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Abstract
The use of pheromone trails in ant colony organisation is an important model for understanding collective decision-making and complex adaptive systems. The ant Lasius niger L. (Hymenoptera: Fomicidae) is one of the main model organisms used for such studies. Key to understanding pheromone trail use by ants is knowing how well trails are followed. A previous report suggested that L. niger trail following is poor, with between 60-70% accuracy at a T-bifurcation. It is hypothesised that the true trail following accuracy was higher, and that the low accuracy previously reported was due to a methodological error. Specifically, it is hypothesised that ‘task state’ – what the ants ‘thought they were doing’ – affected pheromone following accuracy. Here, the task state of the ants is set experimentally to one of three states: scouting (completely naive), recruited (having information that food has been found, but not where it is) and shuttling (having a strong memory of the location of a food source). Trail following accuracy was tested for each group. Trail following is found to be more accurate than previously reported; 83%, 82% & 74% correct decisions for scouts, recruits, and shuttlers, respectively. However, the difference between the three groups was not significant. Importantly, very high inter-trial variation is reported both in the current experiment and in experiments from other research groups. This variation is unexplainable by trail strengths or colony-level differences, and is highlighted as an important factor when experimentally measuring trail following.
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Introduction
Collective decision-making in social insects is a major model system for understanding complex adaptive systems and group decision making (Couzin, 2009; Czaczkes et al., 2015a). Many of the insights into collective organisation derived from social insects arose from the study of pheromone trail use in ants (Bonabeau et al., 2000; Czaczkes et al., 2015a). For example, the famous Ant Colony Optimization metaheuristic (Dorigo & Di Caro, 1999; Dorigo & Stützle, 2004) is inspired by the deposition and evaporation of ant pheromone trails (Beckers et al., 1990; Goss et al., 1989).

Basic to our understanding of how pheromone trails influence collective behaviour is to know how they are followed. Thus, a key bioassay is the use of Y and T mazes to test pheromone trail following. A pheromone trail is deposited on one arm of the maze, a colony is then given access to the maze, and the proportion of ants following the marked path is recorded (e.g. Hangartner, 1969; Horstmann, 1976; Aron et al., 1993; Witte et al., 2007; Grüter et al., 2011; von Thienen et al., 2014). 

The black garden ant, Lasius niger, is an important model organism for studying collective behaviour. The individual foragers are big enough to be easily marked and followed, and yet the colonies are large, and rely on mass recruitment by pheromone trails. This allows the easy study of how individual decisions influence collective behaviour (Beckers et al., 1990; Czaczkes et al., 2015c; Dussutour et al., 2004; Grüter et al., 2012). The pheromone trail following accuracy of L. niger was tested in a T maze by Grüter et al. (2011), and found to be relatively low: 62, 65, or 70% of ants followed the arm of the T maze marked by 1, 5, or 20 trail laying ants, respectively. This is somewhat similar to the results found for other mass recruiting species using naturally-deposited trails, such as Pharaoh’s ants Monomorium pharaonis (70 or 80% on plastic and paper substrates marked by c. 1200 ant passages, respectively, Jeanson et al., 2003) or Formica rufa (70% correct decisions after 5 trail laying passages, 86% correct decisions after c. 300 ant passages, Horstmann, 1976). 

However, the trail following accuracy reported for L. niger by Grüter et al. (2011) is much lower than accuracies of Pheidole oxyops or Paratrechnia longicornis, which were measured on an identical maze to the Grüter et al. study, but using a trail deposited by only one ant (Czaczkes & Ratnieks, 2012; Czaczkes et al., 2013b). It has been argued that the poor pheromone following abilities of L. niger are due to its’ strong reliance on visual orientation and the diffuse and semi-permanent nature of their main food source, aphid colonies (Czaczkes et al., 2015a; Grüter et al., 2011).

We began to suspect that trail following accuracy by L. niger is in fact much higher than reported. Anecdotal evidence from open-arena experiments suggested that naturally-deposited trails could be very accurately followed (see Fig. 1, image from Czaczkes et al., 2016). Additionally, somewhat buried amidst other results, Czaczkes et al. (2013a) reported that naive L. niger workers made 85% and 84% correct decisions on the first and second bifurcation of a complex maze when walking on trails marked by c. 35 ant passages. This is in line with the highest trail following accuracy (c.83%) reported for L. niger by von Thienen et al. (2014), although we note that this result was for a very strong, artificially deposited trail. Thus, higher trail following accuracies than those given by Grüter et al. (2011) have been reported. 

[image: C:\Users\LocalAdmin\AppData\Local\Microsoft\Windows\INetCache\Content.Word\figure 1 - Lasius niger trail.png]What might explain these conflicting results? One possible explanation is that the ‘task state’ of the ants differed between experiments. By task state the specific role the ant is currently performing – what it ‘thinks’ it is doing – is meant. For example, if an ant has just sensed alarm pheromone and damage to its nest and is running back and forth with gaping mandibles, it is likely in an “alarm/defence” task state,. It is thus unlikely to respond to stimuli such as recruitment to a food source. In Grüter et al. (2011) the pheromone trails were laid by the same ants which were later tested. The ants were prevented from gaining directional information by placing the food source in the middle of the T maze. However, the ants that fed at the feeder very likely learned the location of the food source, and were making a return visit to the food source when they were tested. These ants might then have been in a “shuttling” task state. In the same experiment, Grüter et al. (2011) showed that when memories and trail pheromones conflict, memories are overwhelmingly followed. Thus, perhaps when pheromone following was tested, ants that had previously been at the central feeder arrived at the remembered food location, could not find it, and began a random search, making 50% correct choices by chance. Ants which had not been to the food source might have been in a different task state: they might have been scouting or have received recruitment signals from the ants, which had found the food. The trail following accuracy reported might thus be a combination of the results from the non-naive ants, which may have been ignoring pheromone information, and naive ants which may have been following pheromones. Due to methodological differences between Czaczkes et al. (2013a) and Grüter et al. (2011), tested ants in Czaczkes et al. had good social information that food was present, but no direct experience with the food. It is thus hypothesised here that these two experiments tested ants in two different ‘task states’ – recruited ants (naive ants with information that food is available), and shuttling ants (ants which are busy making return visits to a known food source). It is further hypothesised that these recruits would show higher accuracy than shuttlers. This is reasonable, as it has long been known that in many ants and termites the pheromone trails act only as orientation signals, and require a separate recruitment signal, either mechanical or chemical, for following to begin (Cammaerts-Tricot, 1974; Hölldobler, 1971; Traniello, 1977, 1982). However, in the only other explicit test of ‘priming’ (=changing the task state of ants) for trail following by food provision of which the authors are aware, Horstmann (1976) reports no effect of priming on trail following accuracy in Formica rufa.Fig. 1.  A Lasius niger foraging trail. Still image from a separate experiment. See Czaczkes et al. (2016) for details.


Here, the effect of three different ‘task states’ which foraging L. niger might be in; scouting, recruited, and shuttling, is tested for its effect on trail follow. It is hypothesised that pheromone following strength would be recruited > scouting > shuttling. 

Methods
Study species, housing, and maintenance
We used eight colony fragments of the black garden ant, Lasius niger (L.), collected in 2015 from eight different colonies on the University of Regensburg campus. Colony fragments were queenless with 500 – 1000 workers and small amounts of worker-produced brood, with roughly the same amount of brood in all fragments. Each colony fragment was further split into two equal fragments. One fragment of each colony was used to deposit a natural pheromone trail (henceforth the donor fragment), which was used to test trail following accuracy by the other fragment (henceforth the test fragment). Each fragment was housed separately in a plastic box (40×30×20cm) with a layer of plaster on the bottom. Each box contained a circular plaster nest (14cm diameter, 2 cm high). The ants were fed three times per week with Bhatkar diet, a mixture of egg, agar, honey and vitamins (Bhatkar & Whitcomb, 1970), and supplemented with Drosophila melanogaster fruitflies. Both fragments were deprived of food for four days prior to each trial to give high and consistent motivation for foraging and pheromone deposition. Water was provided ad libitum. 

Experimental design
The aim of this series of experiments was to test whether the task state of the ant - the current task the ant ‘thinks’ it is carrying out -  affects pheromone trail following accuracy. 

(i) Pheromone trail collection
We used naturally deposited pheromone trails to test trail following, as synthetic blends may miss out important secondary trail components, and gland-extracts may not be of a realistic strength.
A plastic T maze with a 2 cm wide stem, and a 2x22 cm head was used in these experiments (fig. 2). This maze was identical to that used by Grüter et al. (2011). The maze was covered with replaceable printer paper overlays. A thin acetate sheet (1.5 x 1.5 cm) was placed on one end of the T maze head, and a drop of 1.5 molar sucrose solution was placed on top. This acted as a feeder. The first 5 cm of the arm without the feeder was covered in an additional paper overlay (figure 2). This could later be discarded, to ensure that there was no pheromone on the arm of the maze heading away from the feeder. 

Fig. 2. The T maze setup, used to study pheromone trail following accuracy. A pheromone trail is formed by allowing a Lasius niger colony fragment to forage at a feeder on one arm of the maze. The other arm of the maze is covered by a disposable overlay to ensure no pheromone is deposited on it. When the pheromone trail is laid, the overlay is discarded and the maze connected to a different colony fragment. The number of ants crossing each decision line is noted. The ant on the T maze stem is shown roughly to scale. 


The donor fragment was connected to the T maze via a drawbridge mechanism (also covered in printer paper), and ants were allowed to enter the maze, find the feeder, and begin feeding and recruiting. The number of pheromone depositions, and the number of ants depositing pheromone, was then counted for 20 minutes. Pheromone deposition is a clear and stereotyped behaviour in Lasius niger, and easily quantified by eye (Beckers et al., 1992; Czaczkes & Heinze, 2015). A single L. niger pheromone dot has been calculated to decay in c. 47 minutes (Beckers et al., 1993). The average number of depositions made per trial was 18.7, SD 5.0. The average number of trailing ants (ants performing at least one pheromone deposition) was 13.1, SD 5.0. After 20 minutes of pheromone collection the bridge was raised, the ants on the maze were gently returned to the colony, the paper overlay covering the non-feeder arm was discarded, and the entire maze was placed in a clean pre-cooled plastic box, and stored for at -20° C. This allowed time to set the task state of the ants, which were to be tested for pheromone following. We then carried out one of three behavioural test treatments, depending on the task state to be tested. 

(ii) Treatment 1 - ‘scouting’ task state treatment
This treatment was designed to set the tested ants to a ‘scouting’ task state, where the ants are hungry, but have no information that a new food source is available. The maze was allowed to remain in the -20° C freezer for 30 minutes (for consistency with treatment 2, see below), and then replaced in its original position, and allowed to warm up for 3 minutes. The drawbridge was then used to connect the test fragment (from the same original colony as the donor fragment) to the T maze. Ants were allowed to run onto the maze, and their behaviours video recorded in high definition (Sony Handycam CX190) from above. Ants crossing a decision line printed 5cm from the centre of the T maze (Fig. 2) were brushed off the bridge into a Fluon-coated container. Data collection continued for 10 minutes. All the ants were then returned to the test fragment. The number of ants crossing each decision line was later scored from the videos. All pheromone overlays were replaced after every test, and the T maze cleaned with ethanol.

(iii) Treatment 2 - ‘shuttling’ and ‘recruited’ task states treatment
This treatment was designed to set the tested ants to one of two states; ‘shuttling’ ants and ‘recruited’ ants. Shuttling ants are ants which have a strong memory of a current food source, and are making repeated return visits to this food source, most likely using their private route memories rather than trail pheromones (Grüter et al., 2011). These ants may also be in the process of recruiting other ants by depositing trail pheromones. Recruited ants are ants which have no current direct knowledge of a food source, but have received information from a ‘shuttling’ ant that a food source is present.
After a pheromone trail was collected and stored at -20 C° as above, a second T maze identical to the first, but covered in fresh paper overlays, was connected to the test fragment, and a sucrose feeder was placed at the centre of the T maze head. This allowed ants finding it to learn that a food source was present, without learning a preference for one side of the T maze (as in Grüter et al., 2011). The first six ants to reach the feeder were individually marked with dots of acrylic paint on their abdomen, and all remaining ants were removed from the maze and replaced in the test fragment. The marked ants were then allowed to make 4 – 6 return trips to the feeder, keeping the group average at 5 trips. No other ants were allowed on the apparatus during this time. During these return trips, the marked ants deposited pheromone in the nest box, and performed jerking recruitment behaviours in the nest and nest box. L. niger form simple route memories very rapidly, and would certainly learn the location of the food source after 5 visits (Grüter et al., 2011; Czaczkes et al., 2015b). These ants are considered to be in the ‘shutting’ task state. ‘Recruited’ ants are ants which have no personal information about the location of currently available food, but have likely experienced recruitment by ‘shuttling’ ants inside the nest or nest box, and so have some information that there is currently a food source to be found.
After the training and recruitment portion of the experiment, the training maze was replaced with the pheromone-marked maze stored at -20° C freezer, which was allowed to warm up for three minutes. The test fragment was then connected to the maze, and data collection proceeded as in the ‘scouting’ treatment. In this treatment, however, we specifically noted by eye the decisions of the marked ants. The marked ants were considered ‘shuttling’ and the unmarked ants were considered ‘recruited’.

(iv) Treatment 3 - Increasing the ‘shuttling’ task state sample size 
To bolster the sample size of the ‘shuttling’ ants’ treatment, five of the colonies underwent a further experiment. This experiment was identical to treatment 2 above, except that in addition to the six individually marked ants, a seventh colour was used to mark an additional 10 – 15 ants. All marked ants were allowed to make repeated visits until the individually coloured ants had made on average 5 visits to the feeder. Testing then proceeded as in treatment 2, with all marked ants considered to be in the ‘shuttling’ task state.

Each colony was tested twice in treatments 1 and 2, with the feeder once on the left and once on the right. Each colony was only tested once in treatment 3, with half the colonies tested to the right, and half to the left. Unfortunately, two instances of treatment 2 were accidentally performed with 1 M sucrose. These data were excluded from the analysis. 

Statistical analysis
In order to ensure an unbiased analysis, the initial data analysis was carried out ‘blind’ (MacCoun & Perlmutter, 2015). The data was first anonymised by renaming all variables with uninformative names. The anonymised data were then sent for analysis to RS, who had no prior knowledge of the experimental design or hypotheses. Once the non-significant effect of our main treatment was described, RS was informed of the experimental design, and a detailed, unblinded post-hoc analysis of other patterns in the data was carried out. A detailed analysis workflow of the blind statistical analysis, including blind analysis instructions to RS, is presented in Online Supplement 1. An analysis workflow for the informed statistical analysis is presented in Online Supplement 2. The complete anonymised and de-anonymised datasets are presented in Online Supplement 3.

Statistical analysis was carried out in R 3.0.3 (R Core Team, 2012). The effect of motivational state on trail following accuracy was investigated using binomial mixed effect models to account for colony and experiment random intercepts. These mixed effect models were calculated using the lme4 package (version 1.1-6) (Bates et al., 2015). Pheromone depositions, the time pheromone trails were stored in the freezer, and the time pheromone trails were stored out of the freezer were scaled. First, we calculated odds ratios (OR) using a simple model with no adjustments. We then calculated the results from a fully adjusted model correcting for all potential confounding variables simultaneously. We present OR and 95% confidence intervals (CI) for how task state affects trail following accuracy. In a further exploratory analysis, we used simple models to investigate how the other variables affected trail following accuracy. The intra-class correlation among trials and colonies were calculated from the models random effects using the method of Wu et al. (2012).

Results

While the mean trail following accuracy of recruited ants (accuracy 83%, OR 0.9, CI 0.7 - 0.9 ) was very slightly higher than that of scouting ants (accuracy 82%, OR 0.8 CI, 0.7 - 0.9, OR recruited vs. scouting: 1.2, CI 0.6 - 2.3), and shuttling ants were on average less accurate than scouting and recruited ants (accuracy 74%, OR 0.8, CI 0.6 - 0.9; OR shuttling vs. scouting: 0.7, CI 0.3 - 1.4), these differences were not significant both before (LTR: χ2 = 2.1 , df = 2 , P = 0.35 ; see figure 3) and after adjusting for potential confounding variables (OR recruited: 1.2, CI 0.6 - 2.2; OR shuttling: 0.7, CI 0.3 - 1.4); LTR: χ2 = 1.9 , df = 2 , P = 0.38 ).

There is no evidence that the confounding variables had any influence on the accuracy of correctly following the trail (table 1). Surprisingly, while the number of pheromone depositions had a marginally significant influence on trail following accuracy (table 1, Fig. 4), this result is merely descriptive, and the prediction interval of this variable remains very wide. 
Fig. 3. Trail following accuracy of Lasius niger on a T maze, depending on their task state. There are no significant differences among groups. The population predictions (bars) and their 95% confidence intervals are shown, as well as the sample size (individual ants) of each group. The dashed line indicates the expected accuracy under the assumption of random choice.



The unaccounted variability of trail following accuracy between trials was very high (see Fig. 4). Some trials, in which hundreds of ants were tested, showed almost 100% accuracy, while in other seemingly identical trials accuracy could be as low as 50%, or lower (intra-class correlation coefficient for trials: r = 0.14). Similarly, colonies were not very consistent in trail following accuracy (ICC: r = 0.12). 




[bookmark: _GoBack]Fig. 4. The trail choice accuracy in Lasius niger is very weakly influenced by the number of pheromone depositions placed constituting the trail. Shown is the prediction of accuracy from a simple model (thick line) and the 95% prediction interval (grey area). The dashed line indicates expected accuracy under the assumption of random choice. Dots are overall accuracy for individual trials. 

Discussion
No strong evidence that task state affects trail following accuracy was found. While shuttling ants made fewer correct choices, as hypothesised, their accuracy was not significantly lower than ants in the other two task states. However, the similarity in trail following accuracy of shuttling ants in this experiment and of presumably-shuttling ants in Grüter et al. (2011) (74% vs 62%, 65%, or 70%, for 1, 5 or 20 trail laying ants, respectively) is suggestive. 

Detecting differences in following accuracy would be difficult, even with a large sample size, as the range over which such effects play at the collective level is likely to be low. Consider the following scenario: Assume that the true pheromone following accuracy of ants in the right task state is 80% (e.g. Czaczkes & Ratnieks, 2012; Czaczkes et al., 2013a; Czaczkes et al., 2013b). At first glance, this would imply a possible range of 30 percent points (the range between random choice (50%) and 80%) over which to detect a task state effect. However, this assumes that all ants in the wrong task state completely ignore pheromone trails. If, for example, half of the wrong-state ants ignored pheromone information, one would expect half of the ‘ignorers’ to go in the right direction, and half in the wrong direction. So a quarter (25%) of the total ants will make an incorrect decision. Of the ants in the correct state, ‘non-ignorers’, 80% will make a correct decision, and 20% will make an incorrect decision. Thus 10% (80% of the ‘non-ignorer’ ants, which make up 50% of total ants) of the total ant decisions will be incorrect decisions by ‘non-ignorers’. Adding these errors together, one gets 25% + 10% = 35% errors, and thus 65% correct decisions. This leaves only a range of 15% (the range between 65% and 80%) over which to detect any putative effect. 

With the above in mind, very large sample sizes were collected where possible, with the aim of overcoming such difficulties. Nonetheless, it is quite possible that the results represent a type II error (a false negative), and that shuttling ants are indeed less likely to follow pheromone trails. However, the strength of this effect at the group level, if real, is small enough not to be easily detectable, and is thus also perhaps not of great biological importance, as it is overshadowed by other sources of variation (see below). Thus, while it is best practice to always ensure that animals in behavioural experiments are in an appropriate task state, our results lend credibility to the many trail following experiments in which task states were not controlled (e.g. Aron et al., 1993; Cammaerts et al., 1994; Campos et al., 2016; Cristaldo et al., 2014; Grüter et al., 2011; Reinhard & Kaib, 2001; Simon & Hefetz, 1991; van Oudenhove et al., 2012; von Thienen et al., 2014; von Thienen et al., 2016; Witte et al., 2007). 

A surprising, and perplexing, finding of the experiment was the large inter-trial variation in pheromone following, for which no satisfactory explanation can be found. Some trials, containing hundreds of ants, showed over 95% accuracy. Other, seemingly similar trials, with equally high sample sizes, showed accuracies of 50% or less (see Fig. 4). This pattern cannot be satisfactorily explained by variation in trail strength. Other relevant variables such as room temperature and pheromone decay time (van Oudenhove et al., 2011, 2012), were held stable. While colony sizes were not standardised, colonies showed low interclass correlation, and thus colony identity does not explain a large proportion of the variation in the dataset. Moreover, similar variation to that reported here can be seen in other pheromone-following datasets (Czaczkes & Ratnieks, 2012; Czaczkes et al., 2013b; Grüter et al., 2011; Traniello, 1989; von Thienen et al., 2014; von Thienen et al., 2016), and it is likely that such variation could be found, if looked for, in many other similar datasets. This is an issue well worth investigating further, as the range over which accuracy varies between trials is very large indeed (Fig. 4), and understanding this variation would have large implications for understanding trail-based recruitment. While not knowing the root cause of this variation is somewhat unsatisfying, an important lesson can nonetheless be learned: when studying trail following, a large number of trials, as well as high sample sizes, are crucially important. While the ‘tuned error’ hypothesis has been called into doubt in the context of intra-dance variation in the honeybee waggle dance (Couvillon et al. 2012, Tanner & Visscher, 2005, 2010; Weidenmüller & Seeley, 1999), error in trail following or recruitment may nonetheless play an important role during collective decision making in ants (Deneubourg et al., 1983; Dussutour et al., 2009).

Conclusions
Against expectations, no strong evidence that task state affects trail following in the ant Lasius niger was found. If task state does play a role in trail following accuracy, it is most likely not large. Trail following in L. niger was found to be more accurate than previously reported, reaching c. 82% on a T maze. Trail following accuracy also showed great and unexplained inter-trial variation, and this seems to be a common theme in trail-pheromone following bioassays. Finding the source of this variation is an important future goal in understanding pheromone trail use.
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	simple OR
	p

	Pheromone depositions
	1.3 (1.0 to 1.6)
	0.049

	Time pheromone in freezer
	0.9 (0.8 to 1.1)
	0.448

	Time pheromone out of freezer
	0.8 (0.7 to 1.0)
	0.099

	Location (T-maze arm) of feeder
	0.7 (0.4 to 1.3)
	0.328



Table 1: Simple Odds Ratios (ORs) (95% CI) for the effect of pheromone depositions and other confounding parameters on trail following, and p-values from LRTs. Note that with the exception of trail side, parameters were scaled for the analysis, and direct interpretation of the OR is difficult.



Figures

Fig. 1.  A Lasius niger foraging trail. Still image from a separate experiment. See Czaczkes et al. (2016) for details.
Fig. 2. The T maze setup, used to study pheromone trail following accuracy. A pheromone trail is formed by allowing a Lasius niger colony fragment to forage at a feeder on one arm of the maze. The other arm of the maze is covered by a disposable overlay to ensure no pheromone is deposited on it. When the pheromone trail is laid, the overlay is discarded and the maze connected to a different colony fragment. The number of ants crossing each decision line is noted. The ant on the T maze stem is shown roughly to scale. 
Fig. 3. Trail following accuracy of Lasius niger on a T maze, depending on their task state. There are no significant differences among groups. The population predictions (bars) and their 95% confidence intervals are shown, as well as the sample size (individual ants) of each group. The dashed line indicates the expected accuracy under the assumption of random choice.
Fig. 4. The trail choice accuracy in Lasius niger is very weakly influenced by the number of pheromone depositions placed constituting the trail. Shown is the prediction of accuracy from a simple model (thick line) and the 95% prediction interval (grey area). The dashed line indicates expected accuracy under the assumption of random choice. Dots are overall accuracy for individual trials. 
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