 2017, 2018, 2019), and block (1-3) were the predictor
variables, and fire ant pitfall trap occurrence (1 or O for presence or
absence) was the response variable. We included an interaction term
between corridor effect and year. We fitted the model using bias-
reduced GLM, applying the “brglmFit” function on the brglm2 pack-
age (version 0.7.1) to accommodate the high levels of occupancy
observed in several patches (Kosmidis 2021)

We estimated species richness for connected and unconnected
patches for each year to determine the effects of corridors on native
ant diversity. We estimated species richness with sample-based rare-
faction on incidence data from pitfalls using the “specaccum” function
in the “vegan” R package (Oksanen et al., 2013). To assess statistical

significance in differences between connected and unconnected
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TABLE 1 Fire ant pitfall trap occurrence (means, SDs, model estimates, and 95% Cls) and species richness (estimated species richness,

standard deviations, 95% Cls, and rarefied sample sizes).

Mean Estimated Species

Year Type occurrence SD occurrence 95% Cls richness SD 95% Cls Samples
2008 Connected 0.96 0.07 6.7 0.45 7.6-5.82 13
Unconnected 0.73 0.46 113 1.6 14.44-8.16 13
2014 Connected 0.83 0.07 0.92 0.85-1.00 10.7 1.0 12.66-8.74 15
Unconnected 0.70 0.21 0.67 0.54-0.81 13.8 16 16.94-10.66 15
2015 Connected 1.0 0 0.98 0.96-1.00 5.7 0.8 7.27-4.13 12
Unconnected 0.88 0.17 0.90 0.82-0.98 10.8 1.6 13.94-7.66 12
2016 Connected 1 0 0.98 0.96-1.00 4.6 0.6 5.78-3.42 15
Unconnected 0.88 0.13 0.90 0.82—-0.98 133 1.7 16.63-9.97 15
2017 Connected 1 0 0.98 0.96-1.00 7.3 0.8 8.87-5.73 16
Unconnected 0.90 0.10 0.91 0.84-0.99 12.7 11 14.86—-10.54 16
2018 Connected 1 0 0.98 0.96-1.00 9.3 15 12.24-6.36 16
Unconnected 0.90 0.10 0.91 0.84-0.99 11.8 13 14.35-9.25 16
2019 Connected 1 0 0.99 0.98-1.00 9.3 15 12.24-6.36 16
Unconnected 0.94 0 0.95 0.89-1.00 11.8 13 14.35-9.25 16

patches, we used the resulting 95% confidence intervals rarified to

equivalent numbers of samples.

RESULTS

Blocks dominated by polygyne fire ant colonies sampled in 2008 for
the original study remained dominated by the polygyne social form
(87% of samples in 2008 and 81% in 2014). Fire ants were the most
common ant species in all time periods. Fire ants comprised 95% of
the ants we collected in 2008, 54% in 2014, 81% in 2015, 88% in
2016, 91% in 2017, 84% in 2018, and 81% in 2019. The number of
individual fire ants per trap in polygyne fire ant-dominated blocks was
much higher in 2008 than in any subsequent year (2008 [avera-ge
SD]: 104 159, 2014: 5 5, 2015: 21 20, 2016: 37 64,2017: 58 106,
2018: 38 44, 2019: 38 49). Non-native species other than fire ants
were few, and rare: Brachymyrmex patagonicus, Cyphomyrmex rimosus,
and Strumigenys membranifera.

The differences in proportion of fire ant pitfall trap occurrences
between unconnected and connected patches declined over time
(Figure 1c). The mean difference in fire ant pitfall trap occurrence
between connected patches and unconnected patches was higher in
the original study (approximately 32% higher in connected patches
than unconnected patches) than in subsequent vyears, which
decreased approximately linearly (19%, 12%, 12%, 10%, 10%, and 6%
higher in connected patches than unconnected patches in 2014—
2019, respectively, Table 1, Figure 1c). We did not detect a significant
interaction between corridor presence and year (Fs 416, p = 0.90) and
subsequently dropped the interaction from the model. We found sig-
nificant overall effects of block (F, 421, p<0.001), year (Fs, 423,

p = 0.001), and corridor presence (Fi, 423, p = 0.0001) on fire ant

pitfall trap occurrence. However, contrasts of fire ant pitfall trap
occurrence between connected and unconnected patches within
years did not statistically differ (p > or = 0.17). Across years, estimates
of pitfall trap occupancy by fire ants for connected patches over-
lapped or nearly overlapped with 95% Cls of unconnected patches,
and vice versa (Table 1). In the original study, species richness of
native ants was lower in connected patches than in unconnected
patches (Resasco et al., 2014; Table 1). This effect persisted in the first
four of the six resampled years (2014—2017), although the magnitude
was quite variable (Table 1 and Figure 1d). However, in the last two
resampled years, the magnitude of the effect was the lowest, and spe-
cies richness estimates did not significantly differ between connected
and unconnected patches (means of estimates overlapped with 95%
Cls; Table 1, Figure 1d).

DISCUSSION

Conservation corridors are inherently long-term investments, yet few
studies evaluate their long-term dynamics in connected and uncon-
nected landscapes. Our results suggest the need to consider temporal
dynamics when evaluating corridor effects on invasive species and
the impact of those species on native communities. Specifically, we
show that the positive effect of corridors on invasive polygyne fire
ants and the resulting negative effect on native ants diminish over
time. These results are consistent with those of previous studies that
have shown that temporal dynamics can play an important role in the
context of how corridors affect plant communities (Damschen et
al., 2019, Haddad et al., 2015; see also Gibb et al., 2022).

We predicted in an earlier study that the observed effect of corri-

dors on polygyne fire ants may be a transient phenomenon (Resasco
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et al., 2014). In agreement with that prediction, we found that differ-
ences in fire ant pitfall trap occurrence between connected and
unconnected patches declined in polygyne fire ant-dominated blocks
over the intervening decade. This was likely due to the eventual
spread of polygyne fire ants throughout unconnected patches. Morri-
son (2002) resampled sites in Texas 12 years after the initial invasion of
the polygyne social form and documented declines in polygyne fire ants
and recovery in native ant species richness. In our study system;
however, there was an apparent lagged response of native ant diver-
sity in connected patches relative to unconnected patches; species
richness remained lower in connected patches compared to uncon-
nected patches, but in the final 2 years of resampling the effect was
small and nonsignificant. This suggests a legacy effect of high densi-
ties of polygyne fire ants, which may have been more severe when
habitat patches were newly created and initial fire ant populations
expanded in two of three blocks.

Our prior findings (Resasco et al., 2014) as well as a meta-analysis
(Haddad et al., 2014) suggest that corridors are most likely to affect
the dynamics of those few invasive species that are inherently con-
strained by weak dispersal. Because invasive species are often strong
dispersers, we expect corridors to have weak effects on invasive spe-
cies, with exceptions being species that have relatively limited dis-
persal capabilities (e.g., the polygyne social form of fire ants). Our
findings here suggest that, even in these cases, effects may be tran-
sient. More generally, our results imply that understanding the
community-level consequences of corridors will require understanding
the nature of local interactions between native and invasive species

and the degree to which those interactions change over time.

ACKNOWLEDGEMENTS

We thank Ellen Damschen and Lars Brudvig for their ongoing and central
role within the Corridor Project. We thank the USDA Forest Service at
the Savannah River Site for creating and maintaining our experimental
landscapes. This work was supported by the NSF from a Postdoctoral
Research Fellowship in Biology (1309192) and an NSF LTREB (DEB
1354101, 1912729, 1913501), and by funds provided to the USDA For-
est Service at Savannah River under Interagency Agreement DE-AIO9-
00SR22188, DE-EM0003622, and 89303720SEMO000037 with the
Department of Energy, Aiken, SC. The data that supports the findings of

this study are available in the supplementary material of this article.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the

supplementary material of this article

ORCID

Julian Resasco
Melissa A. Burt
John L. Orrock

https://orcid.org/0000-0003-1605-3038
https://orcid.org/0000-0003-3796-4607
https://orcid.org/0000-0003-0768-7389

@!ﬁ:.‘mwc.. 267
Saciey

Nick M. Haddad https://orcid.org/0000-0002-1591-9322
DeWayne Shoemaker " https://orcid.org/0000-0003-3659-8393

Douglas J. Levey "= https://orcid.org/0000-0002-8929-5487

REFERENCES

Damschen, E.l., Brudvig, L.A., Burt, M.A,, Fletcher, R.J., Jr., Haddad, N.M.,
Levey, D.J. et al. (2019) Ongoing accumulation of plant diversity
through habitat connectivity in an 18-year experiment. Science, 365,
1478-1480.

DeHeer, C.J., Goodisman, M.A.D. & Ross, K.G. (1999) Queen dispersal
strategies in the multiple-queen form of the fire ant Solenopsis
invicta. American Naturalist, 153, 660—675.

Gibb, H., Bishop, T.R,, Leahy, L., Parr, C.L., Lessard, J.-P., Sanders, N.J. et al.
(2022) Ecological strategies of (pl)ants: towards a world-wide worker
economic spectrum for ants. Functional Ecology, 00, 1-13.

Greenslade, P.J.M. (1973) Sampling ants with pitfall traps: digging-in
effects. Insectes Sociaux, 20, 343—353.

Haddad, N.M., Brudvig, L.A., Clobert, J., Davies, K.F., Gonzalez, A., Holt, R.
D. et al. (2015) Habitat fragmentation and its lasting impact on
Earth’s ecosystems. Science Advances, 1, E1500052.

Haddad, N.M., Brudvig, L.A., Damschen, E.I., Evans, D.M., Johnson, B.
L., Levey, D.J. et al. (2014) A review of potential negative eco-
logical effects of corridors. Conservation Biology, 28, 1178-
1187.

Hudgens, B.R. & Haddad, N.M. (2003) Predicting which species will benefit
from corridors in fragmented landscapes from population growth
models. American Naturalist, 161, 808—820.

Lawson, L.P., Vander Meer, R.K. & Shoemaker, D. (2012) Male reproduc-
tive fitness and queen polyandry are linked to variation in the super-
gene Gp-9 in the fire ant Solenopsis invicta. Proceedings of the Royal
Society B: Biological Sciences, 279, 3217—-3222.

Levey, D.J., Bolker, B.M., Tewksbury, J.J., Sargent, S. & Haddad, N.M.
(2005) Landscape corridors: Possible dangers? Response. Science,
310, 781-783.

Morrison, LW. (2002) Long-term impacts of an arthropod-community
invasion by the imported fire ant, Solenopsis invicta. Ecology, 83,
2337-2345.

Noss, R.F. (2013) Forgotten grasslands of the south natural history and con-
servation. Pages XVIII, 317 p. 375 illus. Washington, DC: Island
Press/Center for Resource Economics: Imprint: Island Press.

Oksanen, J., F. G. Blanchet, R. Kindt, P. Legendre, P. R. Minchin, R. B.
O’Hara, G. L. Simpson, P. Solymos, M. H. H. Stevens, and H. Wagner.
2013. Vegan: community ecology package.

Resasco, J. & Fletcher, R.J., Jr. (2021) Accounting for connectivity
alters the apparent roles of spatial and environmental processes
on metacommunity assembly. Landscape Ecology, 36, 1089—
1099.

Resasco, J., Haddad, N.M., Orrock, J.L., Shoemaker, D., Brudvig, T.A,
Damschen, E.l. et al. (2014) Landscape corridors can increase inva-
sion by an exotic species and reduce diversity of native species. Ecol-
ogy, 95, 2033—2039.

Roeder, K.A., Penuela Useche, V., Levey, D.J. & Resasco, J. (2021) Test-
ing effects of invasive fire ants and disturbance on ant communi-
ties of the longleaf pine ecosystem. Ecological Entomology, 46,
964-972.

Ross, K.G. & Keller, L. (1995) Ecology and evolution of social organization:
insights from fire ants and other highly eusocial insects. Annual
Review of Ecology and Systematics, 26, 631—656.

Shoemaker, D. & Ascunce, M.S. (2010) A new method for distinguishing
colony social forms of the fire ant, Solenopsis invicta. Journal of Insect
Science, 10, 1-11.

Simberloff, D. & Cox, J. (1987) Consequences and costs of conservation
corridors. Conservation Biology, 1, 63—71.

2SULOIT suowwo)) dAnea1) sfqesrjdde oy Aq pauIoA0S d1e SI[ONIE Y (2SN JO SI[NI 10] AIRIGIT SUIUQ AD[IA\ UO (SUONIPUOD-PUB-SULIA)/ W0 A[IM ATeIqrjaur[uo/:sdny) suonipuo) pue sud 1, o1 938 “[£202/90/20] U0 Areiqry sutjuQ A[iAy “ANsIoATun a1el§ UeSIOIAl AqQ $1ZE€1°U99/1 [ 0 1/10p/wiod’ Ko[im" KreIqraurjuo sjeuinolsal//:sdiy woiy papeoumo( ‘z ‘€20z ‘11€7S9ET


https://orcid.org/0000-0002-1591-9322
https://orcid.org/0000-0003-3659-8393
https://orcid.org/0000-0002-8929-5487
https://orcid.org/0000-0003-1605-3038
https://orcid.org/0000-0003-3796-4607
https://orcid.org/0000-0003-0768-7389

268 Ecological
Entomology

Tschinkel, W.R. (1998) The reproductive biology of fire ant societies. Bio-
science, 48, 593—-605.

Valles, S.M. & Porter, S.D. (2003) Identification of polygyne and monogyne
fire ant colonies (Solenopsis invicta) by multiplex PCR of Gp-9 alleles.
Insectes Sociaux, 50, 199—-200.

Wang, J., Wurm, Y. Nipitwattanaphon, M., Riba-Grognuz, O.,
Huang, Y.-C., Shoemaker, D. et al. (2013) A Y-like social chromosome
causes alternative colony organization in fire ants. Nature, 493,
664—-668.

Yan, Z., Martin, S.H., Gotzek, D., Arsenault, S.V., Duchen, P., Helleu, Q. et
al. (2020) Evolution of a supergene that regulates a trans-
species social polymorphism. Nature Ecology and Evolution, 4,
240-249.

Yang, C.C., Ascunce, M.S., Luo, L.Z., Shao, J.G. Shih, C.J. &
Shoemaker, D. (2012) Propagule pressure and colony social orga-
nization are associated with the successful invasion and rapid
range expansion of fire ants in China. Molecular Ecology, 21,
817-833.

Royal
Entomologlcal
Soclety

RESASCO &t AL.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

Appendix S1. Supporting Information.

Figure S1. Sampling layout of pitfall traps used in this study. Filled cir-
cles represent 2008 and 2014 pitfall traps and open circles represent

2015-2019 pitfall traps included in the analyses.
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