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Abstract 
 

Variations in Otolith-Zinc Microchemistry of Brown Surgeonfish (Acanthurus 

Nigrofuscus) Between Marine Protected Areas and Fished Reefs 

Author: Matthew Austin Nichols 

Advisor: Ralph G. Turingan, Ph.D. 

As human populations continue to increase, the growing reliance on exploited fish 

stocks has furthered patterns of declining body size and biomass worldwide. To 

mitigate these impacts, fisheries managers have implemented a variety of 

conservation strategies, including marine protected areas (MPA), as these serve as a 

refuge for fish, resulting in increases in numerous health metrics (fish density, 

biomass, body-size, and species diversity). 

By using fish otolith samples previously concluded to have physiological and 

morphometric differences between MPA and fished reef (FR) fish, this thesis 

explores the potential of using microchemical analysis of zinc (Zn) to reveal 

impacts MPAs might have on Brown Surgeonfish (Acanthurus nigrofuscus). To 

investigate this, the following research questions were proposed: (1) Is there a 

difference in otolith-Zn concentration between conspecific fish in MPAs and FRs? 

(2) Is there an age-based difference in otolith-Zn concentrations among conspecific 

fish and is this difference present between MPAs and FRs? (3) Is there a sex-based 

difference in otolith-Zn concentrations among conspecific fish and is this difference 

present between MPAs and FRs?  

Otoliths collected from fish captured within and outside MPAs in Zambales, 

Philippines, were sliced, aged, and analyzed by laser ablation inductively coupled 
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plasma mass spectrometry (LA-ICP-MS). The collected data was calculated for 

statical significance using linear mixed-effects models (LMM). 

This study was able to conclude that otolith-Zn concentrations were effective in 

distinguishing differences between these conspecific fish by MPA status, age, and 

sex (p<0.0001, p<0.0001, and p=0.0351 respectively). However, these variables 

were not found to be statistically significant between interactions. Therefore, the 

microchemical analysis of otolith-Zn concentrations alone does not provide a 

completed picture of the effects MPAs have on these populations. Furthermore, 

higher otolith-Zn concentrations were expected from those populations previously 

determined to show healthier characteristics. Contrarily, the opposite observation 

was observed in this analysis and warrants additional research. It was only by 

combining the microchemical analysis, biological profile, literature, and 

morphometric sample data that we get a potential glimpse into the physiologic and 

behavioral response of A. nigrofuscus to protective zones. 
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Chapter 1  
Introduction 

 

State of Fisheries 

Historical records show a declining body size and biomass of exploited fish stocks 

worldwide. As human populations continue to increase, reliance on fish has 

become more prevalent (FAO, 2020). This increased demand has led to increased 

fishing pressures, particularly upon coral reefs. In developing nations, subsistence 

fishers commonly target the largest and oldest individuals. This leaves the smaller 

and younger fishes remaining in the population (Birkeland and Dayton, 2005; 

Myers and Hoenig, 1997). Thus, exploited populations are subjected to intense 

directional selection pressure that favors progressively lower growth rates, smaller 

terminal body-sizes (Heino and Godø, 2002; Kuparinen and Merilä, 2007; Law, 

2000, 2007; Swain et al., 2007) and the onset of sexual maturity at smaller body-

sizes and younger age (Ernande et al., 2004; Grift et al., 2003). In many fishes, 

younger and smaller females breed for shorter periods, exhibit lower fecundity, and 

produce fewer and smaller eggs compared to older and larger conspecifics 

(Berkeley et al., 2004; Bobko and Berkeley, 2004). Smaller maternal body-sizes 

also correlates with reduced larval size-at-hatch, growth rate, feeding rate, and 

viability (Haugen and Vøllestad, 2001; Walsh et al., 2006), diminishing the 

reproductive capacity of exploited populations. The combination of these factors 

results in the reduction of fish biomass, threatening the sustainability of fishery 

stocks. 

To mitigate the negative effects of exploitation on fish stocks, it is critical that the 

sustainability of fisheries resources and the conservation of fish diversity is at the 

forefront of management programs worldwide (Stokes and Law, 2000). One 
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popular method of fisheries management is the establishment of conservation areas, 

such as marine protected area (MPA) that limit or prohibit fishing activities within 

specified boundaries (Christie and White, 2007). Numerous studies have indicated 

that MPAs serve as a refuge for fish, resulting in increased fish density, biomass, 

body-size, and species diversity within MPAs compared to adjacent, fished reefs 

(FRs; Cramer et al., 2020; Fidler et al., 2014, 2017, 2018; Lester et al., 2009; 

Maliao et al., 2009a, 2009b; Mosquera et al., 2000; Soykan and Lewison, 2015). 

The study by Fidler and colleagues (2018) examined coral reefs located in the 

Philippines and assessed the efficacy of MPAs to improve fitness characteristics of 

fishes within its borders compared to adjacent FRs. They concluded that protected 

fish populations inside MPAs had larger terminal body sizes, larger sizes-at-

maturity, as well as older ages-at-maturity. By utilizing subsets of Acanthurus 

nigrofuscus otoliths collected by Fidler and colleagues (2018), this thesis aims to 

use otolith microchemistry to identify whether elemental zinc (Zn) concentrations 

could detect disparities between conspecific fish. If this targeted microchemical 

analysis is proven to be effective in distinguishing variations, future studies could 

potentially use smaller sample groupings to lower cost, effort, and ecological 

impacts of collections when exploring the efficacy of protection on fish 

populations. 

 

The Otolith 

Otoliths are paired calcareous structures (ear-stones) located on either side of the 

brain (Schulz-Mirbach and Reichenbacher, 2006; Figure 1: Otolith positions within 

teleost fishes (Secor et al., 1992)) in the heads of teleost fishes. These ear-stones are a 

critical component of the inner ear in fishes as they are used for hearing and/or 

balance. Though shapes and morphologies are species specific, all finfish have 
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three otolith pairs - asterisci, lapilli, and the largest, sagittae (Bostanci et al., 2016). 

Otoliths grow larger throughout the life of a fish by concentrical deposits of an 

assemblage of elements. 

 

 

Figure 1: Otolith positions within teleost fishes (Secor et al., 1992). 

 

Similar to the growth rings of a tree, the growth rate of an otolith is reflected in the 

distances between successive concentric ring markings as it develops from its core 

(i.e., nucleus). This distal growth rate is affected by temporal and spatial variation 

in ecosystem quality and resource utilization, and therefore, have been used for 

numerous purposes relating to age and life history (Campana, 1999). 
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The majority of otolith microchemistry research has examined ambient 

environmental conditions (i.e., temperature and salinity) for spatial movements and 

stock demarcation (Begg et al., 2005; Campana, 1999; Hüssy et al., 2020), while a 

smaller portion has attempted to correlate physiologic regulatory factors (i.e. 

growth, reproduction, and diet) to elemental signatures detected within analyzed 

otoliths (Sturrock et al., 2014). 

Many physiologic microchemistry studies to date have been manipulative studies 

of high-dose elemental concentrations, generally used for proof of concept in 

elemental markings (Hicks et al., 2010; Ranaldi and Gagnon, 2008; Sturrock et al., 

2014, 2015). This research is a mensurative study focused on Zn to assess the 

differences observed between conspecific fish by capture location (MPA status), 

age, and sex. 

 

Elemental Zinc 

Zinc (Zn) is among the best known indicators when examining physiologic tracers 

as environmental presence of Zn tends to exhibit minimal influence on deposition 

of Zn in the otolith (Hüssy et al., 2020).  

Zn exists at naturally low concentrations in aquatic environments, mostly existing 

bound to dissolved organic matter (Jarvinen and Ankley, 1999). Otolith-Zn 

absorption has been shown to have no relations between either water concentrations 

or salinity but is primarily obtained through the diet of a fish – accumulating in soft 

tissues before being transferred to the otolith (Hicks et al., 2010; Ranaldi and 

Gagnon, 2008).  

As Zn has been found to be involved in various metabolic pathways (Watanabe et 

al., 1997), physiological processes like maturation and somatic growth influence Zn 
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uptake and regulation in blood plasma prior to otolith deposition (Sturrock et al., 

2014). Ontogenetic profiles of otolith-Zn concentrations typically peak prior to 

sexual maturity, after which steadily declines as distance from the core increases 

(Halden et al., 2000; Hüssy et al., 2020). Decreases in otolith-Zn concentrations 

have also been observed within mature females during spawning seasons. It is 

theorized that this is due to Zn being rerouted to the ovaries during vitellogenesis 

(yolk formation), as this has been seen within a broad range of vertebrates 

(Sturrock et al., 2013, 2015). 

 

Research Questions 

This thesis research addresses the following questions. (1) Is there a difference in 

otolith-Zn concentration between conspecific fish in MPAs and FRs? (2) Is there an 

age-based difference in otolith-Zn concentrations among conspecific fish and is this 

difference present between MPAs and FRs? (3) Is there a sex-based difference in 

otolith-Zn concentrations among conspecific fish and is this difference present 

between MPAs and FRs? 
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Chapter 2  
Materials and Methods 

 

Target Species 

The Brown Surgeonfish (Acanthurus nigrofuscus) is commonly found throughout 

the Indo-Pacific Region on shallow reefs and rocky bottoms (Tebbett et al., 2017). 

A. nigrofuscus is an algivorous fish often found grazing in large schools (Hart and 

Russ, 1996; Montgomery et al., 1989). This species serves a prominent role in 

maintaining algal growth on coral reefs and provides a critical food source 

throughout coastal communities of the Philippines, Asia, and the Greater Pacific 

Region (Clifton et al., 2010; Dalzell and Smith, 1998). 

 

Collection and Scientific Design 

The specimens used in this study were collected by SCUBA and speared within 

Masinloc, Zambales, Philippines by Fidler et al. (2018) in 2015 from three strongly 

guarded MPAs and adjacent unprotected municipal FRs 300m or greater outside 

MPA boundaries to ensure exposure to fishing pressures: 1. San Salvador Island 

MPA (127 ha; est. 1989; n=8), 2. Bani MPA (50 ha; est. 2006; n=7), 3. Taklobo 

Farm MPA (2 ha; est. 1989; n=4), 4. Masinloc FR (n=26; Figure 2). Subsequent to 

collection, specimens were euthanized, morphologic data was collected, and both 

sagittal otoliths were removed following the protocol described in Fidler et al. 

(2018). The prior study utilized the left sagittal otoliths and therefore the current 

study utilized the corresponding right sagittal otoliths. 

As this study was a targeted examination of samples previously collected, it was 

necessary to limit potential candidates to fit the required criteria. To ensure 
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ontogeny was most robustly represented, the chosen population would consist of 

sexually mature males (n=22) and females (n=23). Given A. nigrofuscus becomes 

sexually mature prior to age 2 (Fidler et al., 2018; Hart and Russ, 1996), the 

selections ranged from 4 to 7 years of age. To standardize the disparities in age, this 

study focused on only the first 4 years of otolith growth, as this encompasses the 

beginning of life through adult maturation (Table 1). 

 

 

Figure 2: A. nigrofuscus MPA and FR collection locations (Fidler et al., 2018). 
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Table 1: Sample sizes by Age, Sex, and MPA status. Bold numerical values 

represent cumulative totals of associated rows. 

MPA Status Sex Age 4 Age 5 Age 6 Age 7 Sex MPA Status

M 1 4 5 2 12

F 5 4 4 1 14

M 4 3 3 0 10

F 4 2 1 2 9

14 13 13 5

Totals

45

FR 26

19MPA

Totals

 

 

Otolith Analysis Preparation 

Otolith samples were processed for analysis at the Florida Fish and Wildlife 

Conservation Commission’s (FWC) Fish and Wildlife Research Institute (FWRI) 

Age and Growth Lab. Otolith cores were marked prior to being embedded in epoxy 

resin (82% Araldite 502, Electron Microscopy Sciences Inc.; 12% Hardener HY 

956, Vantico Inc.), sectioned into 400 µm sections using a Buehler Isomet low 

speed saw to expose the central core, and rinsed with Milli-Q water to remove 

contaminants. Photographs of each sample were taken under a stereomicroscope 

and ages ascertained following the ventral lobe of the sulcal groove. Results were 

later corroborated by comparing the corresponding left otolith ages determined by 

Fidler et al. (2018). Measurement lines along the intended chemical analysis paths 

were drawn from the core to the first opaque zone and between three subsequent 

opaque zones to represent the first four years of each specimen’s life (JENOPTIK 

GRYPHAX® imaging and measurement software; Figure 3). Otoliths were then 

mounted to glass slides using indium-spiked Crystalbond and shipped for chemical 

analysis (Figure 4). 
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Figure 3: Picture of a six-year-old A. nigrofuscus otolith prepared for analysis. 

Each blue line measures the distances representing one year of otolith growth 

starting from the core. The black line represents the scale of 1mm. 
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Figure 4: Otolith samples loaded into machine tray prior to ablation. 
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Chemical Analysis 

Sample analysis was conducted in one day (June 25, 2021) at the University of 

Texas at Austin Department of Geosciences using an Agilent 7500ce ICP-MS 

coupled to an ESI New Wave UP 193-FX excimer laser ablation system (193 nm, 4 

ms pulse; Woodhead et al., 2007;  Figure 4). Pre-ablation was performed prior to 

analysis to remove potential surface contamination (75 µm spot, 50 µm/s scan rate, 

3.95 J/cm2 fluence). Analysis ablations were made following a path from the 

proximal core, along the sulcus, to the outer edge of each otolith using a 25 µm 

spot aperture, 5 µm/s scan rate, 3.14 J/cm2 energy density (fluence), 20 Hz 

frequency, and carrier gas flows (L/min) of 0.8 for Helium and 0.85 for Argon. In 

keeping with observed standards, as well as to preserve the possibility of further 

examinations of these specimens in future studies, the following suite of elements 

were selected for analysis: Calcium (43-44Ca), Strontium (88Sr), Barium (137-138Ba), 

Zinc (66Zn), Magnesium (24-25Mg), Manganese (55Mn), Lead (208Pb), and Potassium 

(39K). The integration times for these eleven masses measured by the quadruple 

were 10ms (39K, 43-44Ca, 88Sr), 50ms (24-25Mg, 66Zn, 137-138Ba, 208Pb), and 250ms 

(55Mn). The sum of these integration times totaled 0.59 seconds, or 96.37% of the 

duty cycle (sampling period). Given a duty cycle of 0.6122 s with a 5 µm/s scan 

rate, this equates to a horizontal distance of 3.061 µm per duty cycle or 8.2 cycles 

per 25 µm spot footprint. Applying iolite software (Paton et al., 2011), all measured 

intensities were converted to elemental concentrations of parts-per-million (ppm), 

using 43Ca as the internal standard with an index value for Ca of 83.3% wt. USGS 

MACS-3 (synthetic aragonite) was the primary calibration standard and NIST 612 

served as an external reference standard. 39K was excluded from the dataset as it 

was not found to be above recovery limits. Following the initial data processing, 

the grand average recovery fraction of NIST 612 for all elements was within 1% of 

GeoREM preferred values (Jochum et al., 2005). 
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Data Analysis 

Elemental concentrations were provided at specific distances away from the otolith 

nucleus. Linear interpolation between known distances (the nucleus and the annuli 

rings) was performed to estimate the age of the fish at each sampling point along 

the otolith. Using the age at capture and the interpolated age, a date for each sample 

along the otolith was estimated assuming a spawning date of January 1. As there 

were no published studies found listing the spawning season of A. nigrofuscus in 

the Philippines, this date was chosen based on the findings of Robertson (1983) 

who observed spawning seasons to be between November and April in various 

locations of the Indo-Pacific. 

The elemental concentrations were provided in ppm. Any negative values across all 

elements were converted to zero values. The concentrations of each element were 

standardized by 44Ca to be 
𝜇𝑚𝑜𝑙 𝐸𝑙

𝑚𝑜𝑙 𝐶𝑎
. 

Outliers were identified and removed by identifying residuals through fitting a 

Loess curve for non-seasonal data and via a periodic Seasonal and Trend using 

Loess (STL) decomposition for seasonal data. This was completed for each 

element, for each fish. 

Finally, an equal sampling interval needed to be extracted from the data of each 

otolith. Loess regressions (α=0.2) were fit between the interpolated ages and 

elemental concentrations for each element, for each fish. Predicted standardized 

concentrations were extracted at monthly intervals (on the first of the month) for 

the first four years of life. 
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Model Analysis 

As Zn was selected as the focus of this thesis, all other elements were filtered out of 

the data. Additionally, the first two months of data were removed per fish to 

account for potential issues with the warm-up sequence of the laser. 

Standardized concentrations were used in the following models after undergoing a 

log10 transformation to address non-normal residuals. The transformation improved 

these data, but did not completely remove the non-normality. However, the model 

of choice in this study, linear mixed-effects models (LMM), is robust and can 

handle deviations from normality (Schielzeth et al., 2020). 

The LMM began with a null model (no predictor variable) and increasingly added 

variables through stepwise model selection until a global model was created. From 

the global model, non-significant variables were removed to create the final model. 

All models were fit by Maximum Likelihood. 

Testing variables included MPA status, sex, ontogenetic age, and age by birthyear. 

It was important to differentiate age into these two categories as samples varied 

from ages 4 to 7 at collection and therefore varied in birthyear. This variation 

meant potential influence on otolith deposition could affect all specimens 

simultaneously but would be reflected differently in analysis dependent upon the 

age of the individual at the time. 

Analyses were conducted using the R Statistical language (version 4.0.3; R Core 

Team, 2020) on Windows 10 x64 (build 19042), using the packages lubridate 

(version 1.7.9.2; Grolemund and Wickham, 2011), ggplot2 (version 3.3.5; 

Wickham, 2016.), stringr (version 1.4.0; Wickham, 2019), forcats (version 0.5.0; 

Wickham, 2020), tidyr (version 1.1.2; Wickham, 2020), readxl (version 1.3.1; 

Wickham and Bryan, 2019), readr (version 1.4.0; Wickham and Hester, 2020), 
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dplyr (version 1.0.7; Wickham et al., 2021), forecast (version 8.15; Hyndman et al., 

2021), MuMIn (version 1.43.17; Barton, 2020), here (version 1.0.1; Müller, 2020), 

tibble (version 3.0.4; Müller and Wickham, 2020), purrr (version 0.3.4; Henry and 

Wickham, 2020), sjPlot (version 2.8.9; Lüdecke, 2021), report (version 0.3.5; 

Makowski et al., 2020), nlme (version 3.1.152; Pinheiro et al., 2021) and tidyverse 

(version 1.3.0; Wickham et al., 2019). 
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Chapter 3  
Results 

 

Linear Mixed-Effect Model Selection 

This final selected model was the model which provided the lowest Akaike 

information criterion values (AIC; 213.2), Bayesian information criterion values 

(BIC; 258.2), and did not contain extraneous variables. The fixed effects of the 

final model (MPA status, ontogenetic age, and sex) accounted for 26.5% of 

variation in the data and the random effect accounted for 34.98%. 

 

Statistical Results 

As seen in Table 2, there was a significant difference between MPA status, 

ontogenetic age, and sex (p<0.0001, p<0.0001, and p=0.0351 respectively). Age by 

birthyear, testing external intra-year influences, was not statistically significant 

(p=0.7058). In addition, interactions between significant fixed effects were not 

statistically significant (MPA status:ontogenetic age, p=0.6115; MPA 

status:ontogenetic age:sex, p=0.7550). 
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Table 2: Results of Linear Mixed-Effect Model testing MPA Status (In.Out), Sex, ontogenetic age (age), and age by 

birthyear (Age). The syntax between effects represent the separation of variables ( + ), testing of interactions between 

variables ( : ), and testing of slope and intercept variations of response variables ( | ). 

Fixed Effects p-value

Null ~1 ~1|ID 446.6 463.48 55.36% 0% 55.36% N/A N/A

1 ~In.Out ~1|ID 426.23 448.74 55.36% 22.06% 33.30% In.Out <0.0001

2 ~In.Out+age ~1|ID 340.97 369.1 57.29% 23.93% 33.36% In.Out

age

<0.0001

<0.0001

3 ~In.Out+age+In.Out:age ~1|ID 342.16 375.92 57.31% 23.94% 33.37% In.Out

age

In.Out:age

<0.0001

<0.0001

0.3686

4 ~In.Out+age+In.Out:age+Sex ~1|ID 340.45 379.83 57.28% 26.60% 30.68% In.Out

age

Sex

In.Out:age

<0.0001

<0.0001

0.0563

0.3670

5 ~In.Out+age+In.Out:age+Sex+In.Out:age:Sex ~1|ID 341.45 392.08 57.29% 26.69% 30.59% In.Out

age

Sex

In.Out:age

In.Out:age:Sex

<0.0001

<0.0001

0.0559

0.3669

0.2243

Marginal

R
2

Random 

Effect %

Significance

Model Fixed Effects

Random

Effects AIC BIC

Conditional

R
2
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Table 2: Continued 

Fixed Effects p-value

6 ~In.Out+age+In.Out:age+Sex+In.Out:age:Sex+Age ~1|ID 343.02 399.28 57.27% 26.99% 30.29% In.Out

age

Sex

Age

In.Out:age

In.Out:age:Sex

<0.0001

<0.0001

0.0550

0.5303

0.3673

0.2213

7 ~In.Out+age+In.Out:age+Sex+In.Out:age:Sex+Age ~1+age|ID 220.25 287.77 61.49% 27.23% 34.26% In.Out

age

Sex

Age

In.Out:age

In.Out:age:Sex

<0.0001

<0.0001

0.0352

0.7068

0.6115

0.7550

Final ~In.Out+age+Sex ~1+age|ID 213.2 258.2 61.48% 26.50% 34.98% In.Out

age

Sex

<0.0001

<0.0001

0.0351

Marginal

R
2

Random 

Effect %

Significance

Model Fixed Effects

Random

Effects AIC BIC

Conditional

R
2
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Comparative Profiles of Otolith-Zinc Concentration 

Is there a difference in otolith-Zn concentration between conspecific fish in MPAs 

and FRs?  

There is a statistically significant difference observed in otolith-Zn concentration 

between conspecific fish in MPAs and FRs (p<0.0001; Table 2). It can be seen in 

Figure 5 that MPA fish have a consistently lower mean otolith-Zn concentration 

and standard deviation than conspecifics in FRs (x̄ 0.90 ±0.64 and x̄ 2.59 ±3.94 

respectively). 
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Figure 5: Zn/Ca Ratio Concentrations by MPA Status. The shaded region 

represents the first two months excluded from data analysis. 
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Is there an age-based difference in otolith-Zn concentrations among conspecific 

fish and is this difference present between MPAs and FRs?  

There is a statistically significant difference in otolith-Zn concentrations based on 

ontogeny (p<0.0001). When examining Figure 5, higher otolith-Zn concentrations 

are observed before year 1 and generally decline as fish increase in age. When 

comparing the interaction between age and MPA status, a statistically significant 

difference was not found (p=0.6115; Table 2 Model 7). 
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Figure 6: Zn/Ca Ratio Concentrations by Age. This figure represents the total 

population of individuals used in this study. The shaded region represents the 

first two months excluded from data analysis. 
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Is there a sex-based difference in otolith-Zn concentrations among conspecific fish 

and is this difference present between MPAs and FRs?  

This analysis determined there was a statistically significant difference between the 

otolith-Zn concentrations of male and female fish (p=0.0351; Table 2) as revealed 

in Figure 7.  

The trendline for females displayed considerably higher mean otolith-Zn 

concentrations and variation (x̄ 2.46 ±4.22) than their male counterpart (x̄ 1.28 

±0.94). Even excluding the first two months of data to account for machine warm-

up during analysis, the concentrations far exceeded that of the male counterpart 

followed by a rapid decline throughout the first year. The Zn concentrations 

underwent minor fluctuations from years 1-3 for both sexes from both MPA and 

FR. However, there was a greater increased in Zn concentration observed around 

year 4 of the analysis. A further visual analysis of the data by MPA status (Figure 

8) revealed females within FRs likely contributed to these results, as this group 

displayed the greatest separation when compared to all other conspecific 

counterparts. Still, there was not a statistically significant difference when 

comparing sexes between MPAs and FRs as these interactions were not present in 

the final model. 
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Figure 7: Zn/Ca Ratio Concentrations by Sex. The shaded region represents 

the first two months excluded from data analysis.  
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Figure 8: Zn/Ca Ratio Concentrations by Sex & MPA Status. Analysis of 

female fish represented in the left panel of the figure and male fish represented 

in the right panel. The shaded region represents the first two months excluded 

from data analysis. 
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Chapter 4  
Discussion 

 

Given the disparities of this population reported by Fidler et al., (2018) and prior 

studies of otolith-Zn concentrations, it was expected to see differences through 

ontogeny as well as between both MPA status and sex. However, some results of 

this study are novel and diverge from previous literature. 

Zn concentrations of A. nigrofuscus partially corroborate the findings seen in other 

fishes studied regarding ontogeny. Zn concentrations were anticipated to increase 

toward a peak nearing sexual maturity, when body and otolith growth are the 

greatest, and to remain lower throughout the end of the analysis period. Yet, when 

looking closely at the ontogenetic concentration trends in Figure 6, there are slight 

deviations from these expectations. This species displays high concentrations early 

in life and rapidly declines throughout the first year. Interestingly, toward the final 

months of the analysis period, there is an uptick in Zn concentration. This change 

in trajectory is unanticipated as it has not been observed in prior otolith-Zn 

literature nor are the years following adult maturation typically associated with 

rapid growth of the otolith or body of teleost fish. 

By comparing trendlines in Figure 8, the deviations appear to be influenced by 

female FR fish as it can be seen that all other counterparts tracked closer to patterns 

those that were initially anticipated. Though this disparity seems visual evident, it 

is not statistically significant as indicated by the lack of significant interaction 

between MPA Status, Sex and age (p=0.7550; Table 2). 

Zn is known to be related to health, growth and maturation (Sturrock et al., 2014, 

2015), and this investigation began with recorded morphometric differences 

between these populations by MPA status. Therefore, the larger, healthier fish 
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inside of MPAs should have been found to have higher concentrations of Zn. 

Contrarily, the present results show the opposite: x̄ = 0.90 Zn/Ca (MPA) and x̄ = 

2.59 Zn/Ca (FR; Figure 5). However, when comparing the standard deviations of 

these mean concentrations (σ 0.64 and 3.94 respectively), we begin to get a better 

understanding of the stability MPAs can provide by limiting anthropomorphic 

activities such as fishing within its protective boundaries and promoting a natural 

balance to the ecosystem. 

By considering the diet and environment of A. nigrofuscus, there is a potential 

theory regarding the inversion of otolith-Zn mean concentrations by MPA status 

observed in the results. Ashworth and Ormond (2005) observed at depths 3 meters 

or greater, A. nigrofuscus substantially increase in abundance as the distance away 

from protected areas increased. The specimens used in this study were collected 

using SCUBA, generally at depths greater than 3 meters. Despite their findings of 

increased population abundance outside protective boundaries, they noted similar 

findings as Fidler and colleagues (2018) regarding comparatively larger fish body 

sizes within protected boundaries. Zn being largely sourced from dietary intake 

(Ranaldi and Gagnon, 2008) and A. nigrofuscus being an algivorous fish 

(Montgomery et al., 1989), otolith-Zn concentration differences between MPA and 

FR conspecifics can be determined to be caused by dietary algae differences. Two 

hypotheses could explain the dietary disparities; a difference in the diet assemblage 

in which algae from FRs contain more Zn, or a difference in dietary consumption in 

which fish from FRs are consuming greater quantities of algae, leading to a higher 

otolith-Zn concentrations. As environmental assessments nor gut content analyses 

were performed, neither can be verified. However, reef habitats within the 

Philippines have been shown to have reduced algal cover inside protective 

boundaries compared to exploited reef environments (Stockwell et al., 2009). It is 

therefore plausible the differences detected are due to this species consuming 

greater quantities of algae outside of protected areas due to the diminished habitat. 
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Yet, despite the increased Zn concentrations in FR fish, the same nutritional 

allocations are not being contributed to increased growth as their counterparts 

within MPAs due to fishing pressure. To investigate this theory, further research 

would need to be done.  

In the design of any future studies relating to the environmental or physiological 

differences in fish, it would be beneficial to gather GPS data of collection locations, 

environmental data (i.e., habitat analyses, temperature, depth, etc.) and perform gut 

content analyses, as this could have answered many questions more definitively. 

Because the microchemical analysis in this study included a myriad of additional 

elements, the basis is established for further investigations into the noted 

physiologic disparities in these fish. 

 

Conclusion 

Previous studies have established that large quantities of qualitative data can be 

collected through elemental otolith analysis regarding the dietary, physiologic, and 

environmental factors which play critical roles in the health, behaviors, and life 

cycles of fishes. This study was able to conclude that otolith-Zn concentrations 

were effective in distinguishing differences between these conspecific fish by MPA 

status, sex, and age. Additionally, these results proved to be promising for future 

studies as they were found using smaller sample populations, which could lessen 

the potential collection efforts and ecological impact on coral reefs. However, the 

microchemical analysis of otolith-Zn concentrations alone did not prove to be 

effective in examining the efficacy of protections on these populations. It is 

possible given the GPS, environmental data, and dietary analysis this could 

improve these findings. It is also possible that these results could be species 

specific, and it would be of interest to perform similar natural collection 

experiments on species previously studied in controlled laboratory environments. 
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For this study, it was only by combining the microchemical analysis, biological 

profile, literature, and morphometric sample data that we get a potential glimpse 

into the physiologic and behavioral response of A. nigrofuscus to protective zones. 
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Appendix 
 

Models 

Null Model 

Linear mixed-effects model fit by maximum likelihood 

  Data: by_ageMas  

       AIC      BIC    logLik 

  446.6042 463.4824 -220.3021 

 

Random effects: 

 Formula: ~1 | ID 

        (Intercept)  Residual 

StdDev:   0.2869809 0.2576963 

 

Fixed effects:  umol.mol ~ 1  

                Value  Std.Error   DF  t-value p-value 

(Intercept) 0.0608855 0.04316836 2006 1.410419  0.1586 

 

Standardized Within-Group Residuals: 

       Min         Q1        Med         Q3        Max  

-5.1157009 -0.5329272  0.1254843  0.6001828  3.9447343  

 

Number of Observations: 2051 

Number of Groups: 45 
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Model 1 

Linear mixed-effects model fit by maximum likelihood 
  Data: by_ageMas  
      AIC      BIC    logLik 
  426.233 448.7373 -209.1165 
 
Random effects: 
 Formula: ~1 | ID 
        (Intercept)  Residual 
StdDev:   0.2225618 0.2576957 
 
Fixed effects:  umol.mol ~ In.Out  
                 Value  Std.Error   DF   t-value p-value 
(Intercept) -0.1510921 0.05183424 2006 -2.914910  0.0036 
In.OutOut    0.3668765 0.06818926   43  5.380268  0.0000 
 Correlation:  
          (Intr) 
In.OutOut -0.76  
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-5.1211929 -0.5402439  0.1247595  0.6006188  3.9345122  
 
Number of Observations: 2051 
Number of Groups: 45  

 

            numDF denDF   F-value p-value 

(Intercept)     1  2006  3.269843  0.0707 

In.Out          1    43 28.947281  <.0001 
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Model 2 

Linear mixed-effects model fit by maximum likelihood 
  Data: by_ageMas  
       AIC      BIC   logLik 
  340.9699 369.1003 -165.485 
 
Random effects: 
 Formula: ~1 | ID 
        (Intercept)  Residual 
StdDev:   0.2228618 0.2521473 
 
Fixed effects:  umol.mol ~ In.Out + age  
                 Value  Std.Error   DF   t-value p-value 
(Intercept) -0.0545353 0.05288232 2005 -1.031258  0.3025 
In.OutOut    0.3675130 0.06825367   43  5.384517  0.0000 
age         -0.0478565 0.00507103 2005 -9.437232  0.0000 
 Correlation:  
          (Intr) In.OtO 
In.OutOut -0.746        
age       -0.193 -0.001 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-4.9393825 -0.5508353  0.1263243  0.5943576  3.6652643  
 
Number of Observations: 2051 
Number of Groups: 45  

 

            numDF denDF  F-value p-value 

(Intercept)     1  2005  3.26349   0.071 

In.Out          1    43 28.89293  <.0001 

age             1  2005 89.06134  <.0001 
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Model 3 

Linear mixed-effects model fit by maximum likelihood 
  Data: by_ageMas  
       AIC      BIC  logLik 
  342.1599 375.9164 -165.08 
 
Random effects: 
 Formula: ~1 | ID 
        (Intercept)  Residual 
StdDev:   0.2228907 0.2520957 
 
Fixed effects:  umol.mol ~ In.Out + age + In.Out:age  
                   Value  Std.Error   DF   t-value p-value 
(Intercept)   -0.0436867 0.05425927 2004 -0.805146  0.4208 
In.OutOut      0.3488098 0.07137637   43  4.886909  0.0000 
age           -0.0532333 0.00784038 2004 -6.789632  0.0000 
In.OutOut:age  0.0092443 0.01028042 2004  0.899214  0.3686 
 Correlation:  
              (Intr) In.OtO age    
In.OutOut     -0.760               
age           -0.292  0.222        
In.OutOut:age  0.222 -0.291 -0.763 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-4.9359164 -0.5514666  0.1254226  0.5887509  3.6947744  
 
Number of Observations: 2051 
Number of Groups: 45  

 

            numDF denDF  F-value p-value 

(Intercept)     1  2004  3.26111  0.0711 

In.Out          1    43 28.87185  <.0001 

age             1  2004 89.05433  <.0001 

In.Out:age      1  2004  0.80859  0.3686 
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Model 4 

Linear mixed-effects model fit by maximum likelihood 
  Data: by_ageMas  
       AIC     BIC    logLik 
  340.4464 379.829 -163.2232 
 
Random effects: 
 Formula: ~1 | ID 
        (Intercept)  Residual 
StdDev:   0.2136289 0.2520955 
 
Fixed effects:  umol.mol ~ In.Out + age + In.Out:age + Sex  
                   Value  Std.Error   DF   t-value p-value 
(Intercept)    0.0234415 0.06244506 2004  0.375394  0.7074 
In.OutOut      0.3405066 0.06888959   42  4.942788  0.0000 
age           -0.0532506 0.00784225 2004 -6.790219  0.0000 
SexM          -0.1275042 0.06488605   42 -1.965048  0.0560 
In.OutOut:age  0.0092778 0.01028289 2004  0.902258  0.3670 
 Correlation:  
              (Intr) In.OtO age    SexM   
In.OutOut     -0.669                      
age           -0.254  0.230               
SexM          -0.547  0.061  0.001        
In.OutOut:age  0.194 -0.302 -0.763 -0.002 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-4.9436483 -0.5524373  0.1285454  0.5905919  3.6880686  
 
Number of Observations: 2051 
Number of Groups: 45  

 

            numDF denDF  F-value p-value 

(Intercept)     1  2004  3.54007  0.0600 

In.Out          1    42 31.33779  <.0001 

age             1  2004 89.00548  <.0001 

Sex             1    42  3.85460  0.0563 

In.Out:age      1  2004  0.81407  0.3670 
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Model 5 

Linear mixed-effects model fit by maximum likelihood 
  Data: by_ageMas  
       AIC      BIC    logLik 
  341.4463 392.0811 -161.7232 
 
Random effects: 
 Formula: ~1 | ID 
        (Intercept)  Residual 
StdDev:   0.2132033 0.2519181 
 
Fixed effects:  umol.mol ~ In.Out + age + In.Out:age + Sex + In.Ou
t:age:Sex  
                        Value  Std.Error   DF   t-value p-value 
(Intercept)         0.0417437 0.06327447 2002  0.659724  0.5095 
In.OutOut           0.3385892 0.06880574   42  4.920944  0.0000 
age                -0.0638405 0.01113082 2002 -5.735475  0.0000 
SexM               -0.1626923 0.06798247   42 -2.393152  0.0213 
In.OutOut:age       0.0127849 0.01417954 2002  0.901647  0.3674 
In.OutIn:age:SexM   0.0204616 0.01526947 2002  1.340030  0.1804 
In.OutOut:age:SexM  0.0151056 0.01306446 2002  1.156235  0.2477 
 Correlation:  
                   (Intr) In.OtO age    SexM   In.OO: I.OI:: 
In.OutOut          -0.662                                    
age                -0.256  0.169                             
SexM               -0.565  0.063  0.145                      
In.OutOut:age       0.144 -0.219 -0.770 -0.013               
In.OutIn:age:SexM   0.112 -0.011 -0.710 -0.202  0.537        
In.OutOut:age:SexM  0.133 -0.013 -0.034 -0.234 -0.406  0.047 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-4.9556001 -0.5461415  0.1346198  0.5908992  3.6692860  
 
Number of Observations: 2051 
Number of Groups: 45  
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               numDF denDF  F-value p-value 

(Intercept)        1  2002  3.55048  0.0597 

In.Out             1    42 31.42985  <.0001 

age                1  2002 89.04357  <.0001 

Sex                1    42  3.86593  0.0559 

In.Out:age         1  2002  0.81441  0.3669 

In.Out:age:Sex     2  2002  1.49608  0.2243 
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Model 6 

Linear mixed-effects model fit by maximum likelihood 
  Data: by_ageMas  
       AIC      BIC    logLik 
  343.0209 399.2818 -161.5105 
 
Random effects: 
 Formula: ~1 | ID 
        (Intercept)  Residual 
StdDev:   0.2120989 0.2519199 
 
Fixed effects:  umol.mol ~ In.Out + age + In.Out:age + Sex + In.Ou
t:age:Sex +      Age  
                        Value  Std.Error   DF   t-value p-value 
(Intercept)        -0.0627631 0.17206255 2002 -0.364769  0.7153 
In.OutOut           0.3308086 0.06953809   41  4.757229  0.0000 
age                -0.0641030 0.01113846 2002 -5.755108  0.0000 
SexM               -0.1681663 0.06820636   41 -2.465551  0.0180 
Age                 0.0214772 0.03290527   41  0.652699  0.5176 
In.OutOut:age       0.0132029 0.01419242 2002  0.930275  0.3523 
In.OutIn:age:SexM   0.0209634 0.01528608 2002  1.371403  0.1704 
In.OutOut:age:SexM  0.0147588 0.01307460 2002  1.128813  0.2591 
 Correlation:  
                   (Intr) In.OtO age    SexM   Age    In.OO: I.OI:
: 
In.OutOut          -0.079                                           
age                -0.063  0.173                                    
SexM               -0.091  0.083  0.148                             
Age                -0.931 -0.171 -0.034 -0.123                      
In.OutOut:age       0.014 -0.224 -0.771 -0.018  0.042               
In.OutIn:age:SexM  -0.002 -0.018 -0.710 -0.207  0.047  0.537        
In.OutOut:age:SexM  0.084 -0.006 -0.033 -0.229 -0.038 -0.406  0.04
6 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-4.9524935 -0.5456093  0.1344378  0.5907830  3.6715655  
 
Number of Observations: 2051 
Number of Groups: 45  
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               numDF denDF  F-value p-value 

(Intercept)        1  2002  3.58473  0.0585 

In.Out             1    41 31.73253  <.0001 

age                1  2002 88.99806  <.0001 

Sex                1    41  3.90316  0.0550 

Age                1    41  0.40050  0.5303 

In.Out:age         1  2002  0.81325  0.3673 

In.Out:age:Sex     2  2002  1.50933  0.2213 

  



 

 

48 

Global Model 

Linear mixed-effects model fit by maximum likelihood 
  Data: by_ageMas  
      AIC     BIC    logLik 
  220.253 287.766 -98.12648 
 
Random effects: 
 Formula: ~1 + age | ID 
 Structure: General positive-definite, Log-Cholesky parametrizatio
n 
            StdDev     Corr   
(Intercept) 0.22934399 (Intr) 
age         0.07128576 -0.432 
Residual    0.23940956        
 
Fixed effects:  umol.mol ~ In.Out + age + In.Out:age + Sex + In.Ou
t:age:Sex +      Age  
                        Value  Std.Error   DF   t-value p-value 
(Intercept)        -0.0241448 0.17090186 2002 -0.141279  0.8877 
In.OutOut           0.3301783 0.07400331   41  4.461670  0.0001 
age                -0.0684628 0.02519557 2002 -2.717254  0.0066 
SexM               -0.1617284 0.07266259   41 -2.225745  0.0316 
Age                 0.0136332 0.03229115   41  0.422197  0.6751 
In.OutOut:age       0.0223945 0.03153073 2002  0.710244  0.4776 
In.OutIn:age:SexM   0.0249549 0.03362179 2002  0.742223  0.4580 
In.OutOut:age:SexM  0.0058449 0.02930113 2002  0.199478  0.8419 
 Correlation:  
                   (Intr) In.OtO age    SexM   Age    In.OO: I.OI:
: 
In.OutOut          -0.112                                           
age                -0.120  0.283                                    
SexM               -0.117  0.080  0.242                             
Age                -0.919 -0.158 -0.050 -0.113                      
In.OutOut:age       0.035 -0.371 -0.761 -0.030  0.065               
In.OutIn:age:SexM   0.010 -0.031 -0.699 -0.345  0.071  0.503        
In.OutOut:age:SexM  0.141 -0.014 -0.089 -0.379 -0.059 -0.359  0.12
8 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-5.1192215 -0.5181933  0.1099685  0.5850607  4.4377926  
 
Number of Observations: 2051 
Number of Groups: 45  
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               numDF denDF  F-value p-value 

(Intercept)        1  2002  7.45842  0.0064 

In.Out             1    41 32.49706  <.0001 

age                1  2002 17.13933  <.0001 

Sex                1    41  4.74351  0.0352 

Age                1    41  0.14348  0.7068 

In.Out:age         1  2002  0.25807  0.6115 

In.Out:age:Sex     2  2002  0.28101  0.7550 
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Model Final 

Linear mixed-effects model fit by maximum likelihood 
  Data: by_ageMas  
       AIC     BIC    logLik 
  213.1963 258.205 -98.59815 
 
Random effects: 
 Formula: ~1 + age | ID 
 Structure: General positive-definite, Log-Cholesky parametrizatio
n 
            StdDev     Corr   
(Intercept) 0.22875089 (Intr) 
age         0.07165814 -0.415 
Residual    0.23940676        
 
Fixed effects:  umol.mol ~ In.Out + age + Sex  
                 Value  Std.Error   DF   t-value p-value 
(Intercept)  0.0216537 0.06143548 2005  0.352462  0.7245 
In.OutOut    0.3536970 0.06421288   42  5.508195  0.0000 
age         -0.0484331 0.01173637 2005 -4.126755  0.0000 
SexM        -0.1381597 0.06344697   42 -2.177562  0.0351 
 Correlation:  
          (Intr) In.OtO age    
In.OutOut -0.636               
age       -0.276  0.000        
SexM      -0.544  0.064  0.000 
 
Standardized Within-Group Residuals: 
       Min         Q1        Med         Q3        Max  
-5.1217271 -0.5194923  0.1071695  0.5869932  4.4381316  
 
Number of Observations: 2051 
Number of Groups: 45  

 

            numDF denDF  F-value p-value 

(Intercept)     1  2005  7.83154  0.0052 

In.Out          1    42 32.01670  <.0001 

age             1  2005 17.02857  <.0001 

Sex             1    42  4.74178  0.0351 


