O© 00 N O U1 b W N -

NN NN NNDNDRNDNIDN R R R R R R B B |\ opF
O 0O N O Ul B W N B © O 0 N O U1 » W N Pk O

MS. YIFAN HE (Orcid ID : 0000-0002-8312-8071)

Received Datew,07-Aug-2016
Revised Date+20-Nov-2016
Accepted Date : 27-Jan-2017

Article type  : Primary Research Articles

Title: From endogenous to exogenous pattern formation: Invasive plant species changes the

spatial distribution of a native ant

Running Head:nvasive Plant Alters DistributionAoft

Kevin Li'", Yifan H&’, Susanna K. CampbgllA. Shawn Colborfy Eliot L. Jacksof, Austin
Martin?, Ivans\/. Monagan, Jt. Theresa Wei Ying Origlvette Perfecto

! Department of Civil, Construction, and Environmental Engineering, North Carolina Sate
University, »Raleigh, NC 27695, USA, %School of Natural Resources and Environment,
University 6f Michigan, Ann Arbor, MI 48109 USA, 3.Department of Ecology and Evolutionary
Biology, University of Michigan, Ann Arbor, M1 48109, USA

* These authors contributed equally to this work.

Correspondingrauthor: Ivette Perfecto, tel.78%-764-1433, emailperfecto@umich.edu

Key words: Invasive speciegattern formation,spatial distribution, landcover change,

Elaeagnus umbellata, autumn olive Formica obscuripes, thatching ant

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1111/gcb.13671

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/gcb.13671�
https://doi.org/10.1111/gcb.13671�
https://doi.org/10.1111/gcb.13671�
mailto:perfecto@umich.edu�

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Type of PaperPrimaryResearctrticle

ABSTRACT

Invasive species are a significant threat to global biodiversity, but our undéngtasi how
invasive species impact native communities across space and time remains Basted.on
observations_in_an old field in Southeast Michigan spanning 35 years, ourdsiadments
significantimpacs of habitat changelikely driven by the invasion of the shruBlaeagnus
umbellata, "onthe nest distribution patterns and population demographics of a native ant species,
Formica aobscuripes. Landcover change iaerial photosndicates that E. umbellata expanded
aggressively stransforming a large proportion of the original open field into dense struya
comparingthe ant’'slandcover preferences before and after the invasierdemonstrate that this
speciesexperienced a significant unfavorable change in its foraging areas. Wénalgbat
shrub landcovesignificantly moderatesaggression between nesstiggesting nestare more
related where therss more E. umbellata. This may represent a shift reproductivestrategy
from queenflights, reported in the past, to asexual nest buddihg. results suggeshat E.
umbellata may~affect the spatiadistribution of F. obscuripes by shifting the drivers of nest
patternsformation from an endogenougrocess (queen flightsyvhichled to a uniform pattern,

to a process thas both endogenous (nest budding) anegenougloss of preferred habitat),
resulting in a significantly different clustered pattefime number and sizes d¥. obscuripes
nestsin our,_study siteare projected todecreasen the next40 years,although further study of
this population’s colony structures is needed to understand the extent of tbmsse&taeagnus
umbellata iIssascommon imasiveshruband similar impacts on native species might occur in its

invasive ranggeor in areas with similar shrub invasions

INTRODUCTION

While the impacts of invasive species are often strong and widespread, their particulars
are contextlependent, relating to the functional ecology of-native species and the structure,
evolutionary: experience, and diversity of native communifié& et al., 2011; PySelet al.,
2012; Ricciardiet al., 2013; Schirmett al., 2016) There exists no universal measure or theory
of invasive impac{Ricciardi et al., 2013). Furthermore, the impact of invasive species on the
spatial distribution of native species is often overloof@dresearch. Although many studies
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focus on thedistribution of invasive species through phenomenological and mechanistic
modeling (Gallien et al., 2010), the subsequent impact on the spatial ecology of the native
species is not as well understood.

Within the field of spatial ecology, species distribution patterns can be gyinfeught
of in terms_of,two patterforming processeé~ortin & Dale, 2005) exogenous processes that
reflect an'external ecological or environmental forcing (Boaler & Hodge, 1962; Belsky, 1986;
Hook &"Burke;2000), and endogenous processes that result from dynamic interactions intrinsic
to a system~of ecological relationships (Petrovskii & Malchow, 2001; Kogpal., 2008;
Vandermeeret jal., 2010) The Turing mechanism (Turing, 19523 fundamental to the
understanding=of many endogenouflymed patterns in natuand iscited among many natural
systems as“an underlying mechanism driving the formation ofraradom patterns igspace
(Couteron & Lejeune, 2001; Rietkerk van de Koppel, 2008; Vandermesatral., 2008). Using
diffusion equations, Turing demonstrated that complex spatial patterns could form in an
otherwise “homogenous environment, through the interactiohadivator and “repressdr
componentsand their ates of diffusion in spacdn ecology, activation is commonly the
propagation of‘a speci@s spacewith repression occurringghen anatural enemyor inhibitory
condition;we.g. resource depletiontreases as a resyiteventing continuous expansion.

Therspatial ecology of ant colonies has been extensively studied, documenting a wide
range of patterns. Competition is thought to be the major mechanism driving unifarbuticst
of populations in space (Levings & Franks, 1982; Ryti & Case, 1986; Deslippe & Savolainen,
1995; Wiernasz & Cole, 1995). Althoughniform spatial arrangements are common,
aggregationgRissinget al., 1986; Henderson & Jeanne, 1992; Vanderneeet., 2008) and
random distributions also occur (Herbers, 1985; Weseloh, 1994; Soares & Schoereder, 2001)
The Turing mechanism provides an appropri@ns for understanding many of these patterns.
Vandermeeeet.al. (2008) demonstrated that ant nest buddingAigca sericeasur (previously
identified .asAzteca instabilis) acted as the activator in the system, while natural enemy
exploitationsof dense colony clusters acted as the repressor, resulting itesedlasstribution.
Uniform nest distributions may also form through a Tulikg mechanism, in a fashion similar
to the propagaticinhibition interactions that drive regular patterns in sand vegetation
(Couteron & Lejeune, 2001).
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The western thatchgnant, Formica obscuripes, is native to much of temperate western
North America(Weber, 1935and was fairly common in open fields of the E. S. George Reserve
(ESGR) in Michigan wheintensive studies were conducted on thicgsg Talbot, 1959, 1972)

The reproductive biology df. obscuripes allows for the possibility of nest distribution patterns

to be uniform,or clustered. Uniform nest distributions may arise through new nest dispersal via
mating flights, which Talbot (1972) observed in the ESGR. Following mating flights,
inseminated queens typically engage in temporary social parasitism, whereby the meghef a

ant species‘isforced to addpe F. obscuripes queen and tend her until her own offspring take
over the host nest (Weber, 1935; Stockan & Robinson, 20h& mode of dispersal promaste
uniform pattern formation because flights allow founding queens to travel farthmer tfr®
original nest, where ird-species competition is lowefurthermoref. obscuripes may tend to
exclude other ant species in its proximity, so potential host nests may be mbyrdoeasi

farther away(Stockan & Robinson, 2016)

Nest budding, the alternate mode of dispersaFfasbscuripes, may promote clustered
nest distributions. The colony structureFofobscuripes is polygynous, in that colonies contain
multiple queengMclver et al., 1997). As suchF. obscuripes can engage in nest budding,
whereby ene or more queens disperse on foot with a group of workerghigdiparent’nest to
establishasneéw‘daughter’nest(Muckemann, 1902; Stockan & Robinson, 201®6his results in
multi-nest (polydomous) colonies whose workers may pass freely between associated nests
(O’'Neill, 1988) and can lead talarge“supercolony”’nest compleXMclver et al., 1997) The
distributiopref'such nest complexes have been found to be clustered, which is likely due to the
cooperationmand lack of competition between related nests. In such cases, the scale of
aggregation is thought to reflect the migration distance between parent and daudister nes
(Mclveretal., 1997).

Since Talbot’'s original observations, one nesting area in the ESGR has undergone
dramatic vegetative succession from an open field to a slominated field, dominated in
particular_bysthe invasive shrulaeagnus umbellata, or autumn olive(Severtsen2005). This
shrubis native,to China, Japan, and Korea, and was intrododbd United Statem 1830as an
ornamental and wildlife habitat pla@lack et al., 2005). It is considered invasive within North
America, having spread across much of the Eastern US and as far west as the Pacific Northwest
and Hawali'i, as well as to Ontario, Canaddunger, 2003; EDDMapS, 2016}t is not yet
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122 invasive elsewhere outside its native range, although careful monitoring is advised in Europe
123  (CABI, 2016). Elaeagnus umbellata was first collected in Michigan in 193®Rezniceket al.,

124 2011) and first appeared in the ESGR in the early 1980s, where it is now abundant in open
125 grasslands, along roads, and in forest e@psn et al., 2011).

126 Like.many invasive shrub&. umbellata has attractive fruits and is rebdbird-dispersed

127  (Lafleur et'al., .2007) Furthermore, it can grow as compact thickets that limit light beneath its
128 canopy™“and“produces secondary chemicals that inhibit native species seed igerraimat

129 growth (Orretal., 2005; Brantley & Young, 2009). It also exhibits a relationship with nitrogen
130 fixing bacteria that alters soil chemist{Baeret al., 2006), which can affect the surrounding

131  plant composition.

132 Altheugh the effects of invasive plarasewidely documented, the impact of an invasive
133  plant on native,ant colony propagation and dispersal has not been studied in depth, and may
134 provide key insights into mechanisms that shape ant population distribution and determine
135 invasive plant impactdn this study, we focused on the distributionFofobscuripes within an

136 old field sitegthat has been heavily invadedebhyimbellata. We examined the spatial patterns of
137  F. obscuripesbefore and after the invasion Bf umbellata from 1980 to 2015, with particular

138 attention“tehow the spatial patterns & obscuripes may have beeshaped as a result of its

139 reproductive biology and the differing ecological processes between the two periods. We
140 quantified landcover change with historical aerial photographd compared landcover

141 compositions around nests in 1980 and 204®mg georedrenced locations of historical and

142 current nestdo,infer F. obscuripes habitat preference in those years. To examine potential
143 relatednesssof‘nests within the distribution pattern, we analyzed aggressiveness between nests by
144  separation distance and shrdiver in a multiple linear regressiomodel Finally, we used nest

145 size data from partial censuses in 2013 and 2015 to build asttageiredpopulation model

146  and projeatdthe trendof theF. obscuripes population over the next 40 years.

147

148 MATERIALS'AND METHODS

149 Sudy Ste

150 We conducted our study on a population Fofobscuripes in the Edwin S. George

151 Reserve (ESGR), a 52tectare preserve located in Livingston County, Michigan managed by
152  the University of Michigan. This population was studied by Marjbdabeginningin 1953
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(Talbot, 1956)In 1980, Talbot created a map of the ant nest distribution in the ESGR, wiich
use in our analysis (Talbot, 1980hus we have the capability to study long term effects of the
introduction and invasion dE. umbellata, which was first observed in the ESGR in the early
1980s(Brym et al., 2011).

Our_study site waa 24.5 ha section of old field located in the central part of the ESGR
(84.014807° W, 42.458722°,NFig. 1). The fields ofthe ESGR were cleared for farmland by
1870 and'eultivated until around 1900; afterwards, they served as pasture until the praperty w
converted“to a‘reserve in the late 1920s (Evans & Dahl, 1955). When we conductedifollow
ant nest censuses in 2013 and 2015, the site was in various stages of invasion by woody shrubs,
dominatedsbyE: umbellata, and secondary forest. A remetensing study in 2005 found that,
within a 95*hararea of the ESGR timratludesour study site E. umbellata stands covered a total
of 13 ha while the prior landcover type, grasses and forbes, covered onlySekartsen, 2005)

The southern half of the study sieas dominated by secondary forest and reflected a more
advanced'stage of succession than the northern portion, which still consisted mainlybsf shr
and remnant=ald field. These sites were surrounded by secondahyckaky forest that was
also encroaching onto the field. Major species found in the remnant old field in addifon to
umbellata=included the native specieSchizachrium scoparium (Michx.) Nash, Monarda
fistulosa,.andRubus spp., as well as the introduced spedekillea millefolium andHypericum
perforatum (Greiling & Kichanan, 2002).

Popul ationSurvey

In Octeber 2013we geclocatedF. obscuripes nestsin the northern portion of the study
area, using a GPS (Trimble GeoXH) to mark locations while also noting nest diameter.
October 2015, we conducted follayp nest surveysnotingchanges in diameter and nest activity
as well as locations of new nestge continued to use Trimble GeoXH, as well as a smartphone
GPS application (Trimble Outdoors Navigator) to mark nest locations. We expand2@ilthe
survey areanto include the southern portion of our fieldisi@rder tocovermore ofTalbot’s
1980 sureyrarea We digitized at nest locations from scanned and georeferenced copies of
Talbot’s paper map@albot, 1980) using the “heads-up” digitizing mettiBdlstad, 2012)

Ant nest aggression trials
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In 2015, we conductedggressive behavior assessmeg(fisk et al., 2001)in on-site
arenas to determine the potential relatedness of colonfesobscuripes in the northern portion
of the study area. For each aggression, twalplacedtwo ants from different nests in a neutral
arena,i.e. a plastic containe(Beye et al., 1997). Two observers watched the two ants for 5
minutes and.independently reportee level of aggressioretween the antssinga scorebased
on Beyeetal. (1997).The scoring scale, whichenmodifiedto better characterizE. obscuripes
behavior, fis“as’ faliws: 1 - individuals ignored one another; -2individuals antennated one
another, 3'some physical contaetithout prolonged aggression, -4prolonged aggression,-5
fight resultingin death of one or both ants. The two observers determined thevdin@ by
CcoNsensuss

Weperformed a multiple linear regression with aggression score as the d#pende
variable and geographic separation distance and proportion shrub landcover betwgairses
ascandidate_independent variables. The interaction betaegaration distance and proportion
shrub landcover was also considered, in order to detenvhieéhershrub landcovemoderated
the effect ofiseparation distance on aggression. We calculaeorfion shrub landcover from a
20mwide ‘transect spanning negairs, based on the 2008 landcover map (t@mdcover
change andt. umbellata expansion” methodsYVe utilized R (R Core Team, 2013 perform a

multiple linear regression and other statistical aredys

Ant nest spatial patterns

Wegscompared the spatial patternsFofobscuripes nests in 1980 and 2015 using the
calculatedRipley’s K statistics(Ripley, 1976)at a range of scales from 0 to 60m. RipleXs
quantifies/clustering as a function of the number of points within a given radiut€iscdle of
analysis) This is compared to the expected statistic given a null hypothesis of random nes
distribution.K-valuesthat are greater than the expected null represent nest patterns that are more
clustered than/random, while-values less than the null represent more uniform patterns. We
compared.the observed patterns to 999 simulated random patterns based on a uniform Poisson
process.Given, the shape and size of the study awea limited our analyses to a maximum
radius of 60mfollowing recommended practis€Fortin et al., 2002) We performed gatial

analysis and simulation using tRepackage “spatsta(Baddeley & Turner, 2005).

This article is protected by copyright. All rights reserved



215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

Estimating landcover change and E. umbellataexpansion

We used overall shrub expansion as a proxyHowumbellata expansion,based on
obsevations thatE. umbellata comprisedthe majority of shrub cover in this aré8evertsen,
2005).We_quantifiede. umbellata expansion from 1980 to 2015 by assessing landcover change
through histerical aerial photographs of the study ¥ite.use the termfiandcover” throughout
this text to, specifically refer tothe results ofour aerial photo digitization process, which
categoized"thedominant vegetation of the study site into three clagsadd, shrub, or forest
Our landcoverestimates werbased on historical aerial photographs taken in 1975 and 2808
these years werngublicly available on the USGS Earthexplodatabasend the closedb the
ant census:dates. The 1975 image was a digitized 1:36,000 scale film phqtagdapite 2008
image was'a 0:3m resolution digital image. We classified landtyvesing headsip digitizing
(Bolstad, 2012} outlinedistinctpolygonsof contiguous landcovehat weredistingushable by
size, texture, shadqvand color at a 1:1,500 scale. Although other landcover typissde our
three classedid exist, such aslirt roads and some small structures, these were negligible in
comparisomtesthe dominant landcovers. Polygons were converted to a contiguous 1m resolution

raster grid fordandcover preference analysis.

Ant nest landcover preference

In order b determinewhether ants showed a preference for certain landcover types
within the foraging range of their nesting sites, we measured landcover coomsositound
nests andscomparethis to the generallandcover availability. We quantified &ndcover
compositionas”thepercentageof each class of lamdver within a radis around each nest,
repeated for radii from 5 to 30rat intervals of 5m. We compared this to gemeral availability
of the landcover classes, which we estimated fittven averagdandcover compason of
randomly-placed points in the study area.

To address the unique issues of working with compositional data (Aitchison, 1886)
converted percent composition to log ratios between two landcover typda(i8./xy5),
where x;, represents the percetitat waslandcover 1, as compared to landcoverxg,
(Aebischeret al., 1993) This framework represents landcover preference on a relative scale
that preference for building nests in landcoveris in terms of how often the ants use that

landcover as compared kEndcover2. This ratio washen compared to the ratio calculated using
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246  the average landcover composition of the study, avbi&ch represernthe landcover composition
247  of randomly distributed nest$he average random landcover compositiwas calculated from
248 the mean of 1000 random point placements in the landscape with the same point intensity
249  (Poisson disibution mean) as the actual data.

250 Specifically, we were interested in hdw obscuripes preferredthe field landcover class
251 to theshrub landcoveclass, and how itpreference may have changed between 1980 and 2015
252 in context ofthe’E. umbellata invasion We tested a null hypothesis of zero difference between
253  the observed landcover logtio preferences and the general landcover availability using-a one
254  sample permutation test with 1000 repetitions. We perforroatpositional preference analysis
255 with the R packagtadehabitatHS5(Calenge, 2006).

256

257  Lefkovitch matrix population projection

258 We _developed stagestructured populatiomodel (Lefkovitch, 1965)to estimatethe

259  population.trend of. obscuripes in the northern portion of our study aredagestructured

260 populationsmoedels assume populatians divided into stage classes, witdependent dynamics
261 determining the rates that individuélansitionbetween stage$Ve definedhe stagesf the nest

262  populationbased on bins of the nest sidistribution, measured by thmsal diametsrof each

263 nest moundWe are able to use nesizeasa proxyof nest healthn Formica speciesbecause
264 larger nest size positively correlate with health indicatorke age, foraging activity, and
265  reproductive capacity (Stockan & Robinson, 201%¢eFig. 2a for definitions of nesstage
266 classes

267 The'model takes the forid.; = PN;, whereN represents gector of thenumber of nests
268 in each populationtageattimet or t+1. P represents the Lefkovitch projection matrix, which
269 contains the transition and fecundity rates between population s@@ges2b). The three
270  transition rates.in the Lefkovitch matiix Fig. 2brepresenthe proportion of nestgrowing (Gpi)

271  or regressingRyi) from stagel to stagep, or survivingasthe same stagés). As anexample,

272 among thes9"nests in stage 1 in 2013, only one grest to stage 2 in 2015, so tlggrowth

273  transitionrateGy; was1/9.

274 We estimatedfecundity ratesassuming that all nest stages were equally capable of
275  producing offspring, agackingindividual nest reproductiomwas beyond the scope of this study.
276  The fecundityFp, of any stage nest in 2013 is defined as phebability of producinga new nest
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of size stage by 2015. W foundthis by dividing the number of newtagep nestsin 2015 by
the total populationin 2013 Thus, the fecundity rates for producing netagep nestsis
identicalacross all nest stageSince nanewnests were beyond size stagevg,did not calculate
fecundity rate$or p>2.

Using.the R packagopbio” (Stubben & Milligan, 2007), we ran 20 iterations of the
populationprojéection to estimate the population trimxdhe next 40 years. We also calculated
the dominant eigenvalue of the matrix, which gives the population growth rate oraelea st

distribution'ef'stages has been reached (Vandermeer & Goldberg, 2013).

RESULTS
Population'survey and historical data

Fifty nests mapped by Talbot in 1980 fell within our study area. In 2013, we #tund
nestsin a censu®f the northern part of the study arda 2015,we found 40 nests in this
northern area, witlh new nestand 10nests abandone&urveying the rest of our study area in
2015 alsosidentified 20 more nests in the southern part, so there was a total of 60 hests in t

entire area‘that year.

Ant nest aggression model
Aggression between ant nests increased significantly with greater separating distance

(p<0.001), buthada significant negative interaction with greater shrub landcover in the transect
between the'two nestg<(0.001). The fitted model was:

aggression score = 1.4 + 0.016distance + 1.8shrub — 0.037shrub * distance
wheredistance andshrub are separating distance and proportion shrub landcover, respectively.
The shrub landcover main term was not significg#0(11). Distance and shrub landcover
variables were.not collinear50.45). The moderating effect of shrub landcover on the positive
relationship.between aggression and distance is demonstrakegl. ) where the dotted line
represents.the predicted relationship between separating distance and aggression in relatively low
proportion shrub landcovesh{ub=0.2), and the solid line represents the same relationship but in
relatively high proportion shrub landcoveshi(ub=0.4). The proportion of shrub landcover
between the nests examined ranged from 0 to 0.6, with a mean of 0.3 and intengunaygilof

0.2. When there was a lower proportion of shrubs in the transect between nest paissiaggre
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increased more with distance, while in areas with a higher shrub proportion, aggtesded to
remain low.This multiple linear regression model@ained 17%of the variance, as determined
by adjusted??.

Ant nest spatial, patterns

We performed the Ripley’K analysis on the nest spatial patterns of the years for which
we had“the"most complete spatial census, 1889 %0) and 2015n(= 60). In 1980 Fig. 4a),
nests were uniform at a range of radii of approximate®®, meaning no nests fell within this
range of distances from each other. Where the obsdéfwedue (solid line inFig. 4) clearly
departs framesthe random envelope at hmest dstances of approximately 1I5Bm, the nest
pattern was significantly different from the null hypothesis of a random patti&ewise, at
radii between 20 and 30m, nest patterns appeared no different from random, and at radii above
30m, nests were signifindy more clustered than random.

Nest patterns were minanore clustered in 201%i@. 4b). Only at scales under 3m did
all nests havewno neighbors. TKevalue rose quickly with increasing radius, and above an-inter
nest distance=of 5m, the pattern wagn#icantly clustered. At greater radii, the degree of
clusteringswas much higher than the clustering at the same radii in 1980.

Thessharp edges on the left sides of the plots, found at radii less than Egmda and
less than B in Fig. 4b, representhe lowest possible Ripley’& value K=0), where no
neighboring points are found in a pattern at that radius of analysis. The 95% random envelope
for these gplots, indicate that a value KEO was possible within the envelope of random
simulationssat“smalteradii, but it is notable that the observed pattern in 1980 at these smaller
radii still represented the most uniform spatial distribution possible.

Landcover change and changes in habitat preferences of Formica obscuripes

Between 1975 and 2008, the open field landcover type decreased while forest and shrub
landcover.increasedrig. 1). Within a 5 to 30m radius of randompyaced points, the expected
percent composition of field landcover decreased from an average of more $han Y975 to
less than 4% in 2008, a relative change of 50%; while shrub landcover increased dramatically
from an average of approximately 2% to nearly 20%, a relative change of more than 900%
(Table 1). Forest landcover made up the difference in composition, increasimg fro
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appoximately 26% to 44%, a 71.5% relative increase. Percent composition of each landcove
type did not differ significantly between radii outward from random points at98%
confidencdevel. In 1980, F. obscuripes showed a significant preference for building nests

in areas with a higher composition of field than other landcovers, and a signifierepce for
shrub over_ferest landcover (Tal#?a,b). This ranking of preference was significant for a 5 to
30m radius_around the nests. In 2015, at shorter radii such as 5m, the ants stitlasigyifi
preferredfield“landcover(Table 2c). However, at a 30m radius, their preference for field over
shrub landcevewas no longer significant (Tabd), thoughit had beenn 1980. Preference
values areshown for 5m and 30m in Tab® See appendix S1 for complete values for other
radii.We cempared the lagtio preference for field over shrub as the radius around the nest
increased from"f0 30m for 1980 and 201%ig. 5). Within an immediate 5m area around nests,

F. obscuripes had a preference for field over shrub landcover that was equally strong for both
years. This preference decreased with increasing distance from the nest, but had a linear shape in
1980 and 'a_negativexponential shape in 2015. L-ogtio preference values were significantly
different between the two yeansthin a 95% confidence interval (calculated by 1000 bootstraps)
for radii off 1825m, but overlapped at the closest and farthest radii (5 and 30m). In 2015,
preferencesfor field over shrub was not significantly different from zetbimvthe 25 and 30m

radii areass

Lefkovitch'matrix population projection

We developed astagestructured population model for the subs#t nests
surveyed inw2013 and 20M&asedon the observed population dynamicstloé size stage classes
The initial stage population vectdd; for 2013 with the four stages iascending ordewas (9,
15, 12, 8), andhe subsequem, for 2015 was (11, 16, 8, 5). The Lefkovitplojectionmatrix
for the madel.is given in TableWithin 20 iterations of the population projection, we obseave
projecteddecline of thd-. obscuripes population in our study site, withséeady statgrowth rate
(i.e. domnanteigenvalue) of 0.81Fig. 6 shows the trend of population decline for each size
class and the.entire populationer 40years(20 iterations)Stage 2 nes@reprojected to remain
the most abundant stadmut all nest stagemeprojected to decrease af@015, with larger nests
(stages 3 and 4) declinimg a negative exponential shape. By tiwentiethiteration(2053),less
than one ness projected to remain in the site
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DISCUSSION
Formica obscuripespatial distribution and Elaeagnus umbellata

Analysis_of historical aerial photosuggeststhat from 1975 to 2008, the study site
experienced.a, reduction in open field area along with an expansion of forest and sisats. Ba
on our own observations and other studies in the same area (Severtsen, 2008;aBry2011,
2014) we"know that shrub cover in our study sgelominated byE. umbellata, an invasive
plant that'has a detrimental effect on the native community. This species spreads easjly thr
bird dispersal(Lafleur et al., 2007) limits light penetrabn (Brantley & Young, 2009), and
produces .chemicals that inhibit growth of natiplants (Orr et al., 2005). Given these
characteristicsy it is not surprising tiatumbellata invaded the open field so aggressivelgd
in 30 years turned large open areas into dense shrubs.

Our Ripley’sK analysis suggesthat the 1980 nest sites were uniformly distributed up to
a radius of 20m. We would expect this patténmtraspecific competitior{aggression between
nests)wasthe=primary driver of nest spatial distribut{tevings & Franks, 1982; Ryti & Case,
1986). At distances below 20m, intraspecific competition for resources between unassociated
nestsmaysserve as the repressor in a Turlikg pattern formation procesduring, 1952;
Rietkerk .&"van de Koppel, 200&hat negatively regulates the creation of new nésis
activato), which couldhaveoccuredthroughthe mating flightsobserved omhe sitearoundthat
time (Talbot, 1972). By dominating other ant speciestsnvicinity, F. obscuripes could have
also actedas“its own repressodispersing social parasitie. obscuripes queensmust travel
farther to locate heterospecific host nests to take over and estabiéstclony (Stockan &
Robinson; 2016)in either case, the clustering distributettriarger scales (>30m) may refl¢ioe
dispersal limitation of the queens in mating flights.

On.the other hand, the nelstributionin 2015 was clustered at most radii. This change
in nest distributiormay indicate a change in the nest pattern formapimtess. This changeay
be driven_bytheprolific invasion of E. umbellata, which decreasedhe open areathat F.
obscuripes prefersfor nests(Beattie & Culver, 1977)As E. umbellata began to overtake the
open field, nestbecameconstrained to small patches of remnant open a@asanalysis of ant
nesting preference between field astttub cover typesupports thigoroposed mechanism of
spatialpattern formation
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In 1980, F. obscuripes demonstrated a significant preference dpenfield over shrub
out to distances of 30m from the nesvwever this range decreased to 20m by 201%thwhe
exceptionof the area immediately around its nest, the strength and shapeobscuripes
preference for field over shrub changiedm an approximately linear decreaise1980to a
negative expenentidike curvein 2015 ThissuggestshatF. obscuripes has had to compromise
on the quality.of its foraging area at greater distances from itstomésierate less favorable
habitatsoutside of its immediate vicinity since the invasioreotimbellata.

By "overtakingopen spacels. umbellata may hae becomehe drive of F. obscuripes
nestspatial patternovershadowingntraspecific competitionWhether thiseffect directly leads
to the extirpation of. obscuripes is a matter of speculation. That the ant’s preferencédlat
landcoverwithin 5m of its nest remainecbnsistent throughout the years of steduyld suggest
thatF. obscuripes is intolerant tochangesn habitat composition within this short distartoehe
nest.Alternately, this radius may simply reflect an ongoing series of compromispeeferred
habitat that will continue to shrink a€. umbellata expands.Further study is needed to
understand-what might happen once all preferred habitat is eliminated.

As anopen areaspecialist\Weber, 1935; Talbot, 1972}, obscuripes may prefera plant
communitytypical of prairie and olefield habitat. Our data also supports tRabbscuripes may
avoid forest in favor of shrub and field. We know this based on obseoledincefor
significantly increased shrulbut not forestjn the larger radii around its negfBable 2). An
increase in foredandcovercould pose an even greater threat~oobscuripes in the long term.
However,becauseE. umbellata was distributed throughout the remnant old fields dratthe
ant’s preferred’habitaivhile the forest was mainly limited to the edgef the field and our study
site, it is not clear whether our resulteuly represent the strength of the ants’ prafeesagainst
forestor reflectour samplingbias.

As a major driver of the landcover change witllire oldfield habitat, however,E.
umbellata is.the proximate cause for the anks$s of preferred habitaElaeagnus umbellata is
able to colenizeall areas within the old fielthroughornithochorous dispers@McCay et al.,
2009) which'hagesulted in a fragmentexht habitat anthcreasedlispersal barrierdn contrast,
the forest has only encroachalidngfield edgesThe spatial distribution of thdispersaktrategy
of E. umbellata suggests thahis species’ spreadather tharforestencroachments the main
driver of thechange inspatial distribution pattern of the ant nedtsrthermorefE. umbellata
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may also act as an agendf forest encroachmenty fostering conditionssuitable forforest
species in the old field. For example, umbellata has nitrogerfixing capabilities that could
benefit certain native tree speci@aschkeet al., 1989) In addition, tree species thately on
rodents for seed dispersalich ashickory and oakmay benefithrough the creation abdent
habitatsin newly established shrub underst@Bazzaz, 1968). HoweveE. umbellata may also
inhibit growth_oef somenative specieshroughallelopathic chemical§Orr et al., 2005) Further
studyis'needed to understand the mechaniamd pathways of successi@@onnell & Slatyer,
1977)in thisTold field,i.e. whetherE. umbellata may be facilitating succession to forest, or

inhibiting other species from donating

Aggressionandrel atedness among nests after shrub invasion

The aggression between nestsFairmica specieshas been shown to correlatéth
genetic relatednegBeyeet al., 1997)andwith distancan combination with relatedne¢Birk et
al., 2001) Positive correlatiorbetweenaggression and distanaenongnestsmay indicatethat
budding is#a=prevalent mod# nest formation, atessaggressive nestsiay bemore closely
related (Pirketsal., 2001) Our multiple linear regressiamsultsreflect this relationshipthough
the positive relationship between nest aggression and distance was moderated when there was a
higher preportion of shrub cover between sedthus, under denser shrub conditiofs,
obscuripes nests exhibited less aggression towards each.dthescanbe explained by greater
relatedness_among these nestsperhapsgreater habituatignin cases where nests interact
directly (Langenet al., 2000)

Thesewresultdurther supportthat F. obscuripes changed its behavior in response to
greater E.. umbellata density This could occurfrom either favoring nest budding as a
reproductive mode, or by being more tolerant of nearby unrelated colonies. Low aggression
across longer. distancesy reflect nest budding rather than habituation, as distant nests are less
likely to have_ interacted directly and become habituated. Distant but relatsdnmes be the
result of multiple germations of budding that has led to a large colony of rgsaninga wide
area. Suchwnetworks 6f obscuripescolonies exhibit low intenest aggression and can be
distributed in a clustered pattdiMclver et al., 1997) Clusteringn polydomous ant
coloniescan be attributed to an endogenous Tufikg mechanisnfVandermeeret al.,
2008);however, further studis needed to disentangle the relateedogenous and exogenous
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contributions(Li et al., 2016)of nest budding and habitat preference in the paftemation
process on the site.

Change in Formica obscuripes population over time

The_echange in nest pattern between 1980 and 2015 from uniform to clusterdihed
with observations of reproductive flights in the past (Talbot, 1@r®) evidence of prevalent
nest budding in' 2015, suggests thas gopulation off. obscuripes has undergone shift in its
dominant reproductive strategy. Tlrisanges explained by the environmental changepased
by the invasion ofE. umbellata. Talbot (1972) observed that reproductive swarms fef
obscuripes.were, located cerdlly among the participating nests in the field, and that the flying
reproductive alates stayed relatively close to the groDedse,brushy stands oE. umbellata
may prevent such congregations by obstructing alate flights and complicating navigaton t
centralized swarming site. Furthermore, inseminated queens maynbaedifficulty locating a
host nest to_parasitize within slirub-dominated landscap®8ince F. obscuripes can suspend
outbreedingywhen londistance dispersal is not profitatflddlldobler & Wilson, 1990; Mclver
et al.,, 1997)budding mayhave ben more beneficialwhen E. umbellata became dense
However;=nest budding as an adaptive strategyot withoutconsequence: idgher population
density fremclugering could alsoincreasenestvulnerability to exploitation by natural engm
attack(Philpottet al., 2009; Vandermeaest al., 2010).

Because est buddingis a form of asexual reproductipthe daughter and parent of
budding nestssare considered to be part of the same c(Mutyer et al., 1997) Populations
containing budding nesttherefore complicate our estimations of population siaéhough 50
nests were found in 1980 aff were found in 2015, due to the prevalpriabable reproductive
strategies_ at the time, it is likely that maofythe 50 nests in 1980 were individuablonies,
while many.of the60 nests in 2015verememberwf a largercolony.A better understanding of
the population.size could be achieved through genetic analysis or exhgastiviee aggression
experimentsyAthisis outside the scope of this study.

A caveat of the sigestructured population modet that these resultseflect the
dynamics ofsingle nests on the site but noecessarily the colonies, which effectivéiyction
as theindividual organism inants(Holldobler & Wilson, 1990)However, gowth andsurvival
of singlenests could still indicaterends in théhealthof the larger colonyNest changeshould
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be interpreted irthe context of thelarger colony, which may build, use&nd abandon satellite
nestsseasonally oin response to environmental factors while maintaining a core of consistently
occupied nest¢Talbot, 1971; Mclveret al., 1997) Future studieshouldidentify and model
populationsof core nests or entire colonies, rather than individual nests.prbject would
requiregenetic. oradditionalaggression testing methotisunderstand relatedness between nests
or requireidentifying temporary and lontgrm nests througbbservations over multiple seasons
and years.

Anotherfactor that complicagetheinterpretation of theesults of thepopulation model
was acold wavein 2013 and 204, which brought belownormal temperatuseto the upper
Midwest andGreat Lakes regigWolter et al., 2015). This could havelayed a rolen the drop
in the numberrofF. obscuripes nestsbetween 2013 and 2015, which in turn skewednbst
count projectiontowards a more extreme declirtdowever F. obscuripes is found in sitesof
much higherlatitude, suggesting the species can tolerate colder weatlygyins & Lindgren,
2012).1t could be that the observed decrease in occupied reflEss a temporary withdraal
by multi-nestreolonies frontheir satellite nests in responsedxrtreme weather, but further work
is needed to'investigate whether the ants at thieshibit this behaviorHowever, thougtihe
weather may havexacerbate the ants’projected ppulation declinecoupledchanges in spatial
distribution”and nest preferencdemonstrate the overall importance of the impact ofBhe

umbellata invasion.

I mplicationsforconservation

Oursstudy provides further evidence of tingpact of invasive species on nativé§e
malke a casehat demonstrates thmportance of invasive monitoring and control in conservation
and landuse managementhe Elaeagnus umbellata invasion is widespreamh North America
and is found worldwide (Munger, 2003; CABI, 2016; EDDMapS, 20H peagnus umbellata
shares much_of its range WiFE. obscuripes and other members of mouralilding wood ant
species(Janicki et al., 2016; Stockan & Robinson, 2016)he invasivecharacteristis of E.
umbellata thatresult indense, monotypistands(Orr et al., 2005)is alsoshared among many
invasive shrubs (Van Kleuneast al., 2010; Vilaet al., 2011) Likewise, he habitat requirements
and reproductive strategies Bf obscuripes are common to many mouwimiilding wood ant
specieqStockan & Robinson, 2016)Ve propose that the interaction and resulting competition
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we demonstrate in this papean be foundn locations where similar species of invasive shrubs
are changing the habitat of wood ant species. Beyandhherent conservatiamportanceof F.
obscuripes and other wood ants, this species gralgo has the potential, when found in
sufficient numbersfo provide an important ecosystem serviheough biological controlof
herbivore pests (Mclveret al., 1997; Stockan & Robinson, 201@y examining the spatial
patterns and_relationships &% obscuripes nests in relation tdE. umbellata invasion, we
identified 'significant pathways of impact by shrub invasions on an important species of ant.
Further study“is needed tlarify the mechanisms of impact, the geographical extent of these

effects, andf similar effectsarefound in other invaded ecosystems.

ACKNOWLEEDGEMENTS

We thank John\Vandermeer and the fanonymous reviewers faheir constructivecomments

on themanuscript.We also thankthe University of Michigan and the caretaker of the E.S.
George Reserve fonaintainingthe research site

REFERENCES

Aebischer:NJ, Robertson PA, Kenward RE (1993) Compositional analysis of habitatrase f
animalradietracking dataEcology, 74, 1313-1325.

Aitchison J (1986)he statistical analysis of compositional data. Chapman and Hall, London
New York, xv, 416 p.

Baddeley A7 Turner R (2005) spatstat: An R Package for Analyzing Spatial Poinb®atter
Jour nakof-Satistical Software, 12.

Baer SG, Church JM, Williard KWJ, Groninger JW (2006) Changes in intrasystenlifgcyc
from N2-fixing shrub encroachment in grassland: multiple positive feedbAgkiculture,
Ecosystems.and Environment, 115, 174-182.

Bazzaz FA (1968) Succession on Abandoned Fields in the Shawnee Hills, Southern lllinois
Ecol ogy;49, 924-936.

Beattie AJ,"Culver DC (1977) Effects of the mound nests of thé-antjica obscuripes, on the
surrounding vegetatiomerican Midland Naturalist, 390-399.

Belsky AJ (1986) Population and Community Processes in a Mosaic Grassland iretigete
TanzaniaJournal of Ecology, 74, 841-856.

This article is protected by copyright. All rights reserved



555 Beye M, Neumann P, Moritz RF a. (1997) Nestmate recognition and the genetic gektalt i

556 mound-building ant Formica polyctenasectes Sociaux, 44, 49-58.
557  Black BL, Fordham IM, Perkins-Veazie P (2005) AutumnbeEhag¢agnus umbellata): a
558 potential cash crogournal of the American Pomological Society, 59, 125-134.

559 Boaler SB, Hodge CAH (1962) Vegetation Stripes in Somalildma nal of Ecology, 50, 465—
560 474,
561 Bolstad'P (201281 S fundamentals: a first text on geographic information systems. Eider Press,

562 White'Bear LakeMinn., x, 674 p.

563 Brantley ST, Young DR (2009) Contribution of sunflecks is minimal in expanding shrub thickets
564 comparedhto temperate foreStology, 90, 1021-1029.

565 Brym ZT, Lake'JK, Allen D, Ostling A (2011) Plant functional traits suggest noedbgicd

566 strategy for an invasive shrub in an understorey woody plant commimityal of

567 Applied Ecology, 48, 1098-1106.

568 Brym ZT, Allen D, Ibafiez | (2014) Community control on growth and survival of an exotic

569 shrub:Bielogical Invasions, 16, 2529-2541.

570 CABI (2016) Elaeagnus umbellata (autumn olivayasive Species Compendium.

571 Calenge C«(2006) The package “adehabitat” for the R software: a tool for the analysis of space
572 and.habitat use by animakcological modelling, 197, 516-519.

573  Connell JH, Slatyer RO (197 Mechanisms of succession in natural communities and their role
574 in community stability and organisatiofhe American Naturalist, 111, 1119-1144.

575  Couteron Pylzejeune O (2001) Periodic spotted patterns in semi-arid vegetationegkpiaa

576 propagationnhibition model.Journal of Ecology, 89, 616-628.

577  Deslippe RJ, Savolainen R (1995) Mechanisms of competition in a guild of Formm¢sne a

578 Oikos, 72, 67-73.

579 EDDMapS.(2016) Early Detection & Distribution Mapping Systé@iwe University of Georgia -

580 Centex_for_Invasive Species and Ecosystem Health.

581 Evans FC,Dahl E (1955) The vegetational structure of an abandoned field in southeastern

582 Michigan,and its relation to environmental factdtsol ogy, 36, 685—706.
583  Fortin M-J, Dale MRT (2005¥%patial analysis. a guide for ecologists. Cambridge University
584 Press, Cambridge, UKNew York, xiii, 365 p.

585 Fortin M-J, Dale MRT, ver Hoef J (2002) Spatial analysis in ecology. , Vol. 4 (eS8td&drawi

This article is protected by copyright. All rights reserved



586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616

AH, Piegorsch WW), pp. 2051-2058. John Wiley & Sons, Ltd, Chichgistey York.

Gallien L, Minkemdller T, Albert CH, Boulangeat I, Thuiller W (2010) Predicting il
distributions of invasive species: where to go from h&ie@rsity and Distributions, 16,
331-342.

Greiling DAsKichanan N (2002) Old-field seedling responses to insecticide, seédradaihd
competition.Plant Ecology, 159, 175-183.

Henderson'G;"Jeanne RL (1992) Population biology and foraging ecology of prairie ants in
southern"Wisconsin (Hymenoptera: Formiciddelrnal of the Kansas Entomol ogical
Society, 16-29.

Herbers JM (2985) Seasonal structuring of a north temperature ant comrmsadigs Sociaux,
32, 224=240.

Higgins RJ, Lindgren BS (2012) An evaluation of methods for sampling ants (Hymenoptera:
Formicidae) in British Columbia, Canadde Canadian Entomologist, 144, 491-507.

Holldobler:B, Wilson E (1990) The ants. 1-1530.

Hook PB, Burke IC (2000) Biogeochemistry in a Shortgrass Landscape: Control by Topography,
Soil Texture, and Microclimatécology, 81, 2686—-2703.

Janicki J;*Narula N, Ziegler MGuénard B, Economo EP (2016) Visualizing and interacting with
largewvolume biodiversity data using cliesérver welbmapping applications: The design
and implementation of antmaps.oEgological Informatics, 32, 185-193.

Van Kleunen M, Weber E, Fischer (d010) A metaanalysis of trait differences between
invasive'and notinvasive plant speciekcology Letters, 13, 235-245.

Koppel J van.de, Gascoigne JC, Theraulaz G, Rietkerk M, Mooij WM, Herman PMJ (2008)
Experimental Evidence for Spatial S€fganizaton and Its Emergent Effects in Mussel
Bed Ecosystemscience, 322, 739—-742.

Lafleur NE,.Rubega MA, Elphic CS (2007) Invasive Fruits, Novel Foods, and Choice: an
Investigation of European Starling and American Robin Frugividrg Wilson Journal of
Ornithelogy, 119, 429-438.

Langen TATripet F, Nonacs P (2000) The red and the black: Habituation and tlemeegr-
phenomenon in two desert Pheidole aBéhavioral Ecology and Sociobiology, 48, 285~
292.

Lefkovitch LP (1965) The Study of Population Growth in Organisms Grouped by Stages.

This article is protected by copyright. All rights reserved



617 Biometrics, 21, 1-18.
618 Levings SC, Franks NR (1982) Patterns of Nested Dispersion in a Tropical Ground Ant
619 Community.Ecology, 63, 338-344.

620 LiK, Vandermeer JH, Perfecto | (2016) Disentangling endogenous versus exogenous pattern

621 formation,in spatial ecology: a case study of the ant Azteca sericeasurharaddexico.

622 Royal ‘Society Open Science, 3, 160073.

623 McCay ' TS,"McCay DH, Czajka JL (2009) Deposition of exotic biispersed seeds into three

624 habitats'of'a fragmented landscape in the northeastern United Blamg&cology, 203,

625 59-67.

626  Mclver JDgTorgersen TR, Cimon NJ (1997) A supercolony of the thatch ant Formica olsscuripe
627 Forel (Hymenoptera, Formicidae) from the Blue Mountains of Oragoarhwest Science,

628 71, 18-29.

629 Muckermann H (1902) The Structure of the Nests of Some North American Species of Formica.
630 Psyche (New York), 9, 355-360.

631 Munger GF+(2003) Elaeagnus umbelldta.e Effects Information System, U.S. Department of
632 Agriculture; Forest Service, Rocky Mountain Research Sation, Fire Sciences Laboratory.

633  O’Neill KM«(1988) Trail patterns and movement of workers among nests in theanica

634 obscuripes (Hymenoptera: FormicidaelPsyche, 95, 1-14.

635 Orr SP, Rudgers JA, Clay K (2005) Invasive plants can inhibit native tree seed@kstag
636 potential allelopathic mechanisni®ant Ecology, 181, 153-165.

637 Paschke MWy Dawson JO, David MB (1989) Soil nitrogen mineralization in plantations
638 ofJuglansnigra interplanted with actinorhizalElaeagnus umbellata orAlnirsogkaPlant
639 and Soil, 118, 33-42.

640 Petrovskil.S V., Malchow H (2001) Wave of Chaos: New Mechanism of Pattern kamrimat
641 Spatigtemporal Population Dynamicsheoretical Population Biology, 59, 157-174.
642  Philpott SM, Perfecto |, Vandermeer J, Uno S (2009) Spatial scale and densityesteeeinca
643 host parasitoid system: an arboreal Aateca instabilis, and itsPseudacteon phorid

644 parasiteid Environmental Entomology, 38, 790—796.

645 Pirk CWW, Neumann P, Moritz RFA, Pirk CWW, Pamilo P (2001) Intranest relesscmd
646 nestmate recognition in the meadow ant Formica pratensiB@Rgvioral Ecology and
647 Sociobiology, 49, 366—374.

This article is protected by copyright. All rights reserved



648 PySek P, Jarosik V, Hulme PE, Pergl J, Hejda M, Schaffner U, Vila M (2012) A global

649 assessment of invasive plant impacts on resident species, communities and ecosystems: the
650 interaction of impact measures, invading species’ traits and envirorn@heloél Change
651 Biology, 18, 1725-1737.

652 R Core Team,(2013) R: A Language and Environment for Statistical Computing.
653 Reznicek AA, Voss EG, Walters BS (20H aeagnus umbellata.
654  Ricciardi A;"Hoopes MF, Marchetti MP, Lockwood JL (2013) Progress toward understanding

655 the ecological impacts of nonnative speckeslogical Monographs, 83, 263—282.

656 Rietkerk M, van de Koppel J (2008) Regular pattern formation in real ecosy3tends in

657 Ecology &Evolution, 23, 169-175.

658 Ripley BD(1976) The seconakder analysis of stationary point processesrnal of applied
659 probability,255-266.

660 Rissing SW, Johnson RA, Pollock GB (1986) Natal nest distribution and pleometréas in t
661 desert leatutter antAcromyrmex versicolor (Pergande)(Hymenoptera: Formicidae).
662 Psycheyr93;177186.

663 Ryti RT, CasesTJ (1986) Overdispersion of ant colonies: a test of hypotBeselsgia, 69,
664 446-453.
665  Schirmel.dyBundschuh M, Entling MH, Kowarik I, Buchholz S (2016) Impacts of invasive

666 plants on resident animals across ecosystems, taxa, and feeding types: A global assessment.
667 Global,Change Biology, 22, 594—-603.

668  Severtsen EM«(University of M (2003)IONITORING AN EXOTIC SPECIESINVASON

669 USNGHIGH RESOLUTION REMOTE SENSING. Ann Arbor, MI, 1-76 pp.

670 Soares SM, Schoereder JH (2001) Aast distribution in a remnant of tropical rainforest in

671 southeastern Brazilnsectes Sociaux, 48, 280—-286.

672  Stockan JA,.Robinson EJH (202M/od Ant Ecology and Conservation. Cambridge University

673 Press.

674  Stubben CyMilligan B (2007) Estimating and analyzing demographic models using the popbio
675 package.in RJournal of Satistical Software, 22, 1-23.

676 Talbot M (1956) Flight activities of the aBilichoderus (Hypoclinea) mariae Forel.Psyche, 63,

677 134-139.

678 Talbot M (1959) Flight activities of two species of ants of the genus ForAntavidl. Nat., 61,

This article is protected by copyright. All rights reserved



679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709

124-132.

Talbot M (1971) Flights of the Ant Formica Dakotensis EmBsyche (New York), 78, 169-179.

Talbot M (1972) Flights and swarms of the Rotmica obscuripes Forel.Journal of the Kansas
Entomological Society, 254—-258.

Talbot M (1980) Distribution oFormica obscuripesin 1980.

Turing AM(1952) The chemical basis of morphogend&idosophical Transactions of the
Royal"Society B: Biological Sciences, 237, 37—72.

VandermeerJH, Goldberg DE (20I)pulation ecology: first principles. Princeton University
Press.

Vandermeer dynPextto |, Philpott SM (2008) Clusters of ant colonies and robust criticality in a
tropical’agroecosysterature, 451, 457—-459.

Vandermeer J, Perfecto I, Philpott S (2010) Ecological complexity and pest cordrghnic
coffee production: uncovering an anbmous ecosystem servi&oScience, 60, 527-537.

Vila M, Espinar JL, Hejda M et al. (2011) Ecological impacts of invasive alien plants: a meta
analysisrof their effects on species, communities and ecosy&ieoisy Letters, 14, 702-
708.

Weber NA«(1935) The biology of the thatching dedrmica rufa obscuripes Forel, in North
Dakota:Ecological Monographs, 5, 165-206.

Weseloh RM (1994) Spatial distribution of the aRtemica subsericea, F. neogagates, and
Aphaenogaster fulva (Hymenoptera: Formicidae) iConnecticutEnvironmental
Entomelogy, 23, 1165-1170.

Wiernasz DE;Cole BJ (1995) Spatial distributioriPo§onomyrmex occidentalis. recruitment,
mortality and overdispersiodournal of Animal Ecology, 519-527.

Wolter K, Eischeid JK, Quan XV et al. (2@5) How Unusual was the Cold Winter of 2013/14 in
the Upper.MidwestBulletin of the American Meteorological Society, 96, S16-S14.

SUPPORTING INFORMATION CAPTIONS
S1: Log-ratio preference for land cover at 5, 10, 15, 20, 25, and 30m. Positive values indicate
preference for the land cover type in the row over the land cover type in the columevé@ise r
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of these comparisons can be found by negating their preferenes \Maifferences that were
significantly nonzero are indicated with an asterisk.

TABLES

Table 1. Mean'and standard deviation of % landcover composition of field, forest, and shrub
around simulated random points in the 1975 and 2008 conditions for the study site. Values
represent_the aggregated statistics for 1000 simulations of random nest p&troent
composition was calculated for an area around each random point in a 5, 10, 15, 20, 25, and 30m
radius, but*only values at a 30m radius are reported here, as values did not differasitifi

between radii‘at the 95% confidence level.

1975 2008 relative change
landcover % comp. (s.d.) % comp. (s.d.) %
field 72.5 (4.3) 36.4 (3.3) -49.8
forest 25.6 (4.4) 43.9 (4.6) +71.5
shrub 1.9 (0.6) 19.6 (2.2) +931.6

Table 2: lLog-ratio preference between different landcover types within a 5m and 30m radius.
Positive values indicate preference for the landcover type in the row over thevantype in
the column. The reverse of these comparisons can be found by negatipgetesence values.

Differences that were significantly naero are indicated with an asterisk.
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1980 2015
a) 5m C) 5m
shrub  forest shrub  forest
field , 3.55* 4.91* field 3.55* 7.67*
shrub 1.35* shrub 4.12*
b) 30m d) 30m
shrub  forest shrub  forest
field %,.0.89* 2.74* field 0.19 1.93*
shrub 1.84* shrub 1.74*

Table 3: Lefkovitch projection matrix for staggtructured population model. Transition rates are

shown from the,stages named in the columns to the stages named in the rows of the &ble. The

positions correspond to the Lefkovitch matrixFiy. 2b. Transitiorrates are represented as the

fractionpof=the=total population of the stage in the column (denominator) undergoing the

transition to_the stage in the row (numerator) from 2013 to 2015, plus fecundity rates where

applicable Fecundity rate§; andF, represat the rates that new stage 1 and stage 2 nests were

produced;they are uniform across columns because we assumed all stages were equally capable

of reproducing. Their values are equal to the number of new nests in 2015 for that stigk divi
by the totahest'population in 2013; thirg=4/44 and~,=2/44.

Stage 1 Stage 2 Stage 3 Stage 4
Stage 1 2/9 +F1 3/15 +F; 2/12 +F; F1
Stage 2 1/9 +F, 9/15 +F, 2/12 +F, 218 +F;
Stage 3 1/15 5/12 2/8
Stage 4 1/12 4/8

FIGURE CAPTIONS
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745  Figure 1. Map of the study site with locations of nest siteE@fmica obscuripesin the Edwin S.

746  George Reserve, Michigan, in 1988) and 2015(b). Nest points are overlaid on digitized

747  landcover categories for the closest dates available, 1975 and 2008. Badkignages are the

748  original aerial imagery of the same years.

749

750 Figure 2: ‘A _conceptual diagram of the stageuctured model of nest size stagay where

751 termsGp andRy represent growth and regression transition rates, respectively, from tigge

752 S represents'the probability of surviving and remaining in staged fecundity rateB; andF;

753  represent the rates that new stage 1 and 2 nests are produced by each stage. Each fecundity rate
754  was assumegdsto be the same for all stages. Fecundity rates were added to the transition rates
755  between appropriate stages; dynamics that were the sum of two rates are represented-as double
756 line arrows in the diagram. These rates were used to construct the Lefkovitch projeatiofPmat
757  (b), which was multiplied iteratively witiN;, a vector of the number of nests at each stage at
758 timet.

759

760 Figure 3:“Nest distanceand aggression scoreelationship between individualFormica

761  obscuripesantsfrom different nests in 2015. The dotted line represents the predicted trend when
762  the propertion of shrub landcover in a 20m transect betwegmating nests is 0.2, and the

763  sdid line represents the trend when shrub proportion is 0.4. The proportion of shrub landcover
764  between nests is represented by the aim shadingf the circle, with largerlighter circles

765  correspondingito more shrubs.

766

767  Figure 4:[ Transformed Ripley’'sK results for 1980(a) and 2015(b) nest distributions of

768  Formica obscuripesin the study area. Theaxis is a transformation of the statistic ataradius

769  of r meters from each neft-axis) The transformation stabilizes variance and linearizes the plot
770  so thatthe ytaxis (dotted line) represerntemplete spatial randomng$rtinet al., 2002) Thus,

771 negative valuesre more uniform than random and positive valuase more clusteredthan

772  random. The solid line represents the obseietatistic for that year’s nest pattern. Observed
773  patterns were compared to 999 simulationsapidom patterns (grey areahdare significant

774  when they fall outsidef thisrandom envelope.

775
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Figure 5: Log-ratio preference for field over shrub landcover in 1980 (closed circles and solid
lines) and 2015 (open circles and dotted lines). Error baregent 95% confidence intervals
calculated by bootstrapping the data. The error bars of the preference valuesnibi3REaadii

overlap zero in 2015, indicating that preference at those radii were noicsighif
Figure 6: Projected change d%. obscuripes population at ESGS based on survey data from

2013 and'2015. Using stagestructured population model, we project the population trend of all

nests (solidyreytrend and eaclsize stage clagtines)for 20 iterations over 40 years.
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