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Ant colonies have vast and diverse nutritional needs but forager ants have limited

mobility to meet these needs. Forager ants would accrue significant energy savings

if they were able to sense and orient toward odor plumes of both carbohydrate

and protein food sources. Moreover, if worker ants, like other flightless insects, had

reduced olfactory acuity, they would not recognize the specific odor signatures of

diverse carbohydrate and protein sources, but they may be able to orient toward those

odorants that are shared between (macronutrient) food sources. Using the Western

carpenter ant, Camponotus modoc, as a model species, we tested the hypotheses

that (1) food sources rich in carbohydrates (aphid honeydew, floral nectar) and rich in

proteins (bird excreta, house mouse carrion, cow liver infested or not with fly maggots)

all prompt long-distance, anemotactic attraction of worker ants, and (2) attraction

of ants to plant inflorescences (fireweed, Chamaenerion angustifolium; thimbleberry,

Rubus parviflorus; and hardhack, Spiraea douglasii) is mediated by shared floral

odorants. In moving-air Y-tube olfactometer bioassays, ants were attracted to two of

four carbohydrate sources (thimbleberry and fireweed), and one of four protein sources

(bird excreta). Headspace volatiles of these three attractive sources were analyzed by

gas chromatography-mass spectrometry, and synthetic odor blends of thimbleberry

(7 components), fireweed (23 components), and bird excreta (38 components) were

prepared. In Y-tube olfactometer bioassays, synthetic blends of thimbleberry and

fireweed but not of bird excreta attracted ants, indicating that only the two floral blends

contained all essential attractants. A blend of components shared between thimbleberry

and fireweed was not attractive to ants. Our data support the conclusion that C. modoc

worker ants can sense and orient toward both carbohydrate and protein food sources.

As ants were selective in their responses to carbohydrate and protein resources, it

seems that they can discern between specific food odor profiles and that they have

good, rather than poor, olfactory acuity.
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INTRODUCTION

Ant colonies have vast nutritional needs. Foraging worker ants
must meet not only their own nutritional needs but also those
of their nestmates. Worker ants require primarily carbohydrates
for energy, whereas the queen(s) and brood also require proteins
for egg production and larval development, respectively (Markin,
1970; Sorensen and Vinson, 1981; Weeks et al., 2006). To meet
these nutritional needs, ants engage in complex and diverse
foraging activities. Ants obtain sugary honeydew excretions from
hemipteran insects, hunt for insect prey, scavenge for deceased
insects, feed on floral and extrafloral nectar as well as pollen,
collect plant seeds, harvest plant foliage to cultivate mutualistic
fungi, and acquire nutrients from animal excreta and carrion
(Hölldobler and Wilson, 1990). The ants’ foraging activities may
alter biotic and abiotic characteristics of their habitat, including
the plant community composition (Halaj et al., 1997; Macmahon
et al., 2000; Swanson et al., 2019).

The means by which foraging ants locate food sources have
rarely been studied (Knaden and Graham, 2016). Engaging in
certain foraging patterns may increase the likelihood of locating
food (Dornhaus and Powell, 2010) but sensing and responding
to cues from food sources would make foraging more energy-
efficient. Visual cues associated with insect prey seem to guide
some foraging ants (Baroni Urbani et al., 1994; Beugnon et al.,
2001). Olfactory resource cues guide many foraging insects
(Cardé and Willis, 2008; Webster and Cardé, 2017) and – as
shown in a few studies – also guide ants (e.g., Zhou et al., 2012;
Fischer et al., 2015). Some ants learn to associate odors with food
sources, and via trophallaxis pass on food odor information to
nestmates (Dupuy et al., 2006; Provecho and Josens, 2009; Nelson
et al., 2019; Oberhauser et al., 2019). Innate recognition of certain
food odors would expedite the process of locating resources that
are reliably present, whereas learned odors may help locate and
exploit fleeting resources.

Foraging requires energy expenditures not only for the
locomotory physical activity but also for the maintenance
of those sensory receptors and nervous tissues that inform
foraging activities (Niven and Laughlin, 2008; Dornhaus and
Powell, 2010; Elgar et al., 2018). As flightless foragers, ants
have limited mobility and would accrue significant energy
savings for themselves and for the entire colony, if they were
able to track the odor plume from all valuable resources
and pinpoint their location from a distance. Specific ant taxa
are known to respond to odor cues from specific resources,
such as deceased insects (Buehlmann et al., 2014; see below),
honeydew (Zhou et al., 2012; Fischer et al., 2015; see below),
and floral nectar (Schiestl and Glaser, 2012; De Vega et al.,
2014; see below) but to date no study has investigated
whether conspecific ants are able to respond to odor cues
from multiple macronutrient sources including those consisting
of mainly carbohydrates and proteins. This ability would be
adaptive because foragers must adjust their foraging activities
and priorities in accordance with their colony’s needs. When
brood is present, they must collect not only more food but
also more proteinaceous food (Cornelius and Grace, 1997;
Dussutour and Simpson, 2008, 2009).

Protein-rich food sources such as insect prey, carrion, and
animal excreta are often ephemeral. Challenged to locate them
quickly, scavenging desert ants, Cataglyphis fortis, use olfaction to
find deceased insects (Buehlmann et al., 2014), and the ponerine
ant Pachycondyla analis and the formicine ant Crematogaster
scutellaris exploit prey odor to locate termite and fig wasp prey,
respectively (Schatz et al., 2003; Yusuf et al., 2014). As protein
sources commonly release indole – which is a breakdown product
of tryptophan and is an indicator of essential amino acid presence
(Tomberlin et al., 2016) – many insects, including C. fortis,
use indole as a generic semiochemical to locate protein sources
(Chaudhury et al., 2015; Zito et al., 2015; Brodie et al., 2016,
2018; Cortez et al., 2017; Zhao et al., 2020). Similarly, workers of
C. fortis are attracted to linoleic acid, a necromone indicative of
deceased insects (Buehlmann et al., 2014).

Carbohydrates are vital to ant colony survival (Cook et al.,
2010; Dussutour and Simpson, 2012; Bazazi et al., 2016; Arganda
et al., 2017). Carbohydrates sought by ants originate mainly from
floral and extrafloral nectar and sugary honeydew. Previously
considered deleterious nectar thieves (Willmer et al., 2009), ants
are increasingly documented as floral visitors and pollinators (De
Vega et al., 2009; Czechowski et al., 2011; Luo et al., 2012; Ibarra-
Isassi and Sendoya, 2016; Kuriakose et al., 2018; Del-Claro et al.,
2019; Delnevo et al., 2020). Yet, there are still only a few examples
of ant attraction to honeydew or floral and leaf semiochemicals
(message bearing chemicals). Workers of both the black garden
ant, Lasius niger, and the red-imported fire ant, Solenopsis invicta,
are attracted to honeydew excreted by aphids (Zhou et al., 2012;
Fischer et al., 2015). Similarly, workers of the African weaver
ant, Oecophylla longinoda, respond to leaf odors of cashew trees,
Anacardium occidentale, and protect these trees from herbivores
in exchange for extrafloral nectar rewards (Wanjiku et al., 2014).
Some species of ants respond to herbivore-induced plant volatiles
(Agrawal and Dublin-Thaler, 1998; Bruna et al., 2008; Schettino
et al., 2017), while others are attracted to floral odors of specific
plants (Cytinus hypocistis, Chamorchis alpine), serving as their
exclusive pollinators (De Vega et al., 2009, 2014; Schiestl and
Glaser, 2012).

If worker ants had reduced olfactory acuity, like other flightless
insects (Neupert et al., 2020), they would not likely be able to
recognize the specific odor profiles of diverse food sources but
might still be able to locate them by responding to key odorants
shared between these sources. For example, many inflorescences
that provide essential carbohydrates to pollinators share linalool
and α-pinene as floral attractants (Knudsen et al., 2006; Nicolson,
2011). Whether foraging ants respond to specific or generic
carbohydrate semiochemicals has not yet been investigated.

Western carpenter ants, Camponotus modoc, as a model
species in our study, are commonly found in coniferous forests
along the west coast of North America (Hansen and Klotz, 2005).
They forage on aphid honeydew (Tilles andWood, 1982; Renyard
et al., 2021), scavenge arthropod prey (Hansen and Akre, 1985;
Tilles andWood, 1986), and feed on bird excreta, mammal urine,
and carrion (AR pers. obvs). Of the many saccharides present
in aphid honeydew, worker ants preferentially consume fructose
and sucrose (Renyard et al., 2021) which are widely present also
in floral nectar (Blüthgen et al., 2004; Woodring et al., 2004).
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The carpenter ants’ favorite saccharides also occur in the nectar
of fireweed, Chamaenerion angustifolium (Antoń et al., 2017),
and are likely present in the nectar of thimbleberry, Rubus
parviflorus, which are two plant species common in forest
clearings. The ants may less likely encounter hardhack, Spiraea
douglasii – which thrives in more riparian habitats – but might
still respond to its floral odor when presented with it. Whether
carpenter ants are attracted to floral resources has not yet been
studied but pollinivory by ants, including Camponotus carpenter
ants (Czechowski et al., 2011; Cembrowski et al., 2015), is
increasingly observed.

Here, we tested the hypotheses that (1) food sources rich
in carbohydrates (aphid honeydew, floral nectar) and rich in
proteins (bird excreta, house mouse carrion, cow liver infested
or not with fly maggots) all prompt long-distance attraction of
worker ants, and (2) attraction of worker ants to inflorescences
(fireweed, thimbleberry, and hardhack) is mediated by floral
semiochemicals that are shared between these plants.

MATERIALS AND METHODS

Experimental Ants
Nests of C. modoc were collected as previously described by
Renyard et al. (2019). Briefly, we excised nine nests from
forest logs and maintained them in an outdoor undercover
area of the Science Research Annex (Burnaby campus, Simon
Fraser University), where they experienced natural light and
temperature cycles. We housed ant-infested log sections in large
plastic bins connected via clear NalgeneTM tubing to glass aquaria
provisioned with food (20% sugar water, apples, meal worms,
cockroaches) ad libitum.

General Design of Y-Tube Olfactometer
Bioassays
Attraction of ants to odor sources was tested in glass Y-tube
olfactometers, with odor and control stimuli placed by stratified
random assignment (Thompson, 2012) at the orifice of the left
or right side arm (Renyard et al., 2019; Figure 1). For each
bioassay, we disconnected theNalgene tubing (see above) from an
aquarium and allowed a single outbound ant to walk into a glass
holding tube inserted into the Nalgene tubing. We then attached
the holding tube to the Y-tube olfactometer via a male/female
glass joint and drew air at 0.5 L/min through the olfactometer
system with a Neptune Dyna vacuum pump (A.O. Smith, Tipp
City, OH, United States). An ant’s first choice of side arm was
recorded when she crossed a line 6 cm from a side arm’s orifice.
Ants that did not make a choice within 10 min were considered
non-responders and were excluded from statistical analyses. We
aimed for 30 replicates per experiment but ran fewer replicates if
the test stimulus was obviously not attractive, and we ran more
replicates if deemed necessary to avoid statistical error type II.
Any ant was bioassayed only once. Following bioassays, counter
tops and the rubber stopper connecting the vacuum tubing to the
holding tube (Figure 1) were cleaned with hexane and ethanol.
Y-tubes and holding tubes were cleaned with hot water and soap
(Sparkleen, Thermo Fisher Scientific, MA, United States) and

dried in an oven for at least 1 h at 100◦C. We ran olfactometer
experiments during the summer of 2018, 2019, 2020, and 2021.

Effect of Aphid-Infested Branches on Ant
Attraction (Exp. 1)
To isolate the effects of aphid/honeydew presence as the test
variable for ant attraction, we bioassayed aphid-infested vs.
uninfested branches. Branches infested, or not, with Cinara
splendens aphids were cut from a Douglas-fir tree, Pseudotsuga
menziesii, and inserted into parafilm-covered, water-filled 0.5-
dram vials. To ensure that control branches were free of
honeydew, they were gently rinsed with water prior to clipping.
We then placed one aphid-infested branch and one control
branch into separate Ziploc bags (S.C. Johnson and Son, Ltd.,
Brantford, ON, Canada), cut open one corner of bags to allow
air intake, and secured the large opening of bags with a metal
hose clamp to the side arms of the Y-tube olfactometer. For
each bioassay ant, we used a new aphid-infested branch and a
new control branch.

Effect of Inflorescences on Ant
Attraction (Exps. 2–4; Table 1)
To isolate the inflorescence effect on ant attraction, we bioassayed
branches with or without inflorescence, or, a leaf vs. a
flower (thimbleberry). Inflorescences and corresponding control
branches or leaves of fireweed, thimbleberry, and hardhack were
cut from live plants. Each inflorescence and a corresponding
control stimulus (see below) were inserted into separate parafilm-
covered, water-filled 0.5-dram vials. Hardhack inflorescences
consisted of ∼130 individual florets, with similar-sized hardhack
branches serving as a control stimulus. For thimbleberry, a
single flower and a neighboring leaf served as treatment and
control stimuli, respectively. For fireweed, a peduncle with 3–10
flowers and a peduncle with leaves only (control) were tested.
Hardhack inflorescences and single thimbleberry flowers, with
paired controls, were directedly inserted into side arms of the
Y-tube olfactometer. Fireweed inflorescences with paired controls
were enclosed in separate Ziploc bags which were then attached
to the side arms of Y-tube olfactometers. For each bioassay ant,
we tested new plant material.

Effect of Fresh and Insect-Infested
Carrion on Ant Attraction (Exps. 5–7;
Table 1)
CO2-euthanized female house mice, Mus musculus, and beef
liver from recently slaughtered cows were tested as fresh carrion
sources in parallel Y-tube olfactometer experiments. House mice
were salvaged from an unrelated experiment which required
removal of their uterus followed by freezing. Bisected mice (Exp.
5) and mass-matched beef liver pieces (each ∼6 g) (Exp. 6) were
wrapped in cheese cloth and frozen until use. Prior to testing in
bioassays, samples were thawed in warmwater and then placed in
a glass tube (60 mm × 19 mm inner diam.) kept on ice. For each
replicate, paired tubes containing either the test sample wrapped
in cheese cloth or cheese cloth only (control) were inserted into
the side arms of the Y-tube olfactometer.
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FIGURE 1 | Graphical illustrations of experimental designs. (A) Set-up for collecting headspace volatiles from natural sources; air was drawn through activated

charcoal, a glass chamber containing a natural odor source, and a volatile trap (the adsorbent Porapak in a glass tube). (B) Y-tube olfactometer bioassay station for

testing attraction of ants to test stimuli; for each replicate, test stimuli were (i) placed in small plastic bags secured to the side arms of the Y-tube, or (ii) inserted

directly into the side arms. Then, the holding tube housing a single bioassay ant was connected to both a vacuum pump and the Y-tube, allowing the ant to walk

upwind toward test stimuli. Test stimuli consisted of natural odor sources, headspace volatile extracts (HVEs), and synthetic blends (SBs) of candidate

semiochemicals. Aliquots of HVEs, SBs and corresponding solvent control stimuli were pipetted onto pieces of cotton wick placed at the orifice of side arms (see

Table 1 for details).

To obtain aged, maggot-infested carrion (Exp. 7), a 354-mL
paper cup (Solo Cup Company, IL, United States) containing
a piece of beef liver (2.5 cm × 7.5 cm) was placed into
a cage (61 cm × 61 cm × 61 cm; BioQuip R©, Compton,
CA, United States) with 500 male and female blow flies,
Phormia regina, allowing females 4 h to oviposit on the liver.
After the 4-h period, the cup was removed, another piece
of liver (2.5 cm × 7.5 cm) was added, and the cup was
covered with mesh and paper towel and kept in a veiled bin
(70.5 cm × 36 cm × 11.5 cm). First-instar maggots were
transferred to a glass jar (11 cm× 16.5 cm × 16.5 cm) containing
both a chunk of liver (250 g) and wood shavings, and were
allowed to develop to 3rd instars which were tested in bioassays.
For these bioassays, three 3rd instar maggots, along with the same
liver (1-g aliquots) in which they had developed, were enclosed
in an 8-layer cheesecloth pouch. Maggot-infested liver pouches
and empty control pouches were placed into separate glass tubes
(60 mm × 19 mm) and kept on ice in separate coolers prior
to bioassays. For each replicate, paired tubes containing either
a maggot-infested liver pouch or a blank control pouch were
inserted into the side arm of the Y-tube olfactometer. To test
the effects of dead mice, fresh and maggot-infested liver, or bird
droppings (see below) on ant attraction, we considered air the
only appropriate control stimulus as any other ‘control’ odor
may have altered the ants’ responses. For each bioassay ant, we
tested new stimuli.

Effect of Bird Excreta on Ant Attraction
(Exp. 8; Table 1)
Fresh excreta of Ruffs, Calidris pugnax – maintained in SFU’s
Animal Care facility for another project – were collected

with a scoopula from the ground and placed in a Petri
dish. Excreta were homogenized and used within 24 h of
collection. On each bioassay day, we placed aliquots of bird
excreta (0.5–0.6 g) into glass tubes (60 mm × 19 mm)
and covered openings with metal mesh. Paired tubes with,
or without (control), bird excreta were placed in separate
Styrofoam coolers containing ice. For each replicate, we inserted
a glass tube containing bird excreta into one side arm of
a Y-tube olfactometer and an empty control tube in the
corresponding control side arm. For each bioassay ant, we
tested new stimuli.

Collection of Headspace Volatiles of
Attractive Food Sources
As fireweed, thimbleberry, and bird excreta attracted ants (see
Section “Results”), we collected their headspace volatiles for
analyses. Driven by a vacuum pump (Neptune Dyna; A.O.
Smith, Tipp City, OH, United States), air was drawn at 1 L
min−1 for 16–24 h through activated charcoal, through a glass
chamber (41 cm × 17.5 cm diameter) containing the odor
source, and finally through a glass tube (14.0 cm × 0.5 cm)
filled with Porapak Q adsorbent (200 mg) (Figure 1). Volatiles
were desorbed from Porapak Q by flushing it with 2 mL of
ether/pentane (1/1).

For fireweed headspace volatile collections, 162 flowers from
20 plants were aerated for 19 h, yielding a total of 3,078 flower-
hour equivalents (FHEs) of headspace volatile extract. Aliquots
of this extract were tested in behavioral bioassays (Exps. 9–
10; below), and extract analyses informed the preparation of a
synthetic blend tested in experiment 14.
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TABLE 1 | Stimuli tested with Camponotus modoc ants in experiments 1–17.

Exp. # Stimuli tested No. ants responding

(not-responding)

(H1) Food sources rich in carbohydrates (aphid honeydew, floral nectar) and

rich in proteins (bird excreta, house mouse carrion, cow liver infested or not

with fly maggots) all prompt long-distance attraction of worker ants

1 Aphid-infested branch vs. uninfested branch 20 (0)

2 Hardhack inflorescence vs. hardhack leaf 20 (7)

3 Fireweed inflorescence vs. fireweed leaves 30 (10)

4 Thimbleberry flower vs. thimbleberry leaf 35 (1)

5 House mouse carrion vs. blank control 30 (5)

6 Cow liver vs. blank control 30 (3)

7 Maggot-infested cow liver vs. blank control 30 (2)

8 Bird excreta vs. blank control 25 (4)

9 Fireweed HVEa (1×) vs. solvent control 30 (3)

10 Fireweed HVE (10×) vs. solvent control 31 (2)

11 Thimbleberry HVE (10×) vs. solvent control 30 (1)

12 Bird excreta HVE (1×) vs. solvent control 29 (1)

13 Bird excreta HVE (10×) vs. solvent control 28 (2)

14 Fireweed SBb (10×) vs. solvent control 29 (3)

15 Thimbleberry SBc (10×) vs. solvent control 30 (0)

16 Bird excreta SBd (10×) vs. solvent control 33 (3)

(H2) Attraction of worker ants to inflorescences (fireweed, thimbleberry, and

hardhack) is mediated by floral semiochemicals that are shared between these

plants.

17 Odorants shared between fireweed and

thimbleberry (10×) vs. solvent control

29 (1)

aHeadspace volatile extracts (HVE) and synthetic blends (SB) were tested at doses

equivalent (1×) to volatiles released from natural sources (Exps. 3, 4, 8) or 10-fold

higher (10×).
bFireweed SB (10×): ethyl butyrate (2.5 ng), ethyl-2-methyl butyrate (2.5 ng), (Z)-

3-hexenol (6 ng), 2-heptanone (4.5 ng), (Z)-5-hepten-2-one (2 ng), benzaldehyde

(0.5 ng), sulcatone (1 ng), phenylacetaldehyde (4 ng), 2-nonanone (2 ng),

linalool (2 ng), nonanal (2 ng), phenylethyl alcohol (1.3 ng), (E)-4,7-dimethyl-

1,3,7-nonatriene (1.3 ng), (Z)-3-hexenyl butyrate (6.5 ng), methyl salicylate (1 ng),

(Z)-3-hexenyl-2-methyl-butyrate (5 ng), 4-Allyl-2-methoxyphenol (5 ng), β-elemene

(10 ng), (E)-β-caryophyllene (11 ng), (E)-β-farnesene (1 ng), α-humulene (3.9 ng),

germacrene D (5 ng), (E,E)-α-farnesene (3 ng).
cThimbleberry SB (10×) b: α-pinene (209.8 ng), methyl benzoate (6.3 ng), (–)-

cis-verbenol (4.2 ng), (–)-trans-verbenol (4.2 ng), (–)-verbenone (25.1 ng), (E)-β-

caryophyllene (137.8 ng), α-humulene (54.3 ng).
dBird excreta SB (10×): isoamyl alcohol (0.3 ng), dimethyl disulfide (5.3 ng), 2,4-

pentadiene-nitrile (0.3 ng), isobutyric acid (0.5 ng), 3-hexanone (1.3 ng), butyric

acid (0.5 ng), 2-hexanone (2.5 ng), octane (1.3 ng), 2-hydroxy-3-pentanone

(0.5 ng), ethyl 2-methylbutyrate (0.1 ng), 3-methylbutyric acid (0.3 ng), ethyl 3-

methylbutyrate (0.1 ng), 2-methylbutyric acid (0.3 ng), isoamyl acetate (0.3 ng),

2-heptanone (0.8 ng), nonane (0.5 ng), 2,5-dimethylpyrazine (0.5 ng), 2,3-

dimethylpyrazine (0.5 ng), α-pinene (0.5 ng), benzaldehyde (1.3 ng), dimethyl

trisulfide (0.5 ng), phenol (0.5 ng), 4-isothiocyanate-1-butene (2.5 ng), 1-octen-

3-ol (12.6 ng), 3-octanone (15.1 ng), 2-octanone (0.5 ng), tetramethylpyrazine

(2 ng), guaiacol (2 ng), nonanal (3.5 ng), 5-methylthiopentanenitrile (3.3 ng),

decanal (1.3 ng), 2-undecanone (0.5 ng), indole (0.8 ng), tridecane (0.5 ng), 5-

methylthiohexanenitrile (1.5 ng), geranyl acetone (1.3 ng), pentadecane (0.3 ng),

pristane (3 ng).

Thimbleberry headspace flower volatiles were collected on
two dates: (1) in 2019 (when most thimbleberry shrubs had
already finished blooming), five flowers were aerated for 16 h,
yielding a total of 80 FHEs of headspace volatile extract; (2)
in 2020, 31 flowers were aerated for 24 h, yielding a total of
744 FHEs of headspace volatile extract. Analysis of the 2019-
extract informed the preparation of the synthetic blend tested in
experiment 15 (see below).

For headspace volatile collections of bird excreta, 16.6 g
of excreta from Ruffs were aerated for 24 h, yielding a
total of 397.2 gram-hour equivalents (GHEs) of headspace
volatile extract.

Analyses of Headspace Volatile Extracts
by Gas Chromatography-Mass
Spectrometry
Extracts of fireweed, thimbleberry, and bird excreta were
concentrated under a nitrogen stream to 200, 130, and 120 µL,
respectively, and 2-µL aliquots of each concentrate were analyzed
by gas chromatography-mass spectrometry. GC-MS analyses
deployed an Agilent GC-MS (Agilent 7890B GC coupled to a
5977A Series MSD; Agilent Technologies Inc., Santa Clara, CA,
United States) fitted with a DB-5 column (30 m × 0.25 mm
ID.; Agilent Technologies, see above), using helium as the
carrier gas (35 cm s−1) and the following temperature program:
50◦C (held for 5 min), 10◦C per min to 280◦C (held for
10 min). Samples were analyzed in split mode (5:1 ratio), with
the injector port set to 250◦C, the transfer line to 280◦C,
the MS Quadrupole to 150◦C, and the MS source to 230◦C.
Compounds were identified by comparing their retention indices
(Van den Dool and Kratz, 1963) and mass spectra with those of
authentic standards.

Sources of Authentic Chemical Standards

The sources and purities of authentic chemical standards are
listed in Table 2.

Attraction of Ants to Headspace Volatile
Extracts of Attractive Food Sources
General Bioassay Design

Headspace volatile extracts and synthetic volatile blends were
tested in Y-tube olfactometers at doses equivalent to volatiles
released from natural test stimuli during 10-min bioassays (see
Exps. 3, 4, 8). We also tested synthetic blends at a 10-fold
higher dose to account for different release dynamics between
synthetic and natural sources. Synthetic blends were formulated
in pentane/ether (1/1) and 10-µL aliquots were applied to a
piece (1 cm × 1 cm) of cotton dental wick (Richmond Dental
& Medical, Charlotte, NC, United States) at the orifice of an
olfactometer side arm. In each bioassay, the piece of cotton
wick in the control side arm received the corresponding volume
(10 µL) of pentane/ether.

Specific Experiments
Effect of Fireweed Extract on Ant Attraction (Exps. 9,

10; Table 1)

Drawing on results that fireweed inflorescences with 3–10 flowers
each (median: 7 flowers) attracted ants in 10-min (0.167-h)
bioassays (see Section “Results” in Exp. 3), we tested headspace
volatile extract in experiment 9 at 1.16 FHEs per replicate (7
flowers × 0.167 h = 1.16 FHEs). Predicting rapid (rather than
sustained) release of synthetic volatiles from cotton wicks, we also
tested a 10-fold higher dose (11.6 FHEs; Exp. 10).
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TABLE 2 | Chemical numbers (no.; see Figures 3, 4), suppliers, and purities of chemicals tested in Y-tube olfactometer bioassays.

No. Chemical Supplier % Purity (%) No Chemical Supplier % Purity (%)

1. (–)-α-Pinene SAa 98 32. Isobutyric acid SA 99

2. Methyl benzoate SA 98 33. 3-Hexanone SA 98

3. (–)-cis-Verbenol Flb >95 34. Butyric acid SA 99

4. (–)-trans-Verbenol PTc 95 35. 2-Hexanone SA 98

5. (–)-Verbenone PT >95 36. Octane SA 98

6. (E)-β-Caryophyllene SA 99 37. 2-Hydroxy-3-pentanone GLl 90

7. α-Humulene SA 99 38. 3-Methylbutyric acid SA 99

8. Ethyl butyrate GLd 95 39. Ethyl 3-methylbutyrate GLd 95

9. Ethyl 2-methylbutyrate GLd 95 40. 2-Methylbutyric acid SA 98

10. (Z)-3-Hexenol SA 98 41. Isoamyl acetate GLm 98

11. 2-Heptanone SA 95 42. Nonane SA 98

12. (Z)-5-Hepten-2-one GLe 95 43. 2,5-Dimethylpyrazine SA 98

13. Benzaldehyde SA 95 44. 2,3-Dimethylpyrazine SA 99

14. 6-Methyl-5-hepten-2-one SA 99 45. Dimethyl trisulfide SA 98

15. Phenylacetaldehyde SA >90 46. Phenol SA 99

16. 2-Nonanone SA 95 47. 4-Isothiocyanate-1-butene GLn 65

17. (–)-Linalool Fl 97 48. 1-Octen-3-ol SA 98

18. Nonanal SA 95 49. 3-Octanone SA 98

19. Phenylethyl alcohol Fl >99 50. 2-Octanone SA 98

20. (E)-4,7-Dimethyl-1,3,7-nonatriene GLf 98 51. Tetramethylpyrazine SA 98

21. (Z)-3-Hexenyl butyrate GLd 95 52. Guaiacol Fl >98

22. Methyl salicylate SA 99 53. 5-Methylthiopentanenitrile GLo 99

23. (Z)-3-Hexenyl 2-methylbutyrate GLd 95 54. Decanal SA 99

24. 4-Allyl-2-methoxyphenol SA 95 55. 2-Undecanone SA 98

25. β-Elemene GLg 99 56. Indole SA 99

26. (E)-β-Farnesene Beh 95 57. Tridecane SA 99

27. Germacrene D GLi 93 58. 5-Methylthiohexanenitrile GLp 99

28. (E,E)-α-farnesene PTc 65 59. Geranyl acetone SA 96

29. Isoamyl alcohol Fij 95 60. Pentadecane SA 99

30. Dimethyl disulfide SA 99 61. Pristane SA 98

31. 2,4-Pentadiene nitrile GLk 95

aSigma-Aldrich (St. Louis, MO, United States).
bFluka Chemie (Buchs, 9471, CH).
cPhero Tech Inc. (Delta, BC V4G 1E9, CA) (out of business).
dSynthesized in the Gries-lab according to Nieses and Steglich (1978), and purified to >95% by flash chromatography using 10–20% ether in pentane.
eAvailable in the Gries-lab from a previous project.
f Synthesized in the Gries-lab according to Maurer et al. (1986).
gPurified by HPLC from Juniper berry oil (product # 371) supplied by Liberty Natural Products (Oregon City, OR, United States).
hBedoukian Research Inc. (Danbury, CT, United States).
iPurchased from Treatt PLC (Lakeland, FL, United States) (40% technical grade) and purified to 93% according to a procedure in Peach et al. (2019).
jFischer Scientific (Janssen Pharmaceuticalaan 3a, 2440 Geel, BE).
kSynthesized in the Gries-lab according to Clary and Back (2007).
lSynthesized in the Gries-lab according to Moriarty and Hou (1984).
mSynthesized in the Gries-lab by converting isoamyl alcohol to its corresponding acetate using acetic anhydride.
nSynthesized in the Gries-lab according to Terada et al. (2015).
oSynthesized in the Gries-lab according to Moon et al. (2010).
pSynthesized in the Gries-lab according to Teders et al. (2018).

Effect of Thimbleberry Extract on Ant Attraction (Exp.

11; Table 1)

Drawing on results that one thimbleberry flower was sufficient to
attract ants in 10-min bioassays (see Section “Results” in Exp. 4),
we were inclined to test headspace volatile extract in experiment
11 at 0.167 FHEs per replicate (1 flower × 0.167 h = 0.167 FHE).
However, as fireweed extract was effective only at a 10× higher
dose, we instead tested 1.67 FHEs (Exp. 11).

Effect of Bird Excreta on Ant Attraction (Exps. 12–13;

Table 1)

Drawing on results that 0.5 g of bird excreta attracted ants in
10-min bioassays (see Section “Results” in Exp. 8), we tested
headspace volatile extract in experiment 12 at 0.084 GHEs
per replicate (0.5 g of bird excreta × 0.167 h = 0.084 GHE).
Considering that 0.5 g of bird excreta were very attractive to
ants (Exp. 8), we tested headspace volatile extract at both a
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lower dose (0.084 GHE; Exp. 12) and a 10-fold higher dose
(0.84 GHE; Exp. 13).

Effect of Synthetic Volatile Blends of Fireweed,

Thimbleberry and Bird Excreta on Ant Attraction

(Exps. 14–16; Table 1)

Drawing on results of experiments 9–13, synthetic volatile blends
of fireweed inflorescences, thimbleberry flowers, and bird excreta
were tested at a 10× dose, comprising 11.6 FHEs, 1.67 FHEs,
and 0.84 GHEs, respectively (Table 1). Synthetic blends (SBs)
were formulated in pentane/ether (1/1), and 10-µL aliquots of
formulations, or of pentane/ether control stimuli, were applied
to a cotton wick at the orifice of olfactometer side arms.

Effect of Volatiles Shared Between Fireweed and

Thimbleberry on Ant Attraction (Exp. 17; Table 1)

As ants were attracted to synthetic volatile blends of fireweed
inflorescences and thimbleberry flowers (see Section “Results”
of Exps. 14 and 15), we proceeded to test volatiles [(E)-β -
caryophyllene, α-humulene] that are shared between these plants.
We presented these two compounds at the same 10× dose as
tested in experiments 15 (Table 1).

Statistical Analysis
Data (Renyard et al., 2022) were analyzed and graphics prepared
using R (V4.0.3; R Core Team, 2020), RStudio (Version 1.4.1103)
and Inkscape (Version 1.0.2). Data from all two-choice Y-tube
olfactometer experiments were analyzed with a χ2 test against
a theoretical 50:50 distribution, under the null hypothesis that
treatment stimuli have no effects on the ants’ choices.

RESULTS

Effects of Aphid-Infested Branches,
Floral Volatiles, Carrion and Bird Excreta
on Ant Attraction (Exps. 1–8)
In two-choice Y-tube olfactometer experiments (Figure 2), ants
preferred fireweed inflorescences to fireweed leaves (χ2 = 4.8,
df = 1, n = 30, p = 0.0285), thimbleberry flowers to thimbleberry
leaves (χ2 = 4.8286, df = 1, n = 35, p = 0.0280), and bird
excreta to clean air (χ2 = 4.84, df = 1, n = 25, p = 0.0278). Ants
showed no preference when offered choices between (i) aphid-
infested branches and control branches, (ii) hardhack flowers and
hardhack leaves, (iii) mouse carrion and clean air, (iii) cow liver
and clean air, and (iv) maggot-infested cow liver and clean air (all
p > 0.05).

Identification of Compounds in Attractive
Headspace Volatile Extracts
Headspace volatile extracts of the three sources (fireweed,
thimbleberry, and bird excreta) that were attractive to ants
proved complex. Thimbleberry headspace volatiles included
three hydrocarbons, two alcohols, one ketone, and one methyl
ester (Figure 3). Fireweed headspace volatile included six
sesquiterpenes, five esters, three alcohols, four ketones, three

aldehydes, one triene hydrocarbon, and one methoxy alcohol
(Figure 3). Bird excreta headspace volatiles consisted of seven
ketones, five alkanes, four acids, three alcohols, three aldehydes,
three pyrazines, two sulfides, two nitriles, two esters, one keto-
alcohol, one acetate, one monoterpene, one isothiocyanate, one
methoxy alcohol, one benzene pyrrole, and one thionitrile
(Figure 4). (E)-β-Caryophyllene and α-humulene were shared
between thimbleberry and fireweed.

Effect of Headspace Volatile Extracts of
Fireweed, Thimbleberry, and Bird
Excreta on Ant Attraction (Exps. 9–13)
When ants in Y-tube olfactometer experiments were offered
choices between solvent control stimuli and (i, ii) headspace
volatile extracts of fireweed [1× dose (Exp. 9); 10× dose (Exp.
10)], (iii) thimbleberry [10× dose (Exp. 11)], and (iv, v) bird
excreta [1× dose (Exp. 12); 10× dose (Exp. 13)], they favored
10× doses of fireweed (Exp. 10: χ2 = 3.9032, df = 1, n = 31,
p = 0.0482), thimbleberry (Exp. 11: χ2 = 4.8, df = 1, n = 30,
p = 0.0285), and bird excreta (Exp. 13: χ2 = 5.1429, df = 1, n = 28,
p = 0.0233; Figure 5). In contrast, they did not prefer 1× doses
of fireweed (Exp. 9) and bird excreta (Exp. 12) to solvent controls
(each p > 0.05).

Effect of Synthetic Volatile Blends of
Fireweed, Thimbleberry and Bird Excreta
on Ant Attraction (Exps. 14–16)
When ants in Y-tube olfactometer experiments were offered
choices between solvent control stimuli and synthetic volatile
blends (10× dose) of fireweed, thimbleberry, and bird excreta,
they preferred blends of fireweed (Exp. 14: 5.8276, df = 1, n = 29,
p = 0.0158) and thimbleberry (Exp. 15: χ2 = 4.8, df = 1, n = 30,
p = 0.0285), but not of bird excreta (Exp. 16:χ2 = 0.030303, df = 1,
n = 33, p = 0.86) to solvent controls (Figure 6).

Effect of Volatiles Shared Between
Fireweed and Thimbleberry on Ant
Attraction (Exp. 17)
When ants in Y-tube olfactometer experiment 17 were offered
a choice between a synthetic blend of floral odorants shared
between thimbleberry and fireweed [(E)-β-caryophyllene, α-
humulene] and a solvent control stimulus, they showed no
preference for either test stimulus (χ2 = 2.7931, df = 1, n = 29,
p = 0.095; Figure 7).

DISCUSSION

Ant colonies have vast and diverse nutritional needs including
carbohydrates and proteins (Porter, 1989; Evans and Pierce, 1995;
Feldhaar et al., 2007; Blüthgen and Feldhaar, 2010; Mankowski
and Morrell, 2014), but forager ants have limited mobility
to meet these needs. Foragers face the challenge of not only
finding enough nutrients for themselves but also for all of their
nestmates including the developing brood (Csata and Dussutour,
2019). Foragers would likely accrue significant energy savings for
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FIGURE 2 | Effect of test stimuli on responses of Camponotus modoc worker ants in Y-tube olfactometer (Figure 1) experiments 1–8, each with 20–35 responding

ants. Treatment and control stimuli are indicated above bars and illustrated next to bars. Numbers within bars indicate the number of ants responding to test stimuli

and numbers in white inset boxes indicate the number of non-responding ants. An asterisk denotes a significant preference for a test stimulus (Pearson’s χ2 tests:

p < 0.05; n. s., not significant).

themselves and for their entire colony if they were able to sense
olfactory cues from both carbohydrate and protein sources, and
to engage in long-distance orientation toward them. If forager
ants had reduced olfactory acuity, like other flightless insects
(Neupert et al., 2020), they might not be able to recognize the
specific odor profiles of multiple food sources but might still
be able to locate them by responding to key odorants shared
between food sources. Working with Western carpenter ants as a
model species, we show that foragers are capable of long-distance
orientation toward both carbohydrate and protein food sources.
Foragers were attracted to two of four carbohydrate sources
(thimbleberry and fireweed) and to one of four protein sources
(bird excreta) that we tested in bioassays. However, a blend of
floral odorants shared between thimbleberry and fireweed was

not attractive to ants, indicating that select floral odorants, while
common among plants, are not attractive to ants when presented
outside typical floral odor context. As ants were selective in their
responses to carbohydrate and protein food sources, we conclude
that they can discern between specific food odor profiles, and that
they seem to have good, rather than poor, olfactory acuity.

All four sources of carbohydrates (aphid-infested conifer
branches, blooming fireweed, thimbleberry, and hardhack) that
we tested in our study would have provided nutritional value to
foraging ants. Thus, it is surprising that aphid-infested branches
and hardhack did not attract ants. Honeydew, in particular,
is consumed by many species of ants – including C. modoc
(Tilles and Wood, 1986; Yamamoto and Del-Claro, 2008; Ness
et al., 2010; Renyard et al., 2021) – and may constitute a
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FIGURE 3 | Total ion chromatograms of headspace volatile extracts (HVEs) of thimbleberry (Top) and fireweed (Bottom). Headspace volatiles were adsorbed on

Porapak Q (Figure 1) and desorbed with pentane/ether (1/1). HVEs were analyzed by gas chromatography-mass spectrometry (GC-MS; Agilent 7890B GC coupled

to a 5977A Series MSD). Names of compounds are listed in Table 2.

large proportion of an ant’s diet (Domisch et al., 2009; Pekas
et al., 2011). That worker ants of L. niger and S. invicta
were attracted to honeydew (Zhou et al., 2012; Fischer et al.,
2015), but C. modoc workers were not (Figure 2), has at
least three plausible explanations: (1) there simply may not
have been sufficient honeydew accumulation on the aphid-
infested branches; (2) the aphid honeydew, which at the time
of excretion is odorless (person obs.), was not yet extensively
colonized by exogenous microbes whose volatile metabolites
attract natural enemies to aphid colonies (Leroy et al., 2011),
and also accounted for attraction of L. niger workers (Fischer
et al., 2015); and (3) Cinara aphids colonize tall conifer trees
and their honeydew odors, or alarm pheromone signals, may

not consistently reach ground-dwelling carpenter ants, providing
little opportunity for ants to associate Cinara honeydew odor or
aphid pheromones with the presence of aphids and carbohydrate
rewards (Verheggen et al., 2012).

Insufficient overlap between habitats colonized by carpenter
ants and hardhack may also explain the non-attractiveness of
hardhack flowers. Hardhack thrives in open riparian habitats
(Pojar et al., 1994) and is less common in areas frequented
by carpenter ants (A.R.; pers. observ.), whereas fireweed and
thimbleberry are common plant community members of the
forest ecosystem (Pojar et al., 1994) inhabited by carpenter ants.
Alternatively, the nectar or pollen rewards of hardhack are not
sufficiently appealing to, or accessible by, carpenter ants.
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FIGURE 4 | Total ion chromatogram of headspace volatile extracts (HVEs) of excreta from Ruffs, Calidris pugnax. Headspace volatiles were adsorbed on Porapak Q

(Figure 1) and desorbed with pentane/ether (1/1). HVEs were analyzed by gas chromatography-mass spectrometry (GC-MS; Agilent 7890B GC coupled to a 5977A

Series MSD). Names of compounds are listed in Table 2.

Animal-derived nitrogenous sources such as bird excreta,
vertebrate urine, and carrion are ephemeral resources. If foraging
ants were to rely on chance encounters of these resources, they
might not be able to meet the protein requirements of their
colony’s egg-laying queen and developing brood. Expectedly
then, worker ants were attracted to fresh bird excreta (Figure 2).
While ants are known to forage on bird excreta (Kaspari,
1993; Jaffe et al., 2001; Sainz-Borgo, 2015), their olfactory
attraction to bird excreta has not previously been reported.
Bird excreta are nutritionally valuable to carpenter ants not
only as a protein source, but also as a source of uric acid
and urea. The ants’ obligate endosymbiont Blochmannia spp.
enzymatically breaks down uric acid and urea, and converts
urea to both essential and non-essential amino acids (Sauer
et al., 2000; Feldhaar et al., 2007). This metabolic capability
improves the nutritional intake of the host ants, enables them to
persist on otherwise nutrient-deficient diets, and allows them to
occupy nutritional niches off-limits to ant community members
lacking these endosymbionts (Davidson et al., 2003; Feldhaar
et al., 2007; Russell et al., 2009; Hu et al., 2018). The ants’

endosymbiotic ability to process urea as an amino acid precursor
may also explain their lack of attraction to other protein sources,
such as mouse carrion (Figure 2). Several species of carpenter
ants selectively feed on urea (Shetty, 1982; Feldhaar et al.,
2007; Menzel et al., 2012), and worker ants of Camponotus
terebrans even sift through sand containing urea to acquire it
(Petit et al., 2020).

Although our synthetic blend of bird excreta odorants was
very complex, it still failed to attract ants in Y-tube olfactometers,
indicating that essential constituents were still missing from the
blend. These constituents could have been too polar to properly
chromatograph [e.g., (bi)acids] or too low in abundance to be
detectable in GC-MS analyses.

Over 154 species of ants, including C. modoc carpenter
ants (Shean et al., 1993), have been found on or near carrion
(Eubanks et al., 2019) but – surprisingly – neither mouse
carrion nor cow liver at various stages of decay attracted
carpenter ants in our study. The odor profile of decaying
carrion dynamically changes in relation to the stage of decay
(Dekeirsschieter et al., 2009), and each stage attracts a different
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FIGURE 5 | Effect of headspace volatile extracts (HVEs) of fireweed, thimbleberry, and bird excreta on responses of Camponotus modoc worker ants in Y-tube

olfactometer (Figure 1) experiments 9–12, each with 28–31 responding ants. HVEs in pentane/ether (1/1) were tested at doses equivalent (1×) to volatiles released

from natural sources (Exps. 3, 4, 8) or 10-fold higher (10×). The same volume of pentane/ether (1/1) served as control stimulus. Numbers within bars indicate the

number of ants responding to test stimuli and numbers within white inset boxes indicate the number of non-responding ants. Asterisks denote a significant

preference for a test stimulus (Pearson’s χ2 tests: p < 0.05; n. s., not significant).

FIGURE 6 | Effect of synthetic blends (SB) of fireweed (FW), thimbleberry (TB), and bird excreta (BE) on responses of C. modoc worker ants in Y-tube olfactometer

(Figure 1) experiments 14–16, each with 29–33 responding ants. SBs were formulated in pentane/ether (1/1) and tested at doses equivalent (1×) to volatiles

released from natural sources (Exps. 2, 3, 8) or 10-fold higher (10×). The same volume of pentane/ether (1/1) served as control stimulus. Numbers within bars

indicate the number of ants responding to test stimuli and numbers within white inset boxes indicate the number of non-responding ants. Asterisks denote a

significant preference for a test stimulus (Pearson’s χ2 tests: p < 0.05; n. s., not significant).

FIGURE 7 | Effect of a synthetic blend (SB) comprising the two floral odorants [(E)-β-caryophyllene, α-humulene] shared between fireweed (FW) and thimbleberry

(TB) on responses of C. modoc worker ants in Y-tube olfactometer (Figure 1) experiment 17. The SB was formulated in pentane/ether (1/1) and tested at a dose

10-fold higher (10×) than volatiles released from thimbleberry (Exp. 4). The same volume of pentane/ether (1/1) served as the control stimulus. Numbers within bars

indicate the number of ants responding to test stimuli and the number within the white inset box indicates a single non-responding ant; n.s., not significant; p > 0.05.
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guild of scavengers. For example, very fresh carrion attracts
blow flies (Brodie et al., 2016), whereas the dry (bone and hair
only) stage is attractive to clothes moths (Takács et al., 2001).
The carrion stage that is preferentially sought by scavenging
ants has not yet been investigated, and we may have presented
a suboptimal stage in our bioassays. Alternatively, scavenging
ants may prefer invertebrate to vertebrate protein, and vertebrate
carrion protein is a suboptimal food source. This explanation is
supported by findings that laboratory colonies of S. invicta and
Solenopsis geminata had greater brood production and growth
when provisioned with insect protein instead of liver protein
(Gavilanez-Slone and Porter, 2013; Porter et al., 2015; Lin et al.,
2022). It follows that ant assemblies on vertebrate carrion may
be motivated primarily by prospective encounters with insect
prey, such as fly maggots developing in carrion (Lin et al.,
2022). In our study, the liver odor may have masked the (faint)
fly maggot odor.

Our prediction that foraging ants are reliant upon a simple
olfactory search ‘image’ for nectar odor cues was not supported
by the data. The prediction was inspired by previous reports
that flightless insects have poor olfactory acuity (Neupert et al.,
2020). With a simple search image, ‘featuring’ only those
floral constituents that are shared between plants, foraging
ants would be able to locate and exploit multiple and diverse
nectar sources. This concept seemed particularly appealing
because more than 50% of flowering plant families have floral
bouquets with overlapping constituents, including α-pinene,
benzaldehyde, linalool, and E-β-caryophyllene (Knudsen et al.,
2006). E-β-Caryophyllene and α-humulene are shared between
fireweed and thimbleberry but this 2-component blend was
not attractive to ants. This finding, coupled with (i) reports
that ants have hundreds of olfactory receptors (Saad et al.,
2018), and (ii) our data showing that foraging carpenter ants
were attracted to complete floral odor bouquets of fireweed
and thimbleberry but not of hardhack, support the conclusion
that carpenter ants recognize specific floral odor blends and
discern between them, and thus have good, rather than poor,
olfactory acuity.

Western carpenter ants had no prior contact or experience
with the carbohydrate and protein sources we tested, indicating
innate responses. However, ants in general can learn to associate
odors with food rewards (Dupuy et al., 2006; Provecho and
Josens, 2009; Nelson et al., 2019; Oberhauser et al., 2019),
and thus may be able to opportunistically adjust their foraging
activities in accordance with the resources that are currently
available in their habitat and that they have learned about.
The ants’ disposition to respond to olfactory cues is likely
affected by both resource-specific factors such as an optimally
attractive stage (see above) and intrinsic ‘ant’ factors such as caste,
stage, or hunger (Morgan et al., 2006; Seid and Traniello, 2006;
Muscedere et al., 2012; Gadenne et al., 2016). The disposition
to respond to olfactory cues is further modulated by shifting
barometric pressure (Pellegrino et al., 2013) which could explain
the variable number of non-responding ants in our bioassays.
Spatio-temporal overlap of food and ant presence, and nutritional
value of food, are obvious requisites for odor-mediated foraging
responses by ants.

CONCLUSION

Foragers of Western carpenter ants are attracted to food sources
rich in carbohydrates and proteins. The foragers’ ability to sense
and orient toward sources of these two macronutrients greatly
improves their foraging efficiency. Foragers are not reliant on
chance encounters of these resources but can detect them from
a distance and move upwind toward them. This ability likely
translates into significant energy savings for the entire colony.
A complex, rather than simple, olfactory search image seems
to guide the foraging activities of ants. They discriminated
between odor profiles of three flowering plants, selecting only two
(fireweed and thimbleberry), and four protein sources, selecting
only one (bird excreta). Moreover, the simple blend of only those
two floral odorants shared between fireweed and thimbleberry
had no ‘ant appeal.’ All these data support the conclusion that
carpenter ants have significant olfactory acuity. With a keen sense
of smell, flightless forager ants can efficiently locate valuable
nutrient sources and meet the vast and diverse nutritional needs
of all their worker nestmates, queen, and developing brood.
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