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ABSTRACT 

 
Detecting physiological decline in old age that underlies declines in survival and 

reproduction in a wild population can be challenging.  This applies especially to long-

lived species that require marking around birth in order to recognize elderly individuals 

perhaps decades later.  Here, we used bite force of known-age, long-lived Nazca boobies 

(Sula granti) as a functional measure of muscle strength.  Elderly Nazca boobies show 

declining survival and reproduction (senescence).  Identifying muscle strength as a 

candidate physiological contributor to this decline, we predicted a parallel age-related 

decline in muscle strength from middle to old age.  Data were collected from 349 

nonbreeding adults using a force transducer during the breeding season in November 

2017 on Isla Española, Galápagos.  Both sexes showed the predicted drop in bite force in 

the second half of the lifespan.  The decline began at a younger age in females, in parallel 

with sex-specific schedules of actuarial and reproductive senescence documented in an 

earlier study.  Understanding which physiological traits show decline in old age 

contributes to an integrative portrait of the senescence process in wild animals.  
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INTRODUCTION 

The existence of old-age decline in performance of wild organisms is no longer 

questioned (Nussey et al. 2013, Gaillard & Lemaitre 2020).  However, we are only 

beginning to achieve a hierarchical understanding of impaired “whole-organism” 

performance (senescence in survival, reproduction; Lailvaux & Husak 2014, Arking 

2019) integrated with underlying physiological processes, outside of domestic and lab 

models (Arking 2019, Cohen 2016).  Age-specific performance of skeletal muscle is a 

logical candidate in this effort, because declining muscle function accompanies old age in 

lab studies of humans (Veronese et al. 2019), quail (Always 1995, Carson & Always 

1995), and rats (Blough & Linderman 2000, Degens & Always 2003, Carter et al. 2002), 

among others (Demontis et al. 2013), and muscle function can have obvious, substantial 

effects on whole-organism performance in humans (Faulkner et al. 2008, Cooper et al. 

2010) and other animals (Vilela et al. 2018, Piccirillo et al. 2014).  In natural populations, 

degraded muscle function can affect an organism’s survival and reproduction because 

foraging, aggression, predator avoidance, and other ecologically important characteristics 

often rely on muscle performance (Arnold 1983, Hamalainen et al. 2015, Shefferson et al. 

2018).  Moreover, muscular strength in elderly lab animals often declines faster than 

body mass and some other functional traits (Metter et al. 2002, Goodpaster et al. 2006).  

Only one study has evaluated muscle strength in old age in a wild population 

(Hamalainen et al. 2015), limiting our ability to gauge strength as a contributor to 

senescent whole-organism decline.  

 Nazca boobies (Sula granti), a seabird, show pronounced declines in both survival 

and reproduction in old age (Anderson & Apanius 2003, Tompkins & Anderson 2019).  



 

 viii

These senescent declines have sex-specific patterns: elderly females decline faster in 

survival and earlier in annual breeding success, compared to males (Tompkins & 

Anderson 2019).  Here I study the relationship of age and sex to bite force as a step 

toward a mechanistic understanding of these patterns.  Bite force provides a non-invasive 

functional measure of skeletal muscle strength (Bowman 1961, Herrel et al. 2005, van der 

Meij & Bout 2008).  Bite force can influence breeding success (Anderson & Vitt 1990), 

territoriality (Lailvaux et al. 2004), escape from predators (Anderson et al. 2008), and 

feeding (Herrel et al. 2001a, Herrel et al. 2008).  To humans handling them, Nazca 

boobies have formidable bite force for their body size.  They use it to secure and kill their 

fish and squid prey, in bloody fights with conspecific rivals, and in self-defense against 

heterospecific animals; decline in any of these abilities in old age could contribute to the 

observed declines in survival and reproduction.  Alternatively, variation in bite force with 

age and sex that does not match patterns in survival and reproduction would be 

inconsistent with bite force underlying whole-organism senescence.  Using cross-

sectional data, I asked whether bite force declined in old age, and whether any decline 

manifested more in females than in males. 
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MATERIALS AND METHODS 

Study System 

Data for this study came from our long-term study colony of Nazca boobies at 

Punta Cevallos, Isla Española, Galápagos, Ecuador (1°20’ S, 89°40’ W) during the 2017-

18 breeding season (Oct.-June).  Nazca boobies (Sula granti) were formerly known as 

masked boobies (S. dactylatra granti) and were later recognized as the present distinct 

species (American Ornithologists’ Union 2000, Friesen et al. 2002).  Sex of adults is 

indicated unambiguously by voice (Maness & Anderson 2013).  See Huyvaert & 

Anderson (2004) and Apanius et al. (2008) for details of the study site.  Young of the 

year have received permanent leg bands in most years since 1985, yielding known-age 

adults across the entire life span for this study. 

 

Maximum Bite Force 

Bite force samples (n = 349) were collected from known-sex, pre-breeding adult 

Nazca boobies from 8-24 November 2017 in three age classes: young (6-8 years, high 

annual survival, improving breeding success), middle-aged (11-14, high survival, high 

breeding success), and old (18-28, declining survival and breeding success; Tompkins & 

Anderson 2019, Anderson 1993).  This sampling period preceded most breeding in this 

season.  Each sampled bird was carried to the sampling location (transport time 2-20 

secs).  One person (DJA) held the bird and induced it to bite the free ends of two hinged 

Class 2 levers of a purpose-built Bite Force Device (“BFD”) made of machined solid 

aluminum, held by a second person (EJR), causing compression of a piezo-electric force 

transducer (model 9207, reporting range 500 to 500 N; Kistler Inc., Winterthur, 

Switzerland).  The rigidity of the BFD construction prevented any visible deflection 
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during bites.  A GoPro Hero 2 (GoPro Inc., San Mateo, California, USA) mounted lateral 

and perpendicular to the long axis of the mandibles recorded audio and video of the 

bird’s head throughout sampling (Figure 1).  

 

Figure 1.  The Bite Force Device (BFD), a custom-built lever to register bite force.  The 

upper and lower mandibles of the bird were placed into the 3D-printed receptacles (a).  

Upon biting, the upper arm (b) would rotate on the hinge (c), thus compressing the 

piezoelectric force transducer (d), reporting the force produced to the charge amplifier.  

Sampling sessions were recorded on a GoPro camera (e), mounted to record 

perpendicularly to the biting event.  Lower arm has flanges (f); the upper arm rides up 

and down between those flanges, limiting the excursion of the upper arm to that plane.  

For scale, in the Side View the horizontal depth of the receptacles (a) is 38.5 mm, and the 

vertical height of the receptacles is 47.5 mm.  In the Overhead View the horizontal width 

of the receptacles is 37 mm. 
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The signal was amplified (Kistler model 5995A charge amplifier) and the 

maximum force produced since the last reset was displayed on the amplifier, visible to 

DJA.  He spoke the displayed values aloud as they were updated in real time, recorded as 

audio by the GoPro.  The contact point of each mandible on its respective lever was 

standardized by inserting the tips of the mandibles into plastic receptacles (MakerBot 

filament MP05952) created by a 3-D printer (MakerBot Replicator 2, MakerBot, 

Brooklyn, NY) and fixed to each lever arm (Figure 1).  Each mandible was confined in its 

own receptacle in a cavity 24 mm. high and 20 mm. wide, with a half-circle concave-

down arch at the top of the cavity.  With each mandible inserted to the receptacle’s full 

depth (32 mm.), touching the back of the receptacle, the contact point for compressive 

force (a strip of a softer plastic intended to mimic animal tissue; MakerBot Flexible 

Filament MP05188) was 32.5 mm from the mandible’s tip.  

A sampling session for one bird comprised three 15-second samples (mandibles in 

receptacles) and intervening 30-second rest periods (mandibles in natural position out of 

receptacles).  Between 15-second samples, birds were held loosely around the body with 

no bill restraint.  At the end of a session, the bird was transported back to its original 

location and released.  Handling time for the entire session was less than 8 minutes.  The 

charge amplifier was reset between 15-second samples, so the audio record yielded three 

maximum bite forces per sampling session.  In post-processing, the “Maximum Bite 

Force” achieved across each sampling session was retrieved from the audio record, 

giving a single global maximum for each bird.  Repeat sampling from 32 individuals 

showed moderate repeatability (Rothery’s metric, psi = 0.76, p = 0.0004, equivalent to 
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Pearson’s r = 0.45; Rothery 1979).  Maximum Bite Force values were adjusted for the 

mechanical advantage of the lever system (fulcrum-to-bite distance; Herrel at al. 2009).  

I created an ADC converter with an Arduino Uno (Arduino LLC, Boston, 

Massachusetts, USA) and used PLX-DAQ software (Parallax Inc., Rocklin, California, 

USA) to record real time force production at 5 msec. resolution for the entirety of each 

sampling session on a laptop computer.  In this study, only the single maximum bite force 

from a sampling session was analyzed. 

 

Motivation 

Many birds bit readily after engaging with the apparatus.  Additionally, each bird 

was tapped between its mandibles during sampling sessions to promote bites.  Variation 

in motivation to bite in the apparatus was apparent: some birds bit vigorously and 

repeatedly with whole-body movements accompanying the bites; others bit once 

vigorously and then only “nibbled” thereafter (possibly perceiving that the apparatus was 

not alive); and some mostly opened their beaks rather than closed them (possibly an 

avoidance response).  After measuring Maximum Bite Force in 409 birds, and 

acknowledging a logistical limit on investigator effort during follow-up morphology 

measurements, I identified the highest Maximum Bite Force values within each Age 

Class/Sex (young females, young males, middle-aged females, etc.) and measured 

morphology only on those “Top 50%” birds.  This subset was assumed to best reflect 

actual Maximum Bite Force capacity and to be least affected by motivation to bite.  I 

failed to relocate some of these “Top 50%” birds for morphology measurement, and 153 

birds provided both Maximum Bite Force and morphology (Table 1).   
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Table 1.  Sample sizes by Age Class including birds with Maximum Bite Force scores in 

(A) the “Top 50%” of their age/sex category (n = 153; these also provided morphology 

measurements) and (B) all birds (“Top 50%” plus all birds without morphology 

measurements).   

 

 n Sex Young (6-8) Middle-Aged (11-14) Old (18+) 
Row 

Total 

A 
 

153 

 
Female 

 
18 

 
24 

 
25 

 
67 

Male 18 27 41 86 
 

       

B 349 
Female 42 52 59 153 

Male 33 59 104 196 

 

 

In some cases, the GoPro audio record was incomplete and in others the bird’s age did 

not fall into the desired age classes; excluding these left 349 birds with Maximum Bite 

Force measurements (153 of these also had morphology measurements).  Inference 

regarding Age Class and Sex was based, in the end, on all birds.   

 

Morphology Measurements and Mass 

Morphology is strongly correlated with maximum bite force in some species, with 

head width and height usually being the best predictors (Herrel et al. 1999, 2001a, 2001b, 

2002, 2004).  To account for any effect of morphology, one investigator (EJR) took 

measurements of both whole-body dimension (flattened stretched right wing chord, right 

ulna, right tarsus; following Grant 1999) and head dimension: head length, head width, 
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culmen, beak height, and lower jaw length using accepted methods (Herrel et al. 2001b, 

2005a, 2005b), and “Hinge-to-Crease” (Table S5; see Appendix).  Head width was 

measured at the widest part of the head, just behind the eyes.  Head length was measured 

from the back of the skull to the base of the bill.  Bill height was taken perpendicularly at 

the widest part of bill (the base, closest to the head).  Lower jaw length was measured 

from posterior edge of the retroarticular process to the end of the dentary bone.  Body 

mass was measured for each individual, but not used as a predictor because its 

repeatability was low due to a strong dependence on time since the last meal and meal 

size (unpub. data). 

Unique to this study, the Hinge-to-Crease measurement is the distance from the 

temporomandibular joint, located behind the bony prominence of the quadratojugal bone, 

to the gape opening at the back edge of the mandibles (Figure 2).  This measurement 

allowed me to locate the temporomandibular joint (the hinge of the bird’s jaw 

mechanism) in GoPro videos and calculate the gape angle for each bite.  Studies of bite 

force often standardize the gape angle for each individual during the bite process by 

adjusting the distance between bite plates of the force transducer device.  This promotes 

mechanically similar conditions during each bite (Herrel et al. 2005b, Anderson et al. 

2008).  In this study, the design of the BFD effectively standardized gape angle by fixing 

the locations of the distal tips of the mandibles and points of contact as described above; 

nonetheless, I took measurements and video to allow post-sampling standardization if 

necessary.  For 20 representative birds (10 males, 10 females), I adjusted raw Maximum 

Bite Force using a constant gape angle (18o, the mean of the 20 birds).  The adjusted 

force differed from the raw value by no more than 1.4% (for absolute value of the  
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Figure 1.  The “Hinge-to-Crease” measurement, taken with the beak closed.  The Hinge-

to-Crease was measured from just behind the prominence of the quadratojugal bone, 

where the temporomandibular joint is, to the crease indicating the beginning of the gape 

opening at the back edge of the mandibles. 

 

difference, mean = 0.45%).  Measurement of gape angle from the video was labor-

intensive, and with calculations giving such a small difference in Maximum Bite Force 

value I elected to omit gape angle calculations.  I used eight morphology predictors of 

maximum bite force.  A Principal Component Analysis, performed within each sex, 

reduced the dimension of these eight measurements; I used PC1 (reflecting size) and PC2 

(approximately reflecting shape) in models predicting Maximum Bite Force (Figures 3  
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Figure 3.  PC1 and PC2 loadings for female morphology features.  Horizontal 

component of a line’s slope reflects degree of loading on PC1; vertical component 

reflects loading on PC2.  PC1 accounted for 33.3% of the variance and corresponds to 

overall length, while PC2 accounted for 16.9% of the variation and corresponds with 

additional dimensionality.  WingL: flattened wing chord; Tarsus: tarsus length; Ulna: 

ulna length; LowerJawL: lower jaw length; Culmen: culmen length; HeadL: head length, 

BillH: bill height; HeadW: head width; H2C: “Hinge-to-Crease” measurement.  
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Figure 4.  PC1 and PC2 loadings for males, as in Figure 3.  PC1 accounted for 24.2% of 

the variance while PC2 accounted for 17.8% of the variation. 

 

 

and 4).  Together, PC1 and PC2 accounted for 50% (females) and 42% (males) of the 

variation in the eight measurements. 
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Statistical Analysis  
 

Quantile regression allows estimation of values of response variables near the 

upper boundary of the conditional distribution when some factor(s) affecting the response 

cannot be measured and accounted for.  By modeling coefficient values across the entire 

response distribution, a more complete picture of the relationships between response 

variable and predictors can be created than is possible with ordinary least squares 

regression (Cade and Noon 2003).  In this study I suspected that (unmeasured) individual 

motivation to bite confounded bite effort, with lower quantiles within an age/sex class 

including the least motivated individuals and higher quantiles including individuals biting 

closest to their physiological potential. 

To test the hypothesized age effects on performance, controlling other effects on 

Maximum Bite Force, I used quantile regression to model Maximum Bite Force with four 

predictors and two interactions: Age Class, Sex (females are roughly 16% heavier; 

Appendix Table 1; Anderson 1993), and their interaction, and PC1, PC2, and their 

interaction (Table 2).   
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Table 2.  Global model and serially reduced models, omitting in turn an unsupported 

term whose estimate’s 95% C.I. included the intercept model (y = 0 in Figures S7-10; see 

Appendix).  Inference was based on the “Final Model”.  Interaction terms include an 

asterisk.  The Global Model, Model 2, and Model 3 were fit to data from the “Top 50%” 

birds.  The Final Model was fit to all birds providing Maximum Bite Force data.  

 

 

 

  

 

 

 

 

 

 

 

 

Model 
 
 

  

Global 
Model 

Bite Force = Age Class + Sex + Age Class⁎Sex + PC1 + PC2 + PC1⁎PC2 

Model 2 Bite Force = Age Class + Sex + Age Class⁎Sex + PC1 + PC2 

Model 3 Bite Force = Age Class + Sex + Age Class⁎Sex + PC2 

Final  
Model 

Bite Force = Age Class + Sex + Age Class⁎Sex 
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Sample size considerations limited the number of interaction terms that could be 

accommodated, and interactions that were not included were not expected a priori to be 

important predictors.  I estimated quantile regression coefficients and 95% C.I.s 

(quantreg package, version 5.54; R Development Core Team, Vienna, Austria) for 

quantiles (� = 0.20, 0.25, 0.50, 0.75, 0.80, 0.85, 0.90) of the global model (Table 2).  C.I.s 

were developed for the quantile regression coefficients from the inverted rank score test, 

which is robust to error heterogeneity (Cade et al. 2005, Koenker 1994, Koenker & 

Machado 1999).  The initial, Global, model included all six terms.  Note that the Global 

Model and others with morphology predictor terms can only be fit to data from the “Top 

50%” birds (i.e., those with morphology data).  The fact that the “Top 50%” provided 

only half of the response variable’s distribution is not an issue with quantile regression, 

which makes no assumption regarding parametric error distribution (Cade and Noon 

2003). 

 Model simplification removed terms, in a stepwise manner beginning with 

interactions, that did not predict Maximum Bite Force, to improve statistical power by 

having correspondingly simpler models.  I evaluated Age Class, Sex, and their interaction 

last because they were of a priori interest.  First, the Global model across seven quantiles 

(� = 0.20, 0.25, 0.50, 0.75, 0.80, 0.85, 0.90) showed that the PC1⁎PC2 predictor did not 

explain meaningful variation in Maximum Bite Force (95% C.I.s of force estimate 

included Y = 0) across all quantiles.  This unsupported term was omitted from the 

subsequent, simplified Model 2 (Table 2).  This reasoning progressively excluded all 

morphology terms, as described in RESULTS (see Appendix Figures 1-4).  
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Simplification ended with the “Final” model, in which each remaining predictor (Age 

Class, Sex, and Age Class⁎Sex) was supported by the data at some or all quantiles and 

could not be omitted without loss of explanatory ability (Appendix Figure 4).  Our 

inference came from estimates from this model; unconstrained by the need for 

morphological data, the sample size for the Final Model almost doubled (full details in 

Appendix).  
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RESULTS 

The 95% C.I. of the PC1⁎PC2 term’s coefficient from the Global Model, fit to 

the “Top 50% data, exclude zero across all quantiles, indicating that the term explained 

no meaningful variation in Maximum Bite Force (Appendix Figure 1), and so was 

omitted from the subsequent model.  Note that coefficients for some other predictors did 

vary by quantile, validating the use of quantile regression for inference.  The first 

simplified model, Model 2 (Table 2) fit to the “Top 50%” data, evaluated either PC1 or 

PC2, whichever had the least support.  For each of these, the coefficient’s 95% C.I. 

included zero at all quantiles (Appendix Figure 2) and had no support in the data.  I 

elected to omit PC1 from Model 3.  Similarly, Model 3 fit to the “Top 50%” data 

evaluated the remaining morphology term, PC2; its coefficient’s 95% C.I. included zero 

at all quantiles (Appendix Figure 3), and so was omitted from the Final Model.  Further 

model simplification was unwarranted because the Age Class⁎Sex interaction was 

supported at many quantiles, and especially at the upper quantiles (the 95% C.I.s did not 

include Y = 0).   

From the Final Model, fit to the entire Maximum Bite Force dataset, coefficient 

values for Age Class, Sex, and Age Class⁎Sex depended strongly on quantile of 

Maximum Bite Force (Appendix Figure 4, Table 3).  I based inference on results for the 

85th quantile, using the following reasoning.  First, I expected upper quantiles to better 

reflect true biting capability, unmasked by low motivation to bite.  The highest quantiles 

are most informative under this reasoning.  Second, as quantiles approach the 99th 

quantile the effective sample size decreases proportionately, increasing uncertainty (Cade 

& Noon 2003).  In the Final Model, the 85th quantile has the smallest 95% C.I.s around 
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coefficient estimates and the largest R1 (goodness of fit, analogous to R2 in ordinary least 

squares regression; Koenker & Machado 1999).  I judged the 85th quantile to optimize the 

tradeoff between estimating true biting capability and diminishing sample size in upper 

quantiles.  The Final Model’s 85th quantile showed a strong effect of the Age Class⁎Sex 

interaction on Maximum Bite Force (Table 3).  Old females bit weakly compared to 

middle-aged females, consistent with senescent decline.  Young females also bit weakly 

compared to middle-aged females.  Males showed no evidence of age-related decline 

across these Age Classes (Figure 5a).   

Noting that males show weaker actuarial and reproductive senescence at a given 

age than females do in this species (Tompkins & Anderson 2019), we asked in a post hoc 

analysis if Maximum Bite Force of males changed within the old Age Class males (18-28 

yrs).  This quantile regression used age as a continuous predictor.  Slopes from the upper 

quantiles showed a strong negative effect of continuous Age on Maximum Bite Force 

(Figure 5b), while lower quantiles gave some weak evidence of this age dependence 

(Table 4, Figure 6).  

 

  



 

  

Table 3.  Coefficient estimates from the Final Model predicting Maximum Bite Force in Nazca boobies.  Age Class (categorical): 

young (6-8 years), middle-age (11-14 years) and old (18+ years); Sex (categorical).  The confidence interval for each estimate is in 

brackets.  Bolded values indicate estimates with C.I.s that do not include 0 (that is, that exclude the null expectation).  “Sex M” = 

males.  R1 estimates are goodness-of-fit measures for quantile regression, analogous to R2 in ordinary least squares regression. 

 
20th Quantile 25th Quantile 50th Quantile 75th Quantile 

Coefficient Estimate [95% C.I.] Estimate [95% C.I.] Estimate [95% C.I.] Estimate [95% C.I.] 

Intercept  45.0 [42.0, 47.8] 46.6 [43.6, 49.4] 52.5 [49.3, 56.9] 60.4 [55.3, 66.3] 

Age Class Young  -1.85 [-6.75, 0.84] -1.85 [-6.64, 1.38] -3.97 [-8.60, -0.47] -5.83 [-13.73, -0.56] 
Age Class Old -0.26 [-4.31, 2.70] -0.79 [-4.82, 1.98] -1.06 [-6.01, 4.68] -2.12 [-9.59, 1.78] 

Sex M -5.83 [-9.72, -3.92] -6.89 [-9.32, -4.11] -8.74 [-12.28, -4.59] -10.33 [-18.62, -6.96] 

Age Class Young*Sex M 2.65 [-0.54, 7.83] 2.91 [-0.44, 8.04] 4.77 [0.39, 8.89] 3.71 [-0.35, 13.34] 
Age Class Old*Sex M 1.06 [-2.88, 5.94] 1.85 [-1.96, 5.32] 2.38 [-2.68, 7.11] 0.53 [-2.79, 9.06] 
  

    

R1 0.05 0.06 0.08 0.14 

 
80th Quantile 85th Quantile 90th Quantile 

Coefficient Estimate [95% C.I.] Estimate [95% C.I.] Estimate [95% C.I.] 

Intercept 63.8 [59.3, 70.2] 66.2 [61.1, 72.9] 67.0 [64.4, ~∞] 

Age Class Young -8.48 [-12.60, -0.60] -8.21 [-13.82, -1.01] -7.42 [-13.21, 4.00] 

Age Class Old -4.77 [-9.19, -0.37] -6.62 [-10.55, -2.71] -6.09 [-17.84, -0.68] 

Sex M -13.5 [-17.7, -7.8] -14.6 [-19.8, -9.6] -12.3 [-19.4, -4.7] 

Age Class Young*Sex M 7.42 [-1.08, 11.74] 6.62 [-0.46, 17.57] 6.09 [-2.45, 19.48] 

Age Class Old*Sex M 3.18 [-2.08, 7.13] 4.77 [0.34, 10.36] 5.03 [-4.24, 13.74] 
     

R1 0.15 0.16 0.14 

1
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Figure 5.  a) Maximum Bite Force estimates by Age Class, from the 85th quantile of the Final quantile regression model.  Females 

shown as circles, males as triangles.  b) For old males only, Maximum Bite Force by continuous Age, with regression lines for the 

quantiles examined.  The 95% C.I. for the slope estimate excludes zero (achieves statistical significance) only for the 80th, 85th, and 

90th quantile.
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Table 4.  Quantile regression coefficients and 95% C.I.s for the Age-only model (BF ~ Age) on old males (18-28 yrs; n = 104).  Age is 

a continuous predictor in this model. 

 

 
25th Quantile 50th Quantile 75th Quantile 80th Quantile 

Coefficient Estimate [95% C.I.] Estimate [95% C.I.] Estimate [95% C.I.] Estimate [95% C.I.] 

Intercept 57.5 [39.4, 83.2] 56.2 [43.7, 77.3] 59.6 [50.0, 76.6] 71.8 [47.6, 90.0] 

Age  -0.80 [-2.07, 0.10] -0.53 [-1.19, 0.04] -0.57 [-1.33, -0.00] -1.06 [-1.80, 0.00] 
     

R1 0.03 0.02 0.02 0.10 

 

85th Quantile 90th Quantile 

Coefficient Estimate [95% C.I.] Estimate [95% C.I.] 

Intercept 81.2 [55.9, 92.1] 80.5 [72.1, 102.4] 

Age  -1.41 [-1.94, -0.52] -1.33 [-2.36, -0.92] 

      

R1 0.05 0.10 
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Figure 6.  Coefficient (β) plots for BF ~ Age model on males within the old Age Class.  
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DISCUSSION 

 
Nazca boobies join gray mouse lemurs (Microcebus murinus; Hamalainen et al. 

2015) as the only wild animals tested for declining muscular strength in old age.  Each 

shows the pattern expected from human and laboratory studies: less muscular strength in 

elderly individuals.  The interactive effects of age and sex on bite force showed that 

females lose biting strength from middle to old age (approximately 9% loss; Figure 5a), 

but males do not until after they have entered the old Age Class, losing around 16% of 

their bite force across the class (Figure 5b).  These different schedules of decline are 

similar to the sex-specific changes in survival and reproduction: females show more 

pronounced age-specific declines in the physically demanding activities involved in these 

components of fitness.  While sex-specific schedules of declining muscle strength are 

known in elderly humans (Shimokata et al. 2014), ours is the first to detect this in wild 

animals. 

Many vertebrates experience progressive and generalized loss of skeletal muscle 

mass and function (“sarcopenia”; Rosenburg 1997) in old age (Always 1995, Degens & 

Always 2003, Hindle et al. 2009, Hindle et al. 2010, Pistilli et al. 2014).  For Nazca 

boobies, this possibility is supported by a parallel study of flight performance: airspeed of 

the physically demanding commuting flight is similar in middle-aged and old birds early 

in foraging trips, but late in trips old birds are slower, apparently revealing a stamina 

deficit (J. Howard et al., unpub. data).  Taken together, these results suggest weakening 

of multiple muscle groups as a physiological contributor to the pronounced and 

progressive actuarial and reproductive senescence observed in elderly boobies (Anderson 
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& Apanius 2003, Tompkins & Anderson 2019).  The strongest evidence on this point 

would come from longitudinal data on an individual’s muscle strength connected to their 

survival and reproduction, rather than cross-sectional data at the population level.  We 

lack longitudinal data on muscle strength for Nazca boobies and other wild animals. 

Middle-aged females had stronger bite force than middle-aged males (Figure 5a).  

This would be expected, given the sexual size dimorphism in their morphology 

measurements (Appendix Table 1; Anderson 1993), and previous studies of bite force 

indicating a positive correlation between size and bite force (Perez-Mellado & Riva 1993, 

Verwaijen et al. 2002, Herrel et al. 2009, De Meyer et al. 2019).  However, PC1 and PC2 

were not found to be significant predictor variables for Maximum Bite Force.  It could be 

that differences between sexes in unmeasured morphology measurements (such as jaw 

adductor muscle mass) would account for this.  An additional analysis including body 

mass (even unstandardized) might also help explain this difference.  Surprisingly, young 

females bit weakly compared to middle-aged females, suggesting that females might take 

more time (from ages 6-8 yrs to ages 11-14 yrs) than males to realize their full physical 

potential.  Birds in the 6-8 year range are far beyond the sub-adult phase, with high adult 

survival and improving breeding success (Tompkins et al. 2019).  Continuing maturation 

of the muscles across the entire first half of the breeding career would be surprising in a 

bird, especially since the pattern is restricted one sex.  Recent seabird literature has 

focused on the changes in experience and cognitive ability that take place as birds 

transition into adulthood (Riotte-Lambert & Weimerskirch 2020, Wakefield et al. 2019, 

Corbeau et al. 2020).  It would be prudent to investigate the potential for physical 

changes to also be occurring well into adulthood.  
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The number and type of traits whose decline correlates with actuarial and/or 

reproductive senescence are now known to be diverse across species (Gaillard & 

Lemaitre 2020, Shefferson et al. 2017, Hayward et al. 2013, Lecomte et al. 2010).  

Disentangling the networks of mechanisms stretching from the cellular level up to the 

organismal level will be challenging (Arking 2019, Cohen 2016).  The identification of 

these declining traits in natural populations where actuarial and reproductive senescence 

has been previously established is the first step to addressing this (Roach 2014).  Nazca 

boobies have shown that functional decline in muscle strength is one underlying trait of 

consequence.  
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APPENDIX 

 
SUPPLEMENTARY MATERIAL 2: RESULTS 

 
Table 1.  Mean measurements and standard deviation of morphology features collected in the field for all birds with Maximum Bite 

Force in the top 50% of each age/sex class.  

Age Class n Sex Body Mass (g) Wing Length (mm) Ulna (mm) Tarsus (mm) Culmen (mm) 

Young (6-8) 
18 F 1,949 ± 177 478.3 ± 8.4 218.0 ± 4.4 60.50 ± 1.73 107.30 ± 2.99 

18 M 1,666 ± 117 464.8 ± 6.8 209.2 ± 4.0 56.88 ± 2.69 103.81 ± 2.85 

Middle age 
(11-14) 

24 F 2,123 ± 276 481.4 ± 7.1 220.1 ± 4.3 60.66 ± 1.44 105.98 ± 2.55 

28 M 1,734 ± 138 466.0 ± 9.6 210.6 ± 4.5 57.20 ± 2.28 104.74 ± 1.97 

Old (18+) 
25 F 1,927 ± 141 479.9 ± 7.5 218.2 ± 3.7 60.49 ± 1.51 105.84 ± 2.69 

41 M 1,734 ± 128 464.3 ± 9.0 209.5 ± 4.2 57.50 ± 1.53 103.93 ± 2.90 

        

Age Class n Sex 
Head Length 

(mm) 
Head Width (mm) 

Bill Height 

(mm) 

Lower Jaw Length 

(mm) 

Hinge-to-Crease 

Distance (mm) 

Young (6-8) 
18 F 68.23 ± 2.25 43.71 ± 1.31 38.06 ± 0.77 167.83 ± 4.16 25.09 ± 1.92 

18 M 63.33 ± 5.31 42.13 ± 1.22 37.92 ± 1.16 160.61 ± 3.18 22.84 ± 1.57 

Middle age 
(11-14) 

24 F 68.65 ± 1.81 43.30 ± 1.23 38.25 ± 1.29 167.79 ± 3.06 24.22 ± 1.79 

28 M 65.16 ± 1.57 42.48 ± 1.45 37.70 ± 0.92 162.26 ± 2.88 23.49 ± 2.08 

Old (18+) 
25 F 67.98 ± 1.51 43.33 ± 1.48 37.96 ± 0.97 167.04 ± 2.89 23.43 ± 1.60 

41 M 64.79 ± 1.51 42.43 ± 1.78 37.90 ± 1.08 161.05 ± 3.19 22.23 ± 1.75 
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Figure 1.  Coefficient (β) estimates and 95% confidence intervals (C.I.) of quantile 

regression and ordinary least squares (OLS) regression for the Global Model (Bite Force 

~ Age Class + Sex + Age Class⁎Sex + PC1 + PC2 + PC1⁎PC2) on the “Top 50%” 

samples.  Quantile slope estimates (black points and line segments) and their CIs (gray 

bands) capture slope variation across quantiles that is not captured by OLS slope 

estimates (solid red line and dashed red lines [95% C.I.]).  The zero value on Y-axis is  

the reference value from the intercept-only model.  Estimates overlapping zero (gray 

solid line) lack support as a meaningful predictor.  The quantiles chosen by the software 
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here are representative values spread evenly across the range 0.10-0.90 and differ from 

the quantiles chosen for inference.  In this step of model simplification, the PC1:PC2 

term (red box) is the focus and was judged to lack support.   

 

 



 30

 

Figure 2.  Coefficient (β) plots for Model 2 (Bite Force ~ Age Class + Sex + Age 

Class⁎Sex + PC1 + PC2).  Symbols as in Appendix Figure 1.  In this step of model 

simplification, the PC1 or PC2 term is the focus; PC1 (red box) was judged to have the 

least support and to lack support as a meaningful predictor.
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Figure 3.  Coefficient (β) plots for Model 3 (Bite Force ~ Age Class + Sex + Age 

Class⁎Sex + PC2).  Symbols as in Appendix Figure 1.  In this step of model 

simplification, the PC2 term (red box) is the focus; PC1 was judged to lack support as a 

meaningful predictor. 
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Figure 4.  Coefficient (β) plots for the Final Model (Bite Force ~ Age Class + Sex + Age 

Class⁎Sex).  Symbols as in Appendix Figure 1.
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