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Abstract
Dominant individuals have priority access to mates and resources. However, high rank can be costly too, especially when it is
maintained by intense agonistic behavior. Oxidative stress has been proposed as a potential cost of social dominance. However,
social dominance hierarchies can be dynamic, and few studies have examined the cost of social dominance when males are
changing status. We studied temporal changes in markers of oxidative stress during social ascent in the East African cichlid fish
Astatotilapia burtoni. After removing the dominant male, males ascended from subordinate to dominant status. On the first day of
social ascent, immediately after the dominant male removal, the newly dominant male showed lower levels of plasma total
antioxidant capacity (TAC). However, we found that liver TAC and liver superoxide dismutase (SOD), an enzymatic antioxidant,
were significantly upregulated on day 1 and 2 of social ascent, respectively. No temporal variation in nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH-oxidase) activity, blood DNA damage, and liver DNA damage was observed. By day
14, all markers of oxidative stress were similar to those observed in stable dominant males, which had higher levels of reactive
oxygen metabolites (ROM) compared to subordinate males. We conclude that markers of oxidative stress vary dramatically
during social ascent in a time- and tissue-dependent manner. Our study provides a more nuanced look at the oxidative cost of
social dominance and highlights the importance of considering temporal changes in markers of oxidative stress during important
life-history events.

Significance statement
High social status gives priority access to resources but also entails costs. Since dominant individuals tend to have higher
metabolic rates, oxidative stress could be a potential cost of high social status. Oxidative stress can occur when reactive oxygen
species, produced during metabolic activities, cannot be effectively neutralized by antioxidants, leading to oxidative cellular
damage. Social hierarchies can be dynamic, yet how the cost of rank varies when males are changing social status is unknown.
We allowed subordinate males to ascend to dominant status in the cichlid fish Astatotilapia burtoni. At the beginning of social
ascent when males suddenly increase aggressive behavior, the total antioxidant defense was lower in blood plasma, as expected,
when males suddenly increase their metabolism during aggressive interactions. However, antioxidant defense was increased in
the liver suggesting that males can compensate for the potential cost of becoming dominant. Circulating reactive oxygen
metabolites gradually increased over time reaching levels similar to stable dominant males, possibly due to males upregulating
their reproductive axis. Our results highlight that markers of oxidative stress can vary dramatically over time during important
events in life.
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Introduction

The relative rank of an individual within a dominance hierar-
chy has an impact on its fitness. Typically, high-ranking indi-
viduals show dominant behaviors and are reproductively ac-
tive whereas low-ranking individuals are the target of aggres-
sion and often experience lower reproductive success and in
some cases full reproductive suppression (Drews 1993;
Sapolsky 2005; Chase and Lindquist 2016). While social sub-
ordination can be a profound stressor, other studies show high
rank can be costly too, especially during periods of social
instability and/or where dominant males maintain dominance
by intense, energetically demanding agonistic interactions
(Creel et al. 1996; Sapolsky 2005; Beaulieu et al. 2014;
Georgiev et al. 2015a). Studying the relative cost of high vs.
low rankwithin social hierarchies can provide insights into the
social and environmental factors that regulate social rank
(Hofmann et al. 1999; Taborsky and Oliveira 2012; Verhulst
et al. 2014; Williamson et al. 2016). For example, the relative
costs of high vs. low rank can influence future reproductive
success, thereby influencing a male’s motivation to attain or
maintain social dominance within a hierarchy. Studies in
mammals, birds, and fish have implicated oxidative stress as
a cost of high social rank (Garratt et al. 2012; Cram et al. 2015;
Border et al. 2019, but see Beaulieu et al. 2014; Georgiev et al.
2015a). Oxidative stress results from the imbalance between
reactive oxygen species (ROS) and their neutralization by the
antioxidant or repair systems resulting in higher levels of ox-
idative damage and increased risk for a host of diseases and
accelerated ageing (Kono et al. 2000; Finkel and Holbrook
2000; Cui et al. 2012; Pohanka 2013). As social dominance
often involves costly aggressive and reproductive interactions
that result in increased levels of ROS and/or depletion of an-
tioxidants, these individuals experience increased oxidative
damage (Sapolsky 2005; Christe et al. 2012; Blount et al.
2016). This suggests that oxidative stress could play a key role
in mediating life-history trade-offs, such as between invest-
ment in reproduction and longevity (Dowling and Simmons
2009; Monaghan et al. 2009; Selman et al. 2012).

It has been suggested that the oxidative cost of social dom-
inance is greater during periods of social instability. For ex-
ample, a study in mandrills showed that highly ranked males
only experienced higher levels of DNA damage as measured
by levels of 8-OHdG, a product of DNA oxidation, during the
breeding season when there was more agonistic intensity
(Beaulieu et al. 2014). In a study on rhesus macaques, domi-
nant individuals who physically attacked others at higher rates
experienced higher levels of DNA damage (Georgiev et al.
2015b). In addition to elevated aggression levels, an increased
number of rank changes in the hierarchy often results from

periods of social instability. For example, loss of dominance
or policing individuals by disease, predation, or migration can
allow for previously subordinate males to rise to dominant
status (Wey et al. 2008; Cheney and Seyfarth 2009; Wong
and Balshine 2011). This rise in social status, termed social
ascent, is accompanied by a rapid increase in agonistic display
and upregulation of the reproductive axis (Maruska and
Fernald 2010; Huffman et al. 2012; Williamson et al. 2017).
While studies have investigated the oxidative costs of social
instability (Beaulieu et al. 2014; Georgiev et al. 2015b), these
largely investigate the overall effect of social instability, e.g.,
comparing individual’s rank-specific costs in the breeding
season versus the nonbreeding season as discussed above
(Beaulieu et al. 2014). However, little is known about the
changes in oxidative balance during a social transition that
frequently accompanies social instability.

The East African cichlid fish, Astatotilapia burtoni, is a
good model for examining physiological changes during ex-
perimentally induced social ascent. Males of this species dis-
play a lek-like social system in shallow shore pools. Males are
either dominant or subordinate: Dominant males are brightly
colored, territorial (~10–30% of population), aggressively de-
fend a spawning territory, and are reproductively active;
Subordinate males are cryptically colored, shoal with females
and do not breed (Hofmann 2003). Depending on the social
environment, subordinate males may transition to social dom-
inance (Fernald and Hirata 1977; Burmeister et al. 2005).
Conversely, a dominant male may lose his dominant status,
in some cases because they are displaced by subordinate males
ascending in rank. The transition from subordinate status to
dominant status includes dramatic increases in agonistic be-
havior and courtship display, gonadal growth, and the expres-
sion of more intense nuptial coloration (Hofmann et al. 1999;
Huffman et al. 2012; Maruska and Fernald 2018; Alward et al.
2019). The ease of manipulating social rank combined with
the ability to readily identify social status in a naturalistic
environment makes A. burtoni a great study species for inves-
tigating social ascent.

Several studies have indicated that in females, both antiox-
idant defense and production of reactive oxygen species can
show dramatic temporal variation during important life-
history events, such as reproduction and parental care
(Blount et al. 2016; Sawecki et al. 2019). However, few stud-
ies have studied the temporal dynamics of oxidative stress in
males undergoing rank transition. In this study, we investigat-
ed several markers of oxidative damage and antioxidant de-
fense over two weeks following social ascent. We induced
social ascent in A. burtoni males by removing the dominant
male. Based on previous social ascent studies in A. burtoni
and other cichlids, social ascent leads to an immediate
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increase in aggression, increased circulating androgens, up-
regulation of the reproductive axis, and more intense nuptial
coloration (Burmeister et al. 2005; Dijkstra et al. 2007;
Maruska and Fernald 2010; Maruska et al. 2011; Huffman
et al. 2012). Therefore, we predict the increased energy ex-
penditure associated with dominant behavior on the day of
ascent will result in a rapid increase in oxidative stress on
day 1 relative to subordinate males. We also predict that oxi-
dative stress will vary by sampling day in ascending males
(day 1–14) as a result of upregulating the reproductive axis.
Specifically, we predict that damage (reactive oxygen metab-
olites (ROM) and DNA damage) will increase from day 1 to
day 14, while antioxidant capacity is expected to decline as
males are depleting their resources. However, since superox-
ide dismutase (SOD) is known to be upregulated in response
to stress, we expected SOD to increase during social ascent
(Monaghan et al. 2009; Birnie-Gauvin et al. 2017). Finally, as
both ROS production and the antioxidant defense system are
highly dynamic and compartmentalized (Costantini 2019), we
predict that patterns in oxidative stress are marker and tissue-
specific, with a greater emphasis on protection in areas re-
sponsible for homeostasis (liver and DNA).

Material and methods

Animals

All animals used in this experiment were adult A. burtoni
(approx. 6–10 months; standard length 50–80 mm; weight
4.6–13.2 g; total males n = 82) from a laboratory-bred popu-
lation that was derived from wild-caught fish from Lake
Tanganyika. For housing conditions, see Sawecki and co-
workers (Sawecki et al. 2019).

Experimental design and tissue collection

We experimentally induced social ascent using an adapted
social opportunity paradigm in which a subordinate male
was allowed to ascend in rank after removing the dominant
male (Burmeister et al. 2005; Maruska and Fernald 2010;
Maruska et al. 2011; Huffman et al. 2012). For a visual rep-
resentation of our experimental design, see Fig. 1. We divided
experimental 110-L tanks in half widthwise with clear, perfo-
rated acrylic barriers into one focal and one stimulus compart-
ment. One larger male and one smaller male were placed in
each compartment with 6 females for 2–7 weeks prior to ex-
perimental manipulation. The larger male was the dominant,
suppressor male ensuring that the focal male was subordinate.
We provided one flowerpot cut in half vertically to promote
territoriality in the dominant male. Stimulus compartments
were used to promote territorial behavior while preventing
physical contact. We confirmed subordination of the focal

male thrice weekly in the morning (see below). On day 1—
the day of ascent—the resident suppressor dominant male was
removed 1 h prior to light onset using infrared night vision
goggles (Ghost Hunter 1×24 Night Vision Goggle Kit
(SM14070), SightMark, Mansfield, TX, USA).

Stable dominant (n = 17) and stable subordinate (n = 17)
males were housed in control compartments set up in an iden-
tical way as the experimental community. On the day of as-
cent, a net was dipped in each control compartment to simu-
late any potential disturbance caused from dominant male
removal. Control dominant and subordinate males housed in
the same compartment were sampled simultaneously between
1 and 14 days following disturbance (see below).

Blood was drawn in the morning on day 1 (n = 8), 2 (n =
12), 6 (n = 11), or 14 (n = 17) following behavioral observa-
tion. Focal males were weighed and measured for standard
length. The blood was drawn through the caudal vein using
heparinized 26-gauge butterfly needles (Terumo) and trans-
ferred to heparinized centrifuge tubes on ice. Blood samples
were centrifuged at 4000 g for 10 min to extract plasma, and
both plasma and the remaining blood cells were stored at − 80
°C for later analyses. Immediately after blood draw, males
were euthanized by spinal cord dislocation. Tissues (gonad
and liver) were removed, flash frozen in liquid nitrogen, and
placed in a 2 mL tube on a Coolrack block (Biocision,
Larkspur, CA, USA) on dry ice. Gonads were weighed prior
to freezing, and all tissue samples were stored at − 80 °C until
used for analysis. The experiment was carried out between
December 2017 through June 2018.

Behavioral and morphological analysis

We recorded the social status of all experimental fish three times
per week following introduction to experimental compartments.
Social status was determined by characterizing males as domi-
nant or subordinate as described previously (Border et al. 2019).
In brief, dominant males defended a flowerpot and had a dark
eye bar. To allow for behavioral analysis, we recorded 5-min
videos in the morning before 10 a.m. for behavioral quantifica-
tion. We filmed each tank the morning before ascent, the morn-
ing of ascent, and the morning we collected blood and tissue
from the focal male (day 0, n = 65; day 1, n = 48; day 2, n =
12; day 6, n = 11; day 14, n = 17).

We quantified frequencies of behaviors from the videos
based on Fernald and Hirata (1977) which included chases,
flees, two display behaviors (border threat and lateral display),
and courtship displays (lead swim combined with quiver).
Chases consisted of males aggressively swimming after other
fish, biting, and forcibly moving other fish. Males could also
initiate a chase towards another fish in a neighboring compart-
ment by aggressively swimming up against the clear divider.
Since few chases from ascending males were directed towards
males, chases included the sum of chases directed towards
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females and males. Flees were classified as rapidly retreating
away from a chasing male or female at matching intensity.
Border threats were interactions between two males where
both males charge head-on towards each other with extended
pectoral fins and an open mouth. In lateral displays, a male
presents the side of his body to another fish with erect fins and
a flared opercula, making himself look as large as possible.
Border and lateral display were combined into a single “dis-
play behavior.” We scored courtship based on a combination
of behaviors involved in a courtship display: approach and
lead swim. In a courtship display, a male will swim towards
a female before directing towards the flowerpot in a zig-zag
pattern, flaring his dorsal fin. This is followed by a rapid back-
and-forth motion of the tail, presenting his tail fin and egg
spots towards the females. The culmination of these behaviors
is considered a single courtship display. Physiological and
behavioral quantification was done blind. However, during
behavioral observations, control males and ascending males
could be identified based on the number of males in a com-
partment (2 versus 1 respectively).

As a measure of investment in the reproductive axis, we
calculated the gonadosomatic index [GSI = (gonad mass/body
mass) × 100].

Tissue preparation

Liver samples for nicotinamide adenine dinucleotide
phosphate-oxidase (NADPH-oxidase), total antioxidant ca-
pacity (TAC), and superoxide dismutase (SOD) were pre-
pared using an Omni Tissue Master (Omni International,
Kenosha, Wisconsin). For NADPH-oxidase, ~25 mg of tissue
was homogenized in 250 μL of Krebs-HEPES buffer (20 mM
HEPES, 10 mM dextrose, 127 mMNaCl, 5.5 mMKCl, 1 mM
CaCl2, and 2 mMMgSO4, pH 7.4) then centrifuged at 4 °C at
17,000 g for 10 min before transferring the supernatant to a
new tube and stored at − 80 °C until used for analysis. For
liver TAC and SOD analysis, samples were prepared from the
same tissue sample (~25–70 mg of tissue) in a generalized
homogenization buffer—containing Protease Inhibitor
Cocktail (Sigma-Aldrich P2714) and a potassium phosphate

Fig. 1 Visual depiction of experimental design and behavioral
observations. (left) The focal subordinate male (circled) suppressed by a
dominant male for at least 2 weeks prior to social ascent. The dominant
male occupied a flowerpot cut in half vertically to promote territoriality.
The compartment to the right has a similar community containing stim-
ulus fish. (middle) The morning of social ascent, the dominant male is

removed 1 h prior to lights being turned on. (right) At light onset, previ-
ously subordinate focal male ascends to dominant status. (bottom) Days
of videos where behaviors were quantified. Males were filmed on day 0,
1, 2, 6, and 14 (depending onwhen they were euthanized) and the last day
of filming took place just prior to blood and tissue sampling. The figure
does not indicate the exact number of females used in each compartment
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buffer (50 mM PBS (pH 7.4) and 0.5 mM EDTA) at a 1:10
dilution—at a concentration of 10 μL buffer per 1 mg tissue.
For TAC, 25 μL of tissue homogenate was separated and
mixed with 25 μL lysis buffer which was centrifuged at 4
°C at 10,000 g for 10 min. The supernatant was then trans-
ferred to a new tube and stored at − 80 °C until used for
analysis. For SOD, 150 μL of tissue homogenate was separat-
ed and centrifuged at 4 °C at 10,000 g for 10 min. The super-
natant was then transferred to a new tube and stored at − 80 °C
until used for analysis. All sample tests were run in duplicate.
Sample preparation for all other tests is found within their test
description.

Protein quantification

The protein concentration of each prepared tissue sample (ex-
cluding DNA damage) was measured with a BCA Protein
Assay kit (Pierce, Rockford IL) following the manufacturer’s
protocol. Frozen supernatant was thawed on ice and diluted
1:4 with buffer used in their respective sample preparation.
We used 10 μL of this diluted supernatant in the assay.
Absorbance was read by a plate reader (Epoch2T, Biotech
Instruments, Winooski, VT, USA).

Circulating oxidative damage

Reactive oxygen metabolites, or ROMs, an overall oxidative
damagemarker, were measured in 4 μL of blood plasma using
a d-ROM test (Diacrom, Grosseto, Italy) as previously de-
scribed (Border et al. 2019). Absorbance was read using an
Epoch2T microplate reader.

Total antioxidant capacity

Total antioxidant capacity (TAC), a cumulative measure of
antioxidants, was measured in diluted blood plasma (1:100)
and prepared liver (1:2) samples in 7.4 pH PBS and 50:50
lysis-homogenization buffer, respectively, using 20 μL of di-
luted sample via an oxygen radical absorbance capacity
(ORAC) assay as previously described (Border et al. 2019).
For blood plasma ORAC, samples were reported as μmol TE/
dL of the sample. For liver ORAC, protein concentrations
were standardized to 150 μg/mL and reported as μmol TE/
μg protein. Absorbance was read by a plate reader
(Spectramax M3, Molecular Devices, Sunnyvale, CA, USA).

Superoxide dismutase

Superoxide dismutase (SOD), an enzyme that removes oxy-
gen radicals via conversion to molecular oxygen and uric acid,
was measured using Water Soluble Tetrazolium Salts (WSTs)
via a modified competitive assay (Peskin and Winterbourn
2000). Each liver supernatant was prepared at multiple protein

concentrations (0.3 μg/μL, 0.225 μg/μL, 0.15 μg/μL, and
0.075 μg/μL). Twenty microliters of each prepared solution
was platedwith 200μLWST-1 working solution. TheWST-1
working solution is prepared immediately before use by
mixing 20 mL SOD assay buffer [50 mM sodium phosphate
(pH 8.0) containing 0.1 mM diethylenetriamine-pentaacetic
acid and 5.0 mM hypoxanthine] with 100 μLWST-1 solution
[10 mM WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-
5-tetrazolio]-1,3-benzene disulfonate sodium salt)] (Dojindo
Molecular Technologies, Inc.), 100 μL catalase solution (2
mg/mL), and 0.5 μL of Xanthine Oxidase (final concentration
of 4.9 mU/mL) from Sigma-Aldrich. Xanthine oxidase creates
superoxide anion (2O2

-) which reduces WST-1, a water-
soluble tetrazolium salt, to WST-1 formazan at a linear rate,
producing a color change. This linear reduction is inhibited by
SOD, and therefore, the inhibition of SOD can be determined
by colorimetric method measuring absorbance with an
Epoch2T microplate reader. The reaction rate was recorded
over 5 min at 1-min intervals and analyzed for the half max-
imal inhibitory concentration (IC50), or where 50% of the
reaction is inhibited by SOD at a set concentration of sample.
Protein content at IC50 was determined and amount of SOD
content was reported per μg of protein (one unit of SOD is
defined as the amount of enzyme in 20 μL of the sample
solution that inhibits the reduction reaction of WST-1 with
superoxide anion by 50%).

NADPH-oxidase activity

Nicotinamide adenine dinucleotide phosphate-oxidase
(NADPH-oxidase) activity, a superoxide generating complex
(referred to as NADPH-oxidase (NOX) activity), was mea-
sured in liver tissue via a lucigenin-based chemiluminescence
assay using a microplate luminometer (Gaertner et al. 2002;
Kopf et al. 2010; Yu et al. 2010). We ran 100 μL (at a con-
centration of 0.3 μg/μL) in duplicate. The reaction was initial-
ized by the addition of 100 μL buffer containing lucigenin and
NADPH (final concentration of 5 μM lucigenin and 100 μM
NADPH) in a dark room using infrared goggles. While keep-
ing the plate covered from light exposure, the plate was trans-
ferred to the luminometer (Tecan infinite F200 Pro,
Tecan Life Sciences, Männedorf, Zürich, Switzerland)
and readings of relative light units (RLU) were taken
every 2 min for 16 min. The first 4 min was omitted
due to high background noise and results were
expressed as average RLU per μg of protein.

DNA damage

DNA was extracted from blood and tissue samples using a
DNA extraction kit (Zymo quick-DNA miniprep plus kit,
Irvine, CA, USA) per manufacturer’s protocol. For blood,
5–10 μL blood cells from plasma removed blood samples
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were used. For liver samples, ≤ 25 mg tissue was used from
each sample. Purified DNA samples were extracted by adding
35 μL of DNA elution buffer and incubating at room temper-
ature for 5 min before centrifuging at 17,000 g for 1 min to
obtain optimal DNA concentrations. After extracting the
DNA, the total DNA concentrations were determined using
an Epoch2T microplate reader at an absorbance of 260 nm.
All DNA samples were standardized to 200 ng/μL for blood
and 500 ng/μL for liver. Extracted DNA samples were stored
at 4 °C until digestion.

DNA samples were digested following a modified protocol
from Quinlivan and Gregory (Quinlivan and Gregory 2008).
To digest, 5 μL of extracted DNA was added to 17.5 μL of a
digest mix [173.61 Units benzonase, 208.33 mUnits phospho-
diesterase, and 138.89 Units phosophatase in a tris-HCl buffer
(20 mM, pH 7.9) containing 100 mM NaCl and 20 mM
MgCl2] and incubated at 37 °C overnight to ensure complete
hydrolysis of DNA samples. Following digestion, samples
were stored at − 20 °C until use in DNA damage assay.

DNA damage (8-OHdG) was measured with a DNA
damage ELISA kit (StressMarq, Biosciences Inc.,
Victoria, BC, Canada) following the manufacturer’s pro-
tocol. We diluted each digested sample in sample and
standard diluent (1:12 for blood; 1:10 for liver) to en-
sure samples fell within the standard curve. All 8-OHdG
readings were standardized against DNA concentrations
of samples at time of absorbance reading.

Statistics

Statistical analyses were performed using the statistical pack-
age R v3.6.3 (2020) (R Core Team 2020) and the R packages
lme4, lmerTest,MASS, and glmmTMB (Venables and Ripley
2002; Bates et al. 2015; Brooks et al. 2017; Kuznetsova et al.
2017). Sample size may vary, depending on the quality of the
measurement (samples that fell outside the standardized range
were omitted) or the amount of sample available (too little or
poor-quality samples collected for some males). In the analy-
sis, we specifically tested whether (a) males changed behavior
or oxidative stress following a social ascent (subordinate ver-
sus day 1), and (b) whether behavior, markers of oxidative
stress, or GSI varied across the different sampling time points
in ascending males, i.e., an overall day effect (day 1, day 2,
day 6, day 14). (c) We also compared behavior, markers of
oxidative stress, and (d) GSI between subordinate and stable
(control) dominant males.

The statistical model specified below was chosen based on
whether the comparison(s) made involved a within-subject
design or a between subject-design. Models with a random
effect or simple paired t tests were used for within-subject
comparisons with repeated observations on the same fish
(behavior) or paired comparison between fish (between stable
SUB and DOMs from the same community). Models without

random effects were used for between-subject comparisons
which involved all physiological measurements and GSI since
males were terminated for these measurements.

For within-subject analyses, we considered paired t tests or
generalized linear mixed models (GLiMM) for the behavior
between subordinate focal males (day 0) and day 1 ascended
male, and the comparisons of all variables between stable sub-
ordinate and dominant males given the paired housing of these
fish (specified below). For comparing day 1, 2, 6, and 14
behavior, we considered general linear mixed models
(GLMM) or GLiMMs (specified below). For between-
subject analyses, we considered independent sample t tests,
general linear models (GLM), or generalized linear models
(GLiM) to compare markers of oxidative stress because males
were measured once after they were euthanized (specified
below). To compare GSI, we considered either a beta regres-
sion model or a GLiMM with the beta distribution family
function. For all analyses, model residuals were examined to
ascertain assumptions of normality and homogeneity of vari-
ances. For models with a random effect, we examined plots of
predicted values versus residuals.

To compare chase behavior between subordinate focal male
(day 0) and day 1 ascended males (a), we used a paired t test. To
analyze flees, display behavior (sum of border and lateral dis-
play), and courtship behavior, we constructedGLiMMswith fish
ID as a random effect assuming a Poisson distribution with log
link. To compare markers of oxidative stress between subordi-
natemales and day 1 ascendedmales, we conducted independent
sample t tests on ROMs, plasma TAC, blood DNA damage, and
liver DNA damage. For liver SOD, we used a GLiM assuming a
gamma distribution with a log link. For liver TAC and NOX
activity, we used GLMs.

To test whether behavior varied across days of ascent (b), we
made GLiMMs with fish as a random effect assuming a Poisson
distribution with a log link. To compare markers of oxidative
stress across days of ascent, we constructed GLMs for ROMs,
liver SOD, plasma TAC, blood DNA damage, and liver DNA
damage. For NOX activity and liver TAC, we used a GLiM
assuming a Gaussian distribution with log-link. We then tested
the overall day effect using the “ANOVA” function in the car
package (Fox and Weisberg 2019). In the case of a significant
overall day effect, we implemented pairwise comparisons be-
tween days using Tukey’s post hoc test in themultcomp package
(Hothorn et al. 2008) with Bonferroni correction for multiple
hypothesis testing (Bretz et al. 2010). To compare GSI across
days of ascent, we constructed a beta-regression model. We then
tested the overall day effect using the “joint_tests” function in the
emmeans package (Lenth 2020).

To compare markers of oxidative stress between stable
dominant and stable subordinate males (c), we conducted
paired t tests on ROMs, plasma and liver TAC, blood DNA
damage, and liver DNA damage. We made a GLiMM assum-
ing a gamma distribution with inverse link for liver SOD and a
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GLMM for liver NOX activity. To compare GSI between
stable dominant and subordinate males (d), we conducted a
GLiMM utilizing the beta family distribution. For all other
GSI comparisons, a beta-regression model was created and
tested using the “lrtest” function in the lmtest package
(Zeileis and Hothorn 2002).

Results

Subordinate males rapidly show agonistic behaviors
following social opportunity

Subordinate focal males displayed submissive behavior
(fleeing) and very little aggressive and courtship behavior
the day prior to social ascent. However, as can be seen in
Fig. 2, on day 1 (the morning of ascent, following the domi-
nant male removal), focal males increased their number of
chases, display, and courtship behaviors (paired t test, chases:
t47 = − 7.0389, p < 0.00005; GLiMM, display: t47 = 5.857, p <
0.00005; courtship: t47 = 7.391, p < 0.00005) and showed
virtually no submissive behavior (GLiMM, flees: t47 = −
4.016, p < 0.00005).

Ascended males alter agonistic behaviors and
increase GSI during social transition

Ascended males significantly varied in chases and display
behavior during days 1–14 of ascent (Fig. 2; ANOVA, days
of ascent, chases: χ2

3 = 15.126, p = 0.0017; display behavior:
χ2

3 = 30.161, p < 0.00005). Chases increased following social
ascent and were highest on day 2 (Tukey’s post hoc test with
Bonferroni correction, Chases day 1–2: z = 3.652, p =
0.00156). Display behavior was the highest on the day of
ascent (day 1) before significantly decreasing by day 2, where-
by display behavior remained near stable dominant levels
(Tukey’s post hoc test, display behavior day 1–2: z = −
4.230, p = 0.00014; display behavior day 1–14: z = − 3.114,
p = 0.01106). Courtship behavior did not significantly differ
across days 1–14 of ascent (Fig. 2; ANOVA, days of ascent,
courtship: χ2

3 = 1.514, p = 0.679). GSI did not significantly
differ in ascending males during days 1–14 of ascent (Fig. 2;
joint_tests, days of ascent, GSI: F3,44 = 2.082, p = 0.1002);
however, GSI was significantly different between stable sub-
ordinate males and day 14 males (lrtest, GSI: χ2

1 = 7.4233, p
= 0.006438), which had GSI levels resembling dominant
males. These data confirm that ascending males upregulated
their reproductive axis.

Fig. 2 Behavior and gonadal somatic index by rank and days of ascent.
Changes in behaviors during social ascent (day 1–14) in stable
subordinate (SUB) and stable dominant (DOM) males (mean ± SE).
SUB included both control subordinate males and focal males prior to
social ascent; however, statistical analysis was only conducted on focal
males (day 0). Statistical significance indicated for subordinate to day 1
males and across days 1–14 of ascent (for statistics, see text). Shown are

the total number of a chases, b territorial behaviors (border + lateral
displays), and c courtships by day. d Gonadosomatic index (GSI) levels
increased during days of ascent. For GSI, different letters denote signif-
icance for DOM-SUB comparison. Note that sample sizes vary because
we included the repeated behavioral observations where possible,
resulting in larger sample sizes for subordinate males and day 1 males
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Does social opportunity elevate oxidative stress?

Before answering the question of how oxidative stress varies
during social ascent, we first asked whether markers of oxidative
stress differed between subordinate males and day 1 ascended
males. Plasma TAC experienced a sharp decline for day 1
ascended males while liver TAC experienced a sharp increase
relative to subordinate males (Fig. 3; independent sample t test,
plasma TAC: t24 = 3.1549, p = 0.00443; GLM, liver TAC: t24 =
2.675, p = 0.0135). There was no significant difference between
subordinatemales and day 1 ascendedmales for all othermarkers
of oxidative stress (Fig. 3; GLiM, liver SOD: t24 = 0.624, p =
0.539; GLM, liver NOX: t23 = − 1.094, p = 0.287; independent
sample t test, plasma ROM: t24 = 1.252, p = 0.2231; blood DNA
damage: t24 = 1.2924, p = 0.2091; liver DNA damage: t18 = −
0.2167, p = 0.831).

Does oxidative stress vary during social ascent?

Both plasma ROM and plasma TAC varied significantly across
days 1–14 of social ascent (Fig. 3; ANOVA, days of ascent,
ROMs: F3,43 = 12.109, p < 0.00005; plasma TAC: F3,43 =
6.947, p = 0.0006). A visual examination of the plasma ROM
and plasma TAC data suggests there was a gradual increase in
these markers during social ascent (Fig. 3). Liver TAC and liver
SOD also varied significantly across days 1–14 of social ascent
(Fig. 3; ANOVA, days of ascent, liver TAC: χ2

3 = 8.6257, p =
0.0347; liver SOD: F3,44 = 4.22, p = 0.01042). This was driven
by elevated liver TAC and liver SOD levels on day 1 and day 2,
respectively, relative to day 14 ascendedmales (Tukey’s post hoc
test with Bonferroni correction, liver TAC day 1–14: z = − 2.788;
p = 0.0318: liver SOD day 2–14: z = − 3.266; p = 0.0127). There
was no significant difference among days 1–14 of ascent for all
othermarkers of oxidative stress (ANOVA, days of ascent, blood
DNA damage: F3,44 = 0.4529, p = 0.7165; liver DNA damage:
F3,39 = 0.4035, p = 0.7513; liver NOX:χ

2
3 = 4.777, p = 0.1888).

Does oxidative stress or GSI differ between stable
subordinate and stable dominant males?

ROMs were elevated in stable dominant males compared to
subordinate males (paired t test, ROMs: t17 = 2.3851, p =
0.0298). There was no difference between stable dominant
and subordinate males for all other markers of oxidative stress
(GLMM, liver NOX: t16 = 1.493, p = 0.135; GLiMM, liver
SOD: t16 = − 0.314, p = 0.753; paired t test, plasma TAC: t17 =
1.7904, p = 0.09233; liver TAC: t16 = − 0.56381, p = 0.5812;
blood DNA damage: t17 = 1.2411, p = 0.2325; liver DNA
damage: t9 = − 0.07024, p = 0.9457). GSI was significantly
higher in dominant males compared to subordinate males,
confirming social suppression of subordinate males
(GLiMM, GSI: z = 2.64, p = 0.0084)

Discussion

Subordinate males in this study ascended to dominant status
after dominant male removal, leading to changes in behavior
and markers of oxidative stress in a tissue-specific manner. On
the day of ascent, A. burtoni males that were previously sub-
ordinate expressed high rates of display behaviors, while
chases increased through day 2. This temporal pattern in ago-
nistic behavior, with initially an emphasis on display and then
a shift to increased chases, is consistent with previous social
ascent studies in A. burtoni (Maruska and Fernald 2010;
Huffman et al. 2012). GSI, our measure of investment in re-
production, increased gradually during the 14-day social as-
cent period and reached GSI levels on day 14 similar to that
seen in stable dominant males. These data confirm that males
ascended to fully dominant males both in terms of their be-
havior and physiology.

Oxidative stress has been suggested to be a mediator of life-
history trade-offs (Dowling and Simmons 2009; Monaghan
et al. 2009; Metcalfe and Alonso-Alvarez 2010; Garratt et al.
2012; Stier et al. 2012; Speakman et al. 2015; Sawecki et al.
2019). Recent studies suggest that dominant males may pay a
cost for social dominance by increased oxidative stress (birds:
(van de Crommenacker et al. 2011; Cram et al. 2015); fish:
(Border et al. 2019); crickets: (Noguera 2019)), although the
reverse pattern is also found in primates at least outside the
breeding season (Beaulieu et al. 2014; Georgiev et al. 2015a).
Here we examined temporal patterns in markers of oxidative
stress in ascending males. Since males invest heavily in
enforcing dominance status by expressing energetically costly
agonistic behaviors within minutes following social opportu-
nity (Maruska and Fernald 2010; Huffman et al. 2012), we
hypothesized that day 1 males would experience increased
oxidative damage and/or a reduction in antioxidant defense.
We found partial support for this hypothesis. First, we found a
significant decrease in plasma total antioxidant capacity
(TAC), which is consistent with the idea that an increase in
aggression depletes antioxidant defenses. However, there
were no significant differences in plasma ROMs, a marker
of oxidative damage, in day 1 males. In contrast to the reduc-
tion in plasma TAC, liver TACwas significantly higher in day
1 males compared to subordinate males. This difference in
how liver and plasma TAC changes upon social ascent rein-
forces the idea that markers of oxidative stress can be highly
tissue-specific (Halliwell and Gutteridge 2015; Wu et al.
2015). For example, in mice, males investing the most into
territoriality and reproduction had higher oxidative stress in
muscle but lower oxidative stress in serum and liver relative to
control males (Garratt et al. 2012).

Our GSI data suggest that it takes several days to fully
upregulate the reproductive axis. Given the potential costs of
upregulating the reproductive axis, we predicted that markers
of oxidative stress would vary during the 14-day period of
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social ascent. We indeed found that levels of plasma ROMs,
plasma TAC, liver TAC, and liver SOD varied significantly
during this 14-day period. Plasma ROMs appear to be gradu-
ally increasing during social ascent with levels similar on day

14 to control dominant males, which had higher plasma
ROMs levels compared to subordinate males (Fig. 3). This
could mean that the oxidative cost of social dominance (in
terms of elevated ROMs levels) is likely a consequence of

Fig. 3 Oxidative stress varies by dominance rank and days of ascent.
Changes in oxidative stress markers during social ascent (day 1–14) in
stable subordinate (SUB) and stable dominant (DOM) males (mean ±
SE). Statistical significance indicated for subordinate to day 1 males
and across days 1–14 of ascent (for statistics, see text). Different letters
are used to indicate significance for SUB-DOM comparisons. Markers of

oxidative stress are a plasma reactive oxygen metabolites (ROMs), b
superoxide dismutase (SOD) levels in liver samples, c plasma total anti-
oxidant capacity (TAC), d TAC levels in the liver, e damage to DNA in
plasma-removed blood samples, f damage to DNA in liver samples, and g
NADPH-oxidase activity (NOX) in the liver
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the long-term upregulation of the reproductive axis.
Investment in reproduction is linked to dramatic changes in
behavior, physiology and morphology, and this is also the
case in cichlids (Metcalfe and Alonso-Alvarez 2010). For ex-
ample, dominant males direct more resources into developing
nuptial coloration and increasing gonadal development. These
changes are metabolically costly and likely contribute to the
elevated ROMs levels seen in dominant A. burtoni males
(Border et al. 2019). The notion that the oxidative cost of
social dominance is likely a consequence of the long-term
upregulation of the reproductive axis is also supported in a
recent experiment studying subordinate and dominant A.
burtoni females. In that experiment, we found that the cost
of social dominance was absent in females, in which social
dominance is disassociated from upregulation of the reproduc-
tive axis, with no increase in gonadal size and only a minor
increase in nuptial coloration (Renn et al. 2012; T.R. Funnell,
pers. commun.).

We also found that two markers of oxidative balance peaked
during social ascent, showing an initial increase followed by a
decline. As indicated earlier, liver TAC peaked at day 1while liver
SOD levels, an enzymatic antioxidant (Peskin and Winterbourn
2000), peaked at day 2 (compared to day 14). As TAC measures
both enzymatic and non-enzymatic antioxidants (Katerji et al.
2019), the upregulation of liver TAC and especially liver SOD
could be a result of increased androgen levels in ascending males,
which are known to upregulate enzymatic antioxidants (Pinthus
et al. 2007;Delgado et al. 2010). This increase in oxidative defense
upon activation of the reproductive axis in males parallels the
increase in oxidative defense observed in females preparing for
reproduction. In the case of females, the upregulation of oxidative
defense prior to reproduction has been called “oxidative shielding”
to protect themselves and offspring during reproductive efforts
(Stier et al. 2012; Vitikainen et al. 2016; Sawecki et al. 2019).
Our studies indicate that males may also activate protective mech-
anisms to cope with the potential increase in oxidative stress when
upregulating the reproductive axis.

In ascending males, NADPH-oxidase activity, blood DNA
damage, and liver DNAdamage did not vary significantly during
days of ascent. Oxidative damage to DNA has been linked to
dominance behaviors and other energetically demanding chal-
lenges in life such as increased competition (Freeman-Gallant
et al. 2011; Georgiev et al. 2015b; Reichert et al. 2015). Our
findings suggest that A. burtoni males can limit the amount of
oxidative damage in spite of investing heavily in reproduction
and maintaining high social rank.

Our data support the hypothesis that oxidative stress varies
during social transition in a marker and tissue-specific man-
ner. Compared to stable subordinate males, day 1 males ex-
perienced a reduction in plasma TAC yet an increase in liver
TAC. Both oxidative damage (plasma ROMs) and protection
(liver SOD) changed during days of ascent. All markers of
oxidative stress in males experiencing social transition

resembled stable dominant males after 14 days. This temporal
variation in oxidative stress highlights the notion that the cost
of rank varies over time. This is a very important consideration
in studies on the cost of social dominance because rank chang-
es are common in animal hierarchies. In many instances, so-
cial ascent is accompanied by a rival male experiencing loss of
territory and social dominance. Social defeat is a highly stress-
ful event (Parikh et al. 2006; Maruska et al. 2013; Iñiguez
et al. 2014) and future work will also investigate how oxida-
tive balance changes during this stressful life event. Finally, it
is possible that the cost of social dominance increases with
increasing rank tenure at longer time scales (months instead of
days). Ultimately, long-term studies are required to study how
rank tenure in combination with rank change influences the
relative cost of social dominance.
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