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Foraging strategies and foraging plasticity in lester ants§ogonomyrmexspp.,
Hymenoptera: Formicidae) of the central Monte degegentina

Rodrigo G. BL, Javier loPEZ DECASENAVE & Fernando A. NLESI

Abstract

Foraging strategy determines the way harvesterumgtspace and therefore their access and impasteshresources.
In this study, we described the foraging stratefgghee sympatric South American specie®ofjonomyrmeants to
confirm that they are solitary foragers as is sstggeanecdotally in the literature. Then we teatieéther those foraging
strategies are fixed or flexible in response tals#ensity and distribution. Based on individual gndup movements
of foraging ants, we determined thatrastratusMAYR, 1868 is exclusively a solitary foraging speciésjnermis

»  FoRrEL 1914 use a group-foraging strategy with limitedraitment, and®. mendozanu€uezzo & CLAVER, 2009dis-
plays an intermediate foraging system in which \eoslare typically solitary foragers but also recngistmates to high-
density seed patches. The addition of seeds nearetst modified the foraging behavior of the trepecies by differ-
ent amounts. Individual foragers of each specidaaed their search time and search area, and eslarireased their
foraging activity rate, probably as a result ofighler returning rate of successful forageffter seed addition. Such be-
havioral responses were much more conspicuoRs inendozanuthan in the other two species. Flexibility in fgirsg
and diet breadth reported for some of these hawasts may constitute important adaptive featirélse central Monte
desert where seed abundance is highly heterogenemgsilar, and severely affected by anthropitudizances.
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Introduction

Harvester ants are widely recognized as imporsaetd  ing strategy. It may range from solitary harvestivith-
consumers in arid and semiarid areas around th&wor out any cooperation during search and food retrievear-
(BROWN & al. 1979, HOLLDOBLER & WILSON 1990, MAC- ious levels of cooperative foraging and recruitrra@mbng
MAHON & al. 2000). They can remove large numbers of nestmates (ANIELLO 1989,HOLLDOBLER & WILSON 1990,
seeds, with particularly high impacts on preferspdcies  JOHNSON2000,RETANA & al. 2004, ARNAN & al. 2010,
(WHITFORD 1978,REICHMAN 1979,CRIST & MACMAHON PLowES & al. 2013). In group-foraging species, workers
1992,PIRK & LoPEZ DECASENAVE 2006). Their foraging  depart from the nest in a column or along a welirgsel
may affect the relative abundance and spatialildigton trail and break off to forage at the distal endhaf col-
of species in the soil seed bankH{MFORD 1978,CRIST & umn. Workers actively recruit nestmates to seedhast,
MACMAHON 1992 MuLL & MACMAHON 1996,AVGAR & thus facilitating rapid harvest of localized resms. In
al. 2008,ARNAN & al. 2010), which can ultimately have contrast, workers of solitary-foraging species agaliout

consequences on the structure of plant commuigities- from the nest in almost all directions, spend nioree
YE & al. 1980,SAMSON & al. 1992,ESPIGARES& LOPEZ searching for seeds, and exhibit poor nestmateitewnt
PINTOR 2005). (JOHNSON2000,PLOWES & al. 2013). Experimental and

The effects of seed harvesting by ants depend ®n ththeoretical studies have shown that group-forafjeisand
temporal and spatial patterns of seed collectianditer-  exploit clumped and abundant resources more effigie
mine when, where, and which seeds are consunRg1C whereas solitary foragers are more efficient wiesources
& MACMAHON 1992). The spatial pattern of seed preda-are scattered and sparsea(IbsSON 1977,JOHNSON& al.
tion by harvester ants is highly associated widirtiorag- 1987 ,JAFFE & DENEUBOURG1992, but seelANAGAN &



al. 2012). Harvester ant species usually show onlyafne
those foraging strategies, but some species cafagian
intermediate foraging method in which workers aye t
ically solitary foragers but recruit nestmates wigh-
density food patches are found (although at a sioate
than typical group-foragers;diLDOBLER 1976,DAVID -
SON 1977,HAHN & MASCHWITZ 1985,JOHNSON 2000).
This flexible foraging strategy can be more effitien en-
vironments with a high spatio-temporal variabilityden-
sity of food resources (&N & MASCHWITZ 1985, LANAN
2014).

The genus?ogonomyrmexomprises about 60 species
of harvester ants of open habitats, often aridnffeata-
gonia to south-western CanadagER 1998). They have
been extensively studied in North American deserts,
which they are a dominant feature A6KAY 1991, Mac-
MAHON & al. 2000, dHNSON 2000, 2001), though phylo-
genetic reconstructions suggest a South Americayinor
for the genus (ABER 1998). Whereas some North Ame-
rican species exhibit group foraging (which is aivkd
character) by recruiting nestmates with trail pinevoes
(HOLLDOBLER & al. 2001, dHNSON2001), South Ameri-
canPogonomyrmespecies are allegedly exclusively soli-
tary-foragers (KSNESOV1951,1963,TABER 1998), though
this claim is mostly based on anecdotal field obaer
tions. Laboratory studies dPogonomyrmex vermiculatus

froea decorticandrees are scattered within a matrix of
perennial tall shrubs (mostharrea divaricata but also
Condalia microphyllaCapparis atamisquedtriplex lampa
andLarrea cuneifolig, low shrubs Iyciumspp.,Mulgu-
raea asperaandAcantholippia seriphioidgsand peren-
nial grassesge.g., Trichloris crinita, Pappophorunspp.,
Sporobolus cryptandryg\ristida spp, Digitaria califor-
nica, Setaria leucopilaandJarava ichy. The Forb cover
(e.g.,Chenopodium papulosyfhacelia artemisioidesand
Parthenium hysterophorss highly variable from year to
year.Pogonomyrmexolonies are frequent on and near
the dirt roads that cross the Nacufian Resenrx (@ all.
2004). Most of them are approx. 6 m wide and suppor
infrequent foot, horse, and vehicle traffic. Theyé lower
vegetation cover than the surrounding habitats @yoo
plants are removed periodically) and their comphstar-
face results in much more exposure to sun, rainvand.
Nacufian's climate is dry and highly seasonal. Maan
nual temperature is 15.9°C and mean annual rairgfall
342 mm with high inter-annual variation (range: 91
585 mm; 1972 - 2004); ~ 75% of the rainfall occimrs
spring and summer (October - March).

Foraging strategies

We described the foraging strategy of the tHfegono-
myrmexspecies in colonies located in two structurally

EMERY, 1906 (a Chilean species) proved them able todistinct habitats: within the open woodland andlendirt

produce, detect, and use trail pheromones to refoui
agers which improved the foraging success of thengo
(TORRESCONTRERAS & al. 2007, ORRESCONTRERAS &

roads. During summer 2003 - 2004, we mapped the for
aging trails of eight to twelve ants from each @fen col-
onies per specie®(rastratus P. mendozanuandP. in-

NIEMEYER 2009). However, there are still no field studies ermig, three located in the open woodland and fourhen t

on the individual or group movements of foragingsaof
the South AmericaPogonomyrmespecies and thus no
evidence of which foraging strategies are usechiunal
conditions.

Pogonomyrmex rastratUdAYR, 1868,P. mendozanus
CuUEZzz0 & CLAVER, 2009,andP. inermisFOREL, 1914
(Hymenoptera: Formicidae) are three sympatric hstere
ant species coexisting in the central Monte desfeftr-
gentina (RRK & al. 2004). They all forage mostly for grass
seeds from spring to autumndiP& LOPEZ DECASENAVE
2004, ArRK & LoPEZ DECASENAVE 2006). Their relatively
high rate of seed removal during spring and sunsugr
gests a potential effect on soil seed bank comiposiés-
pecially on preferred grassesi{R & LOPEz DECASE-

roads. Single focal ants were followed since leg\time
nest, and their positions marked with toothpicksyally
every 30 seconds, until food items were collectsdithey
start returning to the nest. Foragers that did aodiect
food were not considered further. Successfullyk@dowvor-
kers were stained with fluorescent powder or moarént
removed from the colony to record only one trackipe
dividual ant. To map the foraging trips, the whafea en-
compassed by the foragers of a colony was gridtierf
squares) and photographed with a digital camesdfon
a 3 m vertical aluminum pole. We used distinctivedy-
ored toothpicks and small paper shapes to recogmitte
vidual trajectories. For every studied colony, asaio of
31 - 96 images was assembled to compile a magrthat

NAVE 2006). In this study we describe the foraging strat cluded the nest entrance and the foraging paths.

egy of the three species in field conditions at Bie-
sphere Reserve of Nacufian (Mendoza, Argentinajre ¢
firm if they are solitary foragers as previouslgaged.
We also evaluate the hypothesis of a flexible fmggtrat-
egy, i.e., whether the foraging strategy of thede ehanges
according to fluctuations in grass seed densitythadpa-
tial aggregation of seeds. We test the specifidipt®n
that an experimental increase in local densityhefrhost
consumed and preferred grass seeds will promotegeha
towards a group-foraging strategy.

M ethods

Study area

The Biosphere Reserve of Nacufian (34° 03' S-679\54"
is located in the central portion of the Monte dgdden-

doza Province, Argentina. The main habitat is thareo-
bal, an open woodland whereosopis flexuosandGeof-

We considered each individual foraging trip as con-
sisting of two phases: 1) Traveling, during whibk tor-
ker moves away from the nest at a relatively highesl
towards the area where it searches for seeds;)aseh&h-
ing, during which the worker turns frequently, wald a
slower pace on a convoluted path, and probes amdldsa
items on the ground RANIELLO 1989, QRIST & MAC-
MAHON 1991). The switch between traveling and search-
ing behavior was clearly detectable at field. Weasie
ured the time used by each ant in each of thesgifoy
phases. The area explored by ants during the sphade
was estimated by the minimum convex polygaNgIcH
& TURNER 1969) that encompassed all the marks along
the path. To determine if foragers employed diffierer
shared travel areas (i.e., trails) we measuredteelap
between pairs of individual foraging paths, assgngdach
path as 50 cm wide @ST& MACMAHON 1991). If the



overlapping area between paths was > 70% we capdide perature and wind on colony activity and workeosaf)-

them as sharing a single trail. We then calculdtechum-
ber of simultaneous foraging trails per colony fréme
eight to twelve ant paths mapped.

Additionally, we estimated the foraging activitye-af
each colony and the outbound directions of theders.
from video records of 50 - 70 foragers leaving eaest
(in one colony only 31 foragers were recorded). fitfed
a wire ring around the nest entrance that had metier
of 50 cm and graduations every 5° and was suppdbnted
three small wire legs, and mounted a video cameit@a®
with the help of a tripod.

Seed bait experiment: plasticity of foraging strategies

According to our hypothesis, foraging strategiethiese
harvester ants are flexible and change accordingéss
seed density. If this is true we expect the cokideshow
an individual foraging strategy when seeds arecscand
scattered, but shift to a more cooperative systdranw
grass seed density increases locally. When seegitylén
relatively low, seeds are sparse and individuahdarg
dominates, we expect the workers to radiate oum filoe
nest in almost all directions, using different arety used
trails, and to spend more time searching for fomml-
ering extensive areas. On the other hand, if alntratzd
concentrated sources of seeds are available éxqeri-
mentally supplied) we expect foragers to recrugtmates
along shared, well-defined trails (e.g., foragimjuens
or trunk-trails) in a few directions, and to shosduced

ing behavior, all measurements were taken on sandy
windless summer days during periods of maximum for-
aging activity (i.e., 09:00 - 11:00 and 17:00 -(X®:see
PoL & LoPEz DECASENAVE 2004).

Outgoing directions of foragers corresponded well t
the orientation of mapped individual travel trageis (see
Results) and were much easier to record. In omén-t
crease the evidence of the effects of seed additierfur-
ther recordedhe outgoing directions of foragers near the
nest entrance before and after seed addition \{ip the
previously described protocol) in another tRogonomyr-
mex rastratussix P. inermisand threeP. mendozanus
colonies. In total, six, ten, and seven colonie® ofa-
stratus P. inermisandP. mendozanugere sampled, re-
spectively.

Statistical analyses

Rayleigh tests were performed to assess whetherutie
bound directions of foragers depart from a unifatis
tribution (BATSCHELET 1981), which is the prediction for
an individual foraging strategy with no recruitméand no
physical restrictions to movement at ground levéle
also estimated the mean vector lengdhof that distribu-
tion, ranging between 0 (uniform distribution) ah¢per-
fectly directional). Distribution of outgoing dirgons of
foragers before and after seed bait experimentooas
pared using Watson's U2 TestAiBCHELET1981). Circu-
lar statistics were performed using Oriana 4 pnogfido-

search times and areas. Since group foraging bahavi vACH 2012).

involves an active recruitment of nestmates, we als
pect an increase of foraging activity in the coladyen
seed density is high.

For tests based on one value per colony (number of
trails, mean vector length) we used two-way faatgkNO-
VA (Habitat x Spp) to assess differences amonghtee

To test those predictions we carried out seed rmanip species in the open woodland and on dirt roads. YAO

lation experiments on the four colonies of eachcEse
located on the roads. Foraging strategies weresiemwar

assumptions were assessed graphically followingn@
& KEOUGH (2002). The Kramer modification of Tukey's

among colonies in the open woodland and on thesroadtest (DAY & QUINN 1989) was used for a posteriori mul-

(see Results) and it was easier to evaluate theriexgntal
results in this habitat (with less physical obstagiotenti-
ally restricting ant movements). Following the poasly

tiple comparisons. For tests based on one data yadu
ant (search time, foraging area, travel time) wedusn-
dom intercepts linear mixed models to account fer t

described procedure, we mapped 8 - 13 (mean = 10.3)ierarchical structure of the dataset (ants negfittuin

successful foraging trips per colony, recordedatlmgoing
directions of > 50 workers and estimated the fiogagcti-
vity rate of each colony both before and after expental
seed addition near the nest. Two bait stations paeed
in different quadrants (i.e., 90 - 180° apart)8Bm around
each nest entrance (the mean foraging distancededo
for these species; > 80% of foraging events ocdthinv
a ~ 7 m circle around their nest®)lP& al. 2011) in areas
which were not being intensively exploited by fozegat
the moment (i.e., with low frequency of outgoingediion
taken by foragers, and < 2 mapped foraging patisded
before seed addition). We avoided microhabitats rira
stricted ant movements or prevented our observétian,
beneath the cover of dense shrubs and trees).cAthesit
station (an area of approximately 0.08) we added re-
cently collected propagules of the most consumeldpae-
ferred native grasses (i.Aristida spp.,T. crinita, D. cali-
fornica, Setariaspp.,Pappophorunspp., and. ichy PRK
& LoPEZ DECASENAVE 2006,PIRK & al. 2009) on the
ground and on their spikes (fixed to a piece ofdalicard-
board). Baits were checked twice a day and seetispakes
replenished as required. To reduce the effect ibtesm-

colonies), including Spp as a fixed factor and @glas a
random grouping factor nested within Spp. Measured
variables were log-transformed in order to assume n
mality of the residuals, which was graphically ched
(qgplots, scatterplots and boxplots of residualairagt
predicted values).

To analyze the results of the experiments of seled a
dition we further included Experiment as a two-lefized
factor (within-colonies), potentially interactingitiv the
fixed factor Spp (i.e., a fixed interaction ternm)vath the
random factor Colony (i.e., a random intercept siagpe
mixed model). In the case of a single integratistug at
the colony level (nest activity) this results imegpeated-
measures or split-plot design (with Spp as betwaso-
nies and Experiment as within-colonies), which &k
analyzed as a general mixed model. When variamesg
ants within colonies or among colonies within speaie-
sulted heterogeneous among groups or were affegtéue
experimental treatment, they were modeled accolgling

Search time and foraging area per ant were strongly
correlated in every species (Pearson correlatidodn
log scale:P. inermisr = 0.738,P < 0.001, N = 32P.
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Fig. 1: Main characteristics of the individual fgireg paths
of Pogonomyrmex inerm{green),P. mendozanu@lack),
andP. rastratus(red) harvesting ants in two habitats in
the central Monte desert. Note that all continuaxess are
logarithmic scales. (a) Log-log relationships betwéorag-
ing search area and search time of individual pafths
workers from colonies of the three species locatettie
open woodland (solid lines, with filled circles fordivi-
dual ants) and on dirt roads (dashed lines and ofen
cles). (b - ¢) Time spent searching and travelipgnloli-
vidual foragers from colonies in the open woodland
on dirt roads, with estimated means per colonyr{sen-
ments) and per species (long segments). Threeamnd f
colonies of each species were sampled in the opead-w
land and on dirt roads, respectively. The numbexaf
kers sampled on each habitat wasnermisN = 32 + 39;
P. mendozanud = 29 + 40{P. rastratusN = 27 + 37. See
detailed results of linear mixed models in text.

mendozanus: = 0.875,P < 0.001, N = 29P. rastratus:r
= 0.827,P < 0.001, N = 27), as previously reported in
other harvester ants RBT& MACMAHON 1991). We used
a linear mixed model to test for a linear relatioipsin
log-log scale between search time and foraging, alea
lowing for different random slopes and intercepis qol-
ony (e.g., individual foraging efficiency affecteg dif-
ferent seed availability and aggregation of seeolsral its
colony), and testing for all fixed factor interaxts (diffe-
rent slopes and intercepts among Spp x Habitat tw@nb
tions).

All mixed models were analyzed using the nime pack-
age (MHEIRO & BATES 2000, INHEIRO & al. 2012) within
R (RCORETEAM 2012) running on RStudio Desktop for
Linux (RSrubio 2012). We followed the general top-down
modeling approach suggested hyug & al. (2009), first
selecting the (optimal) random structure (consediby
experimental design) for saturated fixed modelstaed
comparing nested models trying to simplify the datruc-
ture for unsupported parameters by deleting exptapa
variables. The depleted (simpler) model was contpate
each simplifying step with the reference (full) rebdased
on Akaike's information criterion (AIC) and likeblod
ratio tests (L), estimated by Restricted Maximurkeli
hood (REML,; for tests of random factors between ef®d
with the same fixed structure) or by Maximum Likeli
hood (ML; for tests of fixed factors between modeith
the same random structure). The difference of Adlies
between the reduced and reference modAIQ) is re-
ported, as well as the likelihood ratio tests tfteir asso-
ciated degrees of freedom (difference in numbeyaoh-
meters between the models) and corresponding pevalu
Small AAIC, low L and high p-value suggest model sim-
plification (i.e., not enough empirical supportdostain
the more complex model). Parameters of final models
ported were estimated by REML.

Results
Individual search time and foraging area

The log of area that an individual forager seardioedn
item during a foraging trip was strongly and paesity re-
lated with the log of time it spent searching (Fig). In
mixed models allowing for inter-colony variabilifyan-
dom intercepts and slopes), we were not able &ctlany
relevant interaction term between the fixed fac®pp,
Habitat and Search Time (deletion tests of. Habitat
Spp x Search TimeAAIC = -2.55; L2 = 1.45, P =
0.484; Habitat x Search Time and Spp x Search Time:
AAIC = -5.23; 3= 0.77,P = 0.857; Habitat x SppsAIC

= -1.47; I, = 2.53,P = 0.281). The more parsimonious
model to account for the available data of indiabu
foraging areas involved a single population-levepe
given by the continuous predictor Search TimaIC =
57.32; I3 = 59.32,P < 0.001), with both SppA@AIC =
9.45; L= 13.45,P = 0.001) and Habitah@AIC = 7.71;
L;=9.71,P = 0.002) as additive factors. According to this
model, search area increases with search fme (755,
SD = 0.107) and, for a given search time, antotfries
located on dirt roads (of any species) searchekinvi
bigger polygonf§ 0aqs= 0.233, SD = 0.074) than colonies in
the open woodland, whilrRogonomyrmex mendozanwsr-
kers searched faster or over a less convoluted(Bagtr



3425517 8.5

-

Cc n =60

Fig. 2: Maps showing the spatial foraging pattevhaorkers from typical colonies ¢fogonomyrmex rastratug), P.
inermis(b), andP. mendozanug) located in the open woodland in the central Matesert (maps of additional sam-
pled colonies in Appendices S1 - S3). Individuav#l trajectories are represented with small detsdh indicate the
position of a focal ant every ~ 30 sec) and lirgsadting from nest entrance (X), and the sear@largrayscale polygons at
the distal end of travel trajectories. Circulartdigam graph shows the frequencies and distributighe outgoing direc-
tions taken by 60 foragers leaving the nest. Mapartular graph are oriented in the same direatédative to North.

0.369, SD = 0.107, t = 3.4F,= 0.003) than workers of
P. inermis(reference level) anB. rastratus(Bpr= 0.105,
SD = 0.107, t = 0.9& = 0.340) in both habitats (though
foraging times do not necessarily overlap amonghtee
species, see below). As a consequence of thistdiree
portionality between individual foraging area améish
time, for the sake of simplicity the following rdsuare
only those based on time.

Foraging strategies

The mean time (in log scale) that an individuaMester
ant searched for food on the ground differed anmspe;
cies and habitats (Fig. 1b). Intra-colony variatiorsearch
time was ~ 40% lower iRogonomyrmex inermthan in
the other two species (heterogeneous varianceSger
vs. homogeneous variancesAlC = 9.84,L,= 13.84,P
< 0.001). The more parsimonious model suggestithe
clusion of a relevant interaction term between kHalzind

Spp AAIC = 4.86,L,= 8.86,P = 0.012): while those spe-
cies with a higher mean search time in the operdiaool
(P. rastratus 14.55 min;P. mendozanu8.01 min) searched
faster when in colonies located on the roads (mitBless
and 5.15 min less, respectivelfp),inermis though always
the fastest species, shows the opposite trend (Bi06n
open woodland, 4.77 min on roads). In consequehee,
difference in mean search time among species fehig
the open woodland than on the roads (Fig. 1b).

There was much more variation in search time among
ants within colonies than mean values comparedsacro
colonies (intraclass correlations: 0.07Piogonomyrmex in-
ermisto 0.16 inP. mendozanQisThis high variation within
a colony agrees with the observation that foragirens
usually did not overlap between sampled nestmatPs i
rastratusandP. mendozanug~igs. 2a, ¢, and Appendi-
ces S1 and S2, as digital supplementary materitliso
article at the journal's web page). In contrasttkers of



P. inermissearched for seeds in very small areas, usuallyfab. 1: Mean vector length)(of the outgoing directions

near a grass, that were simultaneously exploitechbgt
other foragers in the colony (Fig. 2b, Appendix.S3)

taken by foragers d?Pogonomyrmex rastratu®. inermis
andP. mendozanusolonies located in the open wood-

Travel times, on the other hand, showed homogeneousnd and on dirt roads in the central Monte dedef® <

intra-colony variations among species and habitsits,

a higher proportion of variation explained at tlodooy

level (intraclass correlation: 0.40). There waglgvant

Spp x Habitat interaction term\AIC = 4.85,L, = 8.85,

P = 0.012), but the general pattern was almost gpoo
site of search times: the three species showedhsimean
travel times in the open woodland (from 4.5 minPin
inermisto 5.9 min inP. mendozanysbut very different
when on roadsR. inermisandP. mendozanudecreased
to 2.39 min and 2.31 min, respectively, wHilerastratus
increased to 8.40 min; Fig. 1c).

0.05, Rayleigh test.

P. rastratus | P. inermis | P. mendozanus
Open Woodlan 0.11 0.78* 0.56*
0.34* 0.73* 0.56*
0.57* 0.62* 0.58*
Dirt Road: 0.42* 0.42* 0.36*
0.15 0.90* 0.28*
0.29* 0.74* 0.54*
0.45* 0.55* 0.39*
Overallmean+S | 0.33+0.11 |0.68 £0.1! 0.47 £0.1:

Although the number of sampled ants per colony was

similar, the mean number (+ SD) of simultaneouadorg
trails per colony differed among speci€s £, = 31.45,P
< 0.01), independent of the habitat (interactiBpy; =
0.19,P = 0.83; habitatF; ,; = 0.25,P = 0.62).Pogono-
myrmex rastratusand P. mendozanushowed a higher
number of trailg(5.57 + 0.53 and 4.71 + 0.95) thén
inermis(2.43 £ 0.53) (Fig. 2, Appendices S1 - S3).

In most colonies the directions taken by foragefs d
fered statistically from those expected under euér ran-
dom distribution for all species (Tab. 1). Measuyesir-
cular dispersion such as mean vector length, haweife
fered between specieB,(,; = 6.15,P = 0.01), independent
of habitat (interactiont=, »; = 0.64,P = 0.54; habitatF; »;
= 0.7,P = 0.42).Pogonomyrmex inermisolonies con-
centrated their foraging effort in a few prefermtidec-
tions compared t®. rastratus(higherr values), whereas
P. mendozanusolonies showed intermediate values (not
different from either of the other two species; Taland
Fig. 2). Even thouglP. inermisconcentrated their forag-
ing effort on a few trails and directions, the lirequency
of foragers on each trail prevents the visual detemf
foraging columns or trunk-trails in the field.

Seed bait experiment: plasticity of foraging strategies

In general, abundant and concentrated sourcesedfsse
placed near the nests modified the foraging beha¥ithe
threePogonomyrmespecies, though in different degrees.

Pogonomyrmex inermfsragers detected and exploited
seed bait stations two to four days after they vpdaeed
and did not modify their general foraging strategyst
foragers still traveled through two to three traitsl searched
for seeds in almost the same patches exploitedddie
experiment (Fig. 3b, Appendix S4). Accordingly, thean
vector (1) of foragers was very similar before and after
seed addition in six of the ten colonies sampleab(D).
Pogonomyrmex rastratUsragers needed two to six days
to discover and remove seeds from baits, and emdyout
of the four studied colonies showed slightly difier for-
aging trajectories before and after seed addittog. 3a,
Appendix S5). Moreover, the outgoing direction arfaig-
ers near the nest entrances was very similar im tates
(Tab. 2) and several foragers continued searcloinépbd
in the same areas visited before baiting (Fig. 3a).

In contrastPogonomyrmex mendozanusdified their
foraging behavior towards a group-foraging mode-Fo
agers discovered baits in only two to three hoams!, this
was soon followed by dozens of workers quickly lagv

Tab. 2: Analysis of the outgoing directions takenfd-
agers ofPogonomyrmex rastratu$. inermis and P.
mendozanusolonies before and after experimental seed
baits were offered in the central Monte desert. Mezc-

tor (u), mean vector lengths)( Watson'sJ?, their p-values
(ns: P > 0.05; *: P < 0.05), the number of foragers ob-
served by colony before/after experimental seedtiadd
(N), and colonies mapped on Fig.-3) are shown.

Before baiting | After baiting

n r n r v | P N
P.rastratus— | 304° | 0.15 | 211°| 0.10 | 0.18 | ns| 75/75
201° | 0.42 | 105°| 0.45| 0.59| * | 50/70
337° | 0.29 | 16°| 0.24 | 0.18| ns | 59/61
91° | 0.65 | 79°| 0.51| 0.15| ns| 50/61
167° | 0.45 | 175°| 0.44 | 0.09 | ns| 51/51
42¢ | 0.31 | 204 | 0.4¢ | 0.7£| * | 51/5%
P. inermis 231° | 0.30 | 201°| 0.82 | 0.75| * | 70/72
346° | 0.90 | 16°| 092 | 0.91| * | 62/60
312° | 0.74 | 174°| 0.31 | 0.96| * | 60/60
18° | 0.55 7° ] 0.82|0.17| ns| 52/61
— | 77° | 065 | 90° | 0.35| 0.28 | * | 50/60
244° | 0.71 | 298°| 0.41 | 1.03| * | 50/62
303° | 0.63 | 219°| 0.26 | 0.63| * | 50/60
198° | 0.30 | 328°| 0.35| 0.58| * | 62/67
254° | 0.58 | 161°| 0.90 | 2.21| * | 60/60
36° | 0.5¢ | 334°| 0.8¢ | 1.7¢ | * | 60/6t
P. mendozanus138° | 0.36 | 65° | 0.73 | 1.60| * | 73/93
281° | 0.28 | 196°| 0.80 | 1.77 | * | 71/63
270° | 0.54 | 245°| 0.19 | 0.52| * | 71/72
8° | 0.39 | 198°| 0.64 | 1.70| * | 84/61
— 6° | 0.44 | 217°| 0.75| 2.46| * | 64/75
186° | 0.96 | 358°| 0.89 | 3.65| * | 65/116
33¢ | 0.6z | 213°| 0.6z | 2.6¢ | * | 62/11¢

Fig. 3: Maps showing the spatial foraging patteofis
workers from typical colonies dfogonomyrmex rastra-
tus (a), P. inermis(b), andP. mendozanug) before and
after experimental seed baits were offered onrdiatls
in the central Monte desert (maps of additionalezkp
mental colonies in Appendices S4 - S6). Individuavel
trajectories from the next entrance (X) before ¢kla
dashed lines) and after (red solid lines) seedtiatdare
shown. The position of seed baits are indicateddshed
circles. Circular histogram graph shows the fregigsn
and distribution of the outgoing directions takergl for-
agers leaving the nest in both conditions. Maparwlilar
graph are oriented in the same direction relatividdrth.
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Fig. 4: Main characteristics of the individual fgihag paths oPogonomyrmex inermigreen),P. mendozanuglack),
andP. rastratus(red) harvesting ants before and after experimesgtadl baits were offered on dirt roads in the eéntr
Monte desert. (a - b) Mean individual search timd mean travel time as estimated by linear mixedet®(solid lines
for the predicted values per species and dashed for each colony, estimated from eight to 13\iitlial foraging
paths per colony in each condition). (c) Foragictgvity rate of colonies (log scale) before andeafseed baiting
(dashed lines) and predicted values for each spésidid lines). See detailed results of lineareadixodels in text.

the nest in a straight line toward the baits. Fersigpent a
few seconds manipulating seeds in the baits anstraight
back to the nest carrying one seed. This behawiairmed
until all seeds were removed. Accordingly, the ritbst-
tion of the outgoing direction of foragers recordeshr
nest entrances (mean vector and mean vector ledih)
fered before and after baiting in every colony skup
(Tab. 2, Fig. 3c, Appendix S6). Although the respoof
P. mendozanuslearly involved the recruitment of many
workers to seed baits, they moved as an unorgagioegh
of ants along diffuse wide trails rather than asbgned
foraging column.

Variance among individual search times within & col
ony (in log-scale) were heterogeneous among spaoiks
were differentially affected by seed addition (eade es-
timation per Spp x Experiment vs. homogeneous maria
ces:AAIC = 17.74; Is= 27.74,P < 0.001). Mean intra-
colony variability was high ilPogonomyrmex rastratus
(0.348) and low irP. inermis(0.216) before adding seeds
and both increased weakly after seed addition (28%
16%, respectively). In contrast, mean intra-coloayia-
bility of P. mendozanuimdividual search times was sim-
ilar to P. rastratusbefore seed addition (0.368) but de-
creased strongly after artificial seed patches vieuad
(0.230; -38%), becoming similar to that Bf inermis.
Both the experimental effect and the differencesrgn
species proved relevant in the final modeAl(C = 10.28;
L;=12.28,P <0.001, and\AIC = 7.25; L, = 11.25,P =
0.004, respectively). The addition of seed patchiispugh
with important variation among colonies (random &np
ment x Colony vs. random intercepdAIC = 4.89; Ly =

+16%). The addition of seeds had a similar effacthie
three species (Spp x ExperimefBIC = -1.22; L,= 2.78,

P = 0.249), which differed in mean travel timeAXIC =
25.97; L= 29.97,P < 0.001; Fig 4b). The global experi-
mental effect on mean individual travel times wabtk
(AAIC = 1.00; Ly = 3.00,P = 0.083) maybe as a conse-
guence of the important variation in experimenfétat
among colonies (random Experiment x Colony vs. oamd
interceptsAAIC = 28.11; = 32.11,P < 0.001; Fig. 4b).

Beyond the species differences and mean global ef-
fect (fixed factors), the residual variation in mégde of
the experimental effect at the colony level wasrsjty
inversely correlated with the previous mean searuth
travel times (correlation between random slopesrand
dom intercepts: -0.925 and -0.948, respectiveldiuc-
tions in mean search and travel times were strowben
foragers in the colony were taking longer to reacd
search their foraging areas.

Finally, colonies of the three species respondeskto
perimental seed addition by increasing their farggac-
tivity rate (Fig. 4c). The increase was much marespi-
cuous inPogonomyrmex mendozanthgn inP. inermis
andP. rastratuscolonies (Spp x ExperimenkAIC =
32.12; I, = 36.12,P < 0.001). On average, colonies of
P. mendozanusmcreased their foraging activity 23-fold
under experimental conditions (from 5.25 to 12Ga86s /
min) while the other two species did not even deuBl
inermis 1.85 timespP. rastratus 1.79 times; Fig. 4c). The
variability amongPogonomyrmexolonies in their activity
rate was much higher before (0.233) than after9@).0
seed baiting (-58%; different variances per Experitvs.

8.89,P = 0.007), reduced the mean search time of thehomogeneous variancesAIC = 2.94; L;= 4.94,P = 0.013).

three species by a similar amount in log-scale, similar
proportional change in units of time (Spp x Expenih
AAIC = -1.35; L= 2.65,P = 0.266; Fig. 4a).

For travel times (in log scale) the intra-colonyiaa
bility was also affected by seed addition (differgari-

Discussion

Ouir first objective was to describe the foragimatsigy of
threePogonomyrmespecies in two different habitats of
the central Monte desert. Based on individual arudigy

ances per Spp x Experiment vs. homogeneous vagsancemovement of ants, we have shown tRainermis workers

AAIC = 6.70; Ls= 16.70,P = 0.004), with a much stron-
ger change iPogonomyrmex mendozaragonies (before:
0.274, after: 0.155, a 43% reduction) tharPininermis

(0.250 to 0.206: -17%) and. rastratus(0.238 to 0.276:

left the nest in only two to three directions aedrehed
for seeds on small areas that were simultaneously e
ploited by other nestmates. All this evidence sufgpo
group-foraging behavior, although the low frequenty



foragers on each trail prevents the visual deteaifdfor-
aging columns or trunk-trails as is characterisficon-
generic North American group-foraging speciesH(W
FORD& al. 1976, DaIDSON 1977, FEWELL 1988, GRDON
& al. 2008). In contrasf?. rastratusandP. mendozanus
displayed a solitary foraging strategy in the fie\tlor-
kers radiated in almost all directions from thetnpased
several travel trajectories that were not usuallpfved by
other nestmates, and searched for and collectett $ee
extensive non-overlapping areas.

dense source of seeds. This response involvedethe r
cruitment of many workers that moved along difftreéls
to seed stations, as has been documentBd mmaricopa
WHEELER, 1914 and°. californicus(BUCKLEY, 1866) (see
HOLLDOBLER 1976,DAVIDSON 1977 ,CRIST & MACMAHON
1991,JOHNSON2000, 2001). In contrag®,. rastratusand
P. inermiscolonies did not significantly change their for-
aging strategy when clumped seeds were supplied.

The addition of seed patches reduced the meanhsearc
time (and mean search area) that workers needgmudto

Although the foraging strategy described was veryseeds. When seeds were scarce and scattered (bafore

similar among colonies within the open woodland and
the roads, some aspects of ant foraging behavided/a
between habitats. For example, ants of coloniézogbno-

plementing), colonies dPogonomyrmex mendozanaisd
P. rastratuscovered more ground with ants searching in-
dividually, whereas. inermisforaged in groups search-

myrmex inermigocated on dirt roads searched within a ing in few, small foraging areas. As a consequeimte-

bigger area per unit time than colonies in the opead-
land, and the travel time &. mendozanuandP. inermis
workers decreased on dirt roads even though tlay tr
eled farther away from the nest. In other wordsaders
moved farther and faster or in a less convolutat pa
roads than in the open woodland. Such differenaase
attributed to habitat structural features that matigct ant
movement and foraging succesR(€r & MACMAHON
1991,CRIST & WIENS 1994,FARJI-BRENER & al. 2004,
OETTLER & al. 2013. Dirt roads are open areas with more
bare soil and less vegetation cover than the sodiog
habitats. The increase in plant cover in the opendw
land may reduce forager speed\WELL 1988), with more
physical obstacles affecting movement patternsraddc-
ing foraging success (RRESCONTRERAS& VAZQUEZ
2007). On the other hand, plant litter that accated be-
neath shrubs and trees favors the retention ofssead
ried by wind and water (WRONE & al. 2004), suggesting

colony variability of search time was high and $min P.
mendozanuandP. rastratus but low inP. inermis How-
ever, when seeds were placed near the Restendozanus
colonies directed more ants to the clumped seertssu
and, as a result, intra-colony variability of séatime was
significantly reduced. In contrast, the responsk.afas-
tratusandP. inermiswas more subtle since most foragers
searched in the same patchesr@stratu3 or in a similar
way (P. inermi3 than before.

The reduction of search time was accompanied by an
increase of colony foraging activity after seediddd.
Once againPogonomyrmex mendozanalsowed a much
more conspicuous response than the other two spétie
some harvester ants the return of foragers witd feavhat
stimulates other foragers to leave the nesrfhIA & DE-
TRAIN 2005, SHAFER & al. 2006, GORDON & al. 2008).
The more food is available, the less time is ne¢oledarch,
and the more quickly a forager returns with fo8thce

that seeds may be more abundant in the open waddlarforaging is regulated by the rate of return of sssful
than on roads. The combination of low seed abunelancforagers, and the duratiaf a foraging trip depends most-

and less physical obstacles on the ground mayekus
plain why ants from colonies on dirt roads movestea
and searched for seeds in more extensive areas.

In many harvester ants, recruitment activity degesmd
the perception of trail pheromones produced arul bgi
foragers (MDLLDOBLER 1976,HEREDIA & DETRAIN 2000,
HOLLDOBLER & al. 2001, POWES & al. 2013). Stability
and intensity of pheromone trails are conditiongdhe
number of workers assigned to foraging, which,uimt
is related to colony size RRNIELLO 1989,BEEKMAN &
al. 2001,THOMAS & FRAMENAU 2005). Colonies oP. in-
ermis P. rastratusandP. mendozanubave 300 - 1100
workers (N\DBUA-BERHMANN & al. 2010) which is much
fewer than found in colonies of typical group-faregspe-
cies (TABER 1998, dHNSON2000). The number of forag-
ers active outside the nest is even lower in tlspseies
than in a North AmericaRogonomyrmexisplaying soli-
tary foraging (MBUA-BERHMANN & al. 2013). Therefore,
colony size and forager abundance may significastuly
strain recruitment capacity in these and other ISéute-
ricanPogonomyrmesgpecies with small colonies RANDA-
RICKERT & FRACCHIA 2012, B-LCHIOR & al. 2012, NbBUA-
BERHMANN & al. 2013).

Our second objective was to test whether the faagi
strategies in these ants are flexible and changerding
to seed density. Field experiments showed BEwagono-
myrmex mendozanwhifted their foraging strategy from
solitary towards group-foraging after the additioiha

ly on searchime (BEVERLY & al. 2009), the reductionf
search time may trigger the increase of foraginesrae-
corded in this study.

The shift of foraging strategy towards a group-djimg
mode together with the drastic increase of foragictiyity
and the reduction of search time when ants were con
fronted with abundant and concentrated sourceseds
clearly indicate that the foraging behavioRafgonomyr-
mex mendozanus much more flexible than those Bf
inermisandP. rastratus Flexibility in foraging is consis-
tent with diet breadth in this species. Previousliss have
described a very narrow diet breadth of only giseseds
for P. inermis In contrastP. mendozanusnd, to a lesser
extent,P. rastratusbecame more generalist and included
a higher proportion of non-grass items in theit diben
grass seeds were seasonally scare&(& al. 2009,PoL
& al. 2011). A more generalist and flexible diet and a
flexible foraging behavior may constitute importactap-
tive features in the central Monte desert, wheea g@o-
duction is irregular (BL & al. 2010, 2011) and both natu-
ral and anthropic disturbances may severely redoee
availability of preferred grass seed®(R al. 2014).

The way harvester ants use space for foraging -deter
mines their access and impact on seed resourcgs (&
MACMAHON 1997,AZCARATE & PECO 2003). Workers
of Pogonomyrmex rastratusnd P. mendozanusearch
and collect seeds solitarily under natural condgicAs a
result, nest surroundings are continuously andbilnginly



explored. In contrast, workers Bf inermistend to move
together along trails, and most of the searchikgsplace
in a very restricted area. In consequence, foragatigity

acknowledge financial support granted by ANPCyTofigh
PICT 2196 and PICT 2010-0898) and by Universidad de
Buenos Aires (UBACyYT 20020100100928) from Argen-

of P. inermiscould lead to a heterogeneous distributiontina. This is contribution humber 88 of the De<goim-

of seed removal and hence to the existence of small
fuge microsites within ant foraging areas\(IibSoN 1977,

munity Ecology Research Team (Ecodes) of UF&EV-IA-
DIZA Institute (CONICET), and FCEN (Universidad de

AZCARATE & PECO 2003). If seed removal rates are higher Buenos Aires).

in areas of high seed density then seed removaldwaai
a homogenizing force tending to equalize seed tfensi
across patch types in the landscapeg@AR & al. 2008).
Conversely, seed consumption by solitary foragershown
by P. rastratusandP. mendozanuyshould result in a more
uniform reduction of soil seed bank abundance withe
foraging area. The spatial impact of seed remdwaly-
ever, depends also on the spatial distributiontarmporal
persistence of foraging trails, foraging site stbet; site
fidelity, competition with other ants, and colongtdbution
(HOLLDOBLER & WILSON 1990, CRIST & MACMAHON
1991, AcosTA& al. 1995, RIST & WIENS 1996, MULL
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