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Abstract

Signals mediate competitive interactions by allowing rival assessment, yet are often energetically expensive to
produce. Individuals face tradeoffs when deciding when and where to signal, such that over or under-investing in
signaling effort can be costly. One of the key mechanisms maintaining signal reliability is via social costs. While the
social costs of over-signaling are well-known, the social costs of under-signaling are underexplored, particularly for
dynamic signals. In this study we investigate a dynamic and olfactory-mediated signaling system that is ubiquitous
among mammals: scent marking. Male house mice territorially scent mark their environment with metabolically
costly urine marks. While competitive male mice are thought to deposit abundant scent marks in the environment,
we recently identified a cohort of low-marking males that win fights. Whereas there are clear energetic costs to
investing in urine signals in mice, we hypothesized that there may be social costs imposed on individuals who
under-invest in signaling. Here we find that scent mark investment predicts fight dynamics. Despite fight outcome
being unambiguous, aggressive intensity varies considerably across trials. Males that produce fewer scent marks
engage in more intense fights that take longer to resolve. This effect appears to be driven by an unwillingness
among losers to acquiesce to weakly signaling winners. We therefore find evidence for rival assessment of scent
marks as well as social costs to under-signaling, which supports existing hypotheses for the importance of social
punishment in maintaining optimal signaling equilibria. Our results further highlight the possibility of diverse
signaling strategies in house mice.
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1. Introduction

Signals of competitive ability play an important role in mediating rival assessment in aggressive contests (1-9).
However, signal production is often energetically expensive, and individuals face tradeoffs when investing in
signaling effort relative to other life history traits (10-12). For example, increased signal investment can result in
reduced gamete production (13—15), immune deficits (16,17), and higher risks of parasitism or predation (18-22).

In addition to production tradeoffs, there are social costs to signaling either too much or too little. Individuals
that “over-signal” their competitive ability receive heightened aggression from competitors (23—-28). Whereas
individuals that “under-signal” struggle to establish dominance relationships (26,28). Such mismatches in signaled
versus actual competitive ability muddle accurate rival assessment, resulting in escalated contests (26,28).
Receiver-dependent social punishment has been hypothesized as an important mechanism in maintaining optimal
signaling equilibria (23). While the social costs of over-signaling (i.e. ‘bluffing’ or ‘cheating’) have been well-
examined, the social costs of under-signaling are under-studied, particularly for dynamic signals.

Here, we explore a dynamic and olfactory-mediated signaling system that is central to mammalian
communication: scent marking (29-31). Scent marks persist in the environment for long periods of time (32—-35)
and provide a record of social relationships that can be assessed by receivers (33,35-37). Scent marks have
further been proposed as ‘cheat-proof’ signals of status due to the inherent metabolic and physical challenges of
maintaining a scent-marked territory (35,36).

In house mice (Mus musculus domesticus), urine marking is arguably the most prominent signaling modality.
The generally accepted canon is that competitive males are aggressive, territorial, and mark highly (38—41). In
addition to the costs of actively re-marking and patrolling a territory, urine marks themselves are metabolically
costly in house mice (36,42—44) . Urine marking has previously been shown to have important life history costs in
house mice, as males that invest in marking earlier in life experience reduced body growth (42). It is, therefore,
generally assumed that urine marking is an honest indicator of a male’s status and competitive ability (38—41,45—
47). Yet, we have recently tested this assumption and found it to be incomplete—urine marking prior to a contest
did not predict wins or losses among size-matched rivals, in part due to the presence of low-marking competitive
males (48).

This surprising result led us to ask whether and how male house mice use scent mark information in competitor
assessments. The objectives of this study were to: (1) test the hypothesis that scent mark signaling prior to a fight
shapes contest dynamics, and (2) examine the potential social costs of under-signaling. We predicted that high
quality individuals that accurately signaled their competitive ability would beneficially engage in less intense
aggressive behaviors, and more quickly resolve their fights. In contrast, individuals that under-signaled their
competitive ability would face the social costs of escalated aggressive encounters, and experience delayed contest
resolution.

2. Material & Methods

(a) Study system

To explore scent marking and aggressive behaviors we used male house mice (n=62), as males will competitively
urine mark and exhibit territorial aggression (33,39—41,46,49-51). Experimental individuals were from two wild-
derived inbred strains (NY2 and NY3) of house mice (52). The progenitors of these strains were captured near
Saratoga Springs, NY in 2013 by MJS and are related to the SarA/NachJ, SarB/NachJ and SarC/NachJ strains now
available from the Jackson Lab. We used two wild-derived strains because competitive behaviors are less
pronounced in highly inbred and domesticated laboratory strains (53,54), and individuals within inbred strains tend
to share identical urinary protein profiles (55). At the time of experimentation all males were adult (3-5 months old)
and sexually experienced. Mice were housed in an Animal Care facility at Cornell University with a 14:10 shifted
light:dark cycle (dark cycle: 12PM—-10PM), with food and water provided ad libitum. To reduce handling stress
confounds, mice were transferred between their home cage and the experimental arena using transfer cups (56).

(b) Scent mark signaling and aggressive contests
In our previous work examining signal allocation decisions, we were surprised to find that scent marking behavior
did not clearly predict wins or losses during fights, and instead identified a cohort of low-signaling competitive males
(48). Together, these results led us to investigate the aggressive contests within this dataset in greater detail to
better understand the relationship between signaling and competitive ability (48).

We placed males in an arena separated by a mesh barrier where they could see, hear, and smell each other
but were limited to minimal physical contact (Figure 1A). This allowed us to measure male urine marking prior to a
contest. After 30 minutes, we removed the mesh barrier and males engaged in a fight trial for an additional 30
minutes (Figure 1A). Trials were performed on filter paper to prevent smearing of urine marks, for easier detection
of urine deposition events. One day prior to experimentation, we recorded male body weights to size-match
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individuals. As house mice are nocturnal, we
conducted all experiments during the dark cycle

between 12 PM-5 PM. Age and weight-matched . . . o .
adult breeding males of distinct wild-derived Signaling: Mesh Trial Contest: Fight Trial

strains (NY2 and NY3) were paired as Win
competitors, resulting in a total of 31 pairs &
(n=62). We therefore ensured that no two paired

competitors were genotypically identical and that d |:> d
their scent marks were perceptibly different (i.e. @ 2 /Q 2
g, 2 Lose

A. Trial Design

characterized by unique major urinary protein
profiles) (44,46,55,57,58). We ear-clipped and d
bleached a patch of rump fur of one male in
each pair a week prior to experimentation for
easy identification of males within a pair (NY2 B. Thermal Imaging C. Fight Behaviors
and NY3 strains are visibly indistinguishable).
All trials were recorded with a thermal T mesh Wrestling Boxing
imaging camera system (Pl 640; Optris Infrared barrier
Sensing; 33° x 25° lens; ~3 Hz; thermal
detection: 61°F - 107°F) and a security camera
system (iDVR-PRO CMS; 1080p; 30 fps).
Thermal imaging allowed for the detection of
urine mark deposition events with fine
spatiotemporal detail. Urine leaves the body hot
(close to body temperature) and quickly cools to
below the ambient substrate temperature,
providing a distinctive thermal signature (Figure

1B) The Securlty camera sys_tem was used to Figure 1. Trial design and recording methods. (A) Two-part trial design starting
visualize hlgh-speed aggressive encounters. with a 30-minute signaling trial where paired competitors were separated by a
Both systems were used to cross-check for mesh barrier, and urine marking was measured. The mesh barrier was removed
recording errors. and males entered into the contest phase of the trial (fight trial) for an additional

Videos were scored inndIy using Behavioral 30 minutes. (B) Urine depositions were recorded using thermal imaging. Urine

Ob ti R h Int tive Soft exits the body hot and then cools below substrate temperatures, providing a
servation eS?arC n e.r_ac Ivé Soltware distinct thermal signature. (C) For each fight trial, four aggressive behaviors were
(BORIS) (59). Urine depositions were scored as  scored: wrestling, boxing, chases, and hits. Wrestling and boxing were classified

a clear hot spot in the focal mouse’s trajectory as intense attacks; chases and hits were classified as mild attacks.

that subsequently cooled below substrate

temperature (Figure 1B). Based on the total aggressive behaviors performed by each male, males were
unambiguously classified as winners or losers (Figures 2A & S2). Males were further categorized as low-marking
or high-marking based on whether the total urine marks deposited in the “mesh trial” (pre-fight) fell below or above
the median (Figures 1A & S1A). These classifications were used to interrogate interactions between signal
investment and fight dynamics. The following behaviors were scored in “fight trials”: chasing, hitting, boxing, and
wrestling bouts (60-62) based on which male initiated these behaviors (Figure 1C & S2A). Aggressive behaviors
were further categorized as mild or intense based on the risk of injury (i.e. belly exposure and likelihood of bites
occurring) and the extent of physical contact. Chases and hits were classified as mild attacks, while boxing and
wrestling bouts were classified as intense attacks (Figure 1C). Importantly, intense attacks are interactive
behaviors, which require that the male receiving the attack actively defends themselves rather than fleeing from the
interaction. No mice experienced sustained injury in these trials.

(c) Statistical analyses

We conducted all statistical analyses in R 3.6.0 (R Development Core Team 2019). We used linear mixed models
and paired statistical tests to examine relationships between dependent and response variables (Tables S1-S4).
Models were fitted using the package Ime4 (63). The ImerTest package was used to calculate degrees of freedom
(Satterthwaite’s method) and p-values (64). Dependent variables were logarithmically transformed for a subset of
models to meet assumptions for model residuals (Tables S1-S4). We used a type 3 analysis of variance to test for
overall effects of fixed factors or interactions in the models. Post hoc comparisons were conducted using the
emmeans package (65). R script and data sheets used for all statistical analyses are provided (see Data
Availability).
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Figure 2. Winners displayed more aggressive behaviors throughout the fight trial, while losers rarely displayed any aggression after
the first five minutes. (A) Total aggressive behaviors performed by males that either won or lost the fight. (B) Histogram of the temporal
distribution of aggressive behaviors performed by winners and losers over the fight trial duration. (C) Total mild vs. intense aggression displayed
by winners and losers. (D,E) Histograms of intense vs. mild aggression exhibited by winning males over the course of the fight trial. (A,C) Linear
mixed models were used to model relationships (Table S1). Analyses of variance were used to test for overall effects. Dependent variables (#
aggressive behaviors) were logarithmically transformed to meet assumptions for model residuals. Significance codes: NS p>0.05, * p<0.05; **
p<0.01, *** p<0.001.

3. Results

(a) Contest outcomes and aggressive intensity
Fight outcome was unambiguous in all contest pairings (Figure $2). Winners performed significantly more
aggressive behaviors than losers (M1: F1,60= 287, p < 0.0001; Figure 2A & Table S1). This was true for both
cumulative aggression (Figure 2A), as well as for specific fight behaviors (Figure $2B). Across all fight trials,
winners performed 21-268 total attacks, while losers performed 0-19 (Figure S2C). Within pairs, the difference in
attack count ranged from 21-266, with an average attack difference of 126+/-11 between competitors. These
winner-loser relationships were typically apparent within the first 5 minutes, as losing males quickly halt aggression
(Figure 2B). Winners on the other hand, rapidly escalated aggression with peak activity occurring at ~300 seconds,
followed by a gradual decline (Figure 2B). Males thus performed fast competitor assessments once they physically
engaged. While males were weight-matched as closely as possible, some variation in body weight was inevitable
(Figure S3A). Body weight moderately predicted the total aggressive behaviors performed by individuals (M2: F1 59
= 4.5, p = 0.04; Table S1), however including body weight resulted in a worse model overall (M1 vs. M2: Table S1).
Body weight also did not differ between winning and losing males across trials (t1,60 = 0.4, p = 0.69; Figure S3B).
We further explored the intensity of aggressive behaviors initiated by competitors during contests and found
that aggressive intensity has a significant interaction with fight outcome (M3: F1,182 = 64, p < 0.0001; Figure 2C &
Table S1). Losers exhibit similarly few mild and intense aggressive behaviors (M3: t1,182 = 1.5, p = 0.39; Figure 2C
& Table S1). In contrast, winners perform significantly more mild attacks than intense ones (M3: 1,184 =-9.8, p <
0.0001; Figure 2C & Table S1). Given the low rates of aggressive attacks performed by the eventual contest
losers, we focused on the dynamics of aggressive behaviors initiated by the ultimate contest winners. Among
winners, the temporal dynamics reveal the number of intense attacks steadily declines over the course of the fight
(Figure 2D). Whereas mild attacks remain elevated for longer and decline in frequency more slowly (Figure 2E).
These data indicate that while fight outcome is straightforward, attack frequency varies with intensity. Furthermore,
there appear to be distinct temporal patterns for mild and intense fight behaviors.
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Figure 3. Temporal fight dynamics and intensity vary with initial signaling effort of winning males. (A) Males were
categorized as low or high-marking individuals based on whether the total number of marks deposited prior to the fight trial
fell either below or above the median (Figure S1A). (B) Histograms of the temporal distributions for intense (top) and mild
(bottom) aggressive behaviors for the two marking groups (high vs. low-marking). (C) Boxplot of total aggressive
behaviors by marking group and fight intensity. (D) Boxplot of total aggressive behaviors by marking group, attack
intensity, and fight trial 15-minute time bins. (C,D) LMMs were used to model relationships, and analyses of variance were
used to test for overall effects. Dependent variables were logarithmically transformed to meet assumptions for model
residuals. Significance codes: NS p>0.05, * p<0.05; ** p<0.01, *** p<0.001.

(b) Scent mark signaling prior to a contest predicts fight dynamics

We next explored the relationship between scent mark signaling and fight dynamics among winning males, as
these individuals initiated the vast majority of aggressive behaviors (Figure 2). Males were categorized as either
low or high-marking individuals, based on whether their total number of urine deposition events fell below or above
the median number of marks (Figures 3A & S1A). This categorization is supported by our prior work, which shows
that initial mark investment predicts marking levels days later (Figure S1; 48). In other words, males that are low or
high-marking adhere to their respective marking groups days after an aggressive contest (48).

The total number of attacks initiated by winners did not significantly differ between low and high-marking males
(M4: F120 = 3.3, p = 0.08; Table S2). However, striking patterns emerged when we inspected the intensity of
aggressive behaviors. We first examined the temporal distribution of mild and intense attacks for low and high-
marking winners (Figure 3B). Low-marking winners performed more intense attacks across the fight duration
(Figure 3B). While an inverse relationship is observed for mild aggression. High-marking winners performed
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7

dramatically more mild attacks than low-marking winners, A -
particularly in the first 15 minutes of the fight trial (Figure 3B). ’ PRt 2

We further modeled the effects of fight intensity and 5 S
signaling effort on contest aggression (Figure 3C & Table O ’ 319 Total:
$2). The signaling effort of winners significantly predicted &\0 & 2?;5'
aggressive intensity (M5: F1,58 = 32, p < 0.0001; Table S2). ,@0 )
Interestingly, initial marking effort did not predict aggressive '\<§ o=

behaviors in other dyadic comparisons. Initial signaling efforts Riibed
of the eventual losing males did not predict loser aggression
(M8: F158 = 0.59, p = 0.44; Figure S4A & Table S4) or winner
aggression (M9: F158 = 1.2, p = 0.27; Figure S4A & Table
S4). Similarly, the marking effort of winners did not predict 2
loser aggression (M10: F158 = 1.1, p = 0.29; Figure S4B & Qe
Table S4). Moreover, body weight did not differ across low or v
high-marking winners and losers (Figure S3C). A

Chase

Boxing
(c) Social costs of under-signaling Hit Wrestling
We next examined the social costs of under-signaling, and B 12
found a significant interaction between fight intensity and
initial marking effort (M5: F15s = 6.8, p = 0.01; Figure 3C &
Table S2). Winning males that invest more in scent marking
perform fewer intense attacks and more mild attacks (Figure

® High-Marking
O Low-Marking

3C). Whereas, males that invest less in marking engage in
more intense aggression (Figure 3C). Comparing rates of
each type of aggression per winner revealed that low-marking

0.8

Intense aggression
Low-marking

Mild aggression
High-marking

winners do not differ in their levels of attack intensities (M5:
t120 =-2.1, p = 0.14; Figure 3C & Table S2). The opposite is
true for high-marking winners, which perform significantly
more mild relative to intense attacks (M5: t120 = -5.9, p < 0
0.0001; Figure 3C & Table S2). ) o

Given that the differences in fight intensity toward .
signaling effort occurred specifically among winners, we ) @ o
further interrogated the temporal dynamics of these 0.0
behaviors. To do this we split the fight trial into two 15-minute
time bins, corresponding to the first and second half of the
trial (Figure 3D). The differences in fight dynamics are
particularly stark in the first 15 minutes (Figure 3D). Time bin
has a strong effect on contest aggression (M6: F187 =11, p =
0.002; Table S2), with a significant two-way interaction
between fight intensity and time bin (M6: F187 = 5.9, p = 0.02;
Table S2). Comparing rates of mild and intense acts of
aggression per winner revealed that in the first half of the trial,
low-marking winners are performing the same levels of mild and intense attacks (M6: t1,87 = -0.45, p = 1.0; Figure
3D & Table S2). While high-marking winners perform dramatically more mild attacks relative to intense attacks
(M6: t187 = -4.4, p = 0.0003; Figure 3D & Table S2). This difference in fight intensity between marking groups
diminishes in the second half of the trial, such that all winners display significantly higher rates of mild compared to
intense aggression (Figure 3D). Thus, the fights of low-signaling winners exhibit more severe escalation in the first
15 minutes, suggesting males that under-signal take longer to resolve aggressive contests than males investing
more in signaling effort.

Together, these data indicate that the relative proportion of intense aggressive behaviors males perform varies
with signaling effort. We assessed the proportions of specific fight behaviors executed by low and high-marking
individuals (Figure 4A). This demonstrates that low-marking winners perform considerably more intense
aggression (i.e. wrestling bouts and boxing matches; Figure 4A). The aggressive behaviors of high-marking
individuals, however, are heavily skewed towards mild aggression (i.e. chases and hits; Figure 4A). We further
examined the proportion of intense-to-overall attacks relative to the signaling efforts of each winning male prior to
the contest (Figure 4B). The proportion of intense attacks is predicted by marking group (M7: F12s = 8.8, p = 0.006;
Table S3). This illustrates a striking delineation between low and high-signaling competitive males (Figure 4B).
Furthermore, it reveals what appear to be two distinct groups of males that each comprise a quarter of all winners:
(1) intensely aggressive low-marking males and (2) mildly aggressive very high-marking males (Figure 4B).

0.4

Intense : Total Attacks

0 25 50 75 100 125 150 175
# Urine Marks

Figure 4. Proportions of mild and intense aggression. (A)
Example processed urine blots of high and low-marking males
(urine spots shown in black). Donut plots depict proportions of
individual fight behaviors for the two marking groups (B) The
proportion of intense : total attacks by the total number of urine
marks deposited prior to the fight. Low and high-marking
winners are labeled. Ellipses indicate 90% data coverage.
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4. Discussion

Here we have shown that despite fight outcome being overwhelmingly clear (Figure 2), there are stark differences
in contest dynamics depending on how males signaled prior to a fight. We find evidence for social costs to under-
signaling in house mice, as low-marking winners experienced more intense fights and delayed contest resolution
(Figures 3 & 4). This suggests there are likely important tradeoffs underlying signal investment decisions in terms
of competitor assessment and aggression. Particularly as in our prior work, we identified a cohort of competitive yet
stably low-marking male mice (48). Our work underlies the complex decisions animals face when determining their
signal investment and willingness to engage in aggressive encounters. At any given moment, individuals confront
metabolic resource limitations. Deciding when and where to invest these resources has important fitness
consequences.

The observed differences in aggressive intensity in male house mice could be driven by winners, losers, or a
combination of the two. A winner-driven explanation is that winners allocate more effort toward aggression rather
than signaling, such that the total energy invested is constant across low-marking and high-marking winners.
Alternatively, losing males may be less inclined to back down during attacks initiated by weakly signaling males.
Importantly, intense aggressive behaviors (i.e. wrestling and boxing) are highly interactive, and require that losers
actively defend themselves rather than flee from the encounter (i.e. chases). This lends support for the observed
differences being loser-driven, and alludes to a possible key difference between losing an encounter and submitting
to a competitor.

The trial design limits males’ ability to escape the interaction. In naturalistic environments males would likely
avoid prolonged encounters, and dominance relationships would be established through shorter repeated
interactions. Nevertheless, the sustained encounters used in this study allowed us to observe temporal shifts in
fight intensity. We find that low-signaling winners don’t transition to more mild aggression until midway through the
fight, whereas high-signaling winners start off relatively mild. Fight resolution is therefore delayed when winners
signal lowly prior to a fight. Similar to what has been observed in aggressive contests between paper wasps (26)
and chameleons (28), we find that male house mice experience social costs as a result of inaccurately signaling
their competitive ability. This is striking because the costs of under-signaling appear quite high. “Scent-silent” males
engage in more intense fights, take longer to resolve dominance relationships, and incur greater risk of injury.

Given the potential social costs, the existence of competitive low-signaling males suggests there may be fitness
benefits to remaining scent-silent, at least under some socioecological conditions. Perhaps the most obvious
benefit to reduced signaling is that it may save energy. Males might withhold signal investment to build up their
metabolic reserves, as urine marking is energetically expensive (42,43,47,66). In doing so, males may gain body
mass and more effectively defend territories later in the season. This is plausible given that prior work has shown
males who invest early in urine marking pay the cost of reduced body size (42). The low-signaling effort observed
among competitive males could therefore reflect important features of life history in house mice, and potentially in
many other species.

Males entering into the trials had no prior competitive experience. Males may strategically hold off scent mark
investment until there are rival males present, suggesting population density may have large effects on signaling
strategies (67-69). This is particularly intriguing given prior hypotheses of urine marking as ‘cheat-proof’ (35,36).
These hypotheses emphasize the inability to deceptively over-report (i.e. bluff) one’s competitive ability but do not
address the possibility of males under-reporting. Our results highlight the importance of investigating under-
signaling strategies, as they may be more common than previously appreciated across taxa.

Another possibility is that male mice exhibit a spectrum of signaling strategies, including the classically
described “territorial males” that invest highly in marking as well as scent-silent “satellite” males. In this scenario,
low-signaling individuals might avoid detection by other males yet are competitive enough to mate, though reduced
marking effort likely decreases the chances of obtaining mating opportunities (33,70,71). Previous work described
males reducing their scent marking after losing (41). Indeed, in the trials reported here, we found that high-marking
males dramatically reduce their marking efforts after losing (48). However, this scenario does not readily explain the
observed patterns among winning males that continue to mark infrequently. It may be that in time they would
increase investment in scent marking, and shifting to high-marking is a slower process than downregulating after a
loss (43,47). Studies of scent marking effort in more natural contexts are sorely needed.

We find evidence for direct social costs as a result of under-signaling one’s competitive ability. This supports
existing theoretical frameworks underlying the importance of social punishment in shaping patterns of signal
investment (23,25,26). Our results further provide evidence that urine marking is used in competitor assessments
and appears to determine losers’ willingness to submit. Furthermore, our findings highlight the possibility of diverse
signaling strategies in house mice. As a dynamic signaling system, individuals may flexibly adjust scent mark
investment depending on the social landscape and their energetic reserves. Diverse strategies may be more
commonplace for dynamic signals across taxa than is currently recognized, and warrants further investigation.
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Supplemental Materials

Table S1. Linear mixed model (LMM) details accompanying results section 3a (Figure 2). The response variable for all three models (M1-M3) is
the number of aggressive behaviors (count), and is logarithmically transformed in all cases.

M1 : (Figure 2A) M2 : M3 : (Figure 2C)
log o(Aggressive Behaviors+1)~ log o(Aggressive Behaviors+1)~ logso(Aggressive Behaviors+1)~
Fight Outcome+(1IStrain) Fight Outcome+Weight+(1/Strain) Fight Outcome*Intensity+(1lmalelD)
Coefficients Estimates Cl p Estimates Cl p Estimates Cl p
Fixed Effects
(Intercept) 0.49 0.36 -0.62 <0.001 -0.47 -1.38-0.44 0.308 0.23 0.13-0.33 <0.001
Fight Outcome (Win vs. Loss) 1.58 1.39-1.76 <0.001 1.59 1.40-1.77 <0.001 0.77 0.63-0.91 <0.001
Weight (g) 0.04 0.00 - 0.08 0.039
Intensity (Mild vs. Intense) -0.09 -0.20-0.03 0.136
Fight Outcome : Intensity 0.67 0.50-0.83 <0.001
Random Effects
o? 0.13 0.13 0.11
Too 0.00,,,1, 0.00,,,:, 0.03,,,0
ICC 0.20
N 25ain 2stcain 62 sl
Observations 62 62 248
Marginal R2 / Conditional R2 | 0.825/ NA 0.835/NA 0.721/0.777
AIC 64.6 68.2 220

Table S2. Linear mixed model (LMM) details accompanying results section 3b (Figure 3). The response variable for all three models (M4-M6) is
the number of aggressive behaviors (count), and is logarithmically transformed in all cases.

M4 : M5 : (Figure 3C) Mé : (Figure 3D)
log;o(Aggressive Behaviors+1)~ log;o(Aggressive Behaviors+1)~ log;o(Aggressive Behaviors+1)~
Marking Group+(1lStrain) Marking Group*Intensity+(1ImalelD) Fight Outcome*Intensity*Time Bin+(1ImalelD)
Coefficients Estimates Cl P Estimates Cl p Estimates Cl p

Fixed Effects
(Intercept) 2.14 2.02-226 <0.001 1.28 1.10-1.47 <0.001 1.13 0.92-1.34 <0.001
Marking Group (High vs. Low) -0.15 -0.33-0.02 0.081 0.17 -0.09 - 0.44 0.200 0.20 -0.10-0.50 0.199
Intensity (Mild vs. Intense) 0.78 0.52-1.04 <0.001 0.63 0.35-0.91 <0.001
Marking Group : Intensity -0.49 -0.87 --0.11 0.012 -0.56 -0.97--0.16 0.007
Time Bin (15 vs. 30 min) -0.35 -0.64 --0.07 0.015
Marking Group : Time Bin -0.11 -0.52-0.29 0.584
Intensity : Time Bin 0.23 -0.17-0.63 0.263
Marking Group : Intensity : Time Bin 0.25 -0.33-0.82 0.395
Random Effects
o? 0.06 0.14 0.16
Too 0.0041,5in 0.00,41c00 0.02,,4e0
ICC 0.09
N Zslrain 31malelD 31malelD
Observations 31 62 124
Marginal R? / Conditional R? 0.099 / NA 0.398/NA 0.374/0.431
AIC 12.2 725 170

Table S3. Linear mixed model (LMM) details accompanying
results section 3c (Figure 4). The response variable is the
proportion of intense : total aggressive behaviors.

M7 :
Proportion Attacks (Intense:Total)~Marking Group+(1/Strain)
Coefficients Estimates Cl p
Fixed Effects
(Intercept) 0.18 -0.01-0.37 0.058
Marking Group (High vs. Low) 0.23 0.07 -0.39 0.006
Random Effects
o? 0.05
Too 0.01
ICC 0.19
N 2
Observations 31
Marginal R? / Conditional R? 0.192/0.344
AIC 8.6
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Table S4. Linear mixed model (LMM) details accompanying Figure S4. The response variable for all models (M8-M10) is the
number of aggressive behaviors (count) performed by losers (M8,M9) or winners (M10), and is logarithmically transformed in all cases.

M8 : (Figure S4A) M9 : (Figure S4A) M10 : (Figure S4B)
loser aggression ~ loser signaling loser aggression ~ winner signaling winner aggression ~ loser signaling
logrofAggressive Behaviors+1)~ logiofAggressive Behaviors+1)~ logyo{Aggressive Behaviors+1)~
Marking Group*Intensity+(1/Strain) Marking Group*Intensity+(1imalelD) Fight Outcome*Intensity*Time Bin+(1ImalelD)
Coefficients Estimates Cl p Estimates Cl p Estimates Cl p

Fixed Effects
(Intercept) 0.37 0.17 - 0.56 <0.001 0.39 0.21-0.58 <0.001 212 2.00-2.24 <0.001
Marking Group (High vs. Low) 0.02 -0.25-0.29 0.895 -0.04 -0.30-0.23 0.792 -0.06 -0.23-0.10 0.454
Intensity (Mild vs. Intense) -0.46 - 0.09 0.191 -0.06 -0.32-0.21 0.672 0.00 -0.17-0.17 1.000 -0.46 - 0.09
Marking Group : Intensity 0.1 -0.27 - 0.49 0.562 -0.14 -0.52-0.24 0.463 -0.00 -0.23-0.23 1.000
Random Effects
o2 0.14 0.14 0.05
Too 0.00,, 0.00,51, 0.00,5in
N 25r2in 251ain 25ain
Observations 62 62 62
Marginal R? / Conditional R? 0.041/NA 0.054 / NA 0.018/ NA
AIC 73.8 73.0 171
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Figure S1. (A) Histogram of the distribution of total urine marks deposited by all males competitors in the Mesh Trial (pre-fight). The
median (19) number of marks is indicated with dashed line. High-marking versus low-marking males were categorized based on
whether the total marks deposited was either above or below the median. (B) Correlation plot of the total number of marks deposited
by each winning male prior to the contest trial (Mesh 1) and 1 day after the contest in the open field trial (OFT) (48). The number of
marks deposited pre- and post-fight are quite well correlated with each other (R=0.77). This is despite the differences in aggressive
experience, arena size, and social stimulus in the environment across these two trials. Individual data points are color-scaled by the
proportion of total attacks that were intense (red: high; yellow: low). The males that marked lowly in both trials (clustered in the bottom
left corner) tend to perform more intense attacks (more red). One male was removed from this correlation analysis as an outlier (NY3-
131), though excluding or including this male does not affect the overall pattern. (C) Estimated marginal means of the total number of
OFT marks (log-transformed) given fight outcome (winner=red; loser=blue) and initial signal investment (# Mesh 1 marks). Initial signal
investment significantly predicts marking levels of winners and losers post- fight. The model p-value of the effect of the # Mesh 1 marks
on the total OFT marks indicated in the bottom righthand corner (highly significant).
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A. Ethogram

Behavior

Description

Chase

Mouse runs toward and follows a fleeing partner.
No contact is made.

Hit

Mouse makes rapid contact with paws (usually
forepaws). Contact is typically made on the
hindquarters of the other mouse. Hits often occur
during or between chases.

Boxing

Scored by which mouse initiates the boxing bout.
Mouse makes intentional movements of the body
toward the opponent combined with forepaw
kicks (punches), while remaining in place and
upright on its hindpaws. Punches occur in bursts,
with breaks in which the mouse remains upright.

Wrestling
Bout

Scored by which mouse initiates the wrestling
bout. A violent behavior in which both animals are
locked together. Separate behaviors are difficult
to distinguish due to the fast sequence of events
with the animals kicking, biting, and wrestling.
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Figure S2. Fight trial behaviors. (A) Ethogram of scored aggressive behaviors. (B) Boxplots of the total counts for individual fight behaviors
performed by winning (red) and losing males (blue). Winners performed significantly higher levels of each aggressive behavior compared to
losers (* p<0.0001) (C) Total aggressive behaviors performed by each paired male competitor (31 pairs). Winners indicated in red and losers
in blue. The fight outcome (the categorization of winners and losers) was determined by which male performed more aggressive behaviors
within a pair. Across all pairs, winners ranged from performing 21-268 attacks, and losers ranged from performing 0-19 attacks.


https://doi.org/10.1101/2022.05.19.492706

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.19.492706; this version posted May 20, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

>

30

28

26

24

22

20

Starting Weight (g)

30

28

26

24

Starting Weight (g)

NS

—e

3

T

Winner
I Loser
T2 345 6 7 8 9 1011121314 15 16 17 18 19 20 21 22 23 24 23 24 27 28 29 30 31
Paired Male Competitors
30 NS
NS
__ 28 NS
g ? o NS
£ 26 o oo °
R o) i ° o
] . 3
; 24 O§O 3 )
. o
o . oo
£ 22 Cé) ) o G
t g bt 4
T
20
3 8 | &
18 © 3 8

Losers : Total Attacks

0
Low-Marking High-Marking Low-Marking High-Marking

Winners

NS

Losers

Low-Marking High-Marking Low-Marking High-Marking
Losers Winners

W

300
Attack .
NS Intensity NS

. I . 250

225

175
150
125

100

Winners : Total Attacks

50

25

Winners Losers

0
Low-Marking High-Marking

Figure S3. Body weight
differences across
winning and losing males.
All weight measurements (g)
were collected the day
before trials began, such
that competitors were
weight-matched as closely
as possible. (A) Starting
weights (g) of each male
within a competing pair
across trials. (B) Boxplot of
starting body weights of all
losers and winners. Winners
and losers did not differ in
weight across trials. (C)
Boxplot of the starting body
weight for winners and
losers by marking group:
high vs. low-marking males.
A single male was removed
from this analysis as an
outlier (NY2-205), however
removal of this male did not
affect the observed patterns.
A LMM was used to model
relationships, and analyses
of variance were used to test
for overall effects.
Significance codes: NS
p>0.05.

— Figure S4. Additional dyadic
nensty| | comparisons of contest aggression
I | | and intensity in response to
signaling effort. (A) Boxplot of the

total attacks performed by losers given
either loser or winner marking
investment (low vs. high). The initial
signaling effort of losers or winners
does not predict loser aggression, both
in terms of total attacks or intensity.
Though losers perform very few attacks
and only early on in the trial. (B) The
initial signaling effort of losers similarly
does not predict winner aggression, in
total attacks or intensity. LMMs were
used to model relationships, and
analyses of variance were used to test
for overall effects. Significance codes:
NS p>0.05.

12

Ethics. All experimental protocols conducted at Cornell University were approved by the Institutional Animal Care and Use Committee (IACUC:
Protocol #2015-0060) and were in compliance with the NIH Guide for Care and Use of Animals.

Data accessibility. Data sheets and R code used in all analyses are available on the Dryad Digital Repository.

Authors’ contributions. C.H.M and M.J.S. conceived the study. C.H.M. performed trials and analyses. M.F.H and K.H. scored behavioral trials.

T.R. created figure content. All authors contributed to manuscript preparation.

Competing interests. The authors declare no competing interests.

Funding. This research was funded by USDA Hatch Grant (NYC-191428; Michael Sheehan) The funders were not involved in the design of the
study; the collection, analysis and interpretation of data; the writing of the manuscript and any decision concerning the publication of the paper.

Acknowledgements. We thank Kevin Besler, Kusuma Anand, Christen Rivera-Erick and Melanie Colvin for crucial technical assistance;
Russell Ligon and Caleb Vogt for helping establish recording systems and tracking methods in the lab; and James Tumulty for manuscript

feedback.


https://doi.org/10.1101/2022.05.19.492706

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.19.492706; this version posted May 20, 2022. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

13

References

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

Parker GA. Assessment strategy and the evolution of fighting behaviour. Journal of Theoretical Biology. 1974
Sep;47(1):223-43.

Enquist M. Communication during aggressive interactions with particular reference to variation in choice of
behaviour. Animal Behaviour. 1985 Nov;33(4):1152-61.

Wagner WE. Fighting, assessment, and frequency alteration in Blanchard’s cricket frog. Behav Ecol
Sociobiol. 1989 Dec;25(6):429-36.

Johnstone RA, Norris K. Badges of status and the cost of aggression. Behav Ecol Sociobiol. 1993
Feb;32(2):127-34.

Backwell PRY, Christy JH, Telford SR, Jennions MD, Passmore J. Dishonest signalling in a fiddler crab. Proc
R Soc Lond B. 2000 Apr 7;267(1444):719-24.

Hurd PL. Resource holding potential, subjective resource value, and game theoretical models of
aggressiveness signalling. Journal of Theoretical Biology. 2006 Aug;241(3):639—48.

Stapley J, Whiting MJ. Ultraviolet signals fighting ability in a lizard. Biol Lett. 2006 Jun 22;2(2):169-72.
Tibbetts EA, Pardo-Sanchez J, Weise C. The establishment and maintenance of dominance hierarchies. Phil
Trans R Soc B. 2022 Feb 28;377(1845):20200450.

Sheehan MJ, Bergman TJ. Is there an evolutionary trade-off between quality signaling and social recognition?
Behavioral Ecology. 2016;27(1):2-13.

Grafen A. Biological signals as handicaps. Journal of Theoretical Biology. 1990 Jun;144(4):517—46.
Johnstone RA. Behavioural ecology: An evolutionary approach. In: The evolution of animal signals. 1997. p.
155-78.

Searcy WA, Nowicki S. The Evolution of Animal Communication: Reliability and Deception in Signaling
Systems: Reliability and Deception in Signaling Systems. Princeton University Press; 2010. Available from:
https://www.degruyter.com/document/doi/10.1515/9781400835720/html|

Dunn JC, Halenar LB, Davies TG, Cristobal-Azkarate J, Reby D, Sykes D, et al. Evolutionary Trade-Off
between Vocal Tract and Testes Dimensions in Howler Monkeys. Current Biology. 2015 Nov;25(21):2839-44.
Lupold S, Simmons LW, Grueter CC. Sexual ornaments but not weapons trade off against testes size in
primates. Proc R Soc B. 2019 Apr 10;286(1900):20182542.

Simmons LW, Emlen DJ. Evolutionary trade-off between weapons and testes. Proc Natl Acad Sci USA. 2006
Oct 31;103(44):16346-51.

Peters A, Delhey K, Denk AG, Kempenaers B. Trade-Offs between Immune Investment and Sexual Signaling
in Male Mallards. The American Naturalist. 2004 Jul;164(1):51-9.

Ahtiainen JJ, Alatalo RV, Kortet R, Rantala MJ. A trade-off between sexual signalling and immune function in
a natural population of the drumming wolf spider Hygrolycosa rubrofasciata. J Evolution Biol. 2005
Jul;18(4):985-91.

Tuttle MD, Ryan MJ. Bat Predation and the Evolution of Frog Vocalizations in the Neotropics. Science. 1981
Nov 6;214(4521):677-8.

Roberts SC. Scent-marking by male mice under the risk of predation. Behavioral Ecology. 2001 Nov
1;12(6):698-705.

Viitala J, Korplmaki E, Palokangas P, Koivula M. Attraction of kestrels to vole scent marks visible in ultraviolet
light. Nature. 1995 Feb;373(6513):425-7.

Zuk M, Kolluru GR. Exploitation of Sexual Signals by Predators and Parasitoids. The Quarterly Review of
Biology. 1998 Dec;73(4):415-38.

Magnhagen C. Predation risk as a cost of reproduction. Trends in Ecology & Evolution. 1991 Jun;6(6):183-6.
Rohwer S. Status Signaling in Harris Sparrows: Some Experiments in Deception. Behav. 1977;61(1-2):107—
29.

Molles LE, Vehrencamp SL. Songbird cheaters pay a retaliation cost: evidence for auditory conventional
signals. Proc R Soc Lond B. 2001 Oct 7;268(1480):2013-9.

Tibbetts EA, Dale J. A socially enforced signal of quality in a paper wasp. Nature. 2004 Nov;432(7014):218—
22.

Tibbetts EA, 1zzo A. Social Punishment of Dishonest Signalers Caused by Mismatch between Signal and
Behavior. Current Biology. 2010 Sep;20(18):1637—40.

Dey CJ, Dale J, Quinn JS. Manipulating the appearance of a badge of status causes changes in true badge
expression. Proc R Soc B. 2014 Jan 22;281(1775):20132680.

Ligon RA, McGraw KJ. Social costs enforce honesty of a dynamic signal of motivation. Proc R Soc B. 2016
Oct 26;283(1841):20161873.

Johnson RP. Scent marking in mammals. Animal Behaviour. 1973 Aug;21(3):521-35.


https://doi.org/10.1101/2022.05.19.492706

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.19.492706; this version posted May 20, 2022. The copyright holder for this preprint (which

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

14

Ralls K. Mammalian Scent Marking: Mammals mark when dominant to and intolerant of others, not just when
they possess a territory. Science. 1971 Feb 5;171(3970):443-9.

Roberts SC. Scent-marking (Ch. 22). In: Rodent Societies. University of Chicago Press; 2007. p. 255-66.
Gosling LM. A Reassessment of the Function of Scent Marking in Territories. Zeitschrift fir Tierpsychologie.
1982 Jan 12;60(2):89—-118.

Rich TJ, Hurst JL. The competing countermarks hypothesis: reliable assessment of competitive ability by
potential mates. Animal Behaviour. 1999 Nov;58(5):1027-37.

Humphries RE, Robertson DHL, Beynon RJ, Hurst JL. Unravelling the chemical basis of competitive scent
marking in house mice. Animal Behaviour. 1999 Dec;58(6):1177-90.

Hurst JL, Beynon RJ. Scent wars: the chemobiology of competitive signalling in mice. Bioessays. 2004
Dec;26(12):1288-98.

Gosling LM, Roberts SC. Scent-marking by male mammals: Cheat-proof signals to competitors and mates. In:
Advances in the Study of Behavior. Elsevier; 2001. p. 169-217. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0065345401800073

Ferkin MH. Scent marks of rodents can provide information to conspecifics. Anim Cogn. 2019 May;22(3):445—
52.

Arakawa H, Blanchard DC, Arakawa K, Dunlap C, Blanchard RJ. Scent marking behavior as an odorant
communication in mice. Neuroscience & Biobehavioral Reviews. 2008 Sep;32(7):1236—48.

Drickamer LC. Urine marking and social dominance in male house mice (Mus musculus domesticus).
Behavioural Processes. 2001 Mar;53(1-2):113-20.

Hurst JL. Urine marking in populations of wild house mice Mus domesticus rutty. I. Communication between
males. Animal Behaviour. 1990 Aug;40(2):209-22.

Desjardins C, Maruniak JA, Bronson FH. Social Rank in House Mice: Differentiation Revealed by Ultraviolet
Visualization of Urinary Marking Patterns. Science. 1973 Nov 30;182(4115):939-41.

Gosling LM, Roberts SC, Thornton EA, Andrew MJ. Life history costs of olfactory status signalling in mice.
Behavioral Ecology and Sociobiology. 2000 Sep 12;48(4):328-32.

Nelson AC, Cunningham CB, Ruff JS, Potts WK. Protein pheromone expression levels predict and respond to
the formation of social dominance networks. J Evol Biol. 2015 Jun;28(6):1213-24.

Sheehan MJ, Campbell P, Miller CH. Evolutionary patterns of major urinary protein scent signals in house
mice and relatives. Mol Ecol. 2019 Aug;28(15):3587—-601.

Nevison CM, Barnard CJ, Beynon RJ, Hurst JL. The consequences of inbreeding for recognizing competitors.
Proc R Soc Lond B. 2000 Apr 7;267(1444):687-94.

Kaur AW, Ackels T, Kuo TH, Cichy A, Dey S, Hays C, et al. Murine Pheromone Proteins Constitute a Context-
Dependent Combinatorial Code Governing Multiple Social Behaviors. Cell. 2014 Apr;157(3):676-88.

Lee W, Khan A, Curley JP. Major urinary protein levels are associated with social status and context in mouse
social hierarchies. Proc R Soc B. 2017 Sep 27;284(1863):20171570.

Miller CH, Hillock MF, Yang J, Carlson-Clarke B, Haxhillari K, Lee AY, et al. Dynamic changes to signal
allocation rules in response to variable social environments in house mice [Internet]. Ecology; 2022 Jan [cited
2022 May 16]. Available from: http://biorxiv.org/lookup/doi/10.1101/2022.01.28.478242

Crowcroft P, Rowe FP. Social organization and territorial behavior in the wild house mouse (Mus musculus
L.). Proceedings of the Zoological Society of London. 1963 May;140(3):517-31.

Harrington JE. Recognition of Territorial Boundaries by Olfactory Cues in Mice (Mus musculus L.). Zeitschrift
fur Tierpsychologie. 1976;41(3):295-306.

Mackintosh JH. Territory formation by laboratory mice. 1970 Feb;18:177-83.

Phifer-Rixey M, Bi K, Ferris KG, Sheehan MJ, Lin D, Mack KL, et al. The genomic basis of environmental
adaptation in house mice. Payseur BA, editor. PLoS Genet. 2018 Sep 24;14(9):e1007672.

Chalfin L, Dayan M, Levy DR, Austad SN, Miller RA, Iraqi FA, et al. Mapping ecologically relevant social
behaviours by gene knockout in wild mice. Nat Commun. 2014 Dec;5(1):4569.

Tuttle AH, Philip VM, Chesler EJ, Mogil JS. Comparing phenotypic variation between inbred and outbred
mice. Nat Methods. 2018 Dec;15(12):994-6.

Cheetham SA, Smith AL, Armstrong SD, Beynon RJ, Hurst JL. Limited variation in the major urinary proteins
of laboratory mice. Physiology & Behavior. 2009 Feb;96(2):253-61.

Gouveia K, Hurst JL. Reducing Mouse Anxiety during Handling: Effect of Experience with Handling Tunnels.
Mintz EM, editor. PLoS ONE. 2013 Jun 20;8(6):e66401.

Cheetham SA, Thom MD, Jury F, Ollier WER, Beynon RJ, Hurst JL. The Genetic Basis of Individual-
Recognition Signals in the Mouse. Current Biology. 2007 Oct;17(20):1771-7.

Sheehan MJ, Lee V, Corbett-Detig R, Bi K, Beynon RJ, Hurst JL, et al. Selection on Coding and Regulatory
Variation Maintains Individuality in Major Urinary Protein Scent Marks in Wild Mice. Barsh GS, editor. PLoS
Genet. 2016 Mar 3;12(3):e1005891.


https://doi.org/10.1101/2022.05.19.492706

bioRxiv preprint doi: https://doi.org/10.1101/2022.05.19.492706; this version posted May 20, 2022. The copyright holder for this preprint (which

59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.

71.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

15

Friard O, Gamba M. BORIS : a free, versatile open-source event-logging software for video/audio coding and
live observations. Methods Ecol Evol. 2016 Nov;7(11):1325-30.

Mackintosh JH, Grant EC. A Comparison of the Social Postures of Some Common Laboratory Rodents.
Behav. 1963;21(3—4):246-59.

Scott JP. Agonistic Behavior of Mice and Rats: A Review. Am Zool. 1966 Nov;6(4):683—701.

van Oortmerssen GA. Biological Significance, Genetics and Evolutionary Origin of Variability in Behaviour
within and between Inbred Strains of mice (Mus musculus): A Behaviour Genetic Study. Behavior. 1971;38:1—
92.

Bates D. Parsimonious Mixed Models. ArXiv. 2018 May 26;arXiv:1506.04967:21.

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest Package: Tests in Linear Mixed Effects Models. J
Stat Soft [Internet]. 2017 [cited 2022 Jan 10];82(13). Available from: http://www.jstatsoft.org/v82/i13/

Lenth RV. Least-Squares Means: The R Package Ismeans. J Stat Soft. 2016;69(1). Available from:
http://lwww.jstatsoft.org/v69/i01/

Lee W, Yang E, Curley JP. Foraging dynamics are associated with social status and context in mouse social
hierarchies. Peerd. 2018 Sep 19;6:€5617.

Hissmann K. Strategies of mate finding in the European field cricket (Gryllus campestris) at different
population densities: a field study. Ecol Entomol. 1990 Aug;15(3):281-91.

Millesi E, Hoffman IE, Huber S. Reproductive strategies of male European sousliks (Spermophilus citellus) at
high and low population density. Lutra. 2004;47(2):75-85.

Knell RJ. Population density and the evolution of male aggression. Journal of Zoology. 2009 Jun;278(2):83—
90.

Roberts SA, Davidson AJ, McLean L, Beynon RJ, Hurst JL. Pheromonal Induction of Spatial Learning in Mice.
Science. 2012 Dec 14;338(6113):1462-5.

Hurst JL. Female recognition and assessment of males through scent. Behavioural Brain Research. 2009 Jun
25;200(2):295-303.


https://doi.org/10.1101/2022.05.19.492706

