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Orientation at the water surface by the carpenmte€amponotus pennsylvanicus (DE

GEER, 1773) (Hymenoptera: Formicidae)

Evan M. @RA, Noah QRRIPSHOVER& Stephen P. XNOVIAK

Abstract

Although most terrestrial invertebrates becomepealbupon falling into water, workers of many arga@ps are able to
swim to safety. Here we test the hypothesis thakers ofCamponotus pennsylvanicus (D GEeRr, 1773) use visually-
based orientation towards lines of contrast todliteeir locomotion across the surface of water. Mantified the
swimming behavior of field-collected workers by gping them into an experimental pool in the labomat Directed
locomotion inC. pennsylvanicus is visually-mediated; 97% of ants with vision ambd by paint showed no directiona-
lity on the surface and did not escape from thewaWhen given a choice of white and black emertgngets against
a white background, the ants consistently swamrdsve black target. Likewise, ants generally swaward the black
background (vs. white) when no targets were predérdse results suggest skototaxis; however, whaviged with
white and black targets against contrasting backute, the ants consistently directed their swimnbavegard the con-
trasting target, indicating orientation towardstcasting edges. Trials with two-dimensional an@¢xdimensional targets
suggest that rebounding surface waves are notassedentation cues by these ants. Collectivelysehesults indicate
that C. pennsylvanicus workers use visually-mediated skototaxis and edgmtation to navigate after falling into water
and provide a foundation for future investigatiams the mechanisms used by terrestrial invertebrad survive similar
circumstances.
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Introduction

Active animals depend upon reliable extrinsic infiar
tion to locomote over or through complex environisen
The general characteristics of animal movementse@p
direction, efficiency) result from simultaneouseigtation
of multiple variables, of which directional respesgi.e.,
taxes) often are fundamental. Animals exhibit aendr-
iety of taxes (RAENKEL & GUNN 1961, QMPAN 1997),
but few have been studied specifically in the cxindé es-
cape from unfamiliar habitats.

Terrestrial arthropods generally are not well egaip
for locomotion in aquatic environments. Despiteiidro-
phobic properties of exoskeleton and cuticular bgdr-
bons, arthropods falling into water commonly aragped
by surface tension forces O&EL 1994) and ultimately
drown or become food for predators and scavengegs (
fish and water striders). However, some terresinsgcts
and many spiders exhibit a remarkable ability tcape
these circumstances by rapidly treading or swimraizrgss
the water surface (MLER 1972, RANKLIN & al. 1977,

quite well at the water surface, and some use ieddifaits
to effect forward motion and directional changg.(eAbIs
1982, DUBOIS & JANDER 1985, BOHN & al. 2012, M-
RENDRA 2013, YANOVIAK & FREDERICK 2014). Here, we
examine the role of visual cues in the directiotyadif
swimming in the carpenter ai@amponotus pennsylvani-
cus (DE GEER, 1773).

Many arthropods rely on visual cues for navigation.
Bees, ants, and other central-place foragers vslsiause
information from optical flow and celestial cuesldcate
resources and return to their nest sites (e.gHNAR 2003,
EVANGELISTA & al. 2014). Foraging ants also use canopy
maps, horizon patterns, local landmarks, and siydimar-
acteristics as orientation cues (e.ggLHDOBLER 1980,
KLOTZ 1986, QIVEIRA & HOLLDOBLER 1989, RAHAM &
CHENG 2009, BrxsARI & al. 2014, RDRIGUES& OLIVEIRA
2014). Some aradid bugs and cicindelid beetlestaie
specifically towards dark objects (i.e., skototakigLER
1973, TAYLOR 1988), and similar behavior was hypothe-

SUTER 2013). Among insects, ants are best studied  thi sized for swimming carpenter antsyBoOIS & JANDER

context; various temperate and tropical speciesrfute

1985). Contrast is important to any visually-meglibori-



entation (QMPAN 1997), and what appears to be skoto-
taxis actually may be orientation towards contrasédges
(i.e., perigrammotaxis; hereafter "edge orientati@nm-
PAN 1997), as shown for gypsy mothReéss& KRAMER
1984) and ants (¥ss1967). However, few studies attempt
to distinguish between these different cues.

Some aquatic and riparian arthropods (e.g., gyhbeiet
tles, spiders) also use waves to locate conspggifiey, or
other objects at the water surfaceBELE 1986, BECK-
MANN & LOTz 1987). This suggests that surface waves|
rebounding from objects protruding above the water
face can be reliable directional cues for an inseading
across the water surface in search of a meanséape.
This hypothesis remains untested for ants treautirsgvim-
ming across the water surface.

Many ant species forage in trees, and will occadipn
fall into puddles or flooded forest understoryaQovIAK
& FREDERICK 2014). Here we explore how workers of a
common Nearctic forest ar€amponotus pennsylvanicus,
respond to visual cues while swimming. Specificas
address three questions related to their behavist, do
C. pennsylvanicus workersuse their eyes to orient while
swimming? Second, do these ants exhibit skototaxis/
or orientation towards edges? Finally, to deterniiriee
ants were guided by waves reflected from protrudibg
jects, we asked whether ants preferentially oriewards
a three-dimensional target.

M ethods

Ants used for this project were obtained from lmiguPark
in Louisville, Kentucky, USA (38.1674° N, 85.814W),
during June and July of 2015. Iroquois Park is.868 ha
urban park dominated by oak-hickory-maple woodl&¥d.
collected workers and partial nestsGs#mponotus penn-
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sylvanicus ants from dead woody debris and transportedFig. 1: Side view (A) and top view (B) of the exipeental

them to the lab at the University of Louisville. &ants
were identified using the keys oREIGHTON (1950). We
specifically chose. pennsylvanicus as the focal species
for this study because it is very common in forasid sub-
urban woodlands of eastern North America (e.gEIGH+
TON 1950, ELISON & al. 2012), it is easily recognized,
and it consistently exhibited swimming behavioridgr
preliminary trials. Plastic containers (ca. 15 xx130 cm)
containing a small amount of soil and wood fragment
from the nest site served as housing for the artiisel lab.
A band of Fluon® PTFE-30 (BioQuip Products, IncarG
dena, CA, USA) applied around the inside top maggin
each container prevented ant escape. Ants wereadieely
and were provided with ad lib water via a vial steped
with a cotton wick. New nest fragments were coédchp-
proximately weekly and experiments were organized s
that each set of trials included ants from multipdsts.
Experimental arena: Swimming trials were conducted
in a white, circular, vinyl pool (Fig. 1, diameterl52 cm,
height = 25 cm; Intex Recreation Corp, Long BedZA,
USA) containing tap water to a depth of 3 - 5 crheT
pool was housed in a laboratory room separate frem
cages in which the ants were housed, thus remadtiag
potential confounding effects of celestial cues ahdrt-
term memory of local landmarks (e.gURER & al. 2003).
Also, to negate the effects of skyline cueR{BAM &
CHENG 2009), we homogenized the visual environment
around the pool by erecting a curtain of eithertevhbtton
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arena used to conduct swimming trials. The arensisted
of an octagonal PVC pipe frame surrounding a cacul
vinyl pool (shaded). Targets were placed within ploel
as shown by the black and white cylinders (A) ocles
(B). The top-down view depicts the most complexezixp
mental setup used in this study. The right hathefPVC
frame supported a black background (solid line) nebe
the left half of the frame supported a white backgnd
(dashed line). The two target poles were placedatinal
directions and centered in front of the backgroahdp-
posite color. This combination of backgrounds aardets
was variously modified depending on the objectivethe
experiment, as explained in the text.

or black polyester cloth, depending on the expeamnimiEhe
curtain was supported by an octagonal frame of 2liem
meter PVC pipe (height = 182 cm, width = 200 cm) su
rounding the pool. We lit the arena with two compac
florescent lights (14W, 800 lumens each) housealun
minum reflective shades attached to opposite ifitise
top margin of the PVC frame. Both lamps were digdct
toward the water surface at an oblique angle.
Experimental visual targets added to the pool ohetl
a black PVC pole, a white PVC pole, and a stripblatk
polyester cloth. The white and black poles weratidal
in size (i.e., height = 61 cm, diameter = 6 cm)] &me
black stripe had the same two-dimensional profiehe
poles (61 cm x 6 cm). The poles stood just instde t



edge of the pool and the black stripe was attathi¢de
inside of the pool.

General experimental procedures. All experiments
employed the same basic procedure of droppingaanits
the water surface. We placed ant workers indivigliato
a 15 ml plastic vial coated with Fluon. The vialsithen
inverted above the approximate center of the pawhfa
height of ca. 10 cm. Dropping ants onto the waiethis

manner generally had one of two outcomes: 1) the an

swam to the edge of the pool or an experimentajetar
within 3 min (Video S1, as digital supplementarytena
al to this article, at the journal's web pages)2)the ant
struggled at the water surface or swam in an untice
manner and did not reach the pool edge within 3 ke
recorded the azimuth at which each ant exited tué {
the nearest 5 degrees. When ants did not escapothe
within 3 min (scenario 2 above), they were remofrech
the arena and recorded as "no exit". Each ant sed anly
once.

Vision occlusion experiment: We tested the prediction
that ants use visual cues to orient while swimnfipgc-
cluding the vision of 3Zamponotus pennsylvanicus work-
ers and dropping them into the experimental poaes
scribed above. Following methods used in previmts a
studies (MNOVIAK & al. 2005, 2011), we occluded the
ants' vision by painting over their compound eyéth w
white enamel fingernail polish applied with the ¢ipan
insect pin (Fig. S1, as digital supplementary niateo
this article, at the journal's web pages). To adrftr po-
tentially confounding effects of the fingernail =i, we
painted a similarly sized area between the eyé&R dfif-
ferent workers (Fig. S2, as digital supplementaagemal
to this article, at the journal's web pages). Tilifate paint-
ing under a stereoscope, ants first were anestteby
cooling in a refrigerator (2°C) for 20 minutes, heans-
ferred to a cold stage (i.e., a petri dish contajrice and
covered with a thin plastic film). Additionally, @sneg-
ative control for directional bias caused by shaslow
other subtle characteristics of the arena, tenveerts tested
before a target was added. All experimental andraloants
were allowed to warm to ambient lab temperaturé@23
for at least 20 min, then individually tested ie fhool.

Skototaxis and edge orientation experiments: We
used a series of experiments combining contragtiag
white and black) targets and backgrounds to deterifi
swimming workers ofZamponotus pennsylvanicus direct
their motion towards dark objects (i.e., skototaxisto
lines of contrast (i.e., edge orientation). Unltke vision
occlusion experiments, ants were not cooled orratise
manipulated before these trials. First, we testedioto-
taxis by giving ants a choice between a black polé a
white pole on opposite sides of an entirely whitena.
Equal numbers of trials (N = 11 for each directiarere
run with the poles in all four combinations of daal di-
rections (i.e., the black pole at North and thetevpole at
South, the black pole at South and the white poldoath,
etc.). We then tested for edge orientation by prtasg the
ants with a white pole against a black backgroBpe-
cifically, we replaced the white background witle thlack
background and repeated the same series of tNats12
for each direction) described above. Both experimerre
preceded by a series of control trials (i.e., eitnevhite
or black background with no targets present) tamant
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Fig. 2: A circular histogram of ant swimming diriects in
the vision occlusion experiment. The histogram shtwe
frequency of successful escape at a given azimusif)(
Many ants exited at a single azimuth in this expent
(i.e., 32 ants with only painted heads exited a0t these
points are stacked so that they appear as a bds thi-
portional in length to the number of ants that ehibés exit
point. Filled points = control, i.e., ants with llsgpainted
but eyes exposed (N = 32 trials); open point =tineat,
i.e., ants with vision occluded by paint (N = 32l8). Ants
were provided with a black pole target against aevh
background. The target was moved to different ceddi
points of the pool for different trials; the platteesults
were normalized so that the black pole is alway8°at
The inset figure depicts the experimental desidme [arge
circle represents the experimental pool, the soalle re-
presents the black pole, and the two rectangulaioses
represent the color of the background (i.e., white)

for any effects of the arena that could have caasdidec-
tional bias.

We further explored the possibility that ants eitledge
orientation behavior by presenting them with twatcast-
ing sections of background in the same arena. if$teof
these experiments provided two contrasting edgehagg-
ing the experimental pool background to half blackl
half white and excluding targets. The contrastidges of
the background sections intersected at oppositinzdudi-
rections (Fig. 1). We rotated the halves of thekgemund
to cumulatively occupy all four possible directidos ten
trials each, similar to the rotation of targets agaardi-
nal directions described above.

The final edge orientation experiment tested whethe
ants preferentially oriented towards contrastingeots
rather than individual edges. For this test, wedemted
the same trials as the previous experiment, exbapthe
black and white poles were now centered in fronthef
background section of the opposite color (i.e., ek
pole in front of the white background and vice @g@ré\s
in previous experiments, we frequently rotated ¢hias-
gets and backgrounds such that they ultimately miecu
each cardinal direction for a similar number céisi(i.e.,
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Fig. 3: Circular histograms depicting the
distribution of swimming directions rela-
tive to different targets in an experimental
pool. Points stacked on the rim of the cir-
cle represent the frequency of successful
escape at a given azimuth (x 5°). When
large numbers of individuals exit at the
same location, the stacked points appear as
a bar proportional in length to the number
ants exiting at a single location. The larg-
est bars in panels A, B, and D represent a
total of 40, 32, and 29 ants, respectively.
Filled points = treatment, i.e., ants dropped
into the arena with black and white poles
(panel A: N = 40 trials, panel B: N = 41
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trials, panel C: N = 40 trials, and panel D:
N = 54 trials); open points = control, i.e.,
ants dropped into the arena with no targets
(panel A: N = 30 trials; panel B: N = 10
trials). The data are normalized so that the
black pole is always at 0° in A, B, and D.
When no poles were included (C), the white
background was centered at 0°. The inset
figure in each panel depicts the experimen-
tal design as in Figure 2.

90

12 trials with the black pole at South and 14 ¢riak each
other direction).

Emergent object preference: Finally, to determine if
ants differentially swim towards three-dimensionatsus
two-dimensional targets, we gave them a choice detw
a black pole and a black stripe of cloth with semillimen-

of the edge orientation trials conducted with hoemags
white and black backgrounds, respectively, but tkas
3% of trials for the remaining experiments.

Results
Workers ofCamponotus pennsylvanicus ants clearly used

sions. The black pole conspicuously emerged froen th visual cues to orient while swimming across thdase

water on one side of the arena whereas the blaigest
was appressed against the opposite side of the Pbel
background was white for all of these trials. Tsttfor
any pre-existing directional bias, ten control Igisere
conducted in the white arena before the targete adr
ded.

Statigtical analyses: We used the Rayleigh test of uni-
formity to assess directional bias during swimn{iRgHER
1993). We performed these analyses and plottedbtudts
using thecircular andCircSats packages of the R statis-
tical program (RDEVELOPMENT CORETEAM 2014). We
normalized the position of the black pole or thecklback-
ground (when the pole was not present) at zeroesesgr
for each trial used in analyses. Statistical te$tirec-
tional bias were not performed on negative contfiods,
solid backgrounds with no targets) or the visionlasion
experiment because escape failure was near 1088ésa
tests (i.e., ants dropped into the pool with ngets showed
no consistent directionality and only rarely swanntte
edge within 3 min). Additionally, 12 ants were exaéd
from the remaining experiments because they féailegvim
to the edge of the pool. This included ca. 10% &5
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of water. Most (97%) of ants with occluded visi@idéd
to swim to the edge of the pool, whereas contrtd émith
painted heads, but exposed eyes) successfullyexsaam
the arena in 100% of trials (Fig. 2; N = 325 1.0, p <
0.001). In each successful trial, the ants swaandirected
manner towards a black pole placed at the edgaeof t
arena. By contrast, the ants with occluded visitmeere-
mained still in the middle of the pool or appear@gwim
aimlessly in circles. None of the negative cordimats (used
to test for bias in the arena) successfully exitedexperi-
mental pool.

Edge orientation experiments: Different combinations
of backgrounds and targets dramatically changeatie
entation behavior of swimminGamponotus pennsylvani-
cus workers. When given a choice between a black or a
white pole in front of a white background, 100%awits
swam to the black pole (Fig. 3A, N = 40= 1.0, p <
0.001). By contrast, when ants were presented wiiiite
and black poles in front of a black background, 7886
ants swam to the white pole (Fig. 3B, N = #%,0.90, p
< 0.001). In both experiments, no ants swam topitie
that matched the background.



The characteristics of the experimental arena dicf
fect ant orientation when targets were absentOltrials
with a white background and no targets, only fous a&x-
ited the arena, and their exit points showed nectiional
bias (i.e., 90, 130, 280, and 310 degrees). Thétsasere
similar with an entirely black background. In thése tri-
als, seven ants swam aimlessly and three exitedadt
tered locations: 135, 230, and 285 degrees.

Ants exhibited skototaxis and a tendency to nagitzt
wards edges when given the option between blagkhie
backgrounds with no targets. Only 10% of ants sw@am
the white half of the background, whereas 80% efahts
exited via the black background (Fig. 3C, N = 4G5
0.43, p < 0.001). Although contrasting edges weR<
of the potential exit points, 10% of ants exitethatblack /
white interface and an additional 28% exited oe@tien
of the black background within 20 degrees of thigi-
face. Moreover, many of the individuals that exitezhr
the line of contrast initially swam towards a cahsection
of the black background before abruptly changingrse
and accelerating towards the interface betweeibalo&-
ground sections. Collectively, these results indi¢hat the
swimming direction chosen by 38% (N = 15) of thdiin
viduals was influenced by the line of contrast kestwthe
white and black backgrounds.

In our final test of edge orientation behavior, the
verse set of potential targets for orientation edubse ants
to choose a variety of exit points (Fig. 3D). In tBidls,
29 ants (54%) swam to the white pole in front &f ktack
background, 13 ants (24%) exited at some sectidheof
black background, seven ants (13%) exited at tteefate
between the two background colors, and four ar#) (8
either exited along the white background, or hadexio
point at all. Contrary to our expectations, onleaf the
ants exited the arena at the black pole in frorg white
background. Overall, the swimming ants in this ekpe
ment exhibited a strong directional bias towards\iite
pole contrasted against the black background .67,
p < 0.001).

Emer gent object orientation test: Workers ofCampo-
notus pennsylvanicus ants were similarly attracted to the
three-dimensional target (black pole) and the tivoesh-
sional target (black stripe) when presented simebasly
against a white background and opposite each othbe
pool. Specifically, 58% of ants swam to the blaciep
and 42% chose the black stripe, suggesting notbias
wards emergent three-dimensional objects (FigDd¥pite
the strong trend, we caution that there was insigffit
statistical power to adequately test the hypothesizo
difference in attraction to the pole or stripe. Maf the
ants swam to the pool edge in the ten controlgriain-
ducted before we added the targets.

Discussion

Animals use a variety of mechanisms to escape Lilidam
habitats or potentially dangerous circumstancesirisects,
this most often occurs via winged flight; howeweurso-
rial taxa like ants generally are constrained taning or
jumping. These mechanisms often are ineffectiverasga
the surface tension forces of water, and few aiits/or
luntarily tread on or through water (but seeHB! & al.
2012,NARENDRA 2013, YANOVIAK & FREDERICK 2014).
However, many ants have a remarkable ability twisar
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Fig. 4: The distribution of ant exit points whertraduced
to an experimental pool with a black cloth (normmadl at
180°) and a black emergent object (normalized aNO=
52). No control ants exited (N = 10 trials), soqomtrol
points are depicted. The black bars are propottimntne
number of ants that exited at the black pole aadktloth
stripe (i.e., 30 and 22, respectively). The inggire de-
picts the experimental design as in Figure 2.

falling into puddles and similar aquatic settingsdirect-
ing their movements (i.e., swimming) toward theatiek
safety of the shoreline or emergent objectsBDIS &
JANDER 1985, YANOVIAK & FREDERICK 2014). Here, we
explored the role of vision and the visual cuesdusg
workers of Camponotus pennsylvanicus to direct their
swimming (Video S3).

Ants use a variety of navigational tools when famgg
on the ground, including short-term memory, odometr
landmarks, celestial cues, and skyline charadtsig.g.,
KLOTZ 1986, RAHAM & CHENG 2009, B\sARI & al. 2014,
RODRIGUES& OLIVEIRA 2014). The relevance of these
tools for ants landing in an aquatic setting remdangely
unexplored, although some swimming ants clearlgrdri
towards dark objects (i.e., skototaxigyBDIS & JANDER
1985, YANOVIAK & FREDERICK 2014). We similarly ob-
served strong skototaxis in swimmiSgmponotus penn-
sylvanicus workers in this study.

Although skototaxis was apparent, the ants alse con
sistently swam toward a white target placed befobtack
background, suggesting strong orientation to caetitrg
edges. Moreover, the reverse arrangement (a blalekimp
front of a white background), despite being an obsitar-
get in previous experiments, was essentially igtheveen
presented across from the white pole in front bfack
background. Many ants that reached the white poteeo
black / white background interface initially swaowards
the black background before re-orienting. Thisgratsug-
gests that the large background section is avelgtiveak
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stimulus that is then superseded by a strongeetarydto
orient towards edges. Regardless, the resultsatalibat
edges of contrast are important orientation cueshiese
ants, and perhaps supersede simple skototaxisnia sases.
This interpretation is further complicated by tHeserva-
tion that the ants were more strongly attractedisorete
contrasting targets than to a single vertical lifieon-
trast (i.e., the vertical edge separating the wduite black
backgrounds), and additional experimentation iessary
to improve our understanding of this decision-mghpno-
cess. Ultimately, these varied outcomes indicaé dif-
ferences in the directional cues used by swimnGag-
ponotus pennsylvanicus are subtle and context-dependent,
with primary tendency for skototaxis and secondaign-
tation towards edges (e.g., when the backgrouhdnso-
genous). This interpretation is similar to the eliént "vi-
sual detector mechanisms" proposedHormica ants by
V0ss(1967).

Our experimental results clearly show that direwio
swimming inCamponotus pennsylvanicus is visually-based,
as expected from field observations and the resilss-
milar studies (e.g., ¥SS1967, YANOVIAK & FREDERICK
2014). The specific anatomical and neurological maee
isms that effect such strong directionality areeptally
interesting topics for further study, but were beydhe
scope of this project. Likewise, the very artificdtting
for our experiments, although necessary to remaenp
tially confounding variables, ignored the large tn@mof
skyline and landmark cues available to ants in meatu
Thus, it is possible that ants do not employ dénjleats or
lines of contrast as primary cues in the field. Ehaple
design of our test arena could be easily modifrechoved
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