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Organisms compete for food in many ways, but it is often difficult to know why they use certain competition strategies over others. Bats compete for food either through aggression coupled with food-claiming signals or by actively interfering with a competitor’s sensory processing during prey pursuit (i.e., jamming). It is not known why these different behaviors are exhibited. I studied food competition between Mexican free-tailed bats (Tadarida brasiliensis) at foraging sites in Arizona and New Mexico using passive acoustic recording, insect sampling and 3-D infrared videography with or without supplemental lighting that concentrated prey. Bat activity was quantified by the number of recorded echolocation calls, while feeding behavior was indicated by feeding buzzes. Two competitive behaviors were observed—song, which was produced by bats chasing conspecifics, and sinFM calls, which jam echolocation of competitors pursuing prey. Song production was most common when few bats were present and feeding at low rates. In contrast, jamming signals were most common with many bats present and feeding at high rates. Supplemental lighting increased the numbers of bats, feeding buzzes and sinFM calls, but not song. These results indicate that bats employ different strategies—singing and chasing competitors at low bat densities but jamming competitors at high bat densities. Food claiming signals (song) may only be effective with few competitors present, whereas jamming can be effective with many bats at a foraging site. Multiple competition strategies appear to have evolved in bats that are used under different densities of competitors.
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INTRODUCTION

Food competition is a fundamental ecological interaction. Individuals compete indirectly by consuming a limited resource and depleting its availability for others (Petren and Case, 1996) or they can directly prevent competitors from accessing a resource through interference competition (Amarasekare, 2002). Direct agonistic encounters between individuals can have costs that increase with the frequency of interactions. For example, frequent territorial encounters between lizards can lead to suppressed immune function (Svensson et al., 2001). Therefore, it may be predicted that the frequency of competitive behaviors changes depending on the density of competitors. However, little research has been conducted to test this hypothesis.

Bats (order Chiroptera) provide an interesting test case for understanding mechanisms of food competition. Bat flight abilities allow them to exploit a wide range of food resources (Voigt et al., 2017). Echolocation provides bats the ability to detect food items in complete darkness, but it operates over a limited range of several meters for finding most food items (Schnitzler et al., 2003). Bats emitting echolocation calls also alert nearby competitors to their presence. Insectivorous bats increase their call repetition rate to produce a feeding buzz in the final moments before attacking insect prey. Other bats eavesdrop on these feeding buzzes to find ephemeral food patches, thus setting the stage for potential interference competition between bats hunting in the same food patch (Gillam, 2007; Dechmann et al., 2009).

In addition to echolocation calls, bats emit social calls to communicate to other bats (Bohn and Gillam, 2018). Social call repertoires are varied and serve many functions, including as signals used in food competition. For example, two closely related species of Pipistrellus bats in Britain each have their own distinct social calls (Barlow and Jones, 1997b). These calls are produced more often at lower insect densities and playbacks of social calls cause a reduction of bat activity for conspecifics on foraging grounds (Barlow and Jones, 1997a). Male big brown bats (Eptesicus fuscus) also produce social calls during food competitions (Wright et al., 2014). These calls have individual-specific acoustic features, and they cause competitors to fly away from available prey in food competitions staged in a laboratory. Big brown bats that made more social calls were more successful capturing prey, indicating that they were being used by the bats for defending or claiming food items (Wright et al., 2014).

Here, I study food competition at natural foraging sites in Arizona and New Mexico, United States by Mexican free-tailed bats (Tadarida brasiliensis), which live in colonies that can exceed one million individuals (Betke et al., 2008). Bats of this species disperse from colonies across the landscape to search for ephemeral patches of insects while traveling distances of over 100 km (Best and Geluso, 2003). Mexican free-tailed bats eavesdrop on feeding buzzes of conspecifics to find food (Gillam, 2007). They also produce sinusoidal Frequency Modulated (sinFM) signals to jam the echolocation of conspecifics (Corcoran and Conner, 2014). These sinFM calls are produced at the same time and frequency as conspecific feeding buzzes and they cause other bats to miss prey items. In addition to sinFM calls, Mexican free-tailed bats have a large repertoire of social calls (Bohn et al., 2008), including song, which are used by male bats in roosts to attract mates and fend off male competitors (Bohn et al., 2009).

The objective of this study was to determine what food defense mechanisms Mexican free-tailed bats use under different conditions at foraging patches in the field. Initial observations indicated that these bats use both song and sinFM calls at food patches. My main hypothesis was that Mexican free-tailed bats use song as a food claiming defense at low bat densities but switch to jamming conspecifics when more competitors are present because it would not be possible to defend food patch from many competitors. I tested this hypothesis by analyzing continuous acoustic recordings made at two foraging sites for a total of nine nights. I used number of echolocation calls as an index of total bat activity, feeding buzzes as indicators of foraging activity and numbers of songs and sinFM calls as indicators of different competitive behaviors. I also recorded interactions at foraging sites using four calibrated infrared cameras to reconstruct interactions in 3-D to examine behavioral interactions with finer detail.



MATERIALS AND METHODS


Field Locations

I made ultrasound recordings with concurrent insect surveys at two field locations between July 7-26th, 2015 (Sampling intervals were not uniform because of weather). The first field site was a large grassy area (approximately 100 m by 50 m) at the Southwestern Research Station (SWRS), Portal Arizona. This location is normally almost entirely dark with minimal human lighting for several kilometers in all directions. I experimentally added ultraviolet illumination with a single black light (BioQuip 2805 night collecting light; Rancho Dominguez, CA) mounted 2 m off the ground on a pole for two of six recording nights at this location. I recorded a total of 13 h with lights on and 21 h with the lights off at this location. The light was added to concentrate insects during part of the recording period to ensure a range of bat and insect activities during the study. While some bats may be sensitive to ultraviolet light (Gorreson et al., 2015), there is little reason to believe that the presence of ultraviolet light would affect bat competitive interactions other than by increasing insect abundance.

The second location was at a mercury vapor streetlight in the parking lot of the Animas High School, Animas, New Mexico, where I recorded for a total of 14 h over three nights. Animas is a rural area with relatively little development. However, there were several streetlights in the surrounding area including at the high school and neighboring houses. Therefore, there was more human lighting at this location than at SWRS. Observations conducted over multiple years indicated that Mexican free-tailed bats commonly foraged at both of the recording areas.



Acoustic Recording and Analysis

I used an Avisoft Ultrasound Gate with CM16/CMPA microphones (Avisoft Bioacoustics, Glienicke/Nordbahn, Germany) to make field recordings. The Ultrasound Gate was set to trigger recordings any time the sound level exceeded a set threshold. Recordings continued until no more signals were detected. The sensitivity on the device was set to high to make as many recordings as possible. The device transmitted recordings in real time to a laptop therefore there was no down time between recordings. The same recording unit and settings were used for all recording nights at both locations. Each night, recordings were started one hour after sunset and continued for up to nine hours. However, thunderstorms caused me to reduce this recording period on multiple nights.

Concurrent with the acoustic recordings, an ultraviolet light insect funnel trap (Bioquip 2851) with 95% ethyl alcohol as a killing agent was used to measure insect abundance. The insect trap was set approximately 200 m away from each recording location in open habitats. This distance was selected to sample insect activity near the recording area while avoiding attracting insects directly from the recording area. However, this setup had the disadvantage of not sampling insects in the foraging patches where the study occurred. Insects were collected hourly out of the traps and labeled and stored in collecting bags. The number of insects with a wingspan > 1 cm were counted and weighed for each hourly collection. Tadarida brasiliensis consumes a wide variety of insects including moths, beetles, flies, and other groups (Lee and McCracken, 2005), therefore I did not exclude insects based on taxonomy.

All acoustic recordings were analyzed using a custom spectrogram visualization program written in MATLAB r2016a (Natick, MA). Each audio clip recorded by the ultrasound gate was classified based on the presence or absence of (1) feeding buzz, (2) song, and (3) sinFM calls. Feeding buzzes are characterized by a rapid increase in calling rate, a decrease in minimum frequency, and progressively reduced call duration (Schwartz et al., 2007; Figure 1B). To be considered a feeding buzz, I required a pulse interval shorter than 11 ms, which corresponds to the beginning of buzz 2 phase in T. brasiliensis (Schwartz et al., 2007). Tadarida brasiliensis songs are highly variable but are always made of three types of phrases: chirps, buzzes, and trills (Bohn et al., 2009). Chirps contain short, frequency-modulated “A” syllables and more complex “B” syllables, which contain individual-specific information (Bohn et al., 2008; Figure 1C). Song observed in the field clearly had these components, but an analysis was not conducted to determine whether and how they may differ from song produced in the roost. Sinusoidal frequency-modulated signals, as the name implies, have a distinct pattern of frequency oscillation (Figure 1D). They nearly always co-occur with the feeding buzz of a conspecific and can be produced as a single syllable or as a series of multiple syllables separated by short gaps (Corcoran and Conner, 2014). Finally, for each echolocation recording (Figure 1A), I measured the number of T. brasiliensis echolocation calls using automated functions in Sonobat v. 3.0 (Arcata, CA). In addition, a student examined echolocation patterns to classify all recordings as having either one bat present for most of the recording or two or more bats present.
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FIGURE 1. Example spectrograms of acoustic behaviors. (A) Search-phase echolocation calls, (B) approach and terminal phase echolocation calls (“feeding buzz”), (C) Song, and (D) sinFM calls overlapping another bat’s feeding buzz.




Three-Dimensional Video Analysis

To examine competitive interactions in detail, I recorded infrared video with four infrared cameras (Basler Ace ACA-2000) recording at 50 frames per second with pixel resolution of 1,920 × 1,080 and Navitar 12 mm C-mount lenses. Illumination was provided by four Raytec Raymax 200 illuminators. Video recordings were triggered by a human observer after events of interest (including feeding behavior and any apparent competitive interactions) using a post-trigger and recording time of 10 s. The trigger was also connected to the ultrasound gate to acquire synchronized ultrasound recordings. The microphone was placed 20 m in front of the cameras near the center of the cameras’ fields of view to maximize correspondence between acoustic and video detections.

A 3-D calibration was made by moving a wand with two infrared markers at a fixed distance through the calibration volume and using easyWand software (Theriault et al., 2014). The gravitational axis was established by tracking movement of a tennis ball thrown in the air. I used dltDV8 software to digitize bats and make 3-D tracks (Hedrick, 2008). Calibrations were shown to have good quality, with the standard deviation of wand lengths being <1% of total wand length and measured speed of gravity having <1% error.



Data Analysis

To analyze acoustic events, I binned recording periods into 1-minute intervals and determined the number of echolocation calls, feeding buzzes, songs and sinFM within each interval using the methods described above. This interval was chosen to characterize the acoustic environment near the time when bats produce song and sinFM calls. Choosing an interval of 30 s or 2 min instead of one minute did not change the results. To reduce pseudo-replication, I sub-sampled events to no more than one interval every 15 min. I compared the number of echolocation calls and feeding buzzes per minute for sampling intervals having only echolocation (no song or sinFM calls) vs. intervals with song or sinFM calls using a Kruskal Wallace test with Tukey-Kramer post hoc comparisons.

The insect data had a sampling interval of one hour. Therefore, I conducted a second analysis with counts of the four acoustic events binned into one-hour intervals corresponding with the insect sampling periods. I used generalized linear mixed models to predict the frequency of echolocation calls, feeding buzzes, song and sinFM calls using insect count, time of night (“hour”) and presence/absence of additional lighting as fixed effects and recording night and recording location as random effects. To control for false positives that could occur with numerous statistical tests, I used adjusted P-values using the Benamini-Hochberg method (Benjamini and Hochberg, 1995). Results were considered statistically significant if they had an adjusted P-value < 0.05. All statistics were conducted using MATLAB v2020b.




RESULTS

I recorded 356,159 echolocation calls, 4,491 feeding buzzes, 336 songs and 144 sinFM calls during the nine nights of this study. During one-minute intervals including song, rates of echolocation recordings were slightly, but significantly higher than periods containing only echolocation (Figure 2A). In comparison, intervals with sinFM calls had substantially higher numbers of echolocation calls recorded, indicating the presence of many more bats (Figure 2A). Only 9% of recordings (17 of 186) made within one-minute of sinFM calls were classified manually as one bat being present during most of the recording, compared to 38% of recordings (171 of 453) made within one minute of song, a highly significant difference (Fisher’s exact test, P = 2.5e-14). This result and inspection of echolocation recordings (Supplementary Figure 1) confirms that the observed differences in echolocation rates reflected a difference in the number of individual bats present at the field site.
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FIGURE 2. Conditions of song and sinFM production. Comparison of echolocation (A) and feeding buzz (B) prevalence during 1-min intervals with only echolocation (N = 230) vs. periods with song (N = 119) or sinFM calls (N = 68). Data are visualized as violin plots showing probability density functions and box plots showing 10th, 25th, 50th, 75th and 90th percentiles plus outliers. Letters above plots show groupings found to be significantly different using a Kruskal-Wallace test with Tukey-Kramer post hoc comparisons. Rates of echolocation (C), feeding buzzes (D), songs (E) and sinFMs (F) at the two field sites with or without supplemental lighting. Note that adding light to the SWRS site increased echolocation recordings, feeding buzzes and sinFMs, but not songs. See Results and Table 1 for statistics.



TABLE 1. Effects of environmental variables on acoustic activity of bats as determined by generalized linear mixed effects models.
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Feeding buzz rates were substantially higher during 1-minute intervals containing sinFM calls, but not intervals containing song, compared to baseline feeding buzz activity (Figure 2B). This demonstrates that bats make song with relatively few bats present that are feeding at low rates. In contrast, bats produce sinFM calls most often when many bats that are present and feeding at high rates.

Insect abundance had no detectable effect on echolocation rates, feeding buzzes, song or sinFM call production (Table 1). However, the addition of a light at the SWRS field location caused a dramatic increase in the number of insects present (Personal observation). It should be noted that the method used was not able to document the increase of insects within the foraging patch caused by supplemental lighting. Supplemental lighting at SWRS also led to a significant increase in echolocation recordings, feeding buzzes and sinFM calls, but not song (Figure 2C-F and Table 1). This further demonstrates that sinFM calls, but not song, are produced when many bats are feeding at high rates in a food patch. Bats produced more song later in the night, but echolocation, feeding buzzes and sinFM production did not vary with time of night (Table 1).

I documented nine cases of bats chasing conspecifics on video (Supplementary Video 1). Seven of these nine events included a bat producing song, but none involved a bat producing sinFM calls, a statistically significant difference (binomial probability test; P = 0.0078). Three-dimensional reconstructions of these events show a bat flying closely behind another bat and following the leading bat’s repeated turning maneuvers (Figure 3). The trailing bat’s flight path shows wider turns and a longer path length, which is indicative of the trailing bat flying at a higher speed than the leading bat. These are all indicators of chasing behavior rather than following behavior (Shelton et al., 2014).
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FIGURE 3. Example chasing sequence observed during song production. (A) 3-D perspective, (B) profile or side view, (C) top view. Note that the red bat remains slightly behind the blue bat throughout the sequence and makes slightly wider turns, which are indicative of chasing behavior.




DISCUSSION

Mexican free-tailed bats exhibited two distinct behaviors for competing with conspecifics at foraging sites. When the density of conspecifics and feeding events were low (as indicated by echolocation recordings and feeding buzzes), bats produced song and chased conspecifics (Figures 2A,B, 3 and Supplementary Video 1). In contrast, bats produced sinFM calls to jam competitors (Corcoran and Conner, 2014) when numerous bats were present and feeding at high rates.

Singing and jamming within food patches have different contexts and apparent aims. Singing and chasing conspecifics appears to be an effort to deter conspecifics and force them to leave the food patch. The most direct evidence for this was the observations of bats producing song while chasing conspecifics in the food patch (Figure 3 and Supplementary Video 1). This is consistent with previous research conducted in a laboratory showing that big brown bats use food claiming signals to deter competitors from foraging (Wright et al., 2014). Mexican free-tailed bats also produce song when defending mates in the roost (Bohn et al., 2009). Therefore, it appears that song is used for both defending food and mates in this species. Song was produced more often later in the night (Table 1), which could result from bats having more time to establish foraging areas to defend from competitors.

In contrast to singing, jamming does not appear to be aimed at deterring conspecifics as much as directly preventing them from sensing and capturing individual prey items. SinFM calls are produced only during the last moments of prey capture, when a conspecific is trying to intercept the prey (Corcoran and Conner, 2014). Acoustic 3-D reconstructions from earlier research (Corcoran and Conner, 2014) showed that after jamming a conspecific, the jamming bat would often attempt to capture the prey item instead of chasing the other bat. The bat that was jammed would often turn the tables and try to jam its competitor. This sometimes went back and forth several times until one bat gave up and the other had a chance to capture the prey without interference (Corcoran and Conner, 2014). SinFM calls are very similar to the “herding” calls used by dominant males forcefully pushing females into a cluster in his territory (Bohn et al., 2008). However, aggressive behavior was not associated with sinFM calls being used in the field, therefore this similar acoustic signal appears to have very different function when used in food competition versus in a roost with potential mates. In summary, singing appears to be an effort to chase conspecifics out of a food patch and deter them through aggression, whereas jamming directly prevents conspecifics from acquiring a specific food item by interfering with its sensory system.

Why do Mexican free-tailed bats have multiple strategies for competing with conspecifics? At low densities of competitors, the benefits of potentially removing a competitor from a food patch may outweigh the costs. With fewer competitors present, the remaining bat can hunt insects without a competitor present that can distract attention (Cvikel et al., 2015) and capture food items. Song conveys information on the identity of the individual (Bohn et al., 2008), so it may be possible for individuals to establish dominance over others that they encounter frequently at foraging sites. When many competitors are present, food claiming via song might not be effective or energetically beneficial because the bats would spend too much time and energy chasing competitors instead of pursuing prey. Increased costs of territorial behavior with higher competitor density is known to occur, for example, in the form of reduced immune responsiveness in some lizards (Svensson et al., 2001). When more competitors are present, Mexican free-tailed bats appear to compete directly for individual prey items, with sonar jamming being a key strategy for preventing competitors from depleting the immediate food resource.

It should be noted that this study was not able to track individuals over time. Therefore, observed differences in competitive behavior may result from individuals switching competitive behaviors under different contexts. Alternatively, different individuals could specialize on different behaviors that are used more often under different competition densities. For example, dominant males could preferentially use song to establish food defense territories where competition is kept at a low density, whereas less dominant males and females may preferentially use sinFM calls at food patches with higher densities of competitors. Additional research is needed to differentiate between these possibilities.

Contrary to my prediction, measured insect densities did not correlate with differences of any acoustic behaviors (Table 1). The method used—placing insect traps 200 m away from foraging sites—was designed to assay insect abundance in the vicinity of the foraging areas without removing potential prey from foraging patches. However, this method was unable to measure the increases of insect activity caused by the addition of supplemental lighting. Observations at the field site indicated that supplemental lighting had a dramatic effect on insect abundance. Supplemental lighting also increased bat echolocation recordings, feeding buzzes and sinFM calls (Figures 2C–F). Therefore, insect abundance within the food patch appears to be an important factor for bat competitive behavior and moreso than insect activity in the surrounding area. Additional research is needed to confirm this finding and determine how the combination of overall insect abundance and insect abundance within a food patch influences bat behavior. This could be achieved through a combination of insect traps and imaging of the night sky (Ruczyński et al., 2019).

This study provides novel detail into the natural competitive behaviors of bats. Mexican free-tailed bats may be under particularly high selective pressure from food competition. Flight is energetically costly and Mexican free-tailed bats fly long distances in pursuit of prey (Best and Geluso, 2003) while competing with as many as one million individuals that share a colony (Betke et al., 2008). It may be more energetically favorable for individuals of this species to stay in a food patch and compete for prey via song or jamming rather than to depart in search of unoccupied food patches.

In addition to being competitors, other bats can improve efficiency of prey search. Bats can hear one another’s calls at much longer distances than they can detect prey with echolocation (Dechmann et al., 2009). Therefore, groups of bats can function as a distributed array of sensors in the environment (Egert-Berg et al., 2018). This can lead to a situation where individuals simultaneously experience costs and benefits to social foraging. This may mean that there is an optimal intermediate foraging density for insectivorous bats (Cvikel et al., 2015). The behaviors of singing and jamming documented here are therefore only part of a broader set of social interactions that likely occur in this species and more broadly within bats.

Food competition is one of the most common ecological interactions that organisms encounter. This study demonstrates that the density of competitors is a key factor in determining what competitive strategies will be effective. This research also highlights how animal sensory and locomotor abilities are important for determining the effectiveness of competition strategies.
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