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Sequential load transport during foraginghicromyrmexXHymenoptera: Formicidae)

leaf-cutting ants
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Abstract

The complex social organization of leaf cutter aatslosely linked with intricate patterns of diie of labor in the
worker force. For instance, foraging might invobligision of labor between cutters and carriersyel as task parti-
tioning during leaf transport. However, little indwn about division of labor during foragingAtromyrmexparticu-
larly under field conditions. The goal of the presstudy is to investigate the behaviorAafromyrmexeaf-cutting ants
on trails of different lengths in order to elucigldhe effect of foraging distance on the occurresfdgansport chains
under field and laboratory conditions, and to déscthe hypotheses to explain the occurrence o$piah chains. In
Acromyrmex crassispinu$oreL, 1909) andAcromyrmex subterraneus subterrand&sreL, 1893), cutting and
carrying of fragments were clearly separated a@wiperformed by distinct worker groups differiimgbody size. In
addition, the behavior of foragers of both spediéfered significantly according to variation irair distances. On short
trails (1 m), cutters frequently transported thegfnents directly to the nest, whereas on longstfailore than 10 m),
most cutters transferred the fragments to othekevsr Transport chains happened more frequentiywwitekers har-
vested plants far from the nest. These results dstratte thafcromyrmexspecies display both division of labor be-
tween cutters and carriers, and task partitionungnd leaf transport, with trail lengths showingnied effects on the
likelihood of sequential transport. Furthermores thsults of this study provide support for thedtiesis that the be-

havioral response of transferring fragmentadanomyrmexspecies would have been selected for because pbéitive

effect on the information flow between workers.
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Introduction

Leaf-cutting antsAtta andAcromyrmekx are commonly
observed in many tropical and subtropical regiointhe
New World (HOLLDOBLER & WILSON 1990).Atta and

materials (BANNE 1986,RATNIEKS & ANDERSON1999).
In leaf-cutting ants, this form of work organizatioccurs
in all stages of leaf collection, leaf transpodatiand leaf

Acromyrmexhave some of the largest colonies of the tribeprocessing within the nest; in the deposition dlise

Attini; however, the social complexity @ftta species is
much greater than that AxromyrmexFor instanceAtta

workers show a more pronounced level of polymorph-

ism, including the presence of soldiers, and tfegaging
trails are wider and reach greater distances Attaomyr-
mex(see WEBER 1972). Therefore, studyingcromyrmex
can provide a window into the intermediate steps Were
necessary to attain the higher levels of sociahoiation
found inAtta.

Insect societies in general, and leaf-cutting ansar-
ticular, depend largely on the effective and edfitiorgani-
zation of the workforce through division of lab@gtART
2013).Division of labor is the division of the workforce
into different tasks, which can in turn be partita into
sub-tasks connected into a single process by af&raof

(leaves and dead fungal garden) to internal orraate
dumps; and in colony emigration ART & al. 2002).

The complex social organization of leaf-cuttingsaist
closely linked with intricate patterns of divisiomlabor
in the worker force. For instance, foraging mightdlve
division of labor between cutters and carriersyal as
task partitioning during leaf transportARiT & al. 2002).
In particular, leaf-cutting ant foraging is compo s three
basic strategies (dDERSON& al. 2002): (1) Individual
foraging (also known as parallel-series arrangemetiere
each individual carries her load all the way frdma source
to the nest, thus involving no task partitionir@); & "buck-
et brigade" strategy, where a worker carries hed &long
the trail until she meets an unladen ant, upon lwHicect
transfer takes place (transfer 1) and the donoregntns



back up the trail while the recipient ant carribs toad
further down the trail until she meets another dataant
(transfer 2), and so on, such that transfer is ydveirect
and not concentrated in fixed locations; and (&)uati-
stage partitioned task with indirect transfer, inictn wor-
kers transport materials, such as leaves, fronsolece,
or a pile of leaves cached on the trail, and dneptat the
next cache they encounter on the trail, with thiireepro-
cess being repeated a number of times until the fieon
reaches the nest. Although several studies haestigated
instances of each of these strategie®\EER & ROBIN-
SON 1979, VASCONCELOS& CHERRET, 1996, HUBBELL
& al. 1980, RTNIEKS & ANDERSON1999, ANDERSON&
JADIN 2001, HART & RATNIEKS 2001, ANDERSON& al.
2002, BScHARD& ROCES2003a), still little is known about
the conditions favoring each strategy in a givescss.

in this context referring to the maximization oéttrans-
portation speed of a leaf fragment, which at tHergplev-
el may result in an increased overall rate of resode-
livery. A faster material transport rate may beiewdd via
improved size-matching, or because each contrifputior-
ker restricts its task to a certain part of the wafich
may improve its orientation and, indirectly, itslkiag
speed. Second, leaf fragments may inform othegkna
either about type and quality of a newly exploifedd
patch, or simply about the fact that such a foadtpaan
be found in that direction. In this case, the bébra re-
sponse of transferring fragments would have belectsel
for because of its positive effect on the inforrmatflow.
This "information-transfer hypothesis" states tlvatkers
may trade off material transport rate for enhanoéat-
mation transfer during social foraging.

In Atta, cutters and carriers seem to be specialized Despite considerable emphasis in the literatureesn

morphologically by differences in body size, wittbha-
real cutters not being seen carrying fragments batke
nest (VASCONCELOS& CHERRET 1996, HUBBELL & al.
1980, RATNIEKS & ANDERSON1999).Atta cephaloteél IN-

quential load transport iAtta colonies, the correspond-
ing behavior inAcromyrmexhas been nearly completely
neglected, particularly under field conditions. Tdrdy
study to date showed leaf cache formation alongrdie

NAEUS, 1758)sometimes transfer leaves, either directly and leaf direct transferring among workers undeota-

by passing it from one worker to another, or incliseby
caching it on the ground (BELL & al. 1980, RTNIEKS
& ANDERSON 1999). On the other handtta laevigata

tory conditions (loPES& al. 2003). There were significant
differences between the number of leaf fragmentsech
directly to the fungus chamber and those transfatirectly

(F. SviTH, 1858) was found to employ a two-stage, size-or indirectly, depending upon the trail lengtrofEs& al.

related, strategy when cutting plants: Larger walimb
the plant stem and drop whole leaves to the groumte
smaller workers cut the lamina of the dropped lsaued
carry them to the nest ASCONCELOS& CHERRET, 1996).
In Atta sexdenfLINNAEUS, 1758)however, retrieval may
occur in three distinct stages: "Arboreal cuttefi' through
petioles allowing leaves to fall to the ground, wehthey
are later collected, cut into fragments and depdsit the
main trail by "cache exploiters". Then, "carrietisinsport
the fragments to the nestqWLER & ROBINSON 1979).
Task partitioning during transport was also repbiteAtta
colombicaGUERIN-MENEVILLE, 1844 (see ADERSON&
JADIN 2001, HART & RATNIEKS 2001), with fragments be-
ing directly transferred or cached on the traiNG&RSON
& JADIN 2001).

Three different modalities for the transport ofjfraents
along the trail were observed Atta vollenweiderFOREL,
1893: (1) a cutter carries the fragment directlyhi® nest;
(2) fragments put down on the trail by a cutterdioectly
transferred, are retrieved by a worker and caraiéthe
way to the nest — the "single carriers"; (3) fragtadound
on the trail or directly received from nestmates @ans-
ported consecutively by different carriers gidtransport
chain". This division was less marked when planesew
located very close to the nest and no physical was
present, i.e., the cutter often transported its &ragment
back to the nest. Sequential load transport ocdunere
frequently on long foraging trails, i.e., workeosrhed trans-
port chains composed of two to five carrier®f§RHARD
& ROCES2003a).

2003). However, the behavior AEromyrmexants remains
unknown under natural conditions and there is farina-
tion if those ants transport consecutively leafjin@nts
by different carriersia a transport chain.

The aim of the present study is to investigatekibe
havior of Acromyrmexeaf-cutting ants on trails of dif-
ferent lengths in order to elucidate the effectoofging
distance on the occurrence of transport chainsruield
and laboratory conditions, and to discuss the Hygsxs
to explain the occurrence of transport chains.

Material and methods

Field experiments were performed from January tockla
of 2010 in Curitiba, state of Parana, Brazil. Theate

in the region is subtropical humid mesothermichvire-
quent frosts during the cold season (May - Septembe
Average temperatures during the warm and cold $saso
are 22 °C and 12 °C, respectively, with averageamain-
fall between 1300 and 1500 mm AkcK 1981).

Field experiments were conductedAgromyrmex cras-
sispinus(FOREL, 1909) andAcromyrmex subterraneus sub-
terraneus(FOREL, 1893). Species identification was per-
formed using the key provided (BONCALVES (1961).A
large mature colony was observed in each ant spetee
investigate the entire process of transport, fyesht plant
fragments were marked with a small dot of whitenpai
and followed until they reached the nest. The tinter-
vals and the distances a given fragment was caoyiesk-
quential foragers were noted, as well as the "agiiimes"
(the time a fragment was left on the trail befoeénlg re-

Two hypotheses seek to explain the occurrence-of setrieved by another worker). Given, that the averagé-

guential load transport (MDERSON & JADIN 2001, Ax-
DERSON& al. 2002, RCES& BoLLAZZI 2009, R'SCHARD

ing time normally did not exceed ten minutes, wpust
lated a maximum waiting time of 20 minutes. Afteat,

& ROCES2003a, 2011). First, sequential load transport maythe corresponding fragments were not monitored angm
have been favored during evolution because of &ffas because, in some cases, the fragments that weppeatio

load delivery rate. These arguments are the cotieeo$o-
called "economic-transport hypothesis", with "ecoity

74

by a worker remained for several hours on the traill
being collected by another worker. Foragers inwbivethe



sequential transport were caught immediately dfters-
ferring or dropping the fragment, and weighed ativéhe
nearest 0.1 mg on a Mettler balance within eightrb@f
being collected in the field. The last carriersigorting
the marked fragments were caught before enterageist,
and both ant and fragment were weighed as indicdtede.
Acromyrmex crassispinugorkers were actively har-
vesting fragments of Poaceae at a distance of #8m
the nest andcromyrmex subterraneus subterranews-
kers were harvesting fragments Rifunussp. at a dis-
tance of 17 m from the nest (long trails). We obedr50
fragments marked all the way to the nest for eatlspe-
cies. In order to elucidate the effect of foragéigtance
on the occurrence of transport chains, we offeladdrs

of Rosasp. to the colonies at a distance of 1 and 5 m fro

the nest (short and intermediate trails) and wesnlesl

50 leaf fragments in each distance for each amntispe
Observations were performed during the day, side-c
nies showed diurnal foraging activity.

Chi-square testg) were used for comparing the load

transport of workers in different trail lengths. drder to
study ant size variation (cutters x carriers) drelwait-
ing time of a dropped fragment by a cutter or aiear
thet test was used. We also evaluated the loading oétio
workers (Loading ratio = [ant mass + fragment massit
mass) (lutz 1929). Also, we usetltests to compare the
behavior of cutters that had not transferred tlogids with
those that did, and analyses of variance (ANOVAs)en
used to analyze the behavior of carriers that didnans-
fer their fragments with carriers involved in thartsport
chain. We used the time spent and distance traveleal-
culate the walking speed of each worker. ANOVA$; fo
lowed by Tukey's post-hoc test, were employed to-co
pare the transport time, distances and walkingdspegthe
participants of a transport chain. The data wegetilans-

formed (base 10) to meet the assumptions of paramet

statistics, when necessary. Finally, the proportibthe
trail covered by cutters was visualized using vigdlots
(HINTZE & NELSON 1998). All statistical analyses were
performed in RR CORETEAM 2013).

[82% (n = 41) of the fragments were dropped and 8%
4) were directly transferred to other workers] (Fig). In
the intermediate trail, 48% (n = 24) of the fragtsenere
directly carried to the nest, and 52% (n = 26)hef frag-
ments were dropped on the trail. In the short,t7&P6 (n
= 38) of the fragments were directly carried to tesst,
and 24% (n = 12) of the fragments were droppedhen t
trail. No direct fragment transfer between workecsur-
red in the intermediate and short trail. The prdiparof
transferred vs. carried fragments differed sigaifitty be-
tween long and short trail distances (Fig. 1a, load; i
= 32.02, p < 0.001; short trail> = 13.54, p < 0.001).
However, there was no significant difference in pine-
portion of transferred vs. carried fragments atitierme-
diate trail (Fig. 1a, intermediate traj’ = 0.1, p > 0.05).
For those transferred fragments, there was noquéati
location along the trail, i.e., cutters did notfwadhe frag-
ments, although there was a tendency of the fratgnen
being transferred on the first third of the tr&ilg. 2a).

Acromyrmex subterraneus subterraneusiers carried
34% (n = 17) of the fragments directly to the riaghe
long trail. 66% of the fragments were transferreather
workers before entering the nest [34% (n = 17) veire
rectly transferred to other workers and 32% (n ¥ df6
the fragments were dropped on the trail] (Fig. lbYhe
intermediate trail, 68% (n = 34) of the fragmentsrev
directly carried to the nest, and 32% (n = 16)hef frag-
ments were directly transferred to other workensthie
short trail, 98% (n = 49) of the fragments wereedily
carried to the nest, and 2% (n = 1) of the fragmevere
directly transferred to other workers. No indirfreigment
transfers to other workers occurred at 5 and 1om fihe
nest. The proportion of transferred vs. carriedjfnants
differed significantly at the three trail distand&sg. 1b,
long trail: y* = 5.14, p < 0.05; intermediate trajf: = 6.5,
p < 0.05; short traily’ = 46.1, p < 0.001). There was no
particular location along the trail for cuttersrtséer their
fragments, but there was a tendency for the fragsnen
be transferred in the first third of the trail (FRp).

To evaluate the effects of both cutter and fragmeags

Laboratory experiments were conducted from Septemen the probability of a cutter transfer its fragiteine load-

ber 2010 to February 2011 in the campus of the &fsiv
dade Federal do Parand, Curitiba, state of PaBxaail.
One colony of each ant species was collected iitiGar
and maintained in the laboratory at 24 + 1 °C ahtig®R
+ 10%. Colonies were housed individually in acrgan-
tainers. Artificial trails of three different distees between

ing ratio of cutters that transported their fragiseo the
nest ("carry") were compared with those of workibiest
transferred their fragments after cutting (“trarifen long
trails. There was no difference in loading ratiocafters
in either speciesAcromyrmex crassispinusarry: 2.39 +
0.36 mg {xt SD), n = 5; transfer: 2.53 £ 0.56, n = 45;

the foraging arena and fungus garden were madeg usin0.57, p > 0.05Acromyrmex subterraneus subterraneus

transparent plastic tubing. The trails lengths wér& and
10 m (short, intermediate and long trails, respety).
We observed the transport of 50 fragments in eeaih t
length all their way to the nest for each ant sgedpPlant

fragments were always Bfosasp., a readily accepted plant

by the studied\cromyrmexspecies under laboratory con-
ditions.

Results

Field experiments

The behavior of cutters: Acromyrmex crassispinwaitters
carried 10% (n = 5) of the fragments directly te trest,
in the long trail. Ninety percent (n = 45) of thragments
were transferred to other workers before entetiregnest

carry: 3.37 £ 1.16 mg, n = 17; transfer; 3.17 $50h@y, n =
32;t=-0.76, p > 0.05).

We compared the walking speed of cutters that trans
ported their fragments to the nest (“carry") witloge of
workers that dropped their fragments after cut(itigans-
fer") on long trails. Interestingly, fragment-cany cutters
were faster than fragment-transferring cutt&rd¢myrmex
crassispinuscarry: 1.20 + 0.39 cm / $ %k SD), n = 5,
transfer: 0.65 + 0.46 cm /s, n =45, t = -2.56; 0.05;
Acromyrmex subterraneus subterraneaarry: 1.34 *
0.51cm/s, n=17, transfer: 0.83 £ 0.39 cm'$,32, t =
-3.91, p < 0.001).

Acromyrmex crassispinusutters were significantly
larger than carriers on the long and the intermediail
(long trail; cutters: 5.47 + 1.44 mg €&SD), n = 45; car-
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Fig. 1: Behavior of cutters after cutting a fragimasa a function of the distance from the nest.d~gg@nditions: (A)
Acromyrmex crassispinuéB) A. subterraneus subterraneusaboratory conditions: (CA. crassispinus(D) A. sub-
terraneus subterraneuSee text for statistics.

riers: 3.75 £ 1.34 mg, n = 45= 5.82, p < 0.0001; inter-
mediate trail: cutters: 4.92 + 1.49 mg, n = 26rieas: 3.98
+1.57 mg, n = 2&,= 2.22, p < 0.05). However, there were
no significant differences between cutters andiearon
the short trail (cutters: 4.60 + 1.75 mg, n = larrers:
3.46 + 1.41 mg, n = 11t,= -0.89, p > 0.05). Imcro-
myrmex subterraneus subterranahere were also signi-
ficant differences between cutters and carriethedif-
ferent trail distances (long trail: cutters: 5.29 86 mg
(X £ SD), n = 31, carriers: 4.06 = 1.49 mg, n = B2,
2.81 p < 0.05; intermediate trail: cutters: 6.29.99 mg,
n = 17; carriers: 494 £+ 1.59 mg, n = 1% -2.18, p <
0.05). In the short trail, the reduced sample sias not
sufficient to perform the test.

Transport chains: The frequency of occurrence of
transport chains significantly depended on tratalice.
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Fig. 2: Violin plot indicating the proportion of ¢htrail
covered by cutters until transfer their fragmemtsthe
long, intermediate and short trail, in field comaliis. (A)
Acromyrmex crassispinuéB) Acromyrmex subterraneus
subterraneusThe white circle in each diagram corresponds
to the median percentage for the correspondingmmrou
whereas the associated black bar indicates thefidsthird : : : : : :
quartiles. Finally, the thickness of the gray arfam a 0 20 40 60 80 100
double kernel density plot corresponding to thatred pro-
portion of different percentages.
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A. subterraneus subterraneusaboratory conditions: (G). crassispinus(D) A. subterraneus subterranelee text for
statistics.

On the long trail oAcromyrmex crassispinus2% (n = 26)  Fp, 47)= 2.5, p = 0.08, transport chain: 39 min, n =165
of the fragments were transported by transporinshdi0%  gle carrier: 47 min, n = 19, cutter: 36 min, n =A&gro-
(n = 5) on the intermediate trail, and 0% on therstrail myrmex subterraneus subterrane@me-way ANOVA:
(Fig. 3a,4° = 36.91, p < 0.001). On the long trail, 26% (n Fe, 4an= 0.8, p = 0.43, transport chain: 28 min, n = gk
= 13) of the transport chains were composed byr2 ca carrier: 26 min, n = 21, cutter: 24 min, n = 20hisltime
riers, 18% (n = 9) by 3 carriers, 4% (n = 2) byadriers,  includes time wasted in dropping and recovering¢aé
2% (n = 1) by 6 and 2% (n = 1) by 7 carriers. Oa it The "waiting time" of a dropped fragment beforevéts
termediate trail, all the transport chains were posed by  collected by a worker was greater when a cuttepmd
2 carriers. With respect to the other transport alitids, the fragment than when a carrier dropped the fragmine
cutters transported their fragments directly torihst sig-  both species. IAicromyrmex crassispinushe waiting
nificantly more often on the short trail (Fig. 32= 24.60, time of a fragment dropped by a cutter was on ay&ra
p < 0.001). Transport by single carriers, convgrsehs 3 min and 44 s and the waiting time of a fragmeapded
independent of foraging distance, averaging 24% 12), by a carrier was on average 1 min and 45 s (t 2,6
42% (n = 21) and 38% (n = 18) on the short, inteliate  0.05). INAcromyrmex subterraneus subterranehs wait-
and long trail, respectively (Fig. 3# = 2.62, p > 0.05). ing time of a fragment dropped by a cutter wasm@rage
In Acromyrmex subterraneus subterranel®% (n=9) 6 min and 1 s and the waiting time of a fragmeapged by
of the fragments were transported by transporhehdirans-  a carrier was on average 1 min and 36 s (t = .88).05).
port chains have occurred only on the long traithis We compared loading ratio of single carriers wiithse
species (Fig. 3b¢ = 18.25, p < 0.001). Fourteen percent carriers involved in a transport chain to invedtgge ef-
of the transport chains were composed by 2 carré®s  fects of carriers and their fragment mass on tlodvatoi-
(n =1) by 4 carriers, and 2% (n = 1) by 6 carrigngela- lity of a carrier drop its fragment. However, thevas no
tion to the other transport modalities, cutterqspmorted  difference in loading ratio among workers in a spaort
their fragments directly to the nest significantipre often  chain, irrespective of their position, and singéereers
on the short trail (Fig. 3k? = 13.25, p < 0.001). Trans- (Acromyrmex crassispinusingle carrier: 3.15 + 0.89 mg,
port by single carriers occurred significantly moféen n = 19 (xt SD); transport chain: first carrier: 3.06 + 1r8§,
on the long trail (Fig. 3k = 18.05, p < 0.001). n = 26, middle carrier: 2.91 + 0.89 mg, n = 13} leax-
There was no difference in transport time of fragtse rier: 3.32 + 1.15 mg, n = 26; ANOVA: 5= 0.50, p >
carried by a transport chain, a single carrier outter, in ~ 0.05; Acromyrmex subterraneus subterranesiagle car-
either speciesAcromyrmex crassispinu®ne-way ANOVA:  rier: 3.89 + 1.87 mg, n = 32; transport chain:tfoarrier:
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Tab. 1: Size-matching between fragment size ang bwass of cutters, single carriers, and carriarslied in a transport
chain (first, middle and last carrier).

Species Workers Equation R2 p
Acromyrmex crassispinus Cutter y =1.08x +2.28 0.21 <0.01
Single carrier y =1.004x + 4.45 0.18 0.07
First carrier y=0.07x + 7.46 <0.01 0.89
Middle carrier y =-1.40x + 14.31 0.21 0.11
Last carrier y =-0.23x + 8.63 <0.01 0.73
Acromyrmex subterraneus | Cutter y=0.91x + 5.68 0.15 0.05
Single carrier y =0.37x + 8.32 0.05 0.32
First carrier y =4.28x - 6.07 0.76 0.05
Middle carrier y =-4x + 27.00 0.07 0.74
Last carrier y=25x+1.17 0.11 0.37
4.15+1.72 mg, n = 9, middle carrier: 4.87 + 21g, n = 4, 20 -
last carrier; 3.93 £ 1.26 mg, n = 9; One-way ANOVA: A
F.50=0.12, p > 0.05). 2 16 - A
We also compared the relationship between fragmen & A A
size and body mass of cutters, single carriers canders @ 12 -
involved in a transport chain (first, middle andtlaar- © A A
rier), to investigate whether the probability ofrftation £ 2
of a transport chain depends on size-matching tEtwe @ 8 - A
workers and loads (Tab. 1). The only significasuiewas S A
a positive relationship between fragment mass auy b 4 - ﬁ t t
mass of the cutteis both studied species (Fig. 4) and first
carrier inAcromyrmex subterraneus subterraneus.
The speed of carriers that transported their fragme 0 T T T T ]
to the nest ("single carrier") was also compareith first A O 2 4 6 8 10
carriers from a transport chain that transferregir thrag-
ments (“first carrier"). Single carriers were fagtean first 30 -
carriers in a transport chain in both specesr¢myrmex
crassispinussingle carrier: 1.10 + 0.34 cm /S £xSD), 24 - A
n =19, first carrier; 0.82 +0.37cm/s,n=06,252,p< &
0.05;Acromyrmex subterraneus subterranesiagle car- £ A
rier: 1.49 + 0.62 cm /s, n = 24, first carrie9®+ 0.40cm ¢ 18 7 A
/s,n=9,t=-2.27, p<0.001). © 4 a
The distances covered by the participants of astran _E 12 - A A
port chain were markedly different (Fig. 5a and. Stt- ® 4 .
ters usually covered only a short distance of 22%m S 6 - A ‘ A
(X £ SD) n = 26, inAcromyrmex crassispinuand 2.0 + A A
1.6 m, n = 9, inAcromyrmex subterraneus subterraneus
In Acromyrmex crassispinuthe first carriers covered a 0 T T T Y J
distance of 5.8 £ 5.6 m, n = 26, the middle casrigwv- B O 2 4 6 8 10

ered a distance of 4.2 + 4.7 m, n = 14, and theckasiers
covered a distance of 13.8 + 6.1 m, n = 26Atmomyr-
mex subterraneus subterranettge first, middle and last
carriers covered a distance of 3.1 + 2.4 m, n 3.9;%
2.2m,n=4;and 7.8 £ 3.4 m, n = 9, respectivélus,
fragments were mainly transported by the last egsyiin
both speciesAcromyrmex crassispinu®ne-way ANOVA:
Fi s5= 27.1, p < 0.001 (Fig. 5afscromyrmex subter-
raneus subterraneu$s ,7)= 6.3, p < 0.001) (Fig. 5b).

In relation to the speeds of the participants thas-
port chain, cutters were slower than carriers ithtspe-
cies (Fig. 5c and 5d). This difference was statdiyy sig-
nificant when comparing the speeds of cutters astdar-
riers. Last carriers were faster than cuttérsrémyrmex
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Ant mass (mg)

Fig. 4: Relationship between load mass and bods s
cutters, in field conditions. (AA\cromyrmex crassispinus
(B) A. subterraneus subterraneus

crassispinuscutters: 0.65 + 0.45 cm / 5 #SD), n = 26,
first carrier: 0,79 £ 0,36 cm / s, n = 26, middkrrer:
1.05+0.71cm/s, n =14, last carrier: 1.2149km /s, n
= 26, One-way ANOVA: [, 107= 8,16, p < 0.001 (Fig. 5c);
Acromyrmex subterraneus subterraneastters: 0.83 +
0.40 cm / s, first carrier: 0.97 + 0.40 cm / s, B,/middle
carrier: 1.21 £0.53 cm/ s, n = 4, last carrieb31+ 0.56 cm
Is,n=9, Iz sy=6.31, p <0.001) (Fig. 5d).
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(C) A. crassispinus(D) A. subterraneus subterraneusifferent letters represent statistically sigedifit differences among

treatments according to Tukey's test (p < 0.05).

Laboratory experiments

Acromyrmex crassispinwsitters transferred 24% (n = 12),
12% (n = 6), and 2% (n = 1) of the fragments toeoth
workers on long, intermediate and short trailgpeetively.
All fragments were indirectly transferred to othearkers.
Direct fragment transfers to other workers were olot
served under laboratory conditions. The proportdn
transferred vs. carried fragments varied signifiyaat the
different trail distances (Fig. 1c, long trajf: = 13.54, p <
0.001; intermediate traif’ = 28.90, p < 0.001; short trail:
¥? = 46.10, p < 0.001).

In the long trail, Acromyrmex subterraneus subterra-
neuscutters transferred 42% (n = 21) of the fragmemts t
other workers. Twenty-four percent (n = 12) of treg-
ments were directly transferred and 18% (n = 9jhef
fragments were indirectly transferred to other veosk In
the intermediate trail, 16% (n = 8) of the fragnsewere
transferred to other workers. In this case, 8% @) of
the fragments were indirectly transferred and 8% @)
of the fragments were directly transferred to otherkers.
Fragment transfers were not observed in the srairffdr
this species in laboratory conditions. The proportdf
transferred vs. carried fragments differed sigaifity be-
tween intermediate and short trail distances (Fdj.in-
termediate traily? = 23.14, p < 0.001; short traj? =
50.02, p < 0.001). However, there was no significif

ference in the proportion of transferred vs. carfiag-
ments at the long trail distance (Fig. 1d, longltrg =
1.3, p > 0.05).

Transport chains have occurred just on the loribitra
both studied species. Two percent (n = 1) and 6% 3
of the fragments were transported by transportnshan
Acromyrmex crassispinu§ig. 3c,y’ = 4.25, p < 0.05)
andAcromyrmex subterraneus subterranéby. 3d,y’
=6.75, p < 0.05)espectively. All transport chains were
composed of 2 carriers. In relation to the othangport
modalities, transport by single carriers occurigdificantly
more often on the long trailEromyrmex crassispinus:
Fig. 3c,x* = 8.45, p < 0.05Acromyrmex subterraneus sub-
terraneus:Fig. 3d,y* = 18.86, p < 0.001). Cutters trans-
ported their fragments directly to the nest sigaifitly more
often on the short trail ilcromyrmex subterraneus sub-
terraneus(Fig. 3d,y* = 5.59, p < 0.05). IlAcromyrmex
crassispinusthere was no significant difference in the be-
havior of cutters (Fig. 3¢ = 1.41, p > 0.05).

Discussion

The three different modalities for the transporfrafiments
along the trail proposed byt8CHARD & ROCES (2003a)
to Atta vollenweiderivere observed iAcromyrmex crassi-
spinusandAcromyrmex subterranessibterraneusl) Cut-
ters: A cutter carries the fragment directly to test; 2)
single carriers: Fragments put down on the traitbiger,
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or directly transferred, are retrieved by a worked car-
ried all the way to the nest; 3) transport chaigments
found on the trail or directly received from nestesaare
transported consecutively by different carriers.|@mg
trails, fragments were mostly transported by chaias in
addition to the cutter, more two or three carrigens-
ported the fragments sequentially. On the othedhan
the short trails, fragments were mostly transpobtgdut-
ters directly to the nest.

In Acromyrmex crassispinndAcromyrmex subter-

raneus subterraneusutting and carrying fragments were

clearly separated activities performed by distiwotker
groups differing in body size. Cutters were lartjan
carriers. Similar patterns were observed in otbaf-tut-

ting ants.Atta vollenweidersampled on the source imme-

diately after cutting were significantly larger thearrying
ants on different trail secto(ROSCHARD & ROCES2003a,
b). Because of body size allometry, larger anteldis-

proportionally larger heads and therefore more imass

mandibular muscles. Thus, larger workers perforraraar-
getically more intensive activity (TES& LIGHTON 1995).
Carrying the loads back to the nest therefore reguess
energy per unit time, yet it might require a coesable
time investment (Ewis & al. 1974).

In Acromyrmex crassispinusransfer is mostly indi-
rect, in other words, fragments were dropped orgtbend
and collected by outgoing workers that turned baio#t
returned to the nest. Direct fragment transfera/den wor-
kers were not observed under laboratory condititingas
observed only on long trails in the fieldokeEs & al.
(2003) also did not observe direct fragment trarssfer
this species under laboratory conditions Alsromyrmex

versicolor versicolo(PERGANDE, 1893), workers cut leaves

and let them drop to the ground, which are thefectdd
on the following day (@MBOA 1975). InAtta vollenwei-
deri transfer is also mostly indirect RCHARD & ROCES
2003a). In contrast, transfer is mostly direchgromyrmex

subterraneus subterraneualthough indirect transfer can

take place along the trail. The direct leaf trangfas also
observed irAtta cephalote§HUBBELL & al. 1980),Acro-
myrmex balzan{EMERY, 1890) (LOPES& al. 2003) and
Acromyrmex octospinosyREICH, 1793) (¥MNER 2000,
HART & al. 2002).

Acromyrmex crassispinundAcromyrmex subterra-

colombica it takes 70% longer to transport leaves back to
the nest from a cache than without cachingRH& RAT-
NIEKS 2001). InAtta vollenweiderj transport time of frag-
ments carried by a chain was 25% longer (on avedagi
longer) than that of fragments carried by a singbeker

all the way to the nest. This was probably dueath bhe
waiting time of the dropped fragments, and the liagtime

by the subsequent foragersX$HARD & ROCES2003a).

The behavior of transfering fragments between wsrke
might occur because of a mismatch between bodjragd
ment size, i.e., either the carrier is too smalltfe frag-
ment, or the fragment exceedingly large to be edrrin
Atta vollenweiderfragment size correlated with worker
size only for the last carriers — those that cavéhe long-
est distance — but not for the first carriers. Thaegjuen-
tial transport via transport chains leads to adretize-
matching between worker and loadd$®HARD & ROCES
2003a). However, in this study, size matching betwe
worker and load was not observed for the last @arof a
transport chain (those that covered the longesantig).
Size matching was observed between cutters ordinst
riers and their loads, suggesting that this hypsishis not
likely for Acromyrmesspecies. Similar results were observed
for Atta colombicawvorkers retrieving cached leaf fragments.
When recovering cached leavégta colombicaoragers
did not select leaves based on their sizeR(H& RATNI-
EKS 2001).

There was no difference in loading ratio of cuttduest
transported their fragments to the nest and thHuserans-
ferred their fragments in th&cromyrmexspecies studied
here. The same result was observed in the loadiim of
single carriers and carriers that composed a toanshain.
However, the speeds of those workers were sigmifiga
different. Workers that transferred their fragmentse
slower than those that carried it to the nest. astiers
(which covered the longest distance) were fastar tither
workers involved in a transport chain. These restdiuld
support the "economic transport hypothesisNARSON
& JADIN 2001, RSCHARD & ROCES2003a): transporter
ants may be going exceedingly slow, or at leastesidhan
the receiving ant could travel, and therefore fiemsccurs
in order to increase leaf transportation speednTslew-
moving ants are more likely to transfer their legwather
directly or indirectly, than faster moving antsSNBERSON

neus subterraneusorkers neither prefer certain places on & JAbiN 2001). However, a low travel speed does not ne-

the trail for transferring fragments, nor build pites on a

cessarily indicate that a worker is not capableasfying

given location Atta vollenweiderishows the same beha- the load, or of walking faster (RES1993, BOLLAZZI &

vior (ROSCHARD & ROCES2003a). In contrastta cepha-

lotesand Atta colombicaform piles or caches of leaves

on foraging trails. Leaf caches occur in the figldorag-
ing trail junctions, obstacles on the trail andhiit nest
entrance tunnels RT & RATNIEKS 2000, 2001). ART

Roces2011). Travel speed may be reduced becauselef trai
marking activity by the carriers, or workers magvsidown
because they try to pass the carried fragment tonéax
den nestmate, and not because of the burden, #ing b
able to return to the source after unloadinggBELL &

& RATNIEKS (2001) argued that cached leaves were moreal. 1980, ®SCHARD & ROCES2011).

likely to be recovered than non-cached leavesl| @ioatts
along all trails, especially the case near the essaince,
where cached leaves can be nearly ten times nkefg tb
be recovered per ant than non-cached leaves.

There was no difference in the transport time sfmnt
a fragment to be carried all the way to the nebt by a
cutter, or by a cutter plus a single carrier, orktyansport
chain (a cutter plus at least two carriers), irhbspiecies
studied here, although sequential transport wghtklilon-
ger than the transport of fragments only by cutterétta
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The maximization of the transportation speed & |
fragment is expected to occur when the transposgintg
move too slowly, because they carry relatively éafrgg-
ments. However, there were no differences in laadatio
among workers. Trail conditions could contributethie
travel speed of the ants. Leaf cutting ants maintang-
lasting trunk trails despite foraging on leaf reses. These
trunk trails give access to numerous partially rddatem-
porary trails that connect specific resources &dblony
(HowaRD 2001). Trail structure changes considerably with



distance, being generally narrower, less clearadgéta-
tion, and with obstacles further away from the r{&st

2012-4).We also thank M. Bolazzi, S. Pielstrom, H. Schlins,
and an anonymous reviewer for valuable commentzen

SCHARD & ROCES2011). On the other hand, trails near the vious versions of this manuscript.

plant source might be only partially cleared, polysaf-
fecting negatively ant travel and their speedstHeumore,
ROSCHARD & ROCES(2011) observed thdttta vollenwei-
deri foragers walking very slowly or even stopped wagki
before dropping a load. These ants started abilmees with
a higher speed and then reduced their speed onahe
suggesting that they would have been able to amntivalk-
ing at the same pace. Thus, ants walked slowlylmzEa
they were going to drop their loads, rather thaspging
their loads because the burden forced them to atalkslow
pace. These results do not support the "economitsir
port hypothesis” foAtta vollenweider{ROSCHARD & Ro-
CES2011), nor for theAcromyrmexspecies observed in
this study.

Sequential transport of fragments leads to an aserén
the information flow along the foraging trail ("ormation-
transfer hypothesis"), in such a way that more wosk
either via direct transfers or upon finding a dregfrag-
ment, get informed about the kind of resource beictg-
ally harvested. An improved information transferyme-
sult, because of new recruitment, in an increasealal
rate of resource transportation. The behaviorglaese of
transferring fragments, either directly or indifgcmay
also have been selected for because of its posfieet
on information flow (RSCHARD & ROCES2003a, 2011).

In the present study, we found thedromyrmexspe-
cies accomplish division of labor between cutters ear-
riers, and task partitioning during leaf transporail lengths
have marked effects on sequential load transptire far-
ther the resource collected by workers, the highe¢he
frequency of occurrence of the transport chaintharr
more, the results of this study provide suppotthi® hy-
pothesis that the behavioral response of tranefgfrag-

ments inAcromyrmexspecies would have been selected

for because of its positive effect on the inforroatflow
between workers.
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