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A B S T R A C T

Waste disposal is important for maintaining the health of animal societies. Adults and off ;spring produce large
amounts of waste and feces that could contain pathogens or toxins and may need to be stored away from the
young or adult individuals. In social insects, the worker caste is responsible for nest maintenance, including
sanitary behavior, and waste disposal strategies vary between species. However, individual task allocation is
generally affected by queen presence and worker efficiency often decreases in the absence of a queen.

Here we show that most (74%) colonies of the cavity-dwelling ant Temnothorax crassispinus construct up to
two localized indoor ‘latrines’, which are used for defecation and only very rarely also as waste dumps.
Restriction of defecation to designated areas affects the growth of mold inside the nest. Defecation strategies of
colonies are furthermore affected by queen presence, with workers from queenless nests more frequently de-
fecating outside the nest and forming latrines. As colonies do not actively avoid moldy nests, mold seems to not
necessarily be a threat to the colony. While solid waste management has been more extensively studied in social
insects, this study contributes a rare insight into the organization of non-easily transportable fecal waste.

1. Introduction

The societies of ants, bees, and wasps are generally characterized by
division of labor between reproductives and non-reproductive workers.
The loss of the reproductive individual(s) typically leads to tremendous
changes in colony organization. In particular, in species with small
societies, non-reproductives may begin to compete aggressively to ob-
tain direct fitness by producing males from unfertilized eggs (Cole,
1981; Franks and Scovell, 1983; Heinze et al., 1997; Stroeymeyt et al.,
2007) or, in a few taxa, even by mating and producing both male and
female off ;spring (Monnin et al., 2002; Peeters and Tsuji, 1993).

Queen loss and the take-over of reproduction by workers affects
both individual worker physiology and the structure of the whole so-
ciety. On an individual level, queen loss affects brain dopamine titers
(Harris and Woodring, 1995; Cuvillier-Hot and Lenoir, 2006; Shimoji
et al., 2017), learning capability (Evans et al., 2016), and life span
(Dixon et al., 2014; Hartmann and Heinze, 2003; Tsuji et al., 1996). On
a societal level, queen loss may weaken nestmate discrimination, which
in turn facilitates colony usurpation by alien conspecific queens, or by
social parasites (Buschinger, 2009; Chapman et al., 2009; Tschinkel,
1996; Van Oystaeyen et al., 2013). Furthermore, queen loss may lower
overall activity levels and change collective behavior (Berton et al.,
1992; Gobin et al., 2003; Jaycox, 1970; Reeve and Gamboa, 1987;
Sumana and Starks, 2004). For example, workers from queenless

colonies of the ant Temnothorax curvispinosus interact less with the
brood and retrieve misplaced larvae more slowly than workers from
queenright colonies (Keiser et al., 2018).

More importantly, queenless colonies appear to be less resistant to
fungal infections, suggesting that the presence of a queen may affect
collective immune responses, and thus the spread of diseases (Keiser
et al., 2018). Waste, corpses, and feces may contain infectious agents
and therefore are potentially dangerous (Currie et al., 1999; Hart and
Ratnieks, 2002; Waddington and Hughes, 2010; Weiss, 2006). Nest
hygiene and disease prevention are thus important aspects of the col-
lective behavior of social insects. Many social animals have therefore
evolved efficient waste management, including external or internal
dumps and latrines (Bernadou et al., 2018; Bot et al., 2001; Czaczkes
et al., 2015; Eastwood, 1997; Farji-Brener and Medina, 2000;
Hölldobler and Wilson, 1977, 1978; Jackson and Hart, 2009; O’Neal
and Markin, 1973; Peeters et al., 1994; Waddington and Hughes, 2010).

We found that 27% of T. crassispinus colonies are queenless under
natural conditions (unpublished results). As queen loss affects worker
behavior (Berton et al., 1992; Gobin et al., 2003; Jaycox, 1970; Reeve
and Gamboa, 1987; Sumana and Starks, 2004) and reduces colony re-
sistance to infection in T. curvispinosus (Keiser et al., 2018), we asked
whether queen loss might affect defecation and sanitary behavior in the
related ant T. crassispinus. We find that defecation behavior and waste
management varies among colonies and also differs between queenright
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and queenless colony fragments. Our study shows that latrine formation
and also queen presence affect microbiota growth inside the colonies,
but that ant colonies do not avoid moldy nests. These findings can
provide a basis for further studies on sanitary behavior and the co-ex-
istence with microbiota in ant colonies.

2. Material and methods

Temnothorax crassispinus is a small (2–3mm), monogynous (single-
queened) ant species that lives in small colonies with 20–300 workers
in acorns or twigs. In summer, many natural nests are queenless (27%,
unpublished data), as individual colonies may seasonally inhabit mul-
tiple nest sites (seasonal polydomy, Strätz & Heinze, 2004). We col-
lected 29 queenright colonies near Regensburg, Germany, and split
each into a queenright and queenless half, resulting in a total of 58
colony fragments. These fragments were then standardized to consist of
25 workers each (with or without queen). We added 25 larvae to all
queenright and 10 of 29 queenless colonies, the remaining 19 queenless
colonies did not receive larvae, so as to investigate the effects of queen-
produced larvae.

Colonies were housed in small three-chambered plastic boxes
(10× 10 x 3 cm³; one chamber each for nest, food, and water) with a
moistened plaster floor under 12 h 26 °C/ 12 h 22 °C day/night cycles).
The nest was composed of the area surrounded by a plastic frame (554
mm²) sandwiched between two microscope slides (1.2× 5 x 0.3 cm³)
with a narrow entrance (0.3× 1 x 0.3 cm³). It was covered with an
opaque film to ensure that the nest cavity was dark.

Colonies were fed twice per week with fruit flies (Drosophila mela-
nogaster) and honey. Honey was colored with commercially available
food dyes (red: Allura red AC, E129, 12.5% pure color, 2% aluminum;
blue: Brilliant blue FCF, E133, 9.26% pure color, 3.6% aluminum,
carrying agent sulfate / chloride, RBV Birkmann GmbH & Co; 4 g per
liter of solution). Red and blue food coloring was used for queenright
and queenless colonies, respectively, for convenience, as in previous
experiments the color of food dyes was found to have no influence on
defecation behavior (Bernadou et al., 2018; Czaczkes et al., 2015).

Four weeks after colony establishment we took digital photographs
of the nest box and nest, which were analyzed blindly. At this time 0–4
(median, Q1, Q3: 1, 0, 1) workers had died or vanished per colony. We
then noted the presence and number of latrines within each colony.
Accumulations of defecation spots were defined as latrines when spots
had the color of the food and were concentrated in an area smaller than
1/3 of the nest (see Fig. 1). Randomly distributed spots were not
counted as latrines (see photos in Supplement S2 & S3). Nine queen-
right and two queenless colonies had to be excluded from the latrine
analysis due to excessive mold growth, which prevented an accurate
determination of defecation spots. The area covered by latrines and
mold, and the distance of the latrines from the nest entrance, and the
distance of latrines from brood piles, were measured using ImageJ. Four
weeks after the photographs were taken we put 17 related queenless
and queenright split-fragments into a new, clean arena (diameter:
14 cm) to allow them to reunite and to observe nest choice relative to
queen presence and mold growth. The remaining 12 queenless and
queenright fragment were chosen randomly and kept separated for
further, independent experiments.

Data were analyzed with R v. 3.2.3 software (R Development Core
Team, 2008) with packages “ggplot2” (Wickham, 2009) for the plots
and “vegan” (Oksanen et al., 2017) for conducting the PerMANOVA as
data were non-parametric in the case of count data or not normally
distributed (Shapiro-Wilk normality test: p < 0.05). PerMANOVA was
used to test the effects of queen presence, larvae presence, latrine
presence and outside defecation on the defecation behavior of the co-
lonies. In the results, factors are given in the order they were included
in the test. Count data were compared using Chi-square test (χ²) and
pairwise comparisons were conducted using Mann-Whitney U test
(“Wilcoxon rank sum test with continuity correction”) followed by a

correction for a false discovery rate (“fdr”) (Benjamini and Hochberg,
1995). We grouped queenless colonies with and without larvae for
analyses, as we did not find any effect of larva presence in queenless
colonies. They did not differ in the frequencies of latrine formation
(with larvae: 6/19; without larvae 1/8, χ²= 1.36, p=0.243; one
colony could not be evaluated due to excessive mold growth), defeca-
tion outside (with larvae: 13/19; without larvae: 8/10; χ²= 0.439,
p=0.507), nor latrine size (W=27, p=0.799), or mold distribution
(W=99, p=0.865).

3. Results

In almost all colonies (89%, 42/47), the ants defecated inside the
nest, and 74% (31/42 colonies) of the colonies with defecation in the
nest showed one or two well-defined latrine patches (Fig. 1). In total, 40
latrine patches were formed, mostly along the corners of the nest (37/
40 latrines) with distance to the nest entrance (median, Q1, Q3:
queenless: 21.15, 9.45mm, 48.81mm; queenright: 16.89mm,
10.92mm, 29.14mm; W=140, p=0.421). Queenless and queenright
colonies did not differ in the presence (χ²= 0.260, df= 1, p= 0.6125)
or number of latrines (χ²= 0.816, df= 2, p=0.665). Furthermore,
comparing the presence of latrines between the queenright and
queenless halves of the same colony did not reveal any colony-specific
trend (Spearman’s rank correlation, n=20, rS = -0.132, p= 0.578).

Latrines made up to 26% (150.67 mm²) of the inner nest (area
median, Q1, Q3: queenless: 26.18 mm², 19.01 mm², 41.21 mm²;
queenright: 23.37 mm², 18.16 mm², 62.33mm²; W=118, p=0.984).
Only a minority of latrines (queenless: 2 of 21, 9.5%; queenright: 2/19
latrines, 10.5%) contained other refuse particles (one piece of
Drosophila located in one latrine each in two queenright colonies and
two queenless colonies) both in queenless and queenright colonies), and
none of the latrines contained dead ants, i.e., latrines did not serve as
general waste dumps. Only 21% (14/58) of all colonies stored food
items (fresh pieces of Drosophila) inside the colony, but never in a
centralized place. Rather, food items were widely distributed
throughout the nest (indicated by the yellow circles in supplements S2
& S3).

Brood piles were always kept away from the latrines (distance
median, Q1, Q3: queenless: 30.93mm, 26.20mm, 41.88mm; queen-
right: 29.12mm, 23.74mm, 34.53mm) and non-centralized defecation
areas. Only in two queenright colonies were single larvae found on
defecation spots. In most queenless colonies (21/29) workers also de-
fecated outside the nest, especially under the nest, while external de-
fecation was significantly less common in queenright colonies (11/29;
χ²= 6.97, df= 1, p=0.0017, see figure S1). Workers from colonies
with well-defined latrines inside the nest defecated more frequently
outside the nest (25/31) than workers from colonies with random de-
fecation spots inside the nest (4/11) (χ²= 7.5, p= 0.006;
PerMANOVA: defecation outside the nest: queen presence F= 1.1,
df= 1, p=0.22, presence of larvae F= 2.8, df= 1, p= 0.1, latrine
presence inside the nest F= 8.4, df= 1, p=0.0052). When defecating
outside, workers from queenright colonies were more likely to form
localized latrines under the nest than workers from queenless colonies
(5/21 queenless colonies, 9/11 queenright colonies; χ²= 9.9, df= 1,
p=0.002) (PerMANOVA latrine formation outside the nest: queen
presence F= 14.6, df= 1, p= 0.0005, presence of larvae F=0.75,
df= 1, p=0.39, latrine presence inside the nest F= 0.55, df= 1,
p=0.63).

Under laboratory conditions, T. crassispinus nests were quickly
covered by mold (area median, Q1, Q3: 44.37 mm², 0.00 mm², 403.95
mm²) and the degree of microbiota growth inside the nest appeared to
be linked to the presence of the queen and the individuals’ defecation
behavior (PerMANOVA: queen presence: F= 3.71, df= 1, p=0.041,
larvae presence: F= 1.27, df= 1, p= 0.29, latrine presence:
F= 13.61, df= 4, p=0.001, defecation outside the nest: F= 1.37,
df= 1, p= 0.27, see Fig. 2). Colonies were less moldy when workers
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defecated outside (median, Q1, Q3: 0.00 mm², 0.00 mm², 45.75mm²)
than colonies with only inside defecation (median, Q1, Q3: 450.57mm²,
83.95mm², 563.06mm²; W=704, p < 0.0001). Furthermore, the
formation of localized latrines inside the nest (median, Q1, Q3: 14.28
mm², 0.00 mm², 47.21 mm²) appeared to reduce mold growth more
than random defecation (median, Q1, Q3: 291.71 mm², 122.41 mm²,
473.33mm²; W=300.5, p= 0.00014) and the area covered by latrines
and mold growth were positively correlated (Spearman’s rank correla-
tion: rS= 0.45, p=0.01).

When we allowed 17 split colonies to reunite four weeks later, eight
colony fragments moved in with their nestmates in the more or equally
moldy nest, five colonies merged in the less moldy nest and in four cases
colonies did not reunite at all. Interestingly, regarding the colonies that

moved, six left their clean, mold-free nests to move into nests with
considerable microbiota growth. This indicates that the ants do not
avoid moldy nests.

4. Discussion

In most (89%) studied colonies of the ant T. crassispinus, individuals
defecated inside the nest, and in most nests (74%) they defecated only
in particular areas. These areas appear to be defecation sites (latrines or
toilets c.f. Czaczkes et al., 2015), as their color matched the artificially
colored food. In contrast to waste disposal sites or middens (Peeters
et al., 1994; Rettenmeyer, 1963; Wilson and Brown, 2005), only two of
40 latrines contained left-over food items or other waste. T. crassispinus

Fig. 1. Number of colonies without (0) with
one (1) or with two (2) locally defined latrines
in queenless (black) and queenright (grey)
Temnothorax crassispinus nests. Defecation and
latrine areas are marked with a red circle. In
the two leftmost nests, defecation spots are
randomly distributed throughout large parts of
the nest and not locally concentrated in a la-
trine area.

Fig. 2. Area of the inner nest covered by mold in relation to the
individuals’ defecation behavior and queen presence. In colonies
without latrines (“no latrines”) the inner nest is covered up to
100% by mold, but the formation of latrines inside the nest (“with
latrines”) significantly reduces mold growth. The avoidance of
inside defecation (“no inside defecation”) can stop mold growth
completely. In a few colonies, mold growth was so intense that
they could not be assigned (“not assigned”) to any of the other
groups. Boxplots show median, 25 and 75 quartiles, and 95%
percentiles. Post hoc comparisons among groups significantly dif-
ferent at p=0.05, adjusted following Benjamini-Hochberg
(1995), are displayed by different letters (lower case for queen-
right colonies, capitals for queenless colonies). Mold growth does
not differ significantly between queenless and queenright groups.
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rarely store large amounts of food in their nests and the random dis-
tribution of the few scattered food residues indicated that they do not
deposit left-over food items in specific sites. Instead, workers were seen
removing decaying food from the nest (unpublished observations).

Many ant species have waste disposal areas, where they put droplets
of feces and other waste products (Bernadou et al., 2018; Hart and
Ratnieks, 2001; Hölldobler and Wilson, 1978; Weiss, 2006). However,
the formation of latrines inside ant nests has so far only been reported
for a few formicine ants (e.g. Hölldobler 1975, including Lasius niger
(Czaczkes et al., 2015), the ponerine ant Platythyrea punctata (Bernadou
et al., 2018) and Crematogaster smithi, (S. Cremer & J. Oettler, un-
published)). Feces and other excretions can promote pathogen growth
and thus pose a threat to insect societies (Copley et al., 2012; Hart and
Ratnieks, 2001). Together with other types of pathogen defense (e.g.,
Cremer et al., 2007), defecation in well-defined areas might minimize
infection risk. While foragers may easily defecate outside the nest
(Bernadou et al., 2018), the presence of indoor latrines may protect
younger workers and the queen from predation and other external
hazards (Czaczkes et al., 2015).

In T. crassispinus, the formation of localized latrines appears to re-
duce mold growth. Natural colonies of T. crassispinus live in relatively
ephemeral sites, such rotting twigs, under bark, and in hollow acorns,
and mold prevention might increase the stability of the nest material.
The resting workers avoided moldy patches inside the nest, and brood
items were kept away from them (see also Karlik et al., 2016). Never-
theless, single individuals themselves appeared not to be strongly af-
fected by mold. When we allowed colony fragments to reunite at the
end of the experiment, some of them moved into the moldier nest.
Behavioral observations revealed that active workers frequently han-
dled the mold, relocating it, removing fragments or using pieces of mold
to close the nest entrance (unpublished data). Furthermore, colonies
remained in a moldy nests rather than moving into new nest sites. These
observations are consistent with previous studies, which show that
mature ant colonies (Myrmica rubra, Leclerc et al., 2018; Monomorium
pharaonis, Pontieri et al., 2014) or founding queens (Formica selysi,
Bruetsch et al., 2014) often actively choose pathogen- contaminated
substrate for nest foundation. These studies conclude that intentional
pathogen contact might lead to immunization (Brütsch et al., 2014;
Leclerc et al., 2018; Pontieri et al., 2014).

Colonies differed in sanitary behavior, but why workers in a min-
ority of colonies defecated randomly throughout the nest or only out-
side remains unclear. Variation in hygienic behavior in honey bees has
been suggested to have a genetic basis (Oxley et al., 2010;
Rothenbuhler, 1964), but in our study latrine formation was not sig-
nificantly correlated between queenless and queenright fragments of
the same colony. Instead, differences appeared to be in part associated
with presence or absence of the queen: workers from queenless colonies
defecated more frequently outside the nest than workers from queen-
right colonies. We can only speculate as to why queen loss results in a
slightly changed defecation behavior. While workers refrain from
laying large numbers of eggs in the presence of the queen, several so-
cially dominant workers oviposit in queenless colonies (El-Shehaby
et al., 2012) and the number of brood items is often larger than in
queenright colonies of the same size (unpublished data). This means
that more food needs to be retrieved, and, as in Platythyrea punctata
(Bernadou et al., 2018), increased foraging activity might be associated
with more outside defecation.

Nevertheless, the occurrence of latrines inside the colony documents
sanitary behavior in Temnothorax ants and the capability of workers to
form well-defined latrine patches. The connection between latrines and
mold growth inside the nest might indicate that these products and the
consequent growth of microbiota might not be harmful for the colony,
and may indeed be beneficial. Indeed, Varoudis et al. (2018) showed
that frass and plant tissue play an important role in structuring natural
nest sites of this species.

5. Conclusion

Our study reveals that sanitary behavior, as in our case latrine
formation, is not only of importance in highly structured social systems
as honey bees (Rothenbuhler, 1964) or Lasius niger ant colonies
(Czaczkes et al., 2015), but can also be found in less complex societies,
such as the small Temnothorax colonies. Localized latrines seem to
improve nest cleanliness and reduce mold growth in Temnothorax ants.
In contrast to solid waste management, studies on defecation behavior
in social insects are rare, and further studies are needed to understand
the function of latrines, their localization, and their role in microbiota
growth.
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