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Abstract
As global temperatures rise, many species must adjust their behaviors to mitigate fitness consequences. Tree swallows (Tachycineta bicolor), known for their aggressive anti-predator behaviors, serve as a model to investigate how environmental stressors like temperature influence defensive strategies. This study examined the effects of air temperature on mobbing behaviors and vocalizations in adult tree swallows during nest defense. Using a repeated-measures design, simulated predator experiments were conducted on 50 nest boxes, comparing responses on cooler and warmer days. Lower intensity approaches declined significantly on warmer days, while higher intensity dives remained consistent, suggesting a potential shift toward more energetically efficient defensive strategies. Additionally, vocalization rates declined significantly on warmer days, suggesting a need for energy conservation. These findings highlight the nuanced effects of temperature on complex behaviors, emphasizing the importance of breaking down behaviors into their individual components to better evaluate how organisms adjust their behavioral responses to environmental stressors like rising temperatures.
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Introduction
As global temperatures rise and heatwaves become increasingly frequent and intense, many animal populations face significant threats (IPCC, 2021). To cope with these changes, individuals of some species move to new locations, resulting in shifts in species’ geographic ranges toward higher latitudes and elevations (Chen et al., 2011; Hickling et al., 2006; Wilson et al., 2007). However, not all species can shift their ranges quickly enough, as their movement is limited by dispersal capabilities and other constraints (Schloss et al., 2012). Behavior, often the first line of defense against thermal stress (Huey et al., 2012; Muñoz, 2022), can buffer some effects of rising temperatures, but these strategies have limits and may fail under extreme conditions. Consequently, rising temperatures can negatively impact critical behaviors such as cognition (Conradie et al., 2019; Soravia et al., 2023), mate selection (Leith et al., 2021), and parental care (Vincze et al., 2017), all of which are vital to fitness. Understanding how temperature influences behavior is therefore essential for predicting the consequences of climate change for species persistence.
Anti-predator behaviors, particularly mobbing, are one class of behaviors that could be impacted by rising temperatures. Anti-predator behaviors are critical for defending resources, such as food and offspring, with the intensity of these behaviors directly influencing fitness outcomes (Lima, 2009; Teunissen et al., 2020). Mobbing, an extreme form of anti-predator behavior, involves groups of individuals actively approaching and harassing a predator to drive it away (Flasskamp, 1994). Beyond deterring predators, mobbing also serves to communicate information about the predator’s type and risk level to nearby individuals (Graw & Manser, 2007; Griesser, 2009; Templeton et al., 2005). The costs and benefits of mobbing vary depending on factors such as the number of participants, predator type, and environmental conditions. Despite its importance, little research has investigated how temperature might influence the intensity or occurrence of mobbing behavior (Abolins-Abols & Ketterson, 2017; Dugatkin & Godin, 1992; Dutour et al., 2016). This gap in knowledge highlights the need for research on how environmental factors, such as temperature, modulate mobbing and other anti-predator behaviors. 
Tree swallows (Tachycineta bicolor) serve as a useful model to investigate how temperature affects mobbing behavior. Unlike most bird species that are shifting their ranges northward in response to warming climates (Niven et al., 2009), tree swallows are expanding south into warmer regions (Siefferman et al., 2023; Wright et al., 2019). This southward movement suggests that tree swallows may possess traits or behaviors that enable them to cope successfully with higher temperatures. Previous research has shown that adult tree swallows modify several behaviors in response to temperature changes, including advancing clutch initiation in warmer springs (Ardia et al., 2006; Shipley et al., 2020; Zipf, 2021), increasing incubation time in warm, dry conditions (Coe et al., 2015), and reducing foraging rates in high heat (Tapper et al., 2020). However, some behaviors, such as nest feathering (Holland & Shutler, 2018) and first egg date (FED; Sockman & Courter, 2018), appear to be unaffected by temperature. 
Despite extensive documentation of mobbing and other aggressive behaviors in tree swallows, the role of individual components of mobbing behavior—particularly movement behaviors—remains largely unexplored or even defined (George et al., 2022, 2024; Winkler, 1992). These components are critical to understanding how the intensity and nature of mobbing might shift with environmental conditions. Whether mobbing, a key strategy in nest defense (Robertson et al., 1992; Winkler, 1992; Winkler, 1994; Leighton, 2004), is influenced by temperature remains an open question. Furthermore, the thermal sensitivity of specific components of mobbing, such as flight patterns and vocalizations, has yet to be investigated.
Here, we examine how temperature affects mobbing behaviors in adult tree swallows. Using a repeated-measures design, we exposed nest boxes to a simulated predator on two occasions within a week, recording both movement behaviors and vocalizations directed at the predator. We hypothesized that higher air temperatures would lead to changes in defensive activity and vocalizations due to thermoregulatory costs. Specifically, we predicted that (1) mobbing intensity would decrease on hotter days compared to cooler days for the same nest box, and (2) defensive activity and vocalizations would decline as air temperatures increased over the breeding season. By examining these predictions, this research aims to reveal how rising temperatures influence interspecific interactions, offering insights into the potential fitness consequences for species in a warming world.

Methods
Study System
Tree swallows are an obligate secondary cavity-nesting species known for their synchronous breeding and mobbing behaviors (Lessard et al., 2014). Tree swallows will defend not only their nest but also neighboring nests from predators (Winkler, 1994; Leighton, 2004), a behavior with potential fitness consequences (Bērziņš et al., 2010; Lima, 2009). Their ready use of standardized nest boxes makes them ideal for experimentation (Male et al., 2006). This system allows for observations of how mobbing behavior varies with environmental factors such as temperature.
General Methods
This study was conducted during the 2023 breeding season, from May to July, at the East Tennessee AgResearch and Educational Center (ETREC) Plant Sciences Unit in eastern Tennessee (35° 53’ N, 83° 57’ W). The site is approximately 212 square acres and consists of open agricultural land interspersed with deciduous forest, bordering the Tennessee River. A total of 99 nest boxes were installed across five areas with different habitat conditions: Weather Station (WS), open grassland; Lower Hill (LH), open grassland; Upper Hill (UH), open grassland exposed to more wind; River Edge (RE), open grassland along the river edge; River Point (RP); mixed grassland and deciduous forest. Each box was equipped with predator deterrents to minimize predation risks unrelated to the study.
Nest boxes were checked every two days during the breeding season to determine the first egg day (FED) and clutch size, assuming one egg is laid per day (Dunn & Winkler, 1999; Winkler & Allen, 1996). Experiments were conducted within one week of clutch completion, using a repeated-measures design. Each nest box was tested twice—once on a warmer day and once on a comparatively cooler day within the same week but separated by at least one day. Experiments were completed on 50 nest boxes, resulting in 100 trials. Trials occurred between 10:00 and 12:00 h, with a 15-minute buffer on either side. At the end of the experiment, females were captured to confirm their age, identity, and nesting status. No experiments resulted in nest abandonment.
Temperature data were obtained from the on-site NOAA weather station. Air temperatures during trials ranged from 18°C to 26°C, with higher temperatures generally occurring later in the breeding season. Trials were not run on rainy days.
Experimental Design and Behavioral Data Collection
To simulate a predator threat, we used a crow decoy, which is ecologically relevant as a natural predator of tree swallows. American crows (Corvus brachyrhynchos) typically prey on tree swallow eggs during incubation (Chalfoun et al., 2002; Haskell et al., 2001), and were regularly observed near nest boxes at this site. 
Behavioral data collection focused on two aspects of mobbing: movement behaviors and vocalizations. Movement behaviors were described by the observer into a voice recorder on a mobile phone. Vocalizations were recorded using Sennheiser microphones and Marantz PMD661MKII recorders mounted on a tripod approximately three meters from the nest box. 
Trials began when the observer approached the nest box and flushed the female by clapping softly. The crow decoy was then installed atop the nest box using wire. The observer retreated to approximately 20 meters from the box, marking the start of the trial by saying “go” into the microphone. The latency for the first tree swallow to initiate defense (mobbing) was measured with a stopwatch. If a bird began defending during the installation, latency time was recorded as zero. 
Trials lasted five minutes. The number of birds involved was noted every 30 seconds. At the end of the trial, the observer approached the box, declared “stop” into the microphone, and removed the decoy and recording equipment. The observed again retreated 20m from the box and recorded the time taken for the female to return and resume incubation, capped at 15 minutes. 
Movement Behaviors
Movement behaviors were categorized into two primary types: diving and approaching. Diving was characterized by a V-shaped flight path, where the bird accelerated quickly toward the decoy within 1 m, before sharply veering away, often accompanied by a ticking vocalization (George et al., 2022, 2024; Winkler, 1992). Approaching was characterized by a U-shaped or flatter flight path, with the bird flying toward the decoy more slowly but also within 1 m (George et al., 2022, 2024). We also observed and recorded other movement behaviors, including hovering and direct contact with the decoy. These other behaviors occurred too infrequently to analyze separately.
Vocalizations
Tree swallow vocalizations during mobbing consisted of three distinct call types: shrieks, ticks, and rasps, though the most frequent is shrieks. Shrieks are short-duration calls (approximately 0.1s) given at varied frequencies though typically at 4-6 kHz and often repeated in succession (alarm call, Robertson et al., 1992; shriek call, Sharman et al., 1994). Shrieks warn and recruit individuals (to the mob) and are often given by parents of the threatened nest (Robertson et al., 1992; Philips et al., 2019). Shrieks may indicate to the predator that it has been noticed (Robertson et al., 1992). 
Statistical Analysis/Procedures
We included 92 of the 100 completed trials in the final analyses. Eight trials were excluded from analysis due to one or more of the following reasons: interference by nearby nesting Eastern bluebirds (Sialia sialis), the crow decoy falling off of the box during the trial, failed recordings, or other predator presence. 
We accounted for mob size by calculating a metric termed “behaviors/mob”. The five-minute audio recording was binned in 30-second increments and the average number of birds active from the start and end of each bin was taken. Since the number of birds active was not recorded at the start of a trial, the first bin was assigned a weight of 0.5, and the mob size was averaged by dividing the number of birds active at the end of the bin by 2. All bird active values were summed and divided by 9.5 to generate mob size. The total number of behaviors (e.g., dives, approaches, hovers, direct contact) was divided by mob size to yield behaviors/mob. This process was repeated separately for the total number of dives and approaches.
We counted the total number of vocalizations (shrieks) between start and end time and then divided this value by the total number of trial seconds. Vocalizations were given only by the social male of the nestbox and so did not need to be scaled by mob size.
All statistical analyses were conducted in R (v4.4.1; R Core Team, 2024). We ran model selection for each of the five response variables: behaviors/mob, dives/mob, approaches/mob, intensity, and total vocalizations (v1.48.4; Bartoń, 2024; Burnham and Anderson 2002). Fixed effects considered included temperature (or treatment) and area as well as a random effect of nest box: Behavior ~ temperature + area + (1|box). We compared the AICs of the models with and without observer as a random effect; including observer did not improve the models so we did not include it. We examined the fixed effect of temperature as a categorical effect and as a continuous measure in separate models. Models were compared using the Akaike Information Criterion corrected for small sample sizes (AICc) which weights the ability of the model to predict the observed data against the number of parameters (Akaike, 1973). Models were averaged and the significance of terms was evaluated using an alpha of 0.05. We report AICc values, term weights, and significance.

Results
We assessed the effect of temperature on the behaviors of tree swallows in response to a simulated nest predator. We found that birds approached a predator less often on warmer days when temperature was considered as a continuous variable but not as a categorial variable (Table 1; conditional ß = -0.22, conditional p < 0.02). Birds also produced fewer vocalizations on warmer days, when temperature was considered as a categorical but not as a continuous variable (Table 1; conditional ß = -0.21; conditional p < 0.044). The null model was the top model for all other behaviors (Table 1). Model selection tables for all models considered are provided in Tables S1-S10. 

Discussion
We found partial support for the hypothesis that temperature influences anti-predator mobbing behavior in tree swallows. Higher temperatures were associated with a significant reduction in approaches—a lower-intensity mobbing behavior—while dives, a more aggressive and potentially more effective response, remained consistent (Figure 1). Vocalizations also significantly decreased on hotter days, suggesting temperature effects on both the mob and heavily invested parents (Figure 2). While mobbing behavior, in general, does not appear affected by temperature in this southern population of tree swallows, there is some indication of subtle shifts in the components of mobbing behavior in response to temperature. 
Mobbing is energetically costly
We saw both movement and communication behaviors affected by temperature. While the energetics of mobbing behaviors remain unstudied (Carlson & Griesser, 2022), movement and communication behaviors involved in mobbing, such as flight, have been shown to be energetically costly (Nudds & Bryant, 2000; Stoddard & Salazar, 2011). Increased activity generally raises a bird’s heat load, and reducing flights is more likely to decrease thermal stress. Additionally, movement behaviors often require birds to leave shaded areas, exposing them to solar radiation. However, this explanation seems unlikely in our system, as most individuals were already active in open areas foraging before trials began. These findings suggest that the energetic demands of flight and vocalization, rather than exposure to solar radiation, are the primary reason for the effect of temperature on both movement and communication behaviors. 
The effect of temperature on both movement and vocal behaviors may be explained by changes in how the mob collectively performs these behaviors. Movement behaviors reflect the actions of the mob, which includes individuals drawn from the surrounding area toward the nest during mobbing events, whereas vocalizations are produced primarily by the parents. On warmer days, less-invested individuals within the mob may reduce their participation in energetically costly movement behaviors. As a result, parents, who are more invested in nest defense, may take on a greater share of these movement behaviors, potentially leading to decreased vocal activity. While movement behaviors may be directly influenced by temperature, communication behaviors may be indirectly affected as a consequence of these shifts in collective mob behavior. Testing this idea further would require identifying specific individuals within the mob and their contributions to these behaviors. 
Some but not all movement behaviors involved in mobbing are affected by temperature
We found that tree swallows appear to prioritize and differentially invest in movement behaviors at higher temperatures. Specifically, dives seem to be a more targeted and aggressive response to nest predators compared to approaches, due to their increased speed and accompanying ticking vocalizations. On warmer days, mobbing individuals appear to prioritize dives and invest less in approaches, suggesting a shift toward the most effective behaviors under thermal stress (Figure 1). Previous studies in other taxa have shown that sharp, fast movements, such as displayed in dives, can have high energetic costs (Frith, 1990). This raises questions about the consequences of this behavioral sift for tree swallows. For instance, while prioritizing dives may enhance predator deterrence, it remains unclear whether this strategy is truly more effective, particularly at higher temperatures, as our predator was a model decoy.
The effectiveness of anti-predator behaviors could be further investigated by examining nest success. For example, are nests at higher temperatures more vulnerable to predation due to changes in nest defense behaviors? Or is the shift to fewer approaches not of consequence? Importantly, our results emphasize that analyzing all aggressive behaviors in a single category, as done in some prior studies, would overlook these subtle yet significant shifts in behavior. Such nuances, when aggregated, could have meaningful consequences for predator deterrence and nest success. Altogether, the distinct effects of temperature on approaches and dives underscore the importance of dissecting complex behaviors into their individual components, as each may be subject to different constraints and trade-offs.
Acoustic communication is affected by temperature
We found that tree swallows produced significantly more shrieks on cold days than on hot days (Figure 2). This pattern has also been observed in other species (Cordonnier et al., 2023).  Producing fewer vocalizations on hotter days can allow for thermoregulatory behaviors (Luther & Danner, 2016) and can conserve energy (Stoddard & Salazar, 2011), which could explain our trend. We would also expect that individuals may be able to recruit more on cold days than hot days due to increased vocalizations. However, we saw no difference in intensity across temperatures, suggesting that while shrieks may serve to recruit individuals to the mob, they may not be a good explainer of mob size. The observed consistency in recruitment despite fewer calls could suggest other subtle shifts in vocalization behaviors not analyzed. Decreased calls could also be to decrease predation risk. Studies have found that longer-lasting mobbing calls result in increased nest predation, suggesting long-term consequences to mobbing (Krama & Krams, 2005; Krams et al., 2007). It is possible that the combined heat stress and predator stress may be too costly to parents, and they may shift their vocalizations to limit the latter. Regardless of the mechanism, our results highlight the importance of short-term behavioral plasticity in tolerating thermal stress long term.
Behavioral trade-offs and fitness consequences
Our findings suggest potential fitness consequences underlying the observed behavioral trends. Reduced nest defense vigor, such as fewer approaches, may allow predators greater opportunity to access eggs, increasing predation risk. However, tree swallows may adjust their defensive strategies to prioritize more effective behaviors. As such, while there may be less variation in overall behavior, the defensive response is more aggressive (dives unlike approaches remain consistent even at higher temperatures). This aligns with findings in other species, such as male moustached warblers, which increased incubation efforts at higher temperatures to counteract elevated predation risk (Kleindorfer and Hoi, 2010).  Behavioral buffering, such as maintaining or intensifying key defensive actions, may mitigate fitness costs associated with rising temperatures. 
The use of behavioral buffering to combat fitness consequences of rising temperatures is supported by studies indicating that heat dissipation can enhance critical activities, such as foraging, under thermal stress (Speakman & Król, 2010; Tapper et al., 2020). Additional research could clarify the energetic trade-offs associated with nest defense at high temperatures. Our study was limited to a temperature range below 26.5°C due to geographic and temporal constraints, leaving the effects of more extreme conditions unexplored. Future work could replicate this experiment under higher temperature regimes or across latitudinal gradients to determine whether these patterns persist or if a threshold exists where defensive behaviors further decline.

Conclusion
Our study highlights the importance of analyzing complex behaviors by breaking them into their individual components to better understand the effects of rising temperatures. By examining movement and communication behaviors separately, we revealed differential responses to warmer temperatures, highlighting potential energetic costs associated with varying levels of investment in mobbing behavior. These findings suggest that even non-thermoregulatory behaviors may serve to buffer fitness consequences under high temperatures, enabling species to adjust to changing environmental conditions. 
This work advances our understanding of how species interactions are altered in a warming world and emphasizes the value of fine-scale studies in uncovering subtle but significant behavioral shifts. Future research should further investigate how these changes influence fitness outcomes and explore thresholds where behavioral responses may no longer be sufficient to mitigate the impacts of increased temperatures. 
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Table 1. Top model for each dependent variable
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Table 2. P-values for each dependent variable for each fixed effect
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Figure 1. Correlation between air temperature and individual movement behaviors involved in mobbing. Birds gathered in a mob performed (A) fewer approaches on warmer days and (B) the same number of dives on warm as compared to cooler days within one week of clutch completion. Approaches are a less intense, U-shaped flight path whereas dives are a more intense, V-shaped flight path often accompanied by a vocalization directly over the head of the simulated predator.
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Figure 2. Correlation between treatment and individual vocalization behaviors involved in mobbing. Individual(s) gave more shrieks per second on cold days than on hot days within one week of clutch completion. Shrieks are short duration alarm calls often repeated in succession. Hot and cold treatments are separated by at least 0.5°C.
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Supplementary Table 1. Model Selection for All Behaviors for Continuous Analysis
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Supplementary Table 2. Model Selection for All Behaviors for Categorical Analysis
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Supplementary Table 3. Model Selection for Dives for Continuous Analysis
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Supplementary Table 4. Model Selection for Dives for Categorical Analysis
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Supplementary Table 5. Model Selection for Approaches for Continuous Analysis
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Supplementary Table 6. Model Selection for Approaches for Categorical Analysis
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Supplementary Table 7. Model Selection for Intensity for Continuous Analysis
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Supplementary Table 8. Model Selection for Intensity for Categorical Analysis
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Supplementary Table 9. Model Selection for Shrieks for Continuous Analysis[image: A screenshot of a table
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Supplementary Table 10. Model Selection for Shrieks for Categorical Analysis
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image5.png
(Intercept) area hour_temp df logLik AICc delta weight
1 32.84 3 -3949 796.0 0.0 0.70
3 34.84 -0.10 4 -3949 798.2 2.2 0.24
2 30.75 + 7 -393.1 801.5 5.5 0.04
4 30.02 + 0.03 8 -393.1 803.9 7.9 0.01
Table 14: Model Selection All Behaviors Continuous
(Intercept) area treatment df logLik AICc delta weight
1 32.84 3 -3949 796.0 0.0 0.69
3 33.56 + 4 -3948 798.0 2.0 0.25
2 3075+ 7 -393.1 801.5 5.5 0.04
4 3133 + + 8 -3930 8038 7.8 001
Table 15: Model Selection All Behaviors Categorical
(Intercept) area hour_temp df logLik AICc delta weight
1 28.83 3 -386.0 7783 0.0 0.65
3 24.50 021 4 -386.0 7804 2.0 0.24
2 28.61 + 7 -383.6 782.5 4.1 0.08
4 21.57 + 034 8 -383.4 7845 6.1 0.03

Table 16: Model Selection Dives Continuous




image6.png
(Intercept) area treatment df logLik AICc delta weight
1 28.83 3 -386.0 778.3 0.0 0.67
3 28.91 + 4 -386.0 780.5 2.2 0.22
2 28.61  + 7 -383.6 7825 4.1 0.08
4 28.59  + + 8 -383.6 7849 6.5 0.03

Table 17: Model Selection Dives Categorical

(Intercept) area hour_temp df logLik AICc delta weight
3 7.78 -0.23 4 -2184 4453 0.0 0.57
4 649  + -0.21 8 -2148 4474 2.0 0.21
1 3.15 3 -2209 448.0 2.7 0.15
2 214+ 7 2170 4494 4.1 0.08

Table 18: Model Selection Approaches Continuous

(Intercept) area treatment df logLik AICc delta weight
1 3.15 3 -220.9 448.0 0.0 0.44
3 2.92 + 4 -220.5 4494 1.3 0.23
2 214+ 7 2170 4494 1.3 0.23
4 192 + + 8 -216.6 451.0 2.9 0.10

Table 19: Model Selection Approaches Categorical




image7.png
(Intercept) area hour_temp df logLik AICc delta weight
1 2.20 3 -1756 3574 0.0 0.60
3 1.16 0.05 4 -175.0 358.3 1.0 0.37
2 237+ 7 -174.4 364.1 6.7 0.02
4 111 + 0.06 8 -173.6 3648 7.4 0.01

Table 20: Model Selection Intensity Continuous

(Intercept) area treatment df logLik AICc delta weight
1 2.20 3 -175.6 3574 0.0 0.64
3 2.06 + 4 -1752 358.7 1.4 0.32
2 237+ 7 -174.4 364.1 6.7 0.02
4 224+ + 8 -174.0 365.7 8.3 0.01

Table 21: Model Selection Intensity Categorical




image8.png
(Intercept) area hour_temp df logLik AICc delta weight
1 1.10 3 -101.3 208.8 0.0 0.92
3 1.80 -0.03 4 -103.0 214.6 5.8 0.05
2 1.33 + 7 -100.2 215.7 6.9 0.03
4 2.01 + -0.03 8 -102.1 222.0 13.2 0.00

Table 22: Model Selection Shrieks Continuous

(Intercept) area treatment df logLik AICc delta weight
3 1.22 + 4 -98.0 204.4 0.0 0.67
1 1.10 3 -100.0 206.2 1.8 0.27
4 1.44 + + 8 -96.0  209.8 5.4 0.04
2 1.33 + 7 -98.2  211.7 7.3 0.02

Table 23: Model Selection Shrieks Categorical




image1.png
Continuous Categorical

Variable Fixed Effect ~ Weight Fixed Effect Weight
All Behaviors  Null 0.703 Null 0.691
Dives Null 0.651 Null 0.666
Approaches Temperature 0.572 Null 0.443
Intensity Null 0.596 Null 0.642
Shrieks Null 0.919 Treatment 0.667

Table 1: Top Models




image2.png
Variable Temperature/Treatment arecaRE —areaRP  areaUH arcaW$§
All Behaviors

Continuous 0.879 0.284 0.976 0.801 0.551

Categorical 0.693 0.285 0.977 0.800 0.553
Dives

Continuous 0.676 0.279 0.784 0.874 0.507

Categorical 0.962 0.284 0.774 0.870 0.519
Approaches

Continuous 0.0178 0.866 0.105 0.425 0.456

Categorical 0.362 0.805 0.098 0.422 0.397
Intensity

Continuous 0.272 0.414 0.975 0.958 0.394

Categorical 0.372 0.392 0.938 0.937 0.432
Shrieks

Continuous 0.145 0.966 0.725 0.326 0.316

Categorical 0.0434 0.935 0.737 0.295 0.285

Table 2: P-Values
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