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Social interactions can sometimes be a source of stress, but social
companions can also ameliorate and buffer against stress. Stress and
metabolism are closely linked, but the degree to which social companions
modulate metabolic responses during stressful situations—and whether
such effects differ depending on social rank—is poorly understood. To
investigate this question, we studied Neolamprologus pulcher, a group-living
cichlid fish endemic to Lake Tanganyika and measured the metabolic
responses of dominant and subordinate individuals when they were either
visible or concealed from one another. When individuals could see each
other, subordinates had lower maximum metabolic rates and tended to
take longer to recover following an exhaustive chase compared with
dominants. In contrast, metabolic responses of dominants and subordinates
did not differ when individuals could not see one another. These findings
suggest that the presence of a dominant individual has negative metabolic
consequences for subordinates, even in stable social groups with strong
prosocial relationships.

1. Introduction

Social interactions can either increase or reduce physiological stress depend-
ing on the nature of the exchange [1-3]. Aggressive interactions generally
cause stress (i.e. social subordination; [1]), whereas prosocial or affiliative
interactions like allo-grooming can decrease stress (i.e. social buffering; [3,4]).
Social buffering is known to influence several aspects of stress respon-
ses and recovery [3], but these effects have primarily been evaluated by
measuring levels of glucocorticoid hormones (i.e. cortisol or corticosterone;
[5]), particularly during interactions between pair-bonded mates or kin
(e.g. parent—offspring; [4,6,7]). The potential metabolic benefits of prosocial
exchanges, especially between non-kin group mates, have received much less
attention despite marked fitness benefits of these relationships (e.g. enhanced
lifespan and greater offspring survival; [8,9]). Furthermore, most studies of
social buffering have focused on mammals, with far fewer investigations of
other taxa such as fishes. A few previous studies have shown that social
buffering can occur in non-territorial, shoaling species such as zebrafish
(Danio rerio) [10,11], but the role of social buffering in fishes that live in
more structured groups remains poorly understood. A complicating factor
is that the hierarchical social structure observed in many groups means
that larger, stronger individuals often become dominant and monopolize
resources using aggression [12,13]. However, despite reduced access to
food and shelter, subordinates generally still reap survivorship benefits by
remaining in a group [14,15]. This is especially true when subordinates use
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Figure 1. Overview of experimental design. Resting and routine metabolism of dominant and subordinate N. pulcher was measured during 0—48 h. A group mate was
visible for a 24 h period and concealed for the other 24 h period (order was randomized). After 48 h, fish were simultaneously chased in separate aquaria to exhaustion
to elicit maximum metabolic rate. Following the chase, aerobic scope and measures of metabolic recovery were recorded between 48 and 54 h either in the presence or
absence of a fish’s group mate (matching treatment from the previous 24 h). For illustrative purposes, dominants are slightly darker and larger than subordinates in the
figure.

prosocial behaviours to maintain strong ties with their group mates and thereby receive protection from larger, more dominant
individuals during intergroup conflicts and predator attacks [16,17]. Considering the above trade-offs, we hypothesize that
strong prosocial relationships may confer greater benefits to subordinates than dominants, which may be reflected by better
energetic outcomes for subordinates.

Coping with a stressful social environment can impose metabolic disadvantages owing to—among other factors—chronically
elevated levels of glucocorticoid hormones and the performance of energetically taxing social behaviours (e.g. aggression
and/or submission [1,5]), both of which can directly affect standard metabolic rate and maximum metabolic capacity [18-21].
However, the potential beneficial effects of prosocial interactions among group mates on metabolic responses to stress are
not well understood. Therefore, further characterization of how hormones, behaviour and the social environment (i.e. the
presence or absence of group mates) collectively influence metabolic responses to stress would provide crucial insight into
the complex interactions between these factors. There is some evidence hinting that the metabolic consequences of prosocial
interactions between group mates may be substantial. For example, in a cooperatively breeding bird (chestnut-crowned babbler;
Pomatostomus ruficeps) that lives in stable social groups, basal metabolic rates were 15% lower when individuals were held with
at least three of their group mates [22]. However, metabolic rates reported in this study represent individual-adjusted data that
were collected from groups of birds, and therefore do not indicate whether the presence of group mates differentially affected
dominants versus subordinates. In dyads of juvenile damselfish (Pomacentrus amboinensis), dominant fish that were re-exposed
to their subordinate counterpart 2 h after their initial interaction increased their metabolic rate by 60%, but metabolic rates of
subordinates did not change when the dominant was present [23]. It remains unknown whether an individual’s social rank
influences its metabolic response to stress in a species that forms long-lasting groups with strong prosocial relationships. To
investigate this uncertainty, we measured metabolic rates (oxygen consumption) of the group-living African cichlid N. pulcher.
This cooperatively breeding fish forms stable social groups consisting of a dominant breeding pair and anywhere from 1 to 20
subordinates organized in a linear dominance hierarchy [24]. Dominant fish often behave aggressively towards subordinates
[24], but group mates also regularly exchange affiliative behaviours that promote group cohesion [25,26]. These affiliative
relationships appear important for this fish species since the presence of group mates reduced circulating cortisol levels in
subordinates following an acute stressor [27], which is indicative of social buffering.

Our objective was to assess whether the metabolic responses of dominants and subordinates are differentially affected by
the presence of a group mate. We used intermittent flow respirometry to measure resting, routine and maximum metabolic
rates (oxygen consumption) of paired dominant and subordinate female N. pulcher from the same social group. We focused
on females because affiliative relationships are stronger in female versus male N. pulcher [28] and compared with males,
females are more likely to assume a dominant position within their natal group [29,30]. Dominants and subordinates were
placed in adjacent respirometry chambers where they could either visually interact (separated by transparent chamber walls)
or not (separated by an opaque barrier). Metabolic rates were measured at rest and following an acute stressor (exhaustive
chase) to determine the effect of social relationships on resting and routine metabolic rates, as well as metabolic responses
to stress (maximum metabolic rate, aerobic scope and rates of metabolic recovery). If the presence of a social companion
reduces physiological stress (i.e. if social buffering occurs), then fish that were allowed to visually interact should display
greater metabolic benefits than isolated fish. This would be evidenced by visually interacting fish displaying reduced resting
metabolism and faster recovery following exhaustion compared with isolated fish. Furthermore, since subordinates likely
benefit more from the presence of social companions owing to increased protection, we also tested the prediction that the
metabolic benefits of social interactions should be greater for subordinates versus dominants.
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Figure 2. Maximum MO (a) and recovery time to 50% of aerobic scope (b) of subordinate and dominant N. pulcher that were allowed to visually interact (social) or
prevented from interacting (isolation). Grey and black circles represent subordinates and dominants, respectively. Connecting lines indicate a dominant—subordinate
pair from the same social group. Larger circles represent the mean = standard error. Post hoc pairwise comparison p-values are shown above each plot.

2. Methods

Experiments were conducted between February and October 2022 with laboratory-reared N. pulcher, which were descendants
of wild-caught fish from Lake Tanganyika, Africa. Fish were held in 189 1 aquaria containing a social group consisting of
a dominant male-female breeding pair and 2-6 smaller subordinates of mixed sex [31]; these groups were established and
subsequently allowed to stabilize for a minimum of one month before experimentation. Water temperature was held at 27°C
(#1°C), and the photoperiod was light:dark for 13:11 h. Fish were fed 6 days per week with commercial cichlid flakes.
Additional details on experimental animals and housing conditions are provided in the electronic supplementary materials.

The dominant female and the largest subordinate female from each of the 16 social groups were placed in adjacent respirom-
etry chambers for 48 h to measure resting and routine oxygen consumption rates (MO,). This period was divided into a 24 h
‘social’ and a 24 h “isolation” period which were conducted in a random order (figure 1). Transparent respirometry chambers
were used to allow pairs to visually interact for the ‘social’ treatment, while an opaque barrier prevented visual interaction for
the “isolation” treatment [23]. Resting MO, [32] was calculated using the 10 lowest oxygen consumption measurements taken
overnight. Routine MO,, the average metabolic rate required for daily maintenance behaviours [32], was calculated using the
five consecutive oxygen consumption periods which occurred 30 min after lights reached full intensity following the simulated
sunrise. This window of time was used because fish were fully habituated after being in the respirometer for approximately
24 h and were manipulated shortly after this period (e.g. addition or removal of opaque barrier, measurement of maximum
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Table 1. Summary statistics of statistical models evaluating metabolic and recovery traits of N. pulcher. Significant differences (p < 0.05) are indicated with bold font. [ 4|

experimental stage dependent variable independent variable Fopr qp’ P

metabolic rates resting MO (umol 0, h™") status 1.03(1.22)

|qSJ/|eumo[/ﬁjo'ﬁu!qsl|qnd/(19p.(')”s'|'é'/'('(.)'1.

response to acute
stressor

9500%7¢0C 0T “HoTjoid

recovery from acute
stressor

excess post-exercise oxygen
consumption (EPOC; umol 0;)

MO,). To assess maximum MO,, social pairs were simultaneously chased with a net for 3 min with each fish in separate aquaria
followed by 1 min of air exposure [33]. Fish were then synchronously returned to their respective respirometry chambers, and
oxygen uptake was measured for 6 h while fish recovered. This protocol was designed to measure maximum aerobic capacity
of individual fish and does not reflect the ability of fish to modulate energy expenditure in response to stressors of varying
magnitudes. We therefore interpret larger values of maximum metabolic rate as a higher capacity for aerobic performance. In
these experiments, some pairs (1 = 9) recovered while in visual contact with their group mate, while other pairs (1 = 7) recovered
in isolation (figure 1). Aerobic scope (AS), the capacity to increase aerobic metabolism, was calculated as the difference between
maximum MO, and routine MO,. To measure both short-term and long-term recoveries, we measured recovery time to 50% of
AS (ASsp) [23,34] and recovery time to within 10% of treatment-matched routine MO, [35], respectively. Finally, we calculated
excess post-exercise oxygen consumption (EPOC) to determine the total amount of oxygen required for fish to recover to
their routine MO, after exhaustion [36]. Measurement and flush periods were each 5 min long, resulting in the collection of
approximately 320 oxygen consumption measurements for each individual fish per trial. Additional details are provided in the
electronic supplementary materials.

Statistical analyses were performed using R (v. 4.3.1 [37]) and a significance level (a) of 0.05 was used for all tests. We used
linear mixed models that included rank, visual condition, the interaction between rank and visual condition and log body
mass as fixed effects. To account for repeated measurements of resting and routine metabolic rates (i.e. isolation and social),
individual fish ID nested within pair ID (11pairlD/fishID) was initially included as a random effect in these models [38,39].
However, only pair ID (1lpairID) was included in the final model for routine MO, owing to issues with model singularity.
Similarly, in other models (max MO,, AS, time to ASsg, time to 10% routine MO, and EPOC), pair ID (1!|pairID) alone was
included as a random effect to account for measurements from individuals that originated from the same social group. In the
case of the time to 10% routine MO,, including the random effect term violated the singularity assumption. As a result, we
performed this analysis with and without the random effect term and the results were highly similar. For consistency with our
other analyses, we present the results of the model that include the random effect term. All models were fitted with the ‘Ime4’
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package [40], while the ‘anova’ function from the ‘ImerTest’ package [41] was used to calculate P and Fpg values via type 3 “
tests and sum-zero contrasts. Tukey’s post hoc analysis was performed using the ‘emmeans’ package [42] when differences were
detected. We also estimated effect sizes by calculating partial eta-squared (npz) values using the “effectsize” package [43]. Further
explanation of data and statistical analysis can be found in the electronic supplementary materials.

3. Results

When group mates could see one another directly before and after the chase, subordinate fish had 7% lower maximum
metabolic rates than dominants (LMM: Fy 16 = 5.46, p = 0.03; post hoc p = 0.01; figure 2a). Subordinates also had a slightly
lower aerobic scope (by 4%), and this effect was observed regardless of whether a companion was visually available or not
(F1,23 =6.17, p = 0.02; table 1, electronic supplementary material, figure S3). The presence of a companion differentially affected

g5y euinof/Bio Sunysyqnd/aposefos

how quickly dominants versus subordinates recovered to 50% of aerobic scope after experiencing the acute stressor (Fy 16 =
6.84, p = 0.02; table 1). Subordinates took approx. 65% longer to recover to AS5y compared with dominants when fish could
see their companion (post hoc p = 0.08; figure 2b), but there was no difference when fish were not in visual contact (post
hoc p = 0.98). While we observed a tendency for EPOC to be influenced by a statistical interaction between social status and
the presence of a companion (F1 16 = 4.44, p = 0.052; table 1), all post hoc differences were highly non-significant (p > 0.57;
electronic supplementary material, figure S2a). No differences were detected for recovery to 10% of routine MO, (table 1,
electronic supplementary material, figure S2b). Similarly, no differences in resting or routine metabolic rates were detected
between dominant and subordinate fish, and these rates were also unaffected by the presence or absence of a companion (table

9500%¢0C 0T Ha]foig

1, electronic supplementary material, figure S1).

4. Discussion

We found no evidence that the presence of a familiar group mate buffered metabolic responses to stress. In fact, subordinates
took longer to recover from an acute exhaustive stressor and had a lower maximum MO, when a familiar dominant fish
was present. Thus, the ability of subordinates to mount and recover from a stress response was impaired in the presence of
a dominant fish. In social groups, subordinate N. pulcher perform submissive behaviours [44] and provide allocare for the
offspring of the dominant breeding pair [45] —while also suppressing their own reproductive output [46]—as these actions
reduce aggression received from dominants. The performance of these behaviours (e.g. submissive displays), is energetically
costly for subordinates [19] and might necessitate metabolic adjustments that compromise the ability of subordinates to
appropriately regulate their metabolism in response to acute stress (e.g. reduced maximum MO, and longer recovery times).
Our results may also reflect social transmission of stress between group mates, wherein individuals display a stronger and/or
prolonged stress response after interacting with a stressed conspecific [2]. Indeed, current evidence indicates that the physio-
logical state of group mates appears to be a major driver of stress responses in N. pulcher. For example, Culbert et al. [27]
reported behavioural and physiological evidence consistent with social buffering when a stressed subordinate recovered with
its non-stressed group mates, but we observed no evidence of social buffering when all fish were similarly stressed. Taken
together, these results indicate that the occurrence of social buffering is highly context-specific in N. pulcher as has been reported
in other species [47]. Further work is needed to understand why some social contexts result in social buffering while others
do not. Specifically, when designing future studies, it will be important to account for stressed versus unstressed conspecifics,
individual companion versus group stimulus and the relative rank of the conspecifics.

There are several possible explanations for the reduced maximum MO, and longer recovery times that we measured in
subordinate fish. One possibility is that subordinates had smaller energy reserves than dominants, limiting energy mobilization.
However, subordinate N. pulcher usually maintain greater energy reserves than dominants [48,49], making this hypothesis
unlikely. A second possibility is that subordinates had a reduced capacity to mobilize their energy reserves in the presence of
a dominant fish. Energy mobilization in response to stress primarily occurs via the combined actions of glucocorticoids and
catecholamines [50]. It is unlikely that our observed results are mediated by differences in glucocorticoid responses. While
resting cortisol levels are sometimes higher in subordinate N. pulcher [51-53], cortisol responses following acute stressors are
identical between ranks [52]. Furthermore, elevated cortisol levels typically increase maximum MO, [18,21], opposite to what
we observed for subordinates. Less is known about how the social environment affects the regulation of catecholamines, but
previous studies suggest that subordinates may have elevated basal activation of catecholamine synthesis [54,55]. This tonic
activation could impair the ability of subordinates to increase systemic catecholamine levels in response to acute stressors
because of depleted catecholamine stores and/or desensitization of release mechanisms [56,57]. Consequently, we suggest that
future studies evaluate how catecholamines influence the metabolic consequences of the social environment, such as those
observed here.

In conclusion, metabolic responses of subordinate N. pulcher following a stressor were impaired in the presence of a
dominant companion, contrary to what would be observed if social buffering had occurred. Instead, our findings suggest that
socially induced stress from interactions with a dominant may impose metabolic disadvantages for subordinates, even in social
groups with strong prosocial relationships. These findings suggest that there may be social status-specific strategies for energy
regulation within dominance hierarchies.

Downloaded from http://royalsocietypublishing.org/rsbl/article-pdf/doi/10.1098/rsbl.2024.0056/444102/rsbl.2024.0056.pdf
by guest
on 10 December 2025



Ethics. All protocols followed the guidelines of the Canadian Council on Animal Care and were approved by the Animal Research Ethics Board n
at McMaster (Animal Utilization Protocol no. 22-03-09). Our practices were subject to regular review by the McMaster University Animal Care
Committee during experimentation.
Data accessibility. All data and R scripts supporting this study are publicly available from the Dryad Digital Repository [58].

Supplementary material is available online [59].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. A.M.: conceptualization, data curation, formal analysis, investigation, methodology, visualization, writing—original draft;
B.M.C.: conceptualization, formal analysis, methodology, validation, visualization, writing—review and editing; H.M.: conceptualization,
methodology, writing—review and editing; S.B.: conceptualization, funding acquisition, project administration, resources, supervision,
visualization, writing—review and editing; A.].T.: conceptualization, data curation, methodology, supervision, validation, visualization, writing
—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. Funding was provided by a Natural Sciences and Engineering Research Council of Canada (NSERC) Discovery grant to S.B. BM.C.
was supported by an NSERC Doctoral Canadian Graduate Scholarship and an Ontario Graduate Scholarship. A.J.T. was funded by an NSERC
Postdoctoral Fellowship and an E.B. Eastburn Fellowship.
Acknowledgements. Thanks to the members of Aquatic Behavioural Ecology Lab and the staff at McMaster’s Central Animal Facility for helping
take care of our cichlids. Thanks to Sina Zarini, Jan Bikker, Jessica Qiu and Eli Latchem for assistance with data collection. Thanks to Olivia
Coffield for illustrating figure 1. We also thank the anonymous referees and editor Surayya Johar for their insightful comments that improved
our manuscript.

Jgsy/euinol/BioBuysygndigaposiefos

9500%¢0C 0T Ha]foig

References

1. DeVries AC, Glasper ER, Detillion CE. 2003 Social modulation of stress responses. Physiol. Behav. 79, 399—407. (doi:10.1016/50031-9384(03)00152-5)

2. BrandI HB, Pruessner JC, Farine DR. 2022 The social transmission of stress in animal collectives. Proc. Biol. Sci. 289, 20212158. (d0i:10.1098/rspb.2021.2158)

3. Hennessy MB, Kaiser S, Sachser N. 2009 Social buffering of the stress response: diversity, mechanisms, and functions. Front. Neuroendocrinol. 30, 470—482. (doi:10.1016/j.yfrne.
2009.06.001)

4. Kikusui T, Winslow JT, Mori Y. 2006 Social buffering: relief from stress and anxiety. Philos. Trans. R. Soc. Lond. B 361, 2215-2228. (doi:10.1098/rsth.2006.1941)

5. Dantzer B, Newman AEM. 2022 Expanding the frame around social dynamics and glucocorticoids: from hierarchies within the nest to competitive interactions among species. Horm.
Behav. 144, 105204. (doi:10.1016/j.yhbeh.2022.105204)

6. Gilmour KM, Bard B. 2022 Social buffering of the stress response: insights from fishes. Biol. Lett. 18, 20220332. (doi:10.1098/rsh1.2022.0332)

7. Kiyokawa Y, Hennessy MB. 2018 Comparative studies of social buffering: a consideration of approaches, terminology, and pitfalls. Neurosci. Behav. Rev. 86, 131-141. (doi:10.1016/j.
neubiorev.2017.12.005)

8.  Silk JB, Alberts SC, Altmann J. 2003 Social bonds of female baboons enhance infant survival. Science 302, 1231-1234. (doi:10.1126/science.1088580)

9. Snyder-Mackler N et al. 2020 Social determinants of health and survival in humans and other animals. Science 368, eaax9553. (doi:10.1126/science.aax9553)

10. White LJ, Thomson JS, Pounder KC, Coleman RC, Sneddon LU. 2017 The impact of social context on behaviour and the recovery from welfare challenges in zebrafish, Danio rerio.
Anim. Behav. 132, 189-199. (doi:10.1016/j.anbehav.2017.08.017)

11.  Faustino Al, Tacdo-Monteiro A, Oliveira RF. 2017 Mechanisms of social buffering of fear in zebrafish. Sci. Rep. 7, 44329. (doi:10.1038/srep44329)

12. Milinski M, Parker GA. 1991 Competition for resources. In Behavioural ecology. an evolutionary approach (eds JR Krebs, N Davies), pp. 137-168. Oxford, UK: Blackwell Scientific
Publications.

13.  Stockley P, Bro-Jorgensen J. 2011 Female competition and its evolutionary consequences in mammals. Biol. Rev. Camb. Philos. Soc. 86, 341-366. (doi:10.1111/].1469-185X.2010.
00149.x)

14.  Josi D, Heg D, Takeyama T, Bonfils D, Konovalov DA, Frommen JG, Kohda M, Taborsky M. 2021 Age- and sex-dependent variation in relatedness corresponds to reproductive skew,
territory inheritance, and workload in cooperatively breeding cichlids. Evolution 75, 2881-2897. (doi:10.1111/ev0.14348)

15.  Maag N, Paniw M, Cozzi G, Manser M, Clutton-Brock T, Ozqul A. 2022 Dispersal decreases survival but increases reproductive opportunities for subordinates in a cooperative breeder.
Am. Nat. 199, 679-690. (doi:10.1086/719029)

16.  Ridley AR, Raihani NJ, Nelson-Flower MJ. 2008 The cost of being alone: the fate of floaters in a population of cooperatively breeding pied babblers Turdoides bicolor. J. Avian Biol. 39,
389-392. (doi:10.1111/}.0908-8857.2008.04479.x)

17.  Taborsky M. 1984 Broodcare helpers in the cichlid fish Lamprologus brichardi: their costs and benefits. Anim. Behav. 32, 1236—1252. (doi:10.1016/50003-3472(84)80241-9)

18. Pfalzgraff T, Lund I, Skov PV. 2022 Prolonged cortisol elevation alters whole body and tissue metabolism in rainbow trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. A Mol.
Integr. 263, 111098. (doi:10.1016/j.chpa.2021.111098)

19. Grantner A, Taborsky M. 1998 The metabolic rates associated with resting, and with the performance of agonistic, submissive and digging behaviours in the cichlid fish
Neolamprologus pulcher (Pisces: Cichlidae). J. Comp. Physiol. B 168, 427—433. (doi:10.1007/5003600050162)

20.  Regan MD, Dhillon RS, Toews DPL, Speers-Roesch B, Sackville MA, Pinto S, Bystriansky JS, Scott GR. 2015 Biochemical correlates of aggressive behavior in the siamese fighting fish. J.
Z00l. 297, 99-107. (doi:10.1111/jz0.12259)

21. Lawrence MJ, Eliason EJ, Zolderdo AJ, Lapointe D, Best C, Gilmour KM, Cooke SJ. 2019 Cortisol modulates metabolism and energy mobilization in wild-caught pumpkinseed
(Lepomis gibbosus). Fish Physiol. Biochem. 45, 1813—1828. (doi:10.1007/510695-019-00680-z)

22. Chappell MA, Buttemer WA, Russell AF. 2016 Energetics of communal roosting in chestnut-crowned babblers: implications for group dynamics and breeding phenology. J. Exp. Biol.
219, 3321-3328. (doi:10.1242/jeb.144972)

23. Killen SS, Mitchell MD, Rummer JL, Chivers DP, Ferrari MCO, Meekan MG, McCormick MI. 2014 Aerobic scope predicts dominance during early life in a tropical damselfish. Funct. Ecol.
28, 1367-1376. (doi:10.1111/1365-2435.12296)

24. Wong M, Balshine S. 2011 The evolution of cooperative breeding in the African cichlid fish, Neolamprologus pulcher. Biol. Rev. 86, 511-530. (doi:10.1111/j.1469-185X.2010.00158.
X)

25.  Bruintjes R, Lynton-Jenkins J, Jones JW, Radford AN. 2016 Out-group threat promotes within-group affiliation in a cooperative fish. Am. Nat. 187, 274-282. (doi:10.1086/684411)

Downloaded from http://royalsocietypublishing.org/rsbl/article-pdf/doi/10.1098/rsbl.2024.0056/444102/rsbl.2024.0056.pdf
by guest
on 10 December 2025


http://dx.doi.org/10.1016/s0031-9384(03)00152-5
http://dx.doi.org/10.1098/rspb.2021.2158
http://dx.doi.org/10.1016/j.yfrne.2009.06.001
http://dx.doi.org/10.1016/j.yfrne.2009.06.001
http://dx.doi.org/10.1098/rstb.2006.1941
http://dx.doi.org/10.1016/j.yhbeh.2022.105204
http://dx.doi.org/10.1098/rsbl.2022.0332
http://dx.doi.org/10.1016/j.neubiorev.2017.12.005
http://dx.doi.org/10.1016/j.neubiorev.2017.12.005
http://dx.doi.org/10.1126/science.1088580
http://dx.doi.org/10.1126/science.aax9553
http://dx.doi.org/10.1016/j.anbehav.2017.08.017
http://dx.doi.org/10.1038/srep44329
http://dx.doi.org/10.1111/j.1469-185X.2010.00149.x
http://dx.doi.org/10.1111/j.1469-185X.2010.00149.x
http://dx.doi.org/10.1111/evo.14348
http://dx.doi.org/10.1086/719029
http://dx.doi.org/10.1111/j.0908-8857.2008.04479.x
http://dx.doi.org/10.1016/S0003-3472(84)80241-9
http://dx.doi.org/10.1016/j.cbpa.2021.111098
http://dx.doi.org/10.1007/s003600050162
http://dx.doi.org/10.1111/jzo.12259
http://dx.doi.org/10.1007/s10695-019-00680-z
http://dx.doi.org/10.1242/jeb.144972
http://dx.doi.org/10.1111/1365-2435.12296
http://dx.doi.org/10.1111/j.1469-185X.2010.00158.x
http://dx.doi.org/10.1111/j.1469-185X.2010.00158.x
http://dx.doi.org/10.1086/684411

26. Reddon AR, 0'Connor (M, Marsh-Rollo SE, Balshine S, Gozdowska M, Kulczykowska E. 2015 Brain nonapeptide levels are related to social status and affiliative behaviour in a
cooperatively breeding cichlid fish. R. Soc. Open Sci. 2, 140072. (doi:10.1098/rs05.140072)

27. Culbert BM, Gilmour KM, Balshine S. 2019 Social buffering of stress in a group-living fish. Proc. R. Soc. B 286, 20191626. (doi:10.1098/rspb.2019.1626)

28.  (Culbert BM, Ligocki 1Y, Salena MG, Wong MYL, Hamilton IM, Aubin-Horth N, Bernier NJ, Balshine S. 2021 Rank- and sex-specific differences in the neuroendocrine regulation of
glucocorticoids in a wild group-living fish. Horm. Behav. 136, 105079. (doi:10.1016/j.yhbeh.2021.105079)

29. Dierkes P, Heg D, Taborsky M, Skubic E, Achmann R. 2005 Genetic relatedness in groups is sex-specific and declines with age of helpers in a cooperatively breeding cichlid. Ecol. Lett.
8,968-975. (doi:10.1111/j.1461-0248.2005.00801.x)

30. Stiver KA, Fitzpatrick J, Desjardins JK, Balshine S. 2006 Sex differences in rates of territory joining and inheritance in a cooperatively breeding cichlid fish. Anim. Behav. 71, 449-456.
(doi:10.1016/j.anbehav.2005.06.011)

31. Culbert BM, Dijkstra PD, Gilmour KM, Balshine S. 2022 Antioxidant capacity differs across social ranks and with ascension in males of a group-living fish. Comp. Biochem. Physiol. A
Mol. Integr. Physiol. 265, 111126. (doi:10.1016/j.cbpa.2021.111126)

32. (Chabot D, Steffensen JF, Farrell AP. 2016 The determination of standard metabolic rate in fishes. J. Fish Biol. 88, 81-121. (doi:10.1111/jfh.12845)

33. Little AG et al. 2020 Maxed out: optimizing accuracy, precision, and power for field measures of maximum metabolic rate in fishes. Physiol. Biochem. Zool. 93, 243—254. (doi:10.
1086/708673)

34. Marras S, Claireaux G, McKenzie DJ, Nelson JA. 2010 Individual variation and repeatability in aerobic and anaerobic swimming performance of European sea bass, Dicentrarchus
labrax. J. Exp. Biol. 213, 26-32. (doi:10.1242/jeb.032136)

35. Zhang Y, Claireaux G, Takle H, Jargensen SM, Farrell AP. 2018 A three-phase excess post-exercise oxygen consumption in Atlantic salmon Salmo salar and its response to exercise
training. J. Fish Biol. 92, 1385—-1403. (doi:10.1111/jfb.13593)

36. Scarabello M, Heigenhauser GJF, Wood CM. 1992 Gas exchange, metabolite status and excess post-exercise oxygen consumption after repetitive bouts of exhaustive exercise in
juvenile rainbow trout. J. Exp. Biol. 167, 155—169. (doi:10.1242/jeb.167.1.155)

37. R Core Team. 2023 R: The R Project for Statistical Computing. See https://www.R-project.org/.

38.  Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, White JS. 2009 Generalized linear mixed models: a practical guide for ecology and evolution. Trends Ecol. Evol.
24,127-135. (doi:10.1016/j.tree.2008.10.008)

39. Harrison XA, Donaldson L, Correa-Cano ME, Evans J, Fisher DN, Goodwin CED, Robinson BS, Hodgson DJ, Inger R. 2018 A brief introduction to mixed effects modelling and multi-
model inference in ecology. Peer/ 6, €4794. (doi:10.7717/peerj.4794)

40. Bates D, Méchler M, Bolker B, Walker S. 2015 Fitting linear mixed-effects models using Lme4. J. Stat. Softw. 67, 1-48. (doi:10.18637/js5.v067.i01)

41, Kuznetsova A, Brockhoff PB, Christensen RHB. 2017 ImerTest package: tests in linear mixed effects models. J. Stat. Softw. 82, 1-26. (doi:10.18637/js5.v082.i13)

42. Lenth RV et al. 2018 emmeans: Estimated marginal means, aka least-squares means. See https://CRAN.R-project.org/package=emmeans.

43.  Ben-Shachar MS, Liidecke D, Makowski D. 2020 Effectsize: estimation of effect size indices and standardized parameters. J. Open Source Softw. 5, 2815. (d0i:10.21105/j0ss.02815)

44. Ruberto T, Talbot JL, Reddon AR. 2020 Head up displays are a submission signal in the group-living daffodil cichlid. Behav. Processes. 181, 104271. (doi:10.1016/j.beproc.2020.
104271)

45.  Z6ttl M, Schreier T, Taborsky M. 2023 Coercion promotes alloparental care in cooperative breeders. Behav. Ecol. 34, 363—372. (doi:10.1093/beheco/arac125)

46. Heg D. 2008 Reproductive suppression in female cooperatively breeding cichlids. Biol. Lett. 4, 606—609. (doi:10.1098/rsbl.2008.0365)

47.  Kiyokawa Y, Kikusui T, Takeuchi Y, Mori Y. 2004 Partner’s stress status influences social buffering effects in rats. Behav. Neurosci. 118, 798—804. (doi:10.1037/0735-7044.118.4.798)

48.  Hellmann JK, Ligocki IY, 0'Connor CM, Reddon AR, Farmer TM, Marsh-Rollo SE, Balshine S, Hamilton IM. 2016 The influence of status and the social environment on energy stores in
asocial fish. J. Fish Biol. 88, 1321—1334. (doi:10.1111/jfb.12890)

49.  Culbert BM, Balshine S, Gilmour KM. 2019 Physiological regulation of growth during social ascension in a group-living fish. Physiol. Biochem. Zool. 92, 211-222. (d0i:10.1086/
702338)

50. Mommsen TP, Vijayan MM, Moon TW. 1999 Cortisol in teleosts: dynamics, mechanisms of action, and metabolic regulation. Rev. fish Biol. Fish. 9, 211-268. (doi:10.1023/A:
1008924418720)

51. Buchner AS, Sloman KA, Balshine S. 2004 The physiological effects of social status in the cooperatively breeding cichlid Neolamprologus pulcher. J. Fish Biol. 65, 1080—1095. (doi:10.
1111/.0022-1112.2004.00517.x)

52. Mileva VR, Fitzpatrick JL, Marsh-Rollo S, Gilmour KM, Wood CM, Balshine S. 2009 The stress response of the highly social African cichlid Neolamprologus pulcher. Physiol. Biochem.
Zool. 82,720-729. (doi:10.1086/605937)

53. Culbert BM, Gilmour KM, Balshine S. 2018 Stress axis regulation during social ascension in a group-living cichlid fish. Horm. Behav. 103, 121-128. (doi:10.1016/j.yhbeh.2018.06.
007)

54. Pohorecky LA, Blakley GG, Kubovcakova L, Krizanova 0, Patterson-Buckendahl P, Kvetnansky R. 2004 Social hierarchy affects gene expression for catecholamine biosynthetic
enzymes in rat adrenal glands. Neuroendocrinology 80, 42-51. (doi:10.1159/000080664)

55. Thomas JB, Gilmour KM. 2006 The impact of social status on the erythrocyte beta-adrenergic response in rainbow trout, Oncorhynchus mykiss. Comp. Biochem. Physiol. A Mol. Integr.
Physiol. 143, 162—172. (doi:10.1016/j.chpa.2005.11.008)

56.  McCarty R, Horwatt K, Konarska M. 1988 Chronic stress and sympathetic-adrenal medullary responsiveness. Soc. Sci. Med. 26, 333—341. (doi:10.1016/0277-9536(88)90398-x)

57. Reid SG, Bernier NJ, Perry SF. 1998 The adrenergic stress response in fish: control of catecholamine storage and release. Comp. Biochem. Physiol. C Pharmacol. 120, 1-27. (doi:10.
1016/50742-8413(98)00037-1)

58. Morin A, Culbert BM, Mehdi H, Balshine S, Turko AJ. 2024 Data from: status-dependent metabolic effects of social interactions in a group-living fish. Dryad Digital Repository. (doi:
10.5061/dryad.280gh5mz1)

59.  Morin A, Culbert B, Mehdi H, Balshine S, Turko A. 2024 Data from: Status-dependent metabolic effects of social interactions in a group-living fish. Figshare. (doi:10.6084/m9.
figshare.c.7356970.v1)

Jasy/jewnof/Bio Buiysqndaaposfefos

9500%¢0C 0T Ha]foig

Downloaded from http://royalsocietypublishing.org/rsbl/article-pdf/doi/10.1098/rsbl.2024.0056/444102/rsbl.2024.0056.pdf
by guest
on 10 December 2025


http://dx.doi.org/10.1098/rsos.140072
http://dx.doi.org/10.1098/rspb.2019.1626
http://dx.doi.org/10.1016/j.yhbeh.2021.105079
http://dx.doi.org/10.1111/j.1461-0248.2005.00801.x
http://dx.doi.org/10.1016/j.anbehav.2005.06.011
http://dx.doi.org/10.1016/j.cbpa.2021.111126
http://dx.doi.org/10.1111/jfb.12845
http://dx.doi.org/10.1086/708673
http://dx.doi.org/10.1086/708673
http://dx.doi.org/10.1242/jeb.032136
http://dx.doi.org/10.1111/jfb.13593
http://dx.doi.org/10.1242/jeb.167.1.155
https://www.R-project.org/
http://dx.doi.org/10.1016/j.tree.2008.10.008
http://dx.doi.org/10.7717/peerj.4794
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.18637/jss.v082.i13
https://CRAN.R-project.org/package=emmeans
http://dx.doi.org/10.21105/joss.02815
http://dx.doi.org/10.1016/j.beproc.2020.104271
http://dx.doi.org/10.1016/j.beproc.2020.104271
http://dx.doi.org/10.1093/beheco/arac125
http://dx.doi.org/10.1098/rsbl.2008.0365
http://dx.doi.org/10.1037/0735-7044.118.4.798
http://dx.doi.org/10.1111/jfb.12890
http://dx.doi.org/10.1086/702338
http://dx.doi.org/10.1086/702338
http://dx.doi.org/10.1023/A:1008924418720
http://dx.doi.org/10.1023/A:1008924418720
http://dx.doi.org/10.1111/j.0022-1112.2004.00517.x
http://dx.doi.org/10.1111/j.0022-1112.2004.00517.x
http://dx.doi.org/10.1086/605937
http://dx.doi.org/10.1016/j.yhbeh.2018.06.007
http://dx.doi.org/10.1016/j.yhbeh.2018.06.007
http://dx.doi.org/10.1159/000080664
http://dx.doi.org/10.1016/j.cbpa.2005.11.008
http://dx.doi.org/10.1016/0277-9536(88)90398-x
http://dx.doi.org/10.1016/s0742-8413(98)00037-1
http://dx.doi.org/10.1016/s0742-8413(98)00037-1
http://dx.doi.org/10.5061/dryad.280gb5mz1
http://dx.doi.org/10.6084/m9.figshare.c.7356970.v1
http://dx.doi.org/10.6084/m9.figshare.c.7356970.v1

	Status-dependent metabolic effects of social interactions in a group-living fish
	1. Introduction
	2. Methods
	3. Results
	4. Discussion


