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ABSTRACT
Overfishing and destructive fishing practices threaten the sustainability of
fisheries worldwide. In addition to reducing population sizes, anthropogenic
fishing effort is highly size-selective, preferentially removing the largest
individuals from harvested stocks. Intensive, size-selective mortality induces
widespread phenotypic shifts toward the predominance of smaller and earliermaturing individuals. Fish that reach sexual maturity at smaller size and younger
age produce fewer, smaller, and less viable larvae, severely reducing the
reproductive capacity of exploited populations. These directional phenotypic
alterations, collectively known as “fisheries-induced evolution” (FIE) are among
the primary causes of the loss of harvestable fish biomass. Marine protected areas
(MPAs) are one of the most widely utilized components of fisheries management
programs around the world, and have been proposed as a potential mechanism by
which the impacts of FIE may be mitigated. The ability of MPAs to buffer
exploited populations against fishing pressure, however, remains debated due to
inconsistent results across studies. Additionally, empirical evidence of phenotypic
iii

shifts in fishes within MPAs is lacking. This investigation addresses both of these
issues by: (1) using a categorical meta-analysis of MPAs to standardize and
quantify the magnitude of MPA impacts across studies; and (2) conducting a direct
comparison of life-history phenotypes known to be influenced by FIE in six reeffish species inside and outside of MPAs. The Philippines was used as a model
system for analyses due to the country’s significance in global marine biodiversity
and reliance on MPAs as a fishery management tool.
The quantitative impact of Philippine MPAs was assessed using a “reefwide” meta-analysis. This analysis used pooled visual census data from 39 matched
pairs of MPAs and fished reefs surveyed twice over a mean period of 3 years. In
17 of these MPAs, two additional surveys were conducted using size-specific fish
counts, allowing for spatiotemporal comparisons of abundance and demographic
structure of fish populations across protected and fished areas. Results of the metaanalysis revealed that: (1) although fish density was higher inside MPAs than in
fished reefs at each sampling period, reef-wide density often increased or remained
stable over time; and (2) increases in large-bodied fish were evident reef-wide
between survey periods, indicating that positive demographic shifts occurred
simultaneously in both MPAs and adjacent areas. Increases in large-bodied fish
were observed across a range of taxa, but were most prominent in families directly
targeted by fishermen. These results suggest that over relatively few years of
protection, Philippine MPAs promoted beneficial shifts in population structure
iv

throughout entire reef systems, rather than simply maintaining stable populations
within their borders. Relationships between MPA age and shifts in fish density or
demographic structure were rare, but may have been precluded by the relatively
short period between replicate surveys. Although increases in fish density inside
MPAs were occasionally associated with MPA size, there were no significant
relationships between the size of MPAs and reef-wide increases in fish density. The
reef-wide framework of MPA assessment used in this study has the advantage of
treating MPAs and fished reefs as an integrated system, thus revealing trends that
would be indistinguishable in traditional spatial comparisons between MPAs and
fished reefs.
The impact of MPAs on fishing-induced life-history traits was assessed by
comparing growth and maturation patterns exhibited by six reef-fish species inside
and outside five MPAs and adjacent, fished reefs in Zambales, Luzon, Philippines.
This analysis demonstrated considerable variation in terminal body-sizes (Linf) and
growth rates (K) between conspecifics in MPAs and fished reefs. Three of the four
experimental species directly targeted for food in the region (Acanthurus
nigrofuscus, Ctenochaetus striatus, and Parupeneus multifasciatus) exhibited
greater Linf, lower K, or both characteristics inside at least one MPA compared to
populations in adjacent, fished reefs. Life-history shifts were concentrated in the
oldest and largest MPAs, but occurred at least once in each of the five MPAs that
were examined. A fourth species harvested for food (Ctenochaetus binotatus), as
v

well as a species targeted for the aquarium trade (Zebrasoma scopas) and a nontarget species (Plectroglyphidodon lacrymatus) did not exhibit differential
phenotypes between MPAs and fished reefs. The relatively high frequency of
alterations to life-history characteristics across MPAs in harvested species suggests
that observed changes in the density and size-structure of harvested fish
populations inside MPAs are likely driven by spatial disparities in fishing pressure,
and are the result of phenotypic changes rather than increased longevity.
Back-calculation of age- and size-at-maturity as well as total egg production
(TEP) indicated that life-history alterations inside MPAs were substantial enough
to promote increased potential lifetime fitness. Phenotypic shifts induced by MPAs
have important potential benefits for management programs, as protected
populations are likely to exhibit greater fecundity than conspecifics in adjacent
reefs, increasing the resilience of fisheries to both anthropogenic and environmental
stressors. Perhaps most importantly for fisheries management, spawning potential
ratios (SPRs), a common metric by which catch limits are set, decreased greatly
when calculated using life-history parameters from MPAs compared to those of
fished populations. These results suggest that SPRs are influenced by shifted
baselines in fisheries that have experienced previous harvest pressure. The use of
population characteristics inside MPAs as more accurate models of pre-exploitation
states may help alleviate these issues, especially in data-poor fisheries.
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CHAPTER I: BACKGROUND
Fish are among the last vertebrate taxa to be harvested from their natural
habitat on an industrial scale. Advances in technology since the mid-20th century
have produced increasingly efficient fishing techniques and equipment, resulting in
the rapid and widespread disappearance of what were once thought to be
inexhaustible fishery resources (Huxley 1883, Pauly et al. 1998, 2002).
Unsustainable harvest rates have increased the percentage of overexploited fish
stocks worldwide from 10% in 1974 to 31% in 2013, with an additional 58% of
stocks being fished at or near maximum sustainable levels (FAO 2016).
Consequently, the global biomass of harvested marine species has decreased by
32% since the 1950s (Worm et al. 2009), reducing marine biodiversity throughout
food-webs (Pauly et al. 1998, 2002) and threatening the continued integrity of
marine ecosystems (Dayton et al. 1995, Botsford et al. 1997, Lauck et al. 1998,
Pauly et al. 1998, Hodgson 1999, Worm et al. 2006).

Additionally, as fish

account for 17% of total human protein intake (FAO 2016), these declines
represent an impending crisis in global food security. Overfishing and destructive
fishing practices, therefore, represent two of the most critical challenges facing
human health and ecological conservation worldwide.
Increasing evidence suggests that the rate of population declines in many
fisheries has been accelerated by widespread alterations to life-history
characteristics within exploited populations. These rapid evolutionary shifts have
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been driven by the non-random nature of human fishing effort, which preferentially
removes the oldest and largest individuals from any given population (Myers and
Hoenig 1997, Birkeland and Dayton 2005, Fukuwaka and Morita 2008). Intensive
size-selective mortality generates a directional selection pressure on exploited
fisheries that favors individuals with smaller body-sizes (Law 2000, 2007, Heino
and Godø 2002, Hawkins and Roberts 2004, Kuparinen and Merilä 2007, Swain et
al. 2007, Heino and Dieckmann 2009) and those that reach reproductive maturity at
smaller body-size and younger age (Heino et al. 2002, Grift et al. 2003, Taborsky et
al. 2003, Ernande et al. 2004). The strength of selection induced by fishing can be
strong enough to produce population-wide declines in terminal body-sizes, growth
rates, and size- and age-at-maturation, a process known as “fisheries-induced
evolution” (FIE) (Walsh et al. 2006).
Widespread shifts in growth and maturation patterns within exploited
fisheries greatly exacerbate the impacts of reduced population sizes within
harvested populations. In many fishes, smaller body-size and the earlier onset of
maturation are correlated with a suite of physiological characteristics that
significantly reduce reproductive output (Haugen and Vollestad 2001, Berkeley et
al. 2004, Walsh et al. 2006). Additionally, FIE has been observed taking place
within contemporary timescales, hindering the capacity of exploited populations to
replace individuals lost to fishing pressure over periods as short as 11 years (de
Roos et al. 2006, Heino and Dieckmann 2009). Combined reduction in both
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population size and reproductive output are the strongest driver of declines in
harvestable fish biomass within overfished populations (Conover and Munch
2002); and if not mitigated by conservation strategies, can result in the complete
collapse of fishery stocks (Olsen et al. 2004).
Fisheries-induced evolution not only accelerates the speed of population
declines, but it is also hypothesized to hinder the recovery of fisheries after the
cessation of harvest pressure (Enberg et al. 2009, Hutchings and Kuparinen 2014,
Kuparinen et al. 2014, Marty et al. 2014). Modelling results suggest that
populations that exhibit growth and maturation patterns characteristic of FIE
recover more slowly after fishing moratoria, as high reproductive investment at
small size and early age diminish relative population growth under natural
mortality scenarios (Uusi-Heikkilä et al. 2015). Consequently, if management
efforts do not promote the restoration of pre-exploitation growth and maturation
patterns, fishery populations are unlikely to recover, as they will still be selectively
disadvantaged even in the absence of fishing mortality. It is critical, therefore, that
the impact of FIE be included in the design and analysis of management plans
aimed at restoring marine fishery populations (Stokes and Law 2000, Stockwell et
al. 2003).
At present, the primary components of most marine conservation efforts are
no-take marine reserves or marine protected areas (MPAs), which are comprised of
subsets of coastal waters or open ocean in which fishing and other exploitative
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activities are prohibited (Sanchirico 2000, Gell and Roberts 2003, Christie and
White 2007). By providing a refuge from harvest pressure for exploited fish
populations, MPAs have been hypothesized to accomplish two major goals: (1) to
manage and ensure the sustainability of marine fisheries; and (2) to maintain high
overall biodiversity in marine ecosystems (Roberts et al. 2001a, Jennings 2009).
Marine protected areas have become among the most extensively utilized
management tools in marine ecosystems, with ~6,000-9,000 MPAs established
worldwide, covering ~4.2 million km2 (1.17%) of the total ocean surface (Toropova
et al. 2010), with ~6% of MPAs (0.2% of ocean surface) being fully “no-take”
areas (Costello and Ballantine 2015). The rapid proliferation of MPAs has been
driven by the failures of traditional stock-management strategies (i.e. size and catch
limits), as well as a lack of viable alternative management options, especially in
developing nations where artisanal fisheries are the norm and demand for fishery
resources is extraordinarily high (Russ 2002).
In light of the growing anthropogenic pressure being placed on marine
fisheries and the increasing use of MPAs as a primary management tool around the
world, a more complete understanding of the effects of MPAs on overexploited fish
populations is essential (Allison et al. 1998, Jameson et al. 2002, Sale et al. 2005).
The goal of this research is to investigate the potential evolutionary benefits of
MPAs on harvested fish populations. Marine protected areas are ideal candidates
to mitigate, and potentially reverse, the consequences of FIE. As no-fishing zones,
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MPAs remove the size-selective mortality that induces evolutionary shifts in
harvested stocks, which should promote the restoration of life-history
characteristics typical of populations pre-anthropogenic exploitation (Miethe et al.
2010). Surprisingly, in spite of mounting evidence that human-induced phenotypic
change can rapidly alter populations, food webs, and ecosystems on large scales
(Palkovacs et al. 2011), the realized consequences of FIE on wild populations
remain slightly controversial among some conservation managers and fisheries
scientists (Browman et al. 2008, Jørgensen et al. 2008, Andersen and Brander
2009). As a result, investigations into the potential of MPAs (along with other
conservation methodologies) to mitigate the impacts of FIE have been almost
exclusively limited to theoretical models (Trexler and Travis 2000, Baskett et al.
2005, Dunlop et al. 2009, Miethe et al. 2010).
By utilizing historical data and large-scale field collections of exploited
fishes both inside and outside of MPAs, this dissertation aims to provide an
empirical assessment of the impact of MPAs on fitness-relevant life-history
characteristics within exploited fish populations, including: density, body-size
frequency distributions, terminal body-sizes, growth rates, size- and age-atmaturation, and potential fecundity.
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RESEARCH QUESTIONS
My dissertation assesses the potential impacts of marine protected areas
(MPAs) on both benthic habitats and the population density, size-structure, and
life-history characteristics of coral-resident fishes. I address three research
questions by testing the following eighteen hypotheses:
Question 1: Do MPAs promote changes in the density of coral habitat and coralreef fish populations both within their borders and in adjacent, fished reefs?
1. Hard-coral cover is higher within MPAs than within adjacent, fished reefs.
2. Hard-coral cover increases reef-wide over time following MPA
establishment.
3. The disparity in hard-coral cover between MPAs and fished reefs increases
as the size and age of MPAs increase.
4. Temporal changes in reef-wide hard-coral cover increase as the size and age
of MPAs increase.
5. Fish density is higher within MPAs than in adjacent, fished reefs. Spatial
disparities in density are influenced by fish trophic position and exploitation
level.
6. Fish density increases reef-wide over time following MPA establishment.
Temporal variation in recovery is influenced by fish trophic position and
exploitation level.
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7. The disparity of fish density between MPAs and adjacent, fished reefs
increases as the size and age of MPAs increase. Variation in recovery is
influenced by fish trophic position and exploitation level.
8. Fish density increases reef-wide as the size and age of MPAs increase.
Variation in recovery is influenced by fish trophic position and exploitation
level.
Question 2: Do MPAs promote changes in the size-frequency distributions of
conspecific fishes towards the predominance of larger individuals after MPA
establishment?
9. The density of large-bodied fish is higher within MPAs compared to
populations in adjacent, fished reefs. Disparities in the density of largebodied individuals between MPAs and fished reefs are influenced by fish
trophic position and exploitation level.
10. The density of large-bodied fish increases reef-wide following MPA
establishment. Temporal variation in recovery is influenced by fish trophic
position and exploitation level.
11. The disparity of large-bodied fish between MPAs and adjacent, fished reefs
increases as the size and age of MPAs increase.
12. The density of large-bodied fish increases reef-wide as the size and age of
MPAs increase.
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Question 3: Do MPAs promote beneficial changes in the terminal body-sizes,
growth rates, and maturation schedules of exploited fish populations?
13. Conspecific fish populations reach larger terminal body-sizes within MPAs
compared to adjacent, fished reefs.
14. Conspecific fish populations exhibit slower growth rates within MPAs
compared to adjacent, fished reefs.
15. Conspecific fish populations reach sexual maturity at later age and larger
body-size within MPAs compared to adjacent, fished reefs.
16. Conspecific fish populations exhibit greater potential lifetime fecundity
within MPAs compared to adjacent, fished reefs.
17. The magnitude of the disparity in fitness-relevant characteristics between
conspecific fish populations in MPAs and fished reefs is dependent on the
exploitation level of individual species.
18. The magnitude of beneficial shifts in fitness-relevant life-history traits in
fish populations across both MPAs and adjacent, fished reefs is dependent
upon the size and age of individual MPAs.
DISSERTATION STRUCTURE
This dissertation has been organized into four chapters. Chapter One
includes the background information with a literature review on the effects of
fisheries-induced evolution (FIE) on overharvested populations and the potential of
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marine protected areas (MPAs) to mitigate these impacts. This chapter also
provides the rationale and research questions for my dissertation. Chapter Two
assesses changes in the benthic habitats, fish density, and fish demographic
structure of exploited populations inside and outside of 39 MPAs in the Philippines.
Additionally, this chapter analyzes the effects of MPA size and age on the
magnitude of changes in both benthic habitats and fish populations in protected and
fished reefs. In Chapter Three I analyze Von Bertalanffy growth models of
populations of six coral-resident fish species collected from five MPAs and
adjacent, fished reefs in the Philippines. I use parameters from these models to
determine if MPAs are sufficient to promote beneficial shifts in fitness-relevant
life-history traits within protected populations. I also compare the outputs of
traditional stock assessment techniques between models that use life-history traits
from MPAs and fished reefs to test for differences in resulting sustainable harvest
rates. Chapter Four provides a synthesis of the entire dissertation.
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CHAPTER II: THE IMPACT OF MPAs ON BENTHIC HABITATS, FISH
DENSITY, AND FISH DEMOGRAPHIC STRUCTURE
INTRODUCTION
Overfishing and destructive fishing practices represent two of the most
critical challenges facing global marine conservation efforts and food security. Notake marine reserves or marine protected areas (MPAs) have become the primary
mechanism by which conservationists and fishery managers have attempted to
combat the impacts of overfishing (Sanchirico 2000, Gell and Roberts 2003,
Christie and White 2007). Conventional assessments of MPA performance have
focused on metrics such as reef-fish abundance, biomass, fishery yields, and
species richness between MPAs and adjacent reefs, or in MPAs before and
subsequently after their establishment to quantify MPA “success” (Russ 2002).
Studies analyzing individual or groups of MPAs have often found beneficial shifts
in fish biomass (Polunin and Roberts 1993, Russ and Alcala 1996, 1998, Johnson et
al. 1999, Mosqueira et al. 2000, Paddack and Estes 2000, Roberts et al. 2001a,
Christie 2004, Maliao et al. 2009), catch-per-unit effort (CPUE) (McClanahan and
Kaunda-Arara 1996, McClanahan and Mangi 2001, Kelly et al. 2002), and sizefrequency distributions (Fidler et al. 2014) within MPAs compared to adjacent
reefs and in individual reefs following MPA establishment.
Although it is generally accepted that marine protected areas are beneficial
for marine ecosystems, the quantitative impact of MPAs has proven to be highly
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variable and site-specific. The magnitude of response of fish populations to
protection is dependent on a multitude of factors, including the taxonomic group
under consideration (Jennings 2001, Micheli et al. 2004, Babcock et al. 2010) and
the characteristics of the MPAs being studied, most notably age, size, and
enforcement capability (Russ et al. 2005, Claudet et al. 2008, Maliao et al. 2009,
Fidler et al. 2014). As a result, MPAs separated by small geographic distances can
have significantly varying effects on the biota contained within them (and
conversely, species composition at the time of MPA establishment can have a
significant impact on MPA performance [Jennings 2001]), making results from
studies on a single MPA difficult, if not impossible, to extrapolate to neighboring
areas.
Paradoxically, two of the most critical processes by which MPAs have been
hypothesized to promote sustainable fisheries – spillover and recruitment subsidy –
may be partially responsible for the lack of consistency in results of MPA
assessments. Spillover occurs when individuals from within an MPA emigrate into
adjacent areas open to fishing, while recruitment subsidy refers to the transport of
larvae produced by large and fecund populations within MPAs are exported to
neighboring reefs (Boersma and Parrish 1999, Russ et al. 2004, Gaines et al. 2010).
Numerous studies have detected these processes occurring in reefs surrounding
MPAs (Russ and Alcala 1996, McClanahan and Mangi 2000, Russ et al. 2003,
2004, Abesamis and Russ 2005, Alcala et al. 2005, Abesamis et al. 2006), albeit
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often on spatial scales ranging only to 100s of meters (Harmelin-Vivien et al. 2008,
Halpern et al. 2010). The potential of MPAs to augment fishery populations
outside of their borders complicates the assessment of MPAs using adjacent reefs
as contrasting experimental units, as these areas are inherently altered by MPA
establishment (Caselle et al. 2015). As a result, spatial comparisons may mask
shifts in populations within MPAs and adjacent fisheries if changes occur
simultaneously in both areas. In addition, similar to the impact of MPAs on
populations within their borders, the rate and magnitude of spillover from MPAs to
adjacent fished areas also appear to be dependent on taxonomic groups and MPA
characteristics (Caselle et al. 2015), which likely contributes to the highly variable
and site-specific quantitative impacts of MPAs across studies using spatial
comparisons as metrics of performance.
A second critical phenomenon that can complicate assessments of MPA
efficacy involves the evolutionary repercussions of overfishing. Declines in the
sizes and stability of worldwide fisheries have been accelerated by shifts in lifehistory traits within exploited populations, driven by the overwhelming tendency of
fishing effort to selectively remove the largest individuals from any given
population (Myers and Hoenig 1997, Birkeland and Dayton 2005, Fukuwaka and
Morita 2008, Hsieh et al. 2010). Sustained and extensive size-selective harvesting
has been shown to induce an intense directional-selection pressure favoring
individuals with faster growth rates, smaller terminal body-sizes, and smaller size-
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and age-maturation within exploited populations (Law 2000, 2007, Heino and
Godø 2002, Hawkins and Roberts 2004, Kuparinen and Merilä 2007, Swain et al.
2007, Heino and Dieckmann 2009, Swain 2011). The strength of artificial
selection in exploited fisheries is often extreme, having demonstrated the capacity
to promote significant shifts in body-size frequency distributions within
contemporary timescales (Conner 2003, de Roos et al. 2006). The higher
prevalence of small-bodied individuals within fisheries can have serious
consequences for population viability, as decreased adult body-size in mature
females correlates with reduced larval size-at-hatch, growth rate, feeding rate, and
viability (Haugen and Vøllestad 2001, Walsh et al. 2006). The additive effects of
rapid declines in both population size and population reproductive capability can
cause the complete collapse of fisheries without intervening management strategies
(Stokes and Law 2000, Stockwell et al. 2003), necessitating the inclusion of
changes in population structure, rather than overall density alone, in analyses of
MPA efficacy.
In addition, because MPAs are often established with fisheries management
as a primary objective, the majority of assessments of MPAs have focused on fish
density between MPAs and adjacent reefs as the sole metric of performance. The
negative impacts of fishing, however, have been demonstrated to extend well
beyond reductions in fish population sizes. Various forms of fishing practiced
throughout the Philippines can result in severe degradation of critical benthic
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habitats, including coral reefs and seagrass beds (Jennings and Kaiser 1998), which
can exacerbate the direct impacts of harvesting on fisheries. Indeed, habitat loss
alone can drive significant declines in reef-fish populations even in the absence of
fishing mortality (Jones et al. 2004, Kappel 2005). Conversely, fisheries can have a
number of indirect effects on benthic habitats (Pinnegar et al. 2000). The
traditional paradigm that MPAs are likely to increase coral cover via trophic
cascades augmenting grazer density, thereby releasing corals from competition with
algae, has been repeatedly contested (reviewed by Russ et al. 2015). MPAs have,
however, demonstrated the capability to promote coral recruitment to protected
sites (Mumby et al. 2007), increase recovery rates from degraded states (Mumby
and Harborne 2010), and promote resilience against anthropogenic impacts (Selig
and Bruno 2010, Magdaong et al. 2014), although the exact mechanism driving
these benefits remains unclear. The ability of MPAs to promote both increases in
fish densities and the maintenance of live-coral cover within their boundaries is
critical if they are to achieve their biodiversity and management objectives, as both
parameters are likely to have significant impacts on one another. As a result, it is
necessary to analyze alterations to both benthic habitats and fish populations in
tandem in assessments of MPA efficacy.
The majority of studies on the performance of MPAs in the Philippines
have been conducted on a single locale or a limited number of MPAs, with only a
few investigations involving region-wide assessments of MPA performance
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(Samoilys et al. 2007, Maliao et al. 2009, Magdaong et al. 2014). Additionally,
previous studies often utilized conventional techniques involving pairwise, spatial
comparisons of fish density between MPAs and adjacent reefs. This investigation
will test hypotheses regarding the spatial distribution of benthic habitats and fish
populations between MPAs and fished reefs, as well as whether the establishment
of MPAs promotes beneficial shifts in these biological metrics across
interconnected reefs over time. Specifically, this analysis will assess if: (1) coral
cover and fish density are higher within MPAs compared to adjacent, fished reefs;
(2) coral cover and fish density increase over time in both protected and fished
reefs after MPA establishment; (3) large-bodied fish are more prevalent inside
MPAs compared to adjacent, fished reefs; (4) the density of large-bodied fish
increases in both protected and fished reefs after MPA establishment; and whether
these impacts are mediated by (5) fish trophic and exploitation group and (6) MPA
size and age. These hypotheses will be tested using a meta-analysis of 39 paired
MPAs and adjacent, fished reefs in the Philippines using a “reef-wide” approach.
This reef-wide framework alleviates concerns regarding spatial analyses by
comparing pooled data from MPAs and adjacent, fished reefs between replicate
surveys of coral cover and fish density. Meta-analyses have proven to be effective
statistical tools for standardizing and synthesizing results across disparate studies
despite differences in statistical variance and metrics of performance (Mosqueira et
al. 2000, Halpern 2003, Claudet et al. 2008). By examining simultaneous temporal
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changes in abundance and demographic structure of coral-reef fish populations
across both protected and fished reefs, this meta-analysis framework allows for the
detection of shifts in the density of interconnected populations that would be
indistinguishable in more traditional spatial comparisons.
MATERIALS AND METHODS
VISUAL CENSUS DATA
To determine the effect of MPAs on fish density, results of visual surveys
of 18 fish families (Table II.1) across 39 pairs of no-take MPAs and fished reefs in
the Philippines performed between 1997 and 2009 (Fig II.1; Table A-1 [Appendix])
were subjected to a categorical meta-analysis. MPAs ranged in size from 5 to 123
hectares (mean = 25.0 ± 15.4), and were considered “well-enforced” at the time of
census by collaborators at the Coastal Conservation and Education Foundation
(CCEF; A. White, personal communication). Individual surveys were conducted
primarily by CCEF, with additional data being derived from studies contained in
Miclat et al. (2005). Censuses consisted of 3-8 replicate 500m2 transects inside and
outside of each MPA, with transects in fished reefs taking place 200-1000m outside
MPA borders in similar habitat to that observed inside the MPA. In order to assess
the body-size frequency distributions of fishes within MPAs and fished reefs, the
results of size-specific fish-visual surveys conducted by CCEF from 2003 to 2009
across a subset of 17 MPAs (Fig. II.1; Table A-1) were analyzed. These censuses
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Table II.1. List of fish families included in visual censuses and the trophic and
exploitation category of each fish family.

Family
Acanthuridae (surgeonfish)
Anthiinae (fairy basslet)
Balistidae (triggerfish)
Caesionidae (fusilier)
Carangidae (jack)
Chaetodontidae (butterflyfish)
Haemulidae (sweetlips)
Labridae (wrass)
Lethrinidae (emperor)
Lutjanidae (snapper)
Mullidae (goatfish)
Nemipteridae (coral bream)
Pomacanthidae (angelfish)
Pomacentridae (damselfish)
Scaridae (parrotfish)
Serranidae (grouper)
Siganidae (rabbitfish)
Zanclidae (moorish idol)

Trophic Group
Herbivores
Planktivores
Zoobenthivores
Planktivores
Piscivores
Zoobenthivores
Zoobenthivores
Zoobenthivores
Zoobenthivores
Piscivores
Zoobenthivores
Zoobenthivores
Omnivores
Omnivores
Herbivores
Piscivores
Herbivores
Omnivores

Exploitation Category
Target
Non-Target
Non-Target
Target
Target
Non-Target
Target
Non-Target
Target
Target
Target
Target
Non-Target
Non-Target
Target
Target
Target
Non-Target
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Figure II.1. Location of MPAs utilized in meta-analyses. Information regarding
individual MPAs is listed in Table A-1 (Appendix).
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were conducted as a function of size, with each fish observed being placed into one
of four body-size classes (1-10cm; 11-20cm; 21-30cm; >30cm). All divers
conducting body-size-specific surveys were trained by CCEF using consistent
methods and were tested against controls to ensure reliability in observations.
Lastly, in 29 MPAs (Fig. II.1; Table A-1), surveys of hard-coral cover (%) were
conducted concurrently with fish censuses.
At each site, surveys of coral cover, fish density, and/or size-frequency
measurements were conducted at two periods after MPA establishment. To
determine the impact of MPAs on each metric over time, three analyses were
conducted, consisting of comparisons between: (1) the disparity in coral cover,
overall density, or body-size-specific density of fishes between MPAs and adjacent
reefs from visual censuses conducted closest to MPA establishment (hereafter
referred to as “first surveys”); (2) the disparity in coral cover, overall density, or
body-size-specific density of fishes between MPAs and adjacent reefs from the
second censuses (hereafter referred to as “second surveys”); and (3) the disparity in
average coral cover, overall density, or body-size-specific density of fishes
recorded simultaneously inside and outside of MPAs between the first and second
surveys for each MPA (hereafter referred to as “reef-wide analysis”).
For census data in which surveys used overall density as a metric, the age of
MPAs at the time of the first surveys ranged from >1-5 years (mean = 2.1 ± 1.3),
the age of MPAs at the time of second surveys ranged from 2-9 years (mean = 5.3
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± 1.3), and the gap between replicate surveys ranged from 1-6 years (mean = 3.2 ±
1.6). For census data in which body-size-specific densities were recorded, the age
of MPAs at the time of first surveys ranged from 1-4 years (mean = 2.2 ± 0.9), the
age of MPAs at the time of second surveys ranged from 3-7 years (mean = 5.4 ±
1.1), and the gap between replicate surveys ranged from 1-5 years (mean = 3.1 ±
1.2). For census data in which hard-coral cover was measured, the age of MPAs at
the time of first surveys ranged from >1-5 years (mean = 2.3 ± 1.26), the age of
MPAs at the time of second surveys ranged from 2-6 years (mean = 5.17 ± 0.98),
and the gap between replicate surveys ranged from 1-6 years (mean = 2.87 ± 1.46).
META-ANALYSIS
The protocol for meta-analysis was modified from that of Maliao et al.
(2009). For spatial comparisons, surveys within MPAs and in adjacent, fished reefs
were considered “experimental” and “control” groups, respectively. In reef-wide
analyses (temporal changes in populations simultaneously in both MPAs and
adjacent reefs), coral cover or fish density was averaged across surveys conducted
inside and outside of an MPA in a given year. The average coral cover or fish
density recorded in the first survey was considered the control variable, while
average coral cover or fish density from the second survey was considered the
experimental variable. Each MPA/fished-reef and first/second survey comparison
was treated as an independent study. Fish families were grouped into two
categorical levels. First, fish families were separated into trophic guilds (Froese
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and Pauly 2017) consisting of: herbivores, omnivores, piscivores, planktivores, and
zoobenthivores. Second, fish families were classified in terms of fishing pressure,
as either “target” (directly targeted by fishermen) or “non-target” (not directly
targeted by fishermen).
The magnitude of the effect of MPAs on coral cover and fish density was
measured via “effect size”: calculated as the natural logarithm of the response ratio
(lnRR; Hedges and Olkin 1985). This calculation results in non-real numbers when
“zero” values are included in analyses, therefore fish density values that were
reported as zero were treated in one of two ways. First, in both overall density and
body-size specific analyses, all values of a given fish family were removed from
replicate surveys if that family was present in one survey but reported as absent
from the other. For size-specific analysis, removal only occurred if zero values
were reported for all four body-size classes within a survey. This process removed
“extinction” (i.e. present in the first survey but not in the second survey) and
“colonization” (present in the second survey but not in the first) events, which
produced extreme lnRR values despite often relatively small changes in absolute
density. Alternatively, in body-size specific analyses where density values were
present within one body-size class but not another, 0.01 was added to all values in
order to calculate lnRR (Molloy et al. 2007), as zero values for individual body-size
classes did not represent “extinction” or “colonization” events. To retain
consistency across calculations, 0.01 was added to all values within size-specific
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analyses regardless of whether zero values were present within any given survey.
Coral cover was never reported as zero, and therefore transformations were
conducted on these data. The lnRR for each group was then calculated as:
𝑙𝑛𝑅𝑅 = ln (

𝑋𝐸
)
𝑋𝐶

Where XE and XC are the experimental and control variables, respectively. The
̿̿̿̿) of benthic habitats and each fish classification (i.e.
mean response ratio (𝑅𝑅
trophic or harvest category) were calculated based on the individual lnRR values of
that variable across sites. lnRR values were weighted more heavily when studies
had lower variance as a function of larger sample size (Rosenberg et al. 2000).
Weight (wi) for each study was defined as the inverse of the variance (vi) of the
mean density of each fish group (wi = 1/vi). As variance values were often not
reported, vi was approximated based on sample size (Hedges and Olkin 1985):
(𝑙𝑛𝑅𝑅𝑖 )2
𝑁𝑖𝑒 + 𝑁𝑖𝑐
𝑣𝑖 = [ 𝑒 𝑐 ] + [
]
𝑁𝑖 𝑁𝑖
2(𝑁𝑖𝑒 + 𝑁𝑖𝑐 )
Where Nci and Nei are the sample sizes for the experimental and control variables,
respectively. Here, sample size represents the number of replicate transects
conducted in given census period within either an MPA or adjacent reef or the
average number of transects conducted across an MPA and adjacent reef at a given
̿̿̿̿ of each fish group was then
time period for reef-wide analyses. The weighted 𝑅𝑅
calculated as:
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∑𝑛𝑖=1 𝑤𝑖 𝑙𝑛𝑅𝑅𝑖
̿̿̿̿
𝑅𝑅 =
∑𝑛𝑖=1 𝑤𝑖

̿̿̿̿ were
where n is the number of studies. Confidence interval (CI) values of each 𝑅𝑅
based on bias-corrected 95% confidence limits around the mean calculated by
bootstrapping after 999 iterations. Mean response ratio values were considered
significantly different from 0 when their respective CIs did not overlap with 1. The
heterogeneity of responses among fish groups across sites was determined using the
total heterogeneity statistic (QT) (Hedges and Olkin 1985):
𝑛

̿̿̿̿)
𝑄𝑇 = ∑ 𝑤𝑖 (𝑙𝑛𝑅𝑅𝑖 − 𝑅𝑅

2

𝑖=1

All statistical analyses were conducted using MetaWin 2.0 software (Rosenberg et
al. 2000), and conducted using a fixed- rather than random-effects model to remain
consistent with previous studies on Philippine MPAs (Maliao et al. 2009), as well
as to avoid biologically-improbable CI values often produced when using a
random-effects model.
MPA SIZE AND AGE
To determine the impact of the size and age of MPAs on the magnitude of
change in the spatial distribution and temporal changes in coral cover, overall fish
abundance, and the demographic structure of fish populations, linear regressions
(Zar 2010) of response ratios (lnRR) on the size and age of MPAs conducted.
Independent regression analyses were conducted for coral cover, overall fish
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density, and each trophic and exploitation group for the first, second, and reef-wide
surveys. In body-size-specific analyses, only total density was tested, as individual
exploitation and trophic groups often had small sample-sizes at larger body-size
classes, limiting the applicability of linear regression. For regressions using MPA
size as the predictor variable, the two largest MPAs in the study (Nalusuan Marine
Sanctuary [83 Ha] and Barton Marine Park [123] Ha) were removed from analysis
as they were substantially larger than other MPAs included in the dataset
(maximum: 30 Ha) and thus limited the linearity of the data. Statistical analyses
were conducted using SigmaPlot 12.0 software.
RESULTS
BENTHIC HABITATS
In both the first (F) and second (S) spatial surveys, there was a significant disparity
in hard-coral cover between protected and fished reefs, with MPAs having
̿̿̿̿ = 1.34, CI = 1.08-1.74;
significantly greater coral cover than adjacent areas (F: 𝑅𝑅
̿̿̿̿ = 1.49, CI = 1.23-1.90; Fig. II.2). Reef-wide coral cover, however, was not
S: 𝑅𝑅
significantly different between the two survey periods, indicating that MPAs did
̿̿̿̿ = 1.15, CI = 0.98-1.33; Fig. II.2).
not impact benthic habitats over time (𝑅𝑅
Summary statistics of the results of meta-analyses are listed in Table II.2.
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Figure II.2.

̿̿̿̿) of disparities in hard-coral cover between
Mean response ratio (𝑹𝑹
MPAs and fished reefs in the first surveys, second surveys, and reefwide analysis (changes in both MPAs and fished reefs over time
between replicate surveys).
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Table I1.2. Summary statistics of meta-analyses for hard-coral cover. The QT
statistic measures the difference of lnRR of each fish group between
sites, with the null hypothesis being that the lnRR of each group among
sites are equal. P-values indicate the significance of QT under the χ2
distribution. A significant QT indicates that the variance among lnRR
values between sites is higher than expected by sampling error.

Analysis
First Surveys
Second Surveys
Reef-Wide

QT
21.03
18.14
15.30

DF
28
28
28

P
0.824
0.992
0.975
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OVERALL FISH DENSITY
The total density of fish in MPAs was consistently higher than in adjacent
reefs, being 27% and 47% greater in MPAs compared to adjacent fished reefs in the
̿̿̿̿ = 1.27, CI = 1.04-1.60; S: 𝑅𝑅
̿̿̿̿ = 1.47,
first and second surveys, respectively (F: 𝑅𝑅
CI = 1.18-1.81; Fig. II.3a-b). Increases in fish density over time were not limited to
populations inside MPAs, however, as the reef-wide (RW) analysis demonstrated a
16% greater total density across both MPAs and fished reefs between the two
̿̿̿̿ = 1.16, CI = 1.02-1.32; Fig. II.3c). Families targeted by
survey periods (𝑅𝑅
fishermen exhibited a markedly different pattern, demonstrating no significant
̿̿̿̿ = 1.13, CI = 0.93-1.40) or reefdisparity in density in either the first surveys (𝑅𝑅
̿̿̿̿ = 0.98, CI = 0.82-1.21), but a 43% greater density within MPAs
wide analysis (𝑅𝑅
̿̿̿̿ = 1.43, CI = 1.09-1.90; Fig.
compared to fished reefs in the second surveys (𝑅𝑅
II.3a-c). Non-target fishes demonstrated a similar pattern to that of total fish
density, with significantly higher densities within MPAs in both spatial surveys, but
̿̿̿̿ = 1.29,
no significant increase in density in the temporal, reef-wide analysis (F: 𝑅𝑅
̿̿̿̿ = 1.51, CI =1.19-2.01; RW: 𝑅𝑅
̿̿̿̿ = 1.17, CI = 0.96-1.39; Fig.
CI = 1.02-1.60; S: 𝑅𝑅
II.3a-c).
Within trophic guilds, patterns of overall fish density between MPAs and
fished reefs tended to remain static over time, with significantly higher densities
observed inside MPAs compared to adjacent reefs in both spatial analyses, and no

Figure II.3.

̿̿̿̿) of fish groups illustrating how fish density varied between MPAs and fished
Mean response ratio (𝑹𝑹
reefs in the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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temporal changes in abundance occurring in reef-wide analysis between replicate
̿̿̿̿ = 1.47, CI = 1.18-1.93; S: 𝑅𝑅
̿̿̿̿ = 1.68, CI = 1.20-2.29;
surveys for herbivores (F: 𝑅𝑅
̿̿̿̿ = 0.96, CI =0.76-1.19), omnivores (F: 𝑅𝑅
̿̿̿̿ = 1.34, CI =1.05-1.70; S: 𝑅𝑅
̿̿̿̿ =
RW: 𝑅𝑅
̿̿̿̿ = 1.19, CI = 0.99-1.45), and piscivores (F: 𝑅𝑅
̿̿̿̿ =
1.44, CI = 1.15-1.83; RW: 𝑅𝑅
̿̿̿̿ = 2.44, CI = 1.67-3.60; RW: 𝑅𝑅
̿̿̿̿ = 1.01, CI = 0.60-1.60;
1.49, CI =1.01-2.22; S: 𝑅𝑅
Fig.II.3a-c). Planktivores demonstrated a similar pattern, with the exception that no
̿̿̿̿ = 0.95, CI =
spatial disparity in density was observed in the first surveys (F: 𝑅𝑅
̿̿̿̿ = 1.55, CI =1.06-2.33; RW: 𝑅𝑅
̿̿̿̿ = 1.31, CI = 0.93-1.72).
0.65-1.45; S: 𝑅𝑅
Zoobenthivores appeared to be either unaffected or negatively impacted by MPA
establishment, with reef-wide analysis revealing an overall reduction in density (F:
̿̿̿̿ = 1.25, CI = 1.02-1.55; S: 𝑅𝑅
̿̿̿̿ = 1.24, CI = 0.93-1.66; RW: 𝑅𝑅
̿̿̿̿ = 0.80, CI
𝑅𝑅
=0.63-0.98). Summary statistics for total fish density are provided in Table II.3.
Statistical results for all pairwise comparisons are listed in Table A-2.
SIZE-SPECIFIC FISH DENSITIES
Across the 17 MPAs surveyed using census techniques that classified fish
by body size, the population structure of total and target fish groups followed
similar patterns. For both groups, fish densities were higher within MPAs at the
11-20cm and 21-30cm size classes compared to adjacent reefs in the first surveys

Table II.3.

Summary statistics of meta-analyses for total fish density. Significant QT values are shown in bold. An
explanation of the QT statistic can be found in the description of Table II.2.

Biotic Group
Total
Target
Non-Target
Herbivores
Omnivores
Piscivores
Planktivores
Zoobenthivores

First Surveys
QT
DF
P
32.90
38
0.704
32.02
38
0.742
41.88
38
0.306
40.13
38
0.376
38.94
38
0.427
68.64
28
<0.001
77.90
29
<0.001
34.91
38
0.613

Second Surveys
QT
DF
P
38.96
38
0.427
55.75
38
0.032
42.77
38
0.274
59.56
36
0.008
40.86
38
0.346
45.43
25
0.007
69.90
30
<0.001
57.38
38
0.022

Reef-Wide Analysis
QT
DF
P
10.86
38
>0.999
29.67
38
0.831
23.04
38
0.973
35.51
34
0.397
24.86
38
0.950
43.06
18
<0.001
29.28
22
0.137
30.23
38
0.811
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̿̿̿̿ = 2.08, CI = 1.11-3.98; 21-30cm: 𝑅𝑅
̿̿̿̿ = 4.43, CI = 1.50[(Total: 11-20cm: 𝑅𝑅
̿̿̿̿ = 4.88, CI = 1.50-21.41; 21-30cm: 𝑅𝑅
̿̿̿̿ =
19.03; Fig. II.4a); (Target: 11-20cm: 𝑅𝑅
2.01, CI = 1.01-4.07; Fig. II.5a)]. No significant disparities in density for either
group were observed in any size class in the second surveys (Figs. II.4b, II.5b). In
the reef-wide analysis, however, significant increases in density were evident for
total fish density within the largest three size-classes, and for target families in the
largest two size-classes across both MPAs and fished reefs over time [(Total: 11̿̿̿̿ = 2.30, CI = 1.31-3.70; 21-30cm: 𝑅𝑅
̿̿̿̿ = 2.38, CI = 1.27-5.02; >30cm: 𝑅𝑅
̿̿̿̿
20cm: 𝑅𝑅
̿̿̿̿ = 2.38, CI = 1.17-5.10;
= 2.35, CI = 1.43-3.94; Fig. II.4c); (Target: 21-30cm: 𝑅𝑅
̿̿̿̿ = 2.73, CI = 1.63-4.91; Fig. II.5c)]. For non-target fish families, the
>30cm: 𝑅𝑅
11-20cm range was the only size-class to demonstrate significantly higher density
̿̿̿̿ = 2.27, CI = 1.53-3.91) and reefinside MPAs, occurring in the first surveys (𝑅𝑅
̿̿̿̿ = 2.88, CI = 1.20-8.40), while fish density in the largest size
wide analysis (𝑅𝑅
class (>30cm) was significantly greater in fished reefs compared to MPAs in the
̿̿̿̿ = 0.66, CI = 0.42-0.89; Fig. II.6a-c). Among trophic
second surveys (𝑅𝑅
categories, there was substantial variation in responses to protection across bodysize classes (Figs. II.7-II.11). General trends included a lack of significant
disparities in size-specific density between MPAs and fished reefs in either

̿̿̿̿) of all fish families illustrating how body-size specific fish density varied between
Figure II.4. Mean response ratio (𝑹𝑹
MPAs and fished reefs in the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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̿̿̿̿) of target fish families illustrating how body-size specific fish density varied
Figure II.5. Mean response ratio (𝑹𝑹
between MPAs and fished reefs in the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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̿̿̿̿) of non-target fish families illustrating how body-size specific fish density varied
Figure II.6. Mean response ratio (𝑹𝑹
between MPAs and fished reefs in the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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̿̿̿̿) of herbivorous fish families illustrating how body-size specific fish density
Figure II.7. Mean response ratio (𝑹𝑹
varied between MPAs and fished reefs in the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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̿̿̿̿) of omnivorous fish families illustrating how body-size specific fish density
Figure II.8. Mean response ratio (𝑹𝑹
varied between MPAs and fished reefs in the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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̿̿̿̿) of piscivorous fish families illustrating how body-size specific fish density varied
Figure II.9. Mean response ratio (𝑹𝑹
between MPAs and fished reefs in the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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Figure II.10.

̿̿̿̿) of planktivorous fish families illustrating how body-size specific fish density
Mean response ratio (𝑹𝑹
varied between MPAs and fished reefs in the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.11.

̿̿̿̿) of zoobenthic-feeding fish families illustrating how body-size specific fish
Mean response ratio (𝑹𝑹
density varied between MPAs and fished reefs in the (a) first surveys, (b) second surveys, and (c) reefwide analyses.
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spatial survey. Notable exceptions include omnivores, which demonstrated
significantly higher densities inside MPAs in the first surveys within the 11-20cm
̿̿̿̿ = 1.68, CI = 1.16-2.80; Fig. II.8a) and significantly lower densities
size-class (𝑅𝑅
inside MPAs compared to adjacent reefs in second surveys within the largest size̿̿̿̿ = 0.72, CI = 0.46-0.93; Fig. II.8b). Higher fish densities were
class (>30cm: 𝑅𝑅
also observed within MPAs at the first survey period within specific body-size
̿̿̿̿ = 2.88, CI = 1.36-6.09; Fig. II.7a),
groups for herbivores (11-20cm: 𝑅𝑅
̿̿̿̿ = 7.70, CI = 2.23-68.37; Fig. II.10a), and
planktivores (21-30cm: 𝑅𝑅
̿̿̿̿ = 2.55, CI = 1.43-4.56; Fig. II.11a), and in the
zoobenthivores (11-20cm: 𝑅𝑅
̿̿̿̿ = 2.26, CI = 1.17-4.20; Fig. II.7b),
second surveys for herbivores (11-20cm: 𝑅𝑅
̿̿̿̿ = 3.66, CI = 1.39-10.10; 21-30cm: 𝑅𝑅
̿̿̿̿ = 2.36, CI = 1.13piscivores (1-10cm: 𝑅𝑅
̿̿̿̿ = 2.08, CI = 1.12-3.58; Fig.
7.48; Fig. II.9b), and zoobenthivores (11-20cm: 𝑅𝑅
II.11b).
In reef-wide analyses, increases in density both within MPAs and in
adjacent fished reefs were observed in at least one of the largest three body-size
classes in herbivores, omnivores, and zoobenthivores, while no increases occurred
over time in either piscivores or planktivores (Fig II.7c-II.11c). Increases in the
density of 11-20cm fish occurred across fished and protected populations for
̿̿̿̿ = 3.42, CI = 1.16-11.22; Fig. II.8c), while increases in 21-30cm fish
omnivores (𝑅𝑅
̿̿̿̿ = 1.91, CI = 1.08-3.52; Fig. II.11c).
were observed for zoobenthivores (𝑅𝑅
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Herbivores were the only trophic group to demonstrate a significant increase in the
̿̿̿̿ = 2.82, CI = 1.50-5.82; Fig. II.7c). Summary
largest body-size class over time (𝑅𝑅
statistics of body-size specific densities are provided in Tables II.4-II.6. Statistical
results for all pairwise comparisons are listed in Table A-2 (Appendix).
MPA SIZE AND AGE
Linear regressions of lnRR values of the overall density of trophic and
exploitation groups did not demonstrate significant relationships between either
spatial disparities in fish density or temporal changes in population sizes and MPA
age (Figs. II.12-II.19). In body-size-specific analyses, significant negative
relationships were observed between MPA age and spatial disparities in density in
the first surveys for the 1-10 and 21-30cm categories (1-10: y = -0.469x + 1.684, R2
= 0.360, F = 8.439, p = 0.011; 21-30: y = -1.093x + 6.944, R2 = 0.295, F = 5.432, p
= 0.037; Figs. II.20-II.21). No other significant relationships were observed for
body-size specific analyses and MPA age (Figs. II.22-II.23). Additionally, no
relationships were found between the age of MPAs and spatial disparities or reefwide shifts in hard-coral cover (Fig II.24).
Four significant relationships were observed between the spatial disparities
in fish density and MPA size. In the first surveys, zoobenthivores demonstrated a
significant increase in density inside MPAs compared to adjacent reefs with
increasing MPA size (Fig. II.25). In the second surveys, positive relationships
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between MPA size and higher relative density inside protected areas were observed
for total fish density (Fig. II.26), non-target fish (Fig. II.27), and omnivores (Fig
II.28). No significant relationships were observed between MPA size for any other
trophic or exploitation group (Figs. II.29-II.32) or in reef-wide changes in density.
Similarly, the spatial disparity and reef-wide density of fishes were not associated
with MPA size for any specific body-size category (Figs. II.33-II.36). A significant
positive association was found between MPA size and reef-wide changes in coral
cover (y = 0.254x -2.088; R2 = 0.167; F = 4.998; p = 0.035; Fig. II.37).

Table II.4.

Summary statistics of meta-analyses for body-size specific fish density in first surveys. Significant QT
values are shown in bold. An explanation of the QT statistic can be found in the description of Table II.2.

Biotic Group
Total
Target
Non-Target
Herbivores
Omnivores
Piscivores
Planktivores
Zoobenthivores

QT
17.06
36.81
16.81
37.08
14.99
45.04
47.69
31.13

1-10cm
DF
16
16
16
15
16
14
12
16

P
0.382
<0.001
0.398
<0.001
0.525
<0.001
<0.001
0.013

QT
43.32
45.47
26.69
47.52
24.46
66.05
40.03
36.28

11-20cm
DF
P
16 <0.001
16 <0.001
16
0.045
15 <0.001
16
0.080
14 <0.001
12 <0.001
16
0.003

21-30cm
QT
DF
P
73.37
16 <0.001
77.80
16 <0.001
52.11
16 <0.001
85.76
15 <0.001
27.06
16 0.041
49.80
14 <0.001
65.44
12 <0.001
73.21
16 <0.001

>30cm
QT
DF
34.35
16
39.24
16
4.43
16
43.50
15
0
16
5.19
14
0
12
8.48
16

P
0.005
0.001
0.998
<0.001
1
0.983
1
0.933
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Table II.5.

Summary statistics of meta-analyses for body-size specific fish density in second surveys. Significant QT
values are shown in bold. An explanation of the QT statistic can be found in the description of Table II.2.

Biotic Group
Total
Target
Non-Target
Herbivores
Omnivores
Piscivores
Planktivores
Zoobenthivores

QT
29.50
50.40
40.38
109.45
44.20
57.97
74.30
51.51

1-10cm
DF
16
16
16
15
16
13
15
16

P
0.021
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

11-20cm
QT
DF
P
31.37
16
0.012
28.53
16
0.027
90.75
16 <0.001
32.50
15
0.006
113.31 16 <0.001
80.87
13 <0.001
58.84
15 <0.001
43.40
16 <0.001

21-30cm
QT
DF
P
83.11
16 <0.001
81.07
16 <0.001
76.54
16 <0.001
60.14
15 <0.001
78.67
16 <0.001
58.19
13 <0.001
70.70
15 <0.001
92.24
16 <0.001

QT
78.19
82.27
25.20
97.49
23.05
50.10
0
26.91

>30cm
DF
16
16
16
15
16
13
15
16

P
<0.001
<0.001
0.0664
<0.001
0.112
<0.001
1
0.042
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Table II.6.

Summary statistics of meta-analyses for body-size specific fish density in reef-wide analyses. Significant QT
values are shown in bold. An explanation of the QT statistic can be found in the description of Table II.2.

Biotic Group
Total
Target
Non-Target
Herbivores
Omnivores
Piscivores
Planktivores
Zoobenthivores

QT
11.93
34.67
18.50
95.73
12.77
84.86
82.34
28.48

1-10cm
DF
16
16
16
16
16
16
14
16

P
0.749
0.0044
0.295
<0.001
0.689
<0.001
<0.001
0.028

11-20cm
QT
DF
P
46.74
16 <0.001
61.62
16 <0.001
132.26
16 <0.001
52.65
16 <0.001
162.34
16 <0.001
113.09
16 <0.001
146.68
14 <0.001
83.42
16 <0.001

21-30cm
QT
DF
P
86.99
16 <0.001
102.99
16 <0.001
87.06
16 <0.001
102.36
16 <0.001
87.85
16 <0.001
94.15
16 <0.001
154.29
14 <0.001
82.12
16 <0.001

QT
55.25
55.83
54.16
85.30
43.96
80.58
0
56.14

>30cm
DF
16
16
16
16
16
16
14
16

P
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
1
<0.001
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Figure II.12.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density on MPA age for the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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Figure II.13.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of target
fish density on MPA age for the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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Figure II.14.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of nontarget fish density on MPA age for the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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Figure II.15.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
herbivorous fish density on MPA age for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.16.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
omnivorous fish density on MPA age for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.17.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
piscivorous fish density on MPA age for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.18.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
planktivorous fish density on MPA age for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.19.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
zoobenthic-feeding fish density on MPA age for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.20.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density at the 1-10 cm size class on MPA age for the (a) first surveys, (b) second surveys, and (c)
reef-wide analyses.
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Figure II. 21. Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density at the 21-30 cm size class on MPA age for the (a) first surveys, (b) second surveys, and (c)
reef-wide analyses.
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Figure II.22.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density at the 11-20 cm size class on MPA age for the (a) first surveys, (b) second surveys, and (c)
reef-wide analyses.
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Figure II.23.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density at the >30 cm size class on MPA age for the (a) first surveys, (b) second surveys, (c) reefwide analyses.
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Figure II.24.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of hardcoral cover on MPA age for the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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Figure II.25.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
zoobenthic fish density on MPA size for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.26.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density on MPA size for the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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Figure II.27.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of nontarget fish density on MPA size for the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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Figure II.28.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
omnivorous fish density on MPA size for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.29.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of target
fish density on MPA size for the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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Figure II.30.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
herbivorous fish density on MPA size for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.31.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
piscivorous fish density on MPA size for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.32.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of
planktivorous fish density on MPA size for the (a) first surveys, (b) second surveys, and (c) reef-wide
analyses.
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Figure II.33.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density at the 1-10 cm size class on MPA size for the (a) first surveys, (b) second surveys, and (c)
reef-wide analyses.
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Figure II.34.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density at the 11-20 cm size class on MPA size for the (a) first surveys, (b) second surveys, and (c)
reef-wide analyses.
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Figure II.35.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density at the 21-30 cm size class on MPA size for the (a) first surveys, (b) second surveys, and (c)
reef-wide analyses.
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Figure II.36.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of total
fish density at the >30 cm size class on MPA size for the (a) first surveys, (b) second surveys, and (c) reefwide analyses.
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Figure II.37.

Regressions and 95% confidence intervals of individual response ratios (lnRR) of the disparity of hardcoral cover on MPA size for the (a) first surveys, (b) second surveys, and (c) reef-wide analyses.
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DISCUSSION
A categorical meta-analysis of Philippine MPAs revealed that both hardcoral cover and the total density of coral-reef fishes was consistently higher within
MPAs than in adjacent, fished reefs. Although reef-wide hard-coral cover and
overall fish population sizes tended to remain static or improve only slightly over
time, the density of large-bodied fish both within and outside of MPA boundaries
greatly increased over the first ~5 years of protection. These results are congruent
with theoretical predictions about the effects of MPAs on fish populations within
their borders (Baskett and Barnett 2015), and more importantly, with the proposed
benefits of “spillover” and “recruitment subsidy” in reefs adjacent to MPAs that
remain open to fishing (Russ and Alcala 1996, Boersma and Parrish 1999, Russ et
al. 2004). Additionally, these processes appear to have strong influence on fishpopulation structure within reefs that include MPAs, as significant increases in
large-bodied fishes were evident both in protected and fished reefs following the
establishment of MPAs.
Fish families directly targeted by fishermen demonstrated positive
responses to protection over time in terms of both spatial distributions between
MPAs and fished reefs as well as reef-wide shifts in the fish demographic structure.
No spatial disparity between MPAs and fished reefs was observed in the first
surveys, however the density of target families was 43% greater in MPAs
compared to adjacent reefs in the second surveys. The shift towards higher
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densities of targeted fish inside MPAs is likely the result of decreased mortality
rates within MPAs, while fished reefs experience sustained or potentially increased
mortality rates due to fishing displacement (Halpern et al. 2004). The overall
density of target families across reefs, however, remained stable between the two
surveys, indicating that increases in density inside MPAs were able to offset any
declines in population sizes in fished reefs. More importantly, reef-wide analysis
revealed that the density of large-bodied individuals increased significantly
between the two survey periods, with 138% and 173% higher densities of target
families observed in the 21-30cm and >30cm categories, respectively. The ability
of MPAs to promote higher abundances of large-bodied individuals in adjacent,
fished reefs is critical to food security for sustenance fishermen and the
sustainability of fish populations, as larval production exponentially increases with
fish body-size (Birkeland and Dayton 2005, Walsh et al. 2006, Hixon et al. 2014).
Despite reef-wide population sizes of target families remaining static, the higher
prevalence of large-bodied individuals observed here indicates that MPAs were
able to increase fish biomass across both protected and fished reefs. Additionally,
due to the exponential relationship between body-size and fecundity, larger average
body-sizes within fisheries, even without increases in population density, are more
likely to promote population expansion over successive years of protection than
higher densities of small-bodied individuals.
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The spatial distribution of non-target fishes between MPAs and fished reefs
remained relatively consistent across the first and second surveys, and populations
of non-target fish did not increase over time in reef-wide analyses. Interestingly, in
spatial analyses, non-target families demonstrated significantly higher overall
densities inside MPAs compared to adjacent reefs in both the first and second
surveys. This result is somewhat unexpected, as the lack of anthropogenic pressure
on these species outside of reserves should negate the impact of MPAs, with
previous studies indicating equivalent densities of these taxa across protected and
fished reefs (Mosqueira et al. 2000). The greater abundance of non-target fishes
inside protected areas could be the result of a variety of factors, including MPAs
being preferentially sited in areas with higher fish densities at inception, or
decreased mortality of non-target fishes within MPAs as bycatch in highly efficient
collection gear or from destructive fishing practices. Body-size-specific densities
also indicated that non-target fishes were able to maintain a more robust population
structure in the presence of MPAs. At the 11-20cm size class, non-target fish
density was 127% higher inside MPAs for non-target fishes compared to adjacent
reefs in the first surveys, and 188% higher in reef-wide analyses between the first
and second surveys. As many of the species included in the “non-target” category
tend to achieve much smaller terminal adult body-sizes, positive shifts within this
size-class may indicate that, similar to target species, non-target fish are able to
reach their “maximum” terminal adult body-sizes both within and outside of MPAs
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after the initiation of protection. Further investigation is needed to determine if
these shifts are indeed the direct result of MPAs, and if so, what mechanisms
underlie benefits to taxa that are not directly targeted by fishermen.
Responses to MPA protection were variable among trophic categories, but
at both survey periods overall population densities were often higher inside MPAs
than in adjacent reefs, with no significant increases in densities occurring in any
trophic group in reef-wide analyses. These results suggest that MPAs were
adequate measures to prevent significant declines in population sizes due to fishing
pressure across reefs, but did not provide sufficient refuge to promote population
expansion for most taxa over the time period analyzed here. A notable exception to
this trend were zoobenthivores, which exhibited significantly higher densities
inside MPAs in the first surveys, no spatial disparity in the second surveys, and an
overall decline in reef-wide density. Examination of size-specific changes in
density, however, revealed that despite absolute densities remaining static over
time, the reef-wide population structure of several trophic categories shifted
towards the predominance of large-bodied individuals. Significant increases in
large-bodied fish were evident across both MPAs and fished reefs for herbivores,
omnivores, and even zoobenthivores (despite a significant decrease in overall
abundance), suggesting that MPAs may be able to reverse age- and size-truncation
characteristic of exploited fish populations (Hixon et al. 2014) across a multitude of
fish families. Additional research on the specificity of responses to protection
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within trophic and taxonomic groups is necessary to advance our understanding of
why individual taxa recover faster and with greater magnitude from fishing-induced
disturbances than others, and how similar rates of recovery can be promoted in
additional taxa.
The strength of the analytical framework used in the assessment of MPA
performance presented here is the synthesis of both protected and harvested
populations in temporal, reef-wide analyses. Increasing the density of populations
in adjacent reefs is essential for MPAs to achieve their ecological and fishery goals
(Russ 2002), making empirical evidence supporting the realization of these benefits
vital to sustained support for the establishment of MPAs and compliance to fishery
regulations among resource users. The ability of MPAs to promote healthy fishery
resources outside of their borders may indeed be the most important factor in the
success of management programs, as compliance to “no-fishing” regulations by
fishermen is tied to personal beliefs that no-take zones within traditional fishing
grounds have direct economic benefits (Cinner et al. 2014). Compliance, in turn,
has been identified as a critical factor in MPA performance (Kritzer 2004, Samoilys
et al. 2007), as poaching inside protected areas can quickly negate both the
ecological and fishery benefits of protected areas (Sale et al. 2005, Sanchirico
2000, Gaines et al. 2010). Although enforcement levels for the MPAs included in
this study indicated high levels of compliance, country-wide estimates of
enforcement in the Philippines are generally low, with recent investigations
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suggesting that roughly 35% of MPAs in the country are enforced and only 12% on
a consistent and ongoing basis (Weeks et al. 2010). As a result, it is possible that
this analysis may include MPAs that have been subjected to considerable levels of
poaching. The improvement in the quality and quantity of exploited-fish
populations across both protected and fished reefs observed here, despite
challenges in implementation and practice often faced in developing nations with
widespread artisanal fisheries, is a remarkable indicator of the potential
contribution of MPAs to the sustainability of coral-reef fisheries.
The results of this reef-wide meta-analysis, therefore, should be
encouraging to both conservation managers and resource users. Although overall
fish density was consistently higher within MPAs compared to fished reefs, reefwide population sizes remained stable over time, indicating that the establishment
of MPAs was sufficient to prevent declines in fish-population size and structure
often observed in response to sustained, intensive fishing pressure common in
subsistence fisheries in the Philippines. Additionally, the density of large-bodied
individuals increased throughout both protected and fished reefs, suggesting that
total harvestable fish biomass was augmented by the establishment of MPAs.
Alterations to the demographic structure of harvested populations towards the
predominance of large-bodied individuals are not only beneficial in the short term
for fisheries yields, but also for long-term sustainability, as a higher prevalence of
large-bodied fish increases the capacity of populations to replenish individuals lost
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to fishing pressure (White et al. 2013). Reef-wide shifts in both population size
and structure over time illustrate the potential of juxtapositions between MPAs and
adjacent fished reefs independent of temporal effects to mask fishery benefits, as
changes within exploited fisheries are likely to occur simultaneously both inside
and outside of protected zones after MPA establishment.
Further studies are necessary, however, to determine whether similar reefwide changes occur for additional taxonomic groups not included in this analysis,
and how spatial patterns of density and abundance shift over time scales beyond the
3-year temporal period utilized in this investigation. Recent research has indicated
that fish biomass may take 30 to 60 years to fully recover in areas around MPAs
(McClanahan 2014, MacNeil et al. 2015), and that beneficial alterations to lifehistory traits including growth and maturation patterns may take even longer to
stabilize (McClanahan and Humphries 2012, McClanahan and Graham 2015).
Although the increases in overall fish density inside MPAs compared to adjacent
reefs observed here occurred at faster rates (~10% per annum) than in previous
meta-analyses (~5% per annum: Molloy et al. 2009), reef-wide increases in density
occurred at half this rate (~5% per annum). Given that reef-fish populations in the
Philippines are estimated to be as low as 10% of their baseline levels (Stobutzki et
al. 2006), this rate of increase across protected and fished populations, were it to
remain stable, would require 18 years to reach full recovery. However, as the
magnitude of changes in fish density and biomass tend to be highly variable after
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the first five years of protection (Babcock et al. 2010), the increases observed here
are unlikely to continue linearly over subsequent years of protection, making much
longer time-scales for full recovery more realistic. In addition, no significant reefwide increases in density were observed for any trophic or exploitation group,
indicating that the recovery of individual taxa is likely to require time periods
longer than those analyzed here to occur.
The short temporal scale utilized in this study may also be responsible for
the lack of significant relationships between the age of MPAs and spatial disparities
and overall growth of both fish populations and benthic habitats. Although
negative relationships were found between the age of MPAs and the disparity in
density of fishes between protected and fished reefs for both the 1-10 and 21-30cm
categories in the first surveys, these trends were not evident in the second surveys.
This result suggests that disparities in population structure between MPAs and
fished reefs dissipate quickly over the first few years of protection, as populations
in fished reefs are supplemented by spillover and recruitment subsidy from MPAs.
Increases in the densities of large-bodied fish, however, are not likely to continue
linearly throughout subsequent years of protection, as evidenced by a lack of
positive relationships between MPA age and reef-wide changes in overall or sizespecific densities. Reef-wide analyses encompassing extended time periods are
needed to determine when equilibrium points are reached at which reef-wide
population sizes and spatial distributions stabilize.
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Additionally, while MPA size is often cited as a significant factor in
efficacy, the largest MPAs in this study (Nalusuan Marine Sanctuary [83 Ha]; Port
Barton Marine Park [123 Ha]) did not demonstrate consistently higher response
ratios compared to smaller MPAs. When these MPAs were removed from
regression analyses, significant positive relationships between MPA size and
disparities in fish density between MPAs and fished reefs were evident for several
trophic groups in spatial surveys, indicating faster growth of populations inside
MPAs compared to adjacent reefs. No relationships, however, were found between
the size of protected areas and reef-wide changes in overall density. This suggests
that while larger MPAs may promote faster growth of protected populations
compared to fished reefs, the magnitude of this effect is not immediately translated
to adjacent areas. It is possible that large MPAs export biomass at slower rates, as
an increased area-to-edge ratio may hinder spillover effects in the early stages of
protection. If this is the case, the increased magnitude of population growth
observed in larger MPAs may require longer periods to manifest in fished areas.
Further studies are necessary to determine whether, and at what temporal scale,
larger absolute population sizes in larger MPAs result in greater benefits to fished
reefs compared to smaller protected areas. Somewhat surprisingly, MPA size was
positively associated with reef-wide increases in coral cover. It is conceivable that
large MPAs provide a larger buffer against sources of pollution and destructive
fishing practices that destroy reef habitat, enabling corals to recover more quickly.
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Further studies are necessary, however, to better understand the mechanisms
underlying this relationship.
Simultaneous changes in the density and demographic structure of fish
populations within both protected and fished areas, as evident in this analysis, may
be the result of the interaction of a number of different processes. First, it is
possible that spillover may occur in Philippine reefs faster than previously detected
(~5 years [this study], compared to 9-11 years [Russ and Alcala 1996]; 8 years
[Russ et al. 2004]; 14 years [Russ and Alcala 2011]), and does so at low but
consistent levels, resulting in the migration of large-bodied individuals at a
sufficient rate to prevent fishing pressure outside of MPA borders from depleting
populations still exposed to harvest (Green et al. 2015). This is slightly different
than the classical description of the spillover phenomenon, in which populations
increase almost exclusively inside MPAs until density-dependent processes force
individuals into adjacent reefs. Second, recruitment subsidy from an abundance of
large-bodied, highly-fecund individuals within MPAs may export enough larvae to
adjacent fished reefs to promote population densities that are not only sufficient to
withstand fishing pressure, but also to allow some individuals to achieve body-sizes
that confer greater fecundity. Additionally, it is possible that recruits being
exported from MPAs may not be of significantly greater quantity, but quality, as
large-bodied females are able to invest more into egg provisioning in the absence of
increased mortality from fishing pressure (Walsh et al. 2006). These individuals are

82
more likely to be larger at settlement and demonstrate faster growth rates (Vigliola
and Meekan 2002), reducing early-life mortality from predation (Searcy and
Sponaugle 2001) and increasing the average size-at-age of cohorts (Berkeley et al.
2004). Finally, as recent modelling and empirical investigations have indicated that
MPAs can potentially buffer against the impacts of fisheries-induced evolution
(Trexler and Travis 2000, Baskett et al. 2005, Dunlop et al. 2009, Miethe et al.
2010, Fidler et al. 2014), it is conceivable that the absence of fishing pressure
inside MPA borders has favored the proliferation of individuals that carry
phenotypes that confer higher fitness (i.e. larger terminal-body size and later sexual
maturation; Walsh et al. 2006). The development of these traits within MPAs
would not only lead to increased export of larvae to adjacent reefs, but could
potentially also transport beneficial life-history traits to populations within fishing
grounds as well (Baskett et al. 2005). As the expected impact each of these
mechanisms would have on the long-term viability of fisheries stocks varies
significantly, it is critical that future investigations attempt to understand the
relative contribution of each of these phenomena to the reef-wide shifts in
abundance and demographics observed here.
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CHAPTER III: THE IMPACT OF MPAs ON FITNESS-RELEVANT LIFEHISTORY CHARACTERISTICS OF CORAL-REEF FISH POPULATIONS
INTRODUCTION
In addition to driving declines in population sizes and damaging critical
habitat (Dayton et al. 1995, Pauly et al. 1998, Hodgson 1999), human fishing effort
has an overwhelming tendency to selectively remove the largest and oldest
individuals from any given population (Myers and Hoenig 1997, Birkeland and
Dayton 2005, Fukuwaka and Morita 2008). Consequently, exploited populations
are subjected to intense selection pressure that favors smaller terminal body-size
(Law 2000, 2007, Heino and Godø 2002, Hawkins and Roberts 2004, Kuparinen
and Merilä 2007, Swain et al. 2007, Heino and Dieckmann 2009) and the onset of
sexual maturity at smaller size and younger age (Heino et al. 2002, Grift et al.
2003, Ernande et al. 2004). Widespread shifts in life-history traits within exploited
populations, known as “fisheries-induced evolution” (FIE), rapidly reduce fish
biomass and have severe repercussions for the long-term sustainability of fisheries
stocks. In many fishes, decreased body-size in mature females correlates with
reduced larval size-at-hatch, growth rate, feeding rate, and viability (Haugen and
Vollestad 2001, Walsh et al. 2006). Additionally, females that reach sexual
maturity at young age produce fewer and smaller eggs compared to conspecifics
that mature later in life, lowering overall lifetime fecundity (Bobko and Berkeley
2003, Berkeley et al. 2004).
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Fishing-induced changes in life-history traits, therefore, greatly reduce the
ability of harvested populations to replace individuals lost to fishing mortality.
Augmenting the problem, shifts in phenotypic frequencies driven by artificial
selection tend to occur much more rapidly than those induced by Darwinian natural
selection (Swallow et al. 1998, Conner 2003, Trut et al. 2004, de Roos et al. 2006).
In overfished populations, increasing evidence suggests that FIE can produce
alterations to life-history characteristics within contemporary timescales (reviewed
by Jørgensen et al. 2007), and substantial phenotypic changes have occurred in
laboratory-based selection experiments in as few as four generations (Conover and
Munch 2002). Alterations to life-history traits have also been shown to correlate
with concurrent shifts in allelic frequencies (Uusi-Heikkilä et al. 2015), suggesting
that observed phenotypic shifts in wild fisheries may have both plastic and
genotypic components. In wild populations, anthropogenic selection has been
implicated in deleterious life-history shifts for a multitude of species, including
lake whitefish (Coregonus clupeaformis), pike (Esox lucius), several species of
salmon (Salmo salar; Oncorhynchus gorbuscha; O. tshawytscha; O. nerka),
European and American plaice (Pleuronectes platessa; Hippoglossoides
platessoides), and haddock (Melanogrammus aeglefinus), among others (reviewed
by Hutchings and Fraser 2008).
Overfishing, therefore, results in a “one-two punch” consisting of reduced
population size and diminished reproductive capacity, making fisheries-induced
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evolution among the primary drivers of reductions in harvestable biomass in
exploited stocks (Conover and Munch 2002). Substantial decreases in population
size coupled with the onset of reduced reproductive capability can result in the
complete collapse of fisheries, best exemplified by the near disappearance of
Atlantic cod (Gadus morhua) in southern Labrador and eastern Newfoundland,
Canada, in the late 1980s; an event preceded by the widespread induction of
reduced size- and age-at-maturation (Swain et al. 2007, Olsen et al. 2004, 2005).
Highlighting the long-term consequences of FIE, G. morhua stocks in the region
have yet to recover despite a fishing moratorium enacted in 1992 (Hutchings and
Rangeley 2011). Considering the rapid and potentially devastating impacts of FIE
on the long-term viability of harvested populations, it is critical that life-history
shifts be included in the design and assessment of management programs aimed at
sustaining fisheries resources (Stokes and Law 2000, Stockwell et al. 2003).
One of the primary components of fishery management programs is the
establishment of no-take marine reserves or marine protected areas (MPAs;
Christie and White 2007). The number of MPAs established worldwide has
increased drastically over the past several decades, as has support for their usage
from scientists and resource managers. Investigations assessing the impact of
MPAs have demonstrated beneficial shifts in a variety of biological metrics within
protected areas compared to fished reefs, including fish density, biomass, species
diversity, and body-size distributions (Mosqueira et al. 2000, Lester et al. 2009,
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Fidler et al. 2014, Soykan and Lewison 2015). More recently, it has been
hypothesized that MPAs may also be suitable tools to mitigate the effects of
fisheries-induced evolution. As no-fishing zones, MPAs eliminate size-selective
fishing effort and resulting directional-selection that drives FIE, theoretically
arresting the further proliferation of fishing-induced phenotypes in protected
populations (Baskett et al. 2005, Dunlop et al. 2009, Miethe et al. 2010). Fisheriesinduced evolution may even be reversed by MPAs, as ecological forces generate
selection gradients that favor larger terminal body-size and older age- and size-atmaturation (Trexler and Travis 2000, Baskett et al. 2005, Edeline et al. 2007,
Dunlop et al. 2009). Laboratory trials have demonstrated that populations can
recover from the development of fisheries-induced traits in as few as six
generations, with the full restoration of historical body-size distributions occurring
around the 12th generation (Conover et al. 2009). At present, however, it is
unknown whether the phenotypic reversals observed in laboratory populations can
occur in wild fisheries, and if so, whether they will be mitigated by natural
predation and external influences including habitat degradation and fishing pressure
outside of protected areas (Swain et al. 2007, Babcock et al. 2010).
Although field assessments of MPAs have indicated that the establishment
of no-take zones can induce beneficial changes in population structure towards the
predominance of large-bodied individuals (Lester et al. 2009, Fidler et al. 2014),
whether such shifts are the result of increased longevity due to the lack of fishing
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mortality or evolutionary changes in life-history traits is unknown. Individuals
within MPAs may reach larger body-sizes as a result of decreased mortality rates in
protected areas, but still retain deleterious life-history traits including reduced ageand size-at-sexual maturity. In such a scenario, protected populations would likely
continue to exhibit diminished reproductive potential despite greater biomass,
hindering population expansion and limiting fishery benefits. Alternatively, if
larger average body-size is the result of shifts in life-history traits that promote the
production of greater quantities of more viable larvae, offspring from MPAs may
promote spillover of beneficial phenotypes to populations in harvested areas,
increasing reproductive potential throughout interconnected populations (reviewed
by Baskett and Barnett 2015).
If MPAs do indeed have a measurable effect on life-history traits
associated with FIE, there are several factors that are likely to modulate their
quantitative impact. First, the susceptibility to the effects of fishing pressure (Russ
and Alcala 1998) as well as the recovery capability (Jennings 2001) of fishes varies
among taxa. These differences appear to be driven by disparities in life-history
characteristics among populations, as species with large body-sizes and long
reproductive cycles seem to be most vulnerable to overfishing, whereas short-lived,
rapidly reproducing species tend to be more resilient (Russ and Alcala 1998, Heino
and Godø 2002). Second, harvest intensity varies greatly dependent on the species
in question and the locality of the study (Russ and Alcala 1989, 1998). Differential
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harvest rates will affect the degree to which FIE occurs within a population, which
will not only effect current population sizes and reproductive potential, but also the
rate at which fisheries are likely to recover after the cessation of harvest pressure
(Walsh et al. 2006, Kuparinen and Hutchings 2012). Finally, traditional MPA
theory predicts greater biological benefits from older and larger MPAs,
necessitating the inclusion of the size and age of MPAs in assessments of their
impact on fish life-history traits.
The ability to detect changes in the growth and maturation patterns of
populations within MPAs would provide a potentially powerful tool for scientists
and resource managers. For example, several years after MPA establishment, the
abundance of small-bodied fishes with short reproductive periods will likely be
higher than that of large-bodied species with longer reproductive cycles, as these
species will have undergone several more generations since the initiation of
protection. Researchers using traditional metrics of MPA performance would likely
conclude that large-bodied fish have not responded as well to protection (Russ and
Alcala 1998). However, if the absence of fishing pressure promotes shifts in lifehistory traits that promote higher fecundity, large-bodied species will still be better
positioned to recover from overfishing despite a lack of observable increases in
abundance. Quantifying evolutionary shifts in protected stocks before measurable
changes in biomass occur would improve the capacity of scientists and resource
managers to project future population dynamics, greatly enhancing their ability to
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effectively manage fishery resources. It is critical, therefore, that the potential of
MPAs to produce beneficial shifts in life-history traits of exploited populations be
more thoroughly investigated. This study was designed to assess the impact of
MPAs on fitness-relevant life-history characteristics in coral-reef fisheries by
examining variations in (1) terminal body-sizes, (2) growth rates, (3)
gonadosomatic index, (4) size- and age-at-maturation, and (5) potential egg
production between protected and fished populations of six reef-fish species in the
Philippines.
MATERIALS AND METHODS
STUDY SITES AND EXPERIMENTAL SPECIES
To examine differences in the growth and maturation patterns of reef-fishes
between protected and harvested populations, individuals of six coral-resident fish
species were collected in five sets of MPAs and adjacent, fished reefs.
Experimental fishes consisted of four species directly targeted by fishermen for
food (Acanthurus nigrofuscus [brown surgeonfish], Ctenochaetus binotatus
[twospot bristletooth], Ctenochaetus striatus [lined bristletooth], and Parupeneus
multifasciatus [manybar goatfish]), one species directly targeted by fishermen for
the aquarium trade (Zebrasoma scopas [brushtail tang]), and one species not
directly targeted by fishermen (Plectroglyphidodon lacrymatus [jewel damselfish]).
Collections were conducted in three municipalities within Zambales Province,
Luzon, Philippines between March and June of 2015 (Municipality of Candelaria:
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Sinabacan-Malimanga MPA [est. 2011; 124 ha]; Municipality of Masinloc: Bani
MPA [est. 2006; 50 ha], San Salvador MPA [est. 1989; 127 ha], Taklobo Farm
MPA [est. 1989; 2 ha]; Municipality of Santa Cruz: Hermana Menor MPA [est.
2003; 266 ha]; Fig. III.1). Specimens of each species were collected throughout
their observed body-size range at each site via SCUBA and spearfishing
equipment. To ensure that individuals collected outside of MPAs inhabited reefs
exposed to continuous fishing pressure, all collections in “fished reefs” took place
at least 300 meters outside of MPA boundaries.
DISSECTION AND DATA COLLECTION
After collection, species-level identification was confirmed, and the
standard length (mm) and body weight (g) of each fish were recorded. To account
for potential variation from recent feeding and/or spawning, the body-weight of
each individual was measured after gonadal and intestinal tissues were removed.
After removal, gonads were sexed, weighed (g), and staged using a protocol
adapted from Murua et al. (2003). Gonads were classified into three stages: Stage 1
(immature); Stage 2 (sexually mature, but not fully engorged); or Stage 3 (mature
and ripe, preparing to spawn). Body weights (minus gonads and intestinal tract) and
gonad weights were used to calculate the Gonadosomatic Index of each fish, which
was used as a metric of relative fecundity. This was calculated as:
𝐺𝑆𝐼 =

𝐺𝑜𝑛𝑎𝑑 𝑊𝑒𝑖𝑔ℎ𝑡
𝑥 100
𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡 𝑚𝑖𝑛𝑢𝑠 𝐺𝑜𝑛𝑎𝑑𝑠 𝑎𝑛𝑑 𝐼𝑛𝑡𝑒𝑠𝑡𝑖𝑛𝑎𝑙 𝑇𝑟𝑎𝑐𝑡
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Figure III.1. Sites of MPAs and adjacent, fished reefs where collections of six
coral-reef resident fishes occurred. Image adapted from Stamen Maps
(maps.stamen.com).
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Lastly, both sagittal otoliths were removed, cleaned, and suspended in an araldite
epoxy mixture (82% Araldite 502, specific gravity 1.13, Electron Microscopy
Sciences Inc.; 12% Hardener HY 956, Vantico Inc.), which was hardened at room
temperature overnight. For consistency, the left otolith was used for analysis
whenever possible. After hardening, three 0.45-0.70mm sections were cut from the
center of each otolith using a Buehler low-speed isometric saw. Following
sectioning, each otolith was aged via alternating dark and light rings representing
annual intervals using a Leica MZ-95 compound microscope. Ageing was
conducted in collaboration with researchers at the Age and Growth Laboratory of
the Florida Fish and Wildlife Commission Fish and Wildlife Research Institute
(FWC-FWRI). To ensure accuracy in otolith reads, randomly selected subsamples
of otoliths aged initially by the principal investigator (PI, R. Fidler) from each
species were subsequently analyzed by two researchers from FWC-FWRI.
Disparities in the age of each fish as determined by the PI and FWC-FWRI were
assessed using the FWC-FWRI standard protocol of “percent error” (PE),
calculated as:
𝐴𝑃𝐼

𝐴𝐹𝑊𝐶 +𝐴𝑃𝐼

|𝐴𝐹𝑊𝐶 | |𝐴𝐹𝑊𝐶 −
𝑃𝐸 = ( 𝐹𝑊𝐶 +
𝐴
𝐴𝐹𝑊𝐶

2

|
) ⁄2

where API is the age determined by the PI, and AFWC is the age determined by
researchers at FWC-FWRI. The average percent error (APE) across all ages
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within a given species was then calculated by taking the mean of all PE values.
The final APE of each species was required to be less than 10% for ageing to be
considered accurate. If APE was above 10%, all otoliths were re-analyzed by the
PI, and a new random set was assessed by FWC-FWRI. This process was repeated
until APE was below the accuracy threshold of 10%. For otoliths read by both the
PI and FWC-FWRI, all discrepancies between ages were resolved by simultaneous
ageing of each otolith by all parties.
STATISTICAL ANALYSES
To test for disparities in terminal body-sizes and growth rates, Von
Bertalanffy growth models were developed for populations collected within each
MPA and associated fished reef. The average length (l) of fish at time (t) was
calculated as:
𝑙𝑡 = 𝐿𝑖𝑛𝑓 (1 − 𝑒 −𝑘(𝑡−𝑡0 ) )
where t0 is the theoretical time at which length = 0, Linf is the asymptotic length or
“terminal body-size” where growth = 0, and K is the rate (years-1) at which Linf is
attained. Von Bertalanffy growth models were then compared using the likelihoodratio method of Kimura (1980). This analysis tests for differences in both the
average terminal body-size (Linf) and growth rate (K) between populations.
Statistical analyses were conducted using the fishmethods package in R statistical
software. Differences in the relationships among age, length, and sexual maturity
of populations between MPAs and adjacent, fished reefs were assessed using
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bubble graphs, which allowed for all three traits to be plotted in two dimensions.
Maturation patterns were analyzed only for Stage 3 (fully mature and ripe,
preparing to spawn) females, as the relative fecundity of females is the most critical
factor in the reproductive capability and stability of fish populations (Hixon et al.
2014).
SIZE- AND AGE-AT-MATURATION, NATURAL MORTALITY
To determine the average size- and age-at-maturity of populations in MPAs
and fished reefs, population growth rates (K) and terminal body-size (Linf) from
Von Bertalanffy growth models were used to back-calculate natural mortality (M),
age-at-maturation (xm), and size-at-maturation (L(xm)). These parameters were
calculated using three Beverton-Holt Life-History Invariants (BH-LHI: Beverton
and Holt 1959, Beverton 1992, Pauly 1980) as defined by Jensen (1996): (1) M*xm
= 1.65; (2) M = 1.50*K; (3) L(xm) = 0.66*Linf. These relationships have been
demonstrated to be reasonably accurate across populations and species (Pauly
1980, Charnov 1993). Although variations in the ratio of M/K have been observed
in some species (Prince et al. 2015), these equations are commonly used in fisheries
analyses especially in data-poor situations (Hordyk et al. 2015a).
TOTAL EGG PRODUCTION & SPAWNING POTENTIAL RATIOS
Although gonadosomatic index values provide information regarding
individual reproductive investment, they are at best a rough estimate of potential
fecundity, and variations between individuals make population-wide inferences
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difficult. To obtain a more quantitative assessment of disparities in reproduction
between MPAs and fished reefs, the total egg production (TEP) of each population
was back-calculated using life-history parameters derived from Von Bertalanffy
models utilizing equations developed by Hordyk et al. (2015a):
Total Egg ProductionUnfished = 𝑓 ∑(1 − 𝐿̃𝑥 )
Total Egg ProductionFished = 𝑓 ∑(1 − 𝐿̃𝑥 )

𝑀/𝐾 𝑏
𝐿̃𝑥

for xm ≤ x ≤ 1

𝐹

(𝑀/𝐾)( +1) 𝑏
𝑀
𝐿̃𝑥

for xm ≤ x ≤ 1

Definitions of individual variables are provided in Table III.1. This model assumes
that maturity is knife-edge at Lm (i.e. all individuals mature at exactly this length)
and that all size-classes are fully selected by the fishery. Although these
assumptions are likely to be violated to varying degrees in wild fisheries (Hordyk et
al. 2015a), the inclusion of variation in maturation schedules requires extensive
data not available for any of the species included in this analysis, and variable
selection by size would only be included in fished reefs (as no selection is assumed
in MPAs), which may skew comparisons between protected and harvested
populations. Total egg production for each model was used to calculate the
spawning potential ratio (SPR) between MPAs and fished reefs under various
levels of fishing mortality (F), calculated as:
Spawning Potential Ratio = TEPUnfished / TEPFished
The SPR of a fishery is the proportion of the unfished reproductive potential left
after a given level of fishing effort (Goodyear 1993, Walters and Martell 2004) and
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Table III.1.

Descriptions and values of variables used to calculate total egg
production (TEP). The term “VB” refers to values derived from lifehistory traits in Von Bertalanffy growth models, while the term “BHLHI” refers to values derived from Beverton-Holt Life-History
Invariant equations.

Term Description
Value(s), or Derived From
Lx
Relative Length (Lm = Length at Maturity)
Length / Linf
xm
f
F
M
k
b

Standardized Age Corresponding to Lm
Fecundity Per Unit Weight
Fishing Mortality
Natural Mortality
Growth Rate
Exponent of Length-Weight Relationship

From VB, BH-LHI
1
0, 0.1, 0.2, M/2, M
From VB, BH-LHI
From VB
3
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is a common metric by which stock status is assessed. By convention, the fishing
mortality (F) rate that results in an SPR of 40% is considered sustainable (Clark
2002). Individual TEPUnfished values and associated SPRs were calculated for
populations in fished reefs with a hypothetical F of zero, as well as for populations
inside MPAs where F is assumed to be zero by virtue of protection.
RESULTS
FISH COLLECTIONS
A total of 2210 specimens were collected from the five MPAs and
associated fished reefs (Table A-3 [Appendix]). The average body-size and age of
individuals collected at each site are listed in Table A-4. The average percent error
(APE) of otolith ageing between readers was below 7% for all species (Acanthurus
nigrofuscus: 5.75%; Ctenochaetus binotatus: 4.83%; Ctenochaetus striatus: 6.69%;
Parupeneus multifasciatus: 0.00%; Plectroglyphidodon lacrymatus: 6.09%;
Zebrasoma scopas: 4.49%). In following descriptions of statistics, the term “MPA”
will be used when referring to protected populations, whereas “FR” will be used
when referring to adjacent, fished reefs.
VON BERTALANFFY GROWTH MODELS
Von Bertalanffy growth models of six reef-fish species inhabiting MPAs
and fished reefs in the Philippines revealed considerable variation in life-history
traits between species and sites. Populations of three of four target species
(Acanthurus nigrofuscus, Ctenochaetus striatus, and Parupeneus multifasciatus)
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exhibited disparities in growth parameters between at least one MPA and fished
reef pair. Significant differences were concentrated in Masinloc, with life-history
disparities occurring most often in the two oldest MPAs in the region, San Salvador
and Taklobo Farm (both 26 years). Differential life-history traits were, however,
occasionally also observed between populations in the Bani, Hermana Menor, and
Sinabacan-Malimanga MPAs. Statistical results of comparisons of terminal bodysizes (Linf) and growth rate (K) for all MPA-fished reef pairs are listed in Table
III.2.
Significant increases in Linf were observed in populations of A. nigrofuscus
inside MPAs compared to adjacent, fished reefs in the three oldest MPAs in the
study (San Salvador [Fig. III.2]): LinfMPA=86.83mm, LinfFR=78.25mm [χ2=11.52,
DF=1, P=0.001]; Taklobo Farm [Fig. III.2]: LinfMPA=84.11mm, LinfFR=78.25mm
[χ2=5.60, DF=1, P=0.018]; Hermana Menor [Fig. III.3]: LinfMPA=90.45mm,
LinfFR=82.26mm [χ2=6.59, DF=1, P=0.010]). Terminal body-sizes inside these
MPAs were 8.58mm (10.96%), 5.86mm (7.50%), and 8.20mm (9.96%) greater
than populations in fished reefs, respectively. Populations of Ctenochaetus striatus
exhibited greater Linf values in the Bani (LinfMPA=132.40mm, LinfFR=118.84mm
[χ2=6.00, DF=1, P=0.014]; Fig. III.4) and Taklobo Farm (LinfMPA=126.13mm,
LinfFR=118.84mm [χ2=4.82, DF=1, P=0.028; Fig. III.4) MPAs in Masinloc, with
terminal body-sizes being 13.56mm (11.41%) and 7.34mm (6.17%) larger than
those in fished reefs. Lastly, populations of Parupeneus multifasciatus

Table III.2.

Results of statistical comparisons of terminal body-sizes (Linf; SL, mm) and growth rates (K) between
populations inside MPAs (MPA) and associated fished reefs (FR), using the likelihood ratio method of
Kimura (1980). Values for each variable in MPAs and fished reefs are provided, along with χ2 statistics
and associated p-values. Significant results are indicated by bold font.

Species
Acanthurus
nigrofuscus
Ctenochaetus
binotatus
Ctenochaetus
striatus
Parupeneus
multifasciatus
Plectroglyphidodon
lacrymatus
Zebrasoma
scopas

Trait
Linf
K
Linf
K
Linf
K
Linf
K
Linf
K
Linf
K

MPA
79.64
1.17
89.93
0.77
132.40
0.66
157.18
0.22
60.50
0.91
104.93
0.50

Masinloc: Bani
FR
X2
78.25
0.48
0.89
1.98
88.13
0.41
0.87
0.48
118.84
6.00
0.72
0.05
134.88
2.76
0.29
0.68
60.67
0.02
0.90
<0.001
102.03
0.67
0.65
2.15

P
0.488
0.159
0.522
0.488
0.014
0.823
0.097
0.410
0.888
>0.999
0.413
0.143

Masinloc: San Salvador
MPA
FR
X2
P
86.83
78.25 11.52 0.001
0.82
0.89
0.13 0.718
87.13
88.13
0.26 0.610
0.96
0.87
0.51 0.475
125.47 118.84 2.56 0.110
0.49
0.72
3.97 0.046
173.43 134.88 5.29 0.021
0.14
0.29
4.83 0.028
63.36
60.67
2.31 0.129
0.78
0.90
0.62 0.431
98.16
102.03 1.14 0.286
0.59
0.65
0.14 0.708

Masinloc: Taklobo Farm
MPA
FR
X2
P
84.11
78.25
5.60
0.018
0.98
0.89
0.21
0.647
92.18
88.13
3.54
0.060
0.75
0.87
0.97
0.325
126.13 118.84
4.82
0.028
0.69
0.72
0.06
0.806
N/A
134.88
N/A
N/A
N/A
0.29
N/A
N/A
62.82
60.67
2.31
0.129
0.87
0.90
0.05
0.823
101.79 102.03 <0.001 >0.999
0.54
0.65
0.76
0.383
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Table III.2. Continued

Species
Acanthurus
nigrofuscus
Ctenochaetus
binotatus
Ctenochaetus
striatus
Parupeneus
multifasciatus
Plectroglyphidodon
lacrymatus
Zebrasoma
scopas

Trait
Linf
K
Linf
K
Linf
K
Linf
K
Linf
K
Linf
K

Candelaria: Sinabacan-Malimanga
MPA
FR
X2
P
91.40
90.43
0.03 0.862
0.60
0.71
0.16 0.689
95.10
93.60
0.09 0.764
0.70
0.69
0.01 0.920
126.38 120.31 0.81 0.368
0.54
0.77
2.02 0.155
175.84 150.79 1.63 0.202
0.11
0.23
4.71 0.030
60.24
60.35
0.01 0.920
0.78
0.90
1.12 0.290
101.01 107.28 2.13 0.144
0.53
0.46
0.38 0.538

Santa Cruz: Hermana Menor
MPA
FR
X2
P
90.45
82.26 6.59 0.010
0.80
1.13
2.12 0.145
96.22
95.80 0.01 0.920
0.92
0.74
1.11 0.292
127.35 132.83 0.56 0.454
0.42
0.70
3.92 0.048
157.69 138.56 0.80 0.371
0.18
0.25
0.70 0.403
63.14
62.10 0.53 0.467
0.76
0.99
3.63 0.057
105.91 107.75 0.22 0.639
0.53
0.55
0.05 0.823
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Figure III.2 Scatterplot of the length-at-age of A. nigrofuscus individuals caught
inside and outside of the Bani, San Salvador, and Taklobo Farm
MPAs in Masinloc, and associated Von Bertalanffy growth curves for
protected and fished populations. No significant differences were
observed in life-history traits between fished reefs and the Bani MPA
(LinfMPA=79.64mm, LinfFR=78.25mm [χ2=0.48 DF=1, P=0.488];
KMPA=1.17, KFR=0.89 [χ 2=1.98, DF=1, P=0.159]). Significant
increases in Linf were observed between fished reefs and both the San
Salvador and Taklobo Farm MPAs (San Salvador: LinfMPA=86.83mm,
LinfFR=78.25mm [χ2=11.52, DF=1, P=0.001]; Taklobo Farm:
LinfMPA=84.11mm, LinfFR=78.25mm [χ2=5.60, DF=1, P=0.018]), but no
differences in K were evident between MPAs and fished reefs at either
site (San Salvador: KMPA=0.82, KFR=0.89 [χ 2=0.13, DF=1, P=0.718];
Taklobo Farm: KMPA=0.98, KFR=0.89 [χ 2=0.21, DF=1, P=0.647]).
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Figure III.3

Scatterplot of the length-at-age of A. nigrofuscus individuals caught
inside and outside of the Hermana Menor MPA in Santa Cruz, and
associated Von Bertalanffy growth curves for protected and fished
populations. A significant increase in Linf was observed in protected
populations, but no differences in K were evident: LinfMPA=90.45mm,
LinfFR=82.26mm (χ2=6.59, DF=1, P=0.010); KMPA=0.80, KFR=1.13 (χ
2
=2.12, DF=1, P=0.145).
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Figure III.4. Scatterplot of the length-at-age of C. striatus individuals caught
inside and outside of the Bani, San Salvador, and Taklobo Farm
MPAs in Masinloc, and associated Von Bertalanffy growth curves
for both protected and fished populations. A significant difference in
Linf was observed between fished reefs and both the Bani and
Taklobo Farm MPAs, but no differences in K were evident at either
site (Bani: LinfMPA=132.40mm, LinfFR=118.84mm [χ2=6.00, DF=1,
P=0.014], KMPA=0.66, KFR=0.72 [χ 2=0.05, DF=1, P=0.823]; Taklobo
Farm: LinfMPA=126.13mm, LinfFR=118.84mm [χ2=4.82, DF=1,
P=0.028], KMPA=0.69, KFR= 0.72 [χ 2=0.06, DF=1, P=0.806]). In the
San Salvador MPA, protected populations demonstrated differential
K values, but exhibited no differences in Linf compared to fished
reefs: LinfMPA=125.47mm, LinfFR=118.84mm (χ2=2.56, DF=1,
P=0.110); KMPA=0.49, KFR=0.72 (χ 2=3.97, DF=1, P=0.046).
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demonstrated significantly greater terminal body-sizes inside the San Salvador
MPA in Masinloc (LinfMPA=173.43mm, LinfFR=134.88mm [χ2=5.29, DF=1,
P=0.021]; Fig III.5), with protected stocks reaching body-sizes 38.55mm (28.58%)
larger than those in adjacent, fished reefs.
Shifts in the growth rate (K) of conspecifics between MPAs and fished reefs
occurred only for C. striatus and P. multifasciatus. Both species exhibited lower
values of K inside the San Salvador MPA compared to adjacent, fished reefs (C.
striatus: KMPA=0.49, KFR=0.72 [χ 2=3.97, DF=1, P=0.046; Fig. III.4]; P.
multifasciatus: KMPA=0.14, KFR=0.29 [χ 2=4.83, DF=1, P=0.028; Fig. III.5]), while
slower growth rates were also observed in the Hermana Menor MPA for C. striatus
(KMPA=0.42, KFR=0.70 [χ 2=3.92, DF=1, P=0.048; Fig. III.6]) and in the SinabacanMalimanga MPA for P. multifasciatus (KMPA=0.11, KFR=0.23 [χ 2=4.71, DF=1,
P=0.03; Fig. III.7]). Slower growth rates were rarely associated with significant
differences in terminal body-sizes, with shifts in both life-history traits occurring
simultaneously only once (P. multifasciatus, San Salvador MPA). No significant
differences in Linf or K were observed for A. nigrofuscus, C. striatus, or P
multifasciatus at any other sites (Figs. III.8-10). Additionally, the fourth target
species (Ctenochaetus binotatus) as well as the two outgroups (Zebrasoma scopas
[aquarium]; and Plectroglyphidodon lacrymatus [non-target]), did not exhibit
significant differences in Linf or K at any site (Figs. III.11-19).
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Figure III.5. Scatterplot of the length-at-age of P. multifasciatus individuals
caught inside and outside of the Bani and San Salvador MPAs in
Masinloc, and associated Von Bertalanffy growth curves for both
protected and fished populations. In the San Salvador MPA,
populations exhibited differences in both Linf and K between
protected and fished reefs: LinfMPA=173.43mm, LinfFR=134.88mm
(χ2=5.29, DF=1, P=0.021); KMPA=0.14, KFR=0.29 (χ 2=4.83, DF=1,
P=0.028). No significant differences were observed for either lifehistory trait between populations in fished reefs and the Bani MPA:
LinfMPA=157.18mm, LinfFR=134.88mm (χ2=2.76, DF=1, P=0.097);
KMPA=0.22, KFR=0.29 (χ 2=0.68, DF=1, P=0.410).
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Figure III.6. Scatterplot of the length-at-age of C. striatus individuals caught
inside and outside of the Hermana Menor MPA in Santa Cruz, and
associated Von Bertalanffy growth curves for both protected and
fished populations. A significant difference in K was observed
between protected and fished populations, but no differences in Linf
were evident: LinfMPA=127.35mm, LinfFR=132.83mm (χ2=0.56, DF=1,
P=0.454); KMPA=0.42, KFR=0.70 (χ 2=3.92, DF=1, P=0.048).
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Figure III.7. Scatterplot of the length-at-age of P. multifasciatus individuals
caught inside and outside of the Sinabacan-Malimanga MPA in
Candelaria, and associated Von Bertalanffy growth curves for both
protected and fished populations. A significant difference in K was
observed between protected and fished populations, but no
differences in Linf were evident: LinfMPA=175.84mm,
LinfFR=150.79mm (χ2=1.63, DF=1, P=0.202); KMPA=0.11, KFR=0.23
(χ 2=4.71, DF=1, P=0.030).
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Figure III.8. Scatterplot of the length-at-age of A. nigrofuscus individuals caught
inside and outside of the Sinabacan-Malimanga MPA in Candelaria,
and associated Von Bertalanffy growth curves for both protected and
fished populations. No significant differences in life-history traits
were observed between fish in the MPA and those in fished reefs:
LinfMPA=91.40mm, LinfFR=90.43mm (χ2=0.030, DF=1, P=0.862);
KMPA=0.60, KFR=0.71 (χ 2=0.16, DF=1, P=0.689).
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Figure III.9. Scatterplot of the length-at-age of C. striatus individuals caught
inside and outside of the Sinabacan-Malimanga MPA in Candelaria,
and associated Von Bertalanffy growth curves for both protected and
fished populations. No significant differences in life-history traits
were observed between fish in the MPA and those in fished reefs:
LinfMPA=126.38mm, LinfFR=120.31mm (χ2=0.81, DF=1, P=0.368);
KMPA=0.54, KFR=0.77 (χ 2=2.02, DF=1, P=0.155).
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Figure III.10.

Scatterplot of the length-at-age of P. multifasciatus individuals
caught inside and outside of the Hermana Menor MPA in Santa
Cruz, and associated Von Bertalanffy growth curves for both
protected and fished populations. No significant differences in lifehistory traits were observed between fish in the MPA and those in
fished reefs: LinfMPA=157.69mm, LinfFR=138.56mm (χ2=0.8, DF=1,
P=0.371); KMPA=0.18, KFR=0.25 (χ 2=0.7, DF=1, P=0.403).
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Figure III.11.

Scatterplot of the length-at-age of C. binotatus individuals caught
inside and outside of the Bani, San Salvador, and Taklobo Farm
MPAs in Masinloc, and associated Von Bertalanffy growth curves
for both protected and fished populations. No significant
differences in life-history traits were observed between fish in
MPAs and those in fished reefs: San Salvador: LinfMPA=87.13mm,
LinfFR=88.13mm (χ2=0.26, DF=1, P=0.610); KMPA=0.96, KFR=0.87
(χ 2=0.51, DF=1, P=0.475); Bani: LinfMPA=89.93mm,
LinfFR=88.13mm (χ2=0.41, DF=1, P=0.522); KMPA=0.77, KFR=0.87
(χ 2=0.48, DF=1, P=0.488); Taklobo Farm: LinfMPA=92.18mm,
LinfFR=88.13mm (χ2=3.54, DF=1, P=0.060); KMPA=0.75, KFR=0.87
(χ 2=0.97, DF=1, P=0.325).
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Figure III.12.

Scatterplot of the length-at-age of C. binotatus individuals caught
inside and outside of the Hermana Menor MPA in Santa Cruz, and
associated Von Bertalanffy growth curves for both protected and
fished populations. No significant differences in life-history traits
were observed between fish in the MPA and those in fished reefs:
LinfMPA=96.22mm, LinfFR=95.80mm (χ2=0.01, DF=1, P=0.920);
KMPA=0.92, KFR=0.74 (χ 2=1.11, DF=1, P=0.292).
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Figure III.13.

Scatterplot of the length-at-age of C. binotatus individuals caught
inside and outside of the Sinabacan-Malimanga MPA in
Candelaria, and associated Von Bertalanffy growth curves for both
protected and fished populations. No significant differences in lifehistory traits were observed between fish in the MPA and those in
fished reefs: LinfMPA=95.10mm, LinfFR=93.60mm (χ2=0.09, DF=1,
P=0.764); KMPA=0.70, KFR=0.69 (χ 2=0.01, DF=1, P=0.92).
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Figure III.14.

Scatterplot of the length-at-age of P. lacrymatus individuals caught
inside and outside of the Bani, San Salvador, and Taklobo Farm
MPAs in Masinloc, and associated Von Bertalanffy growth curves
for both protected and fished populations. No significant
differences were observed in life-history traits between fish in
MPAs and those in fished reefs: San Salvador: LinfMPA=63.36mm,
LinfFR=60.67mm (χ2=2.31, DF=1, P=0.129), KMPA=0.78, KFR=0.90
(χ 2=0.62, DF=1, P=0.431); Bani: LinfMPA=60.50mm,
LinfFR=60.67mm (χ2=0.02, DF=1, P=0.888), KMPA=0.91, KFR=0.90
(χ 2<0.001, DF=1, P>0.999); Taklobo Farm: LinfMPA=62.82mm,
LinfFR=60.67mm (χ2=2.31, DF=1, P=0.129); KMPA=0.87, KFR=0.90
(χ 2=0.05, DF=1, P=0.823).
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Figure III.15.

Scatterplot of the length-at-age of P. lacrymatus individuals caught
inside and outside of the Hermana Menor MPA in Santa Cruz, and
associated Von Bertalanffy growth curves for both protected and
fished populations. No significant differences in life-history traits
were observed between fish in the MPA and those in fished reefs:
LinfMPA=63.14mm, LinfFR=62.10mm (χ2=0.53, DF=1, P=0.467);
KMPA=0.76, KFR=0.99 (χ 2=3.63, DF=1, P=0.057).
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Figure III.16.

Scatterplot of the length-at-age of P. lacrymatus individuals caught
inside and outside of the Sinabacan-Malimanga MPA in
Candelaria, and associated Von Bertalanffy growth curves for both
protected and fished populations. No significant differences in lifehistory traits were observed between fish in the MPA and those in
fished reefs: LinfMPA=60.24mm, LinfFR=60.35mm (χ2=0.01, DF=1,
P=0.920); KMPA=0.78, KFR=0.90 (χ 2=1.12, DF=1, P=0.290).
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Figure III.17.

Scatterplot of the length-at-age of Z. scopas individuals caught
inside and outside of the Bani, San Salvador, and Taklobo Farm
MPAs in Masinloc, and associated Von Bertalanffy growth curves
for both protected and fished populations No significant differences
in life-history traits were observed between fish in MPAs and those
in fished reefs: San Salvador: LinfMPA=98.16mm, LinfFR=102.03mm
(χ2=1.14, DF=1, P=0.286); KMPA=0.59, KFR=0.65 (χ 2=0.14, DF=1,
P=0.708); Bani: LinfMPA=104.93mm, LinfFR=102.03mm (χ2=0.67,
DF=1, P=0.413); KMPA=0.50, KFR=0.65 (χ 2=2.15, DF=1, P=0.143);
Taklobo Farm: LinfMPA=101.79mm, LinfFR=102.03mm (χ2<0.001,
DF=1, P>0.999); KMPA=0.54, KFR=0.65 (χ 2=0.76, DF=1, P=0.383).
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Figure III.18.

Scatterplot of the length-at-age of Z. scopas individuals caught
inside and outside of the Hermana Menor MPA in Santa Cruz, and
associated Von Bertalanffy growth curves for both protected and
fished populations. No significant differences in life-history traits
were observed between fish in the MPA and those in fished reefs:
LinfMPA=105.91mm, LinfFR=107.75mm (χ2=0.22, DF=1, P=0.639);
KMPA=0.53, KFR=0.55 (χ 2=0.05, DF=1, P=0.823).
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Figure III.19.

Scatterplot of the length-at-age of Z. scopas individuals caught
inside and outside of the Sinabacan-Malimanga MPA in
Candelaria, and associated Von Bertalanffy growth curves for both
protected and fished populations. No significant differences in lifehistory traits were observed between fish in the MPA and those in
fished reefs: LinfMPA=101.01mm, LinfFR=107.28mm (χ2=2.13, DF=1,
P=0.144); KMPA=0.53, KFR=0.46 (χ 2=0.38, DF=1, P=0.538).

In the Von Bertalanffy growth equation, K represents the rate (years-1) at
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which Linf is approached, rather than an absolute rate of growth. Fish inside MPAs
that reach larger terminal body-sizes without significant differences in K, therefore,
grow at a faster absolute rate (mm year-1) than conspecifics in fished reefs, as both
attain Linf at the same time despite larger Linf inside MPAs. Conversely, fish that
exhibit significantly lower values of K inside MPAs but reach equivalent terminal
body-sizes across protected and fished reefs demonstrate slower growth in early life
than conspecifics in fished reefs, but retain higher absolute annual growth rates in
later ages. This pattern is similar to that of fish that exhibit both greater Linf and
lower K values inside MPAs, however the magnitude of absolute growth in later
ages is larger in this case. Figure III.20 illustrates examples of each of these
scenarios occurring in the San Salvador MPA for A. nigrofuscus, C. striatus, and P.
multifasciatus, in terms of absolute growth over time back-calculated from Von
Bertalanffy models for each species.
GONADOSOMATIC INDEX
Due to limited sample sizes of Stage 3 females, comparisons of
gonadosomatic indexes were not possible for most species in Candelaria and Santa
Cruz, with the exception of A. nigrofuscus, for which the required sample sizes
were collected inside and outside the Hermana Menor MPA in Santa Cruz. The
availability of three MPAs and associated increased sampling effort in Masinloc,
however, generally allowed for interpretation of GSI between MPAs and fished

Figure III.20.

Absolute annual growth (mm year-1) of fish populations inside the San Salvador MPA and in adjacent
fished reefs for (a) A. nigrofuscus, (b) C. striatus, and (c) P. multifasciatus, based on back-calculations
from Von Bertalanffy growth model parameters. Solid lines represent average growth-at-age for
populations inside the San Salvador MPA, while dotted lines represent growth-at-age in fished reefs in
Masinloc. Curves present different responses to protection in terms of growth parameters, with fishes
inside MPAs exhibiting greater Linf (a), lower K (b), or both traits (c) compared to fished reefs.
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areas, with the only exception being P. multifasciatus, for which requisite sample
sizes of Stage 3 females were not collected at any site.
Female A. nigrofuscus preparing to spawn in the Hermana Menor MPA and
fished reefs in Santa Cruz demonstrated similar patterns of GSI-at-age and -size,
with the exception of 6-year-old individuals from protected areas, which exhibited
relatively smaller GSI values compared to younger individuals in both populations
(Fig. III.21). In Masinloc, Stage 3 females collected from the Bani MPA were
generally of young age and small size, making lifetime trends difficult to discern.
When comparing GSI values between fished reefs and San Salvador and Taklobo
Farm MPAs, however, female A. nigrofuscus specimens appeared to exhibit lower
GSI values at young age and small size and higher GSI values at old age and large
size compared to individuals from adjacent, fished reefs (Fig. III.22).
Unlike A. nigrofuscus, Stage 3 females of C. binotatus tended to
demonstrate larger GSI values at a given size and age in fished reefs compared to
MPAs in Masinloc (Fig. III.23), and did so throughout the entire size and age range
observed in this study. This was especially true for ages 4-6, in which several very
large GSI values were observed in fished reefs, while individuals collected inside
MPAs retained relatively low GSI. A similar pattern was observed for C. striatus
(Fig. III.24), however the GSI values for this species were much more variable for
both protected and fished populations, making general trends more difficult to
discern. Across the size and age spectrum of P. lacrymatus, GSI values were
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Figure III.21. Bubble plot of the GSI-at-length and -age of female, Stage 3 A.
nigrofuscus individuals caught inside and outside of the Hermana
Menor MPA in Santa Cruz. Bubble diameters indicate the
gonadosomatic index of each individual fish, with the center point of
the bubble being that individual’s length-at-age. Bubble diameters in
the figure legend represent an individual with a GSI equal to 1.
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Figure III.22.

Bubble plot of the GSI-at-length and -age of female, Stage 3 A.
nigrofuscus individuals caught inside and outside of the Bani, San
Salvador, and Taklobo Farm MPAs in Masinloc. Bubble diameters
indicate the gonadosomatic index of each individual fish, with the
center point of the bubble being that individual’s length-at-age.
Bubble diameters in the figure legend represent an individual with a
GSI equal to 1.
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Figure III.23.

Bubble plot of the GSI-at-length and -age of female, Stage 3 C.
binotatus individuals caught inside and outside of the Bani, San
Salvador, and Taklobo Farm MPAs in Masinloc. Bubble diameters
indicate the gonadosomatic index of each individual fish, with the
center point of the bubble being that individual’s length-at-age.
Bubble diameters in the figure legend represent an individual with a
GSI equal to 1.
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Figure III.24.

\

Bubble plot of the GSI-at-length and -age of female, Stage 3 C.
striatus individuals caught inside and outside of the Bani, San
Salvador, and Taklobo Farm MPAs in Masinloc. Bubble diameters
indicate the gonadosomatic index of each individual fish, with the
center point of the bubble being that individual’s length-at-age.
Bubble diameters in the figure legend represent an individual with a
GSI equal to 1.
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roughly equivalent between MPAs and fished reefs (Fig. III.25), suggesting similar
maturation patterns across protected and fished reefs. Lastly, Stage 3 females of Z.
scopas from fished reefs consistently exhibited greater GSI values compared to
those collected in any of the three MPAs in the Masinloc (Fig. III.26), indicating
potentially greater reproductive potential outside of protected area boundaries.
SIZE- AND AGE-AT-MATURATION, NATURAL MORTALITY
Back-calculated values of size-at-maturity (L(xm)), age-at-maturity (xm), and
natural mortality (M) for each population are listed in Table III.3. As these traits
are only expected to differ for species that exhibited significant variation in lifehistory characteristics in Von Bertalanffy growth models, the following discussion
will focus on A. nigrofuscus, C. striatus, and P. multifasciatus in MPAs and fished
reefs where such disparities were observed. Populations of Acanthurus nigrofuscus
in the San Salvador Island and Taklobo Farm MPAs both reached sexual
maturation at larger size than in adjacent, fished reefs (San Salvador:
L(xm)MPA=57.31mm; Taklobo Farm: L(xm)MPA=55.51mm; L(xm)FR=51.65 mm).
Age-at-maturity in these sites, however, did not show consistent patterns, with A.
nigrofuscus reaching maturity at younger age in the Taklobo Farm MPA
(xmMPA=1.12 yr) and older age in the San Salvador MPA (xmMPA=1.34 yr) than
populations in fished reefs (xmFR=1.24 yr). In Santa Cruz, populations of A.
nigrofuscus exhibited both older age (xmMPA=1.38 yr; xmFR=0.97 yr) and larger size
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Figure III.25.

Bubble plot of the GSI-at-length and -age of female, Stage 3 P.
lacrymatus individuals caught inside and outside of the Bani, San
Salvador, and Taklobo Farm MPAs in Masinloc. Bubble diameters
indicate the gonadosomatic index of each individual fish, with the
center point of the bubble being that individual’s length-at-age.
Bubble diameters in the figure legend represent an individual with a
GSI equal to 1.
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Figure III.26.

Bubble plot of the GSI-at-length and -age of female, Stage 3 Z.
scopas individuals caught inside and outside of the Bani, San
Salvador, and Taklobo Farm MPAs in Masinloc. Bubble diameters
indicate the gonadosomatic index of each individual fish, with the
center point of the bubble being that individual’s length-at-age.
Bubble diameters in the figure legend represent an individual with a
GSI equal to 1.

Table III.3. Age-at-maturity (xm; years), size-at-maturity (L(xm); mm), and natural mortality (M) values calculated for
each population using Beverton-Holt Life-History Invariants (BH-LHI). For P. multifasciatus, values were
derived using the temperature-dependent model of Pauly (1980), as these results were more consistent with
previously published maturation schedules in this species.
A. nigrofuscus
Municipality

MPA/ Fished Reef

Candelaria
Masinloc

Santa Cruz

C. binotatus

C. striatus

xm

L(xm)

M

xm

L(xm)

M

xm

L(xm)

M

Sinabacan-Malimanga

1.83

60.32

0.90

1.57

62.77

1.05

2.04

83.41

0.81

Fished Reef

1.55

59.68

1.07

1.59

61.78

1.04

1.43

79.40

1.16

Bani

0.94

52.56

1.76

1.43

59.35

1.16

1.67

87.38

0.99

San Salvador

1.34

57.31

1.23

1.15

57.51

1.44

2.24

82.81

0.74

Taklobo Farm

1.12

55.51

1.47

1.47

60.84

1.13

1.59

83.25

1.04

Fished Reef

1.24

51.65

1.34

1.26

58.17

1.31

1.53

78.43

1.08

Hermana Menor

1.38

59.70

1.20

1.20

63.51

1.38

2.62

84.05

0.63

Fished Reef

0.97

54.29

1.70

1.49

63.23

1.11

1.57

87.67

1.05
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Table III.3. Continued.
P. multifasciatus*
Municipality

MPA/ Fished Reef

Candelaria
Masinloc

Santa Cruz

P. lacrymatus

Z. scopas

xm

L(xm)

M

xm

L(xm)

M

xm

L(xm)

M

Sinabacan-Malimanga

3.32

116.05

0.50

1.41

39.76

1.17

2.08

66.67

0.80

Fished Reef

1.96

99.52

0.84

1.22

39.83

1.35

2.39

70.80

0.69

Bani

2.04

103.74

0.81

1.21

39.93

1.37

2.20

69.25

0.75

San Salvador

2.83

114.46

0.58

1.41

41.82

1.17

1.86

64.79

0.89

Taklobo Farm

N/A

N/A

N/A

1.26

41.46

1.31

2.04

67.18

0.81

Fished Reef

1.64

89.02

1.01

1.22

40.04

1.35

1.69

67.34

0.98

Hermana Menor

2.33

104.08

0.71

1.45

41.67

1.14

2.08

69.90

0.80

Fished Reef

1.82

91.45

0.91

1.11

40.99

1.49

2.00

71.12

0.83
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(L(xm)MPA=59.70mm; L(xm)FR=54.29mm) at maturation compared to those in fished
reefs.
In Masinloc, protected populations of Ctenochaetus striatus, which
exhibited differential growth rates or terminal body-sizes in all three MPAs, also
demonstrated larger age- and size-at-maturation inside each MPA compared to
fished reefs, although with varying magnitude (Bani: L(xm)MPA=87.38mm,
xmMPA=1.67 yr; San Salvador: L(xm)MPA=82.81mm, xmMPA=2.24 yr; Taklobo Farm:
L(xm)MPA=83.25mm, xmMPA=1.59 yr; L(xm)FR=78.43mm, xmFR=1.53 yr). In the
Hermana Menor MPA in Santa Cruz, C. striatus populations exhibited later age-atmaturation (xmMPA=2.62 yr), but smaller size at maturation (L(xm)MPA=84.05mm),
compared to fished reefs (xmFR=1.57 yr; L(xm)FR=87.67mm).
Back-calculations of natural mortality (M) and age-at-maturity (xm) for
Parupeneus multifasciatus using BH-LHI models produced values that were
inconsistent with previous reports of age-at-maturation for the species (Pavlov et al.
2011, 2013). This is most likely due to the relatively low (in relation to other
species in this study) growth rates (K) observed for P. multifasciatus in Von
Bertalanffy models, which are directly proportional to M (and therefore xm) in BHLHI calculations. To account for this issue, age-at-maturity in P. multifasciatus
was calculated using natural mortality values derived from the temperaturedependent model of Pauly (1980), calculated as:
log(M) = -0.0066 – 0.279*log(Linf) + 0.6543*log(K) + 0.4634*log(T)
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where T is mean annual water temperature (here: 29°C). Length-at-maturity
(L(xm)) was not influenced by the choice of equation used to derive M. At both
sites in which populations of P. multifasciatus demonstrated differences in lifehistory parameters in Von Bertalanffy models, populations inside MPAs exhibited
both older age- and larger size-at-maturity compared to harvested conspecifics (San
Salvador: xmMPA=2.83 yr, xmFR=1.64 yr, L(xm)MPA=114.46mm, L(xm)FR=89.02mm;
Sinabacan-Malimanga: xmMPA=3.32 yr, xmFR=1.96 yr, L(xm)MPA=116.05mm,
L(xm)FR=99.52mm).
Natural mortality (M) rates for populations inside MPAs were lower in all
but one instance (A. nigrofuscus, Taklobo Farm) when significant differences in
life-history traits were observed in Von Bertalanffy models: A. nigrofuscus: ([San
Salvador MMPA=1.23, Taklobo Farm MMPA=1.47, MFR=1.34]; [Hermana Menor
MMPA=1.20, MFR=1.70]); C. striatus ([Bani: MMPA=0.99, San Salvador MMPA=0.74,
Taklobo Farm: MMPA=1.04, MFR=1.08]; [Hermana Menor MMPA=0.63, MFR=1.05])
P. multifasciatus ([San Salvador MMPA=0.584, MFR=1.01]; [Sinabacan-Malimanga
MMPA=0.497, MFR=0.841]).
TOTAL EGG PRODUCTION & SPAWNING POTENTIAL RATIOS
Total Egg Production (TEP) and Spawning Potential Ratios (SPR) across
various fishing mortality (F) rates for populations of Acanthurus nigrofuscus,
Ctenochaetus striatus, and Parupeneus multifasciatus in the San Salvador MPA are
listed in Table III.4. In addition, TEP as a function of relative age (xm ≤ x ≤ 1)

Table III.4.

Total egg production models for A. nigrofuscus, C. striatus, and P. multifasciatus in the San Salvador MPA
(MPA), fished reefs (FR) in Masinloc with F=0, and fished reefs in Masinloc with various levels of fishing
mortality (F). Spawning potential ratios (SPRs) calculated between the MPA and each level of fishing
mortality, as well as fished reefs with F=0 and each level of fishing mortality, are provided.

Species
A. nigrofuscus
C. striatus
P. multifasciatus

Total Relative Egg Production
MPA FR: F=0 FR: F=0.1 FR: F=0.2
1.186
1.007
0.846
0.712
1.559
1.483
1.194
0.964
2.142
1.652
0.967
0.578

Spawning Potential Ratio (SPR)
FR: F=0 v. 0.1 MPA v. 0.2 FR: F=0 v. 0.2
84%
60%
71%
80%
62%
65%
59%
27%
35%

MPA v. 0.1
71%
77%
45%

Species
A. nigrofuscus
C. striatus
P. multifasciatus

Total Relative Egg Production
MPA FR: F=0 FR: F=M/2 FR: F=M
1.186
1.007
0.328
0.116
1.559
1.483
0.478
0.166
2.142
1.652
0.529
0.183

Spawning Potential Ratio (SPR)
MPA v. M/2 FR: F=0 v. M/2 MPA v. M FR: F=0 v. F
28%
33%
10%
11%
31%
32%
11%
11%
25%
32%
9%
11%
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between MPAs and fished reefs exposed to varying F values are illustrated in
Figure III.27. Calculations of both TEP and SPR for P. multifasciatus were
conducted using natural mortality (M) values from BH-LHI equations, as
calculations from Hordyk et al. (2015a) rely on BH-LHI ratios of M/K that would
become skewed if M was derived using the methods of Pauly (1980). San Salvador
was chosen as a model MPA in which to investigate TEP and SPR, as all three
species that exhibited differential life-history traits between MPAs and fished reefs
did so at this site. Additionally, each of these species exhibited different
combinations of life-history variations inside the San Salvador MPA (A.
nigrofuscus [greater Linf, no difference in K], C. striatus [no difference in Linf,
lower K], P. multifasciatus [greater Linf, lower K]). This made the San Salvador
MPA an ideal system in which to examine the translation of changes in life-history
traits associated with Von Bertalanffy growth to realized reproductive potential.
For all species, TEP was greater inside the San Salvador MPA compared to
fished reefs (A. nigrofuscus: TEPMPA=1.186, TEPFR=1.007; C. striatus:
TEPMPA=1.559, TEPFR=1.483; P. multifasciatus: TEPMPA=2.142, TEPFR=1.652).
Consequently, SPR values were always lower when comparing any level of fishing
mortality (F) in harvested populations between fished reefs with F=0 and MPAs.
The disparity in SPR between these associations is illustrated in Figure III.28 for
each exploited species in terms of the ratio of fishing mortality to natural mortality
(F/M), as traditional fisheries theory states that fishing effort is optimized at the

Figure III.27.

Total egg production (TEP) as a function of body mass for MPAs and fished reefs (FR) under various
fishing mortality (F) scenarios. TEP was consistently greater inside MPAs compared to fished reefs with
F=0, and the magnitude of disparities in egg production between MPAs and fished reefs at any level of
fishing effort greatly increased as fish approached ages at which terminal body-size was achieved.
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Figure III.28.

Spawning potential ratios (SPRs) calculated from populations inside MPAs (MPA) and in fished reefs
(FR) with F=0 as fishing mortality (F) approaches natural mortality (M). The absolute difference
between SPRs (MPA – FR: F=0) is also illustrated.
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point where F=M (Gulland 1971). This analysis revealed that: (1) calculating SPR
from fisheries stocks exhibiting fishing-induced life-history traits is likely to
underestimate potential TEP from actual unfished populations; and that the
magnitude of overestimation (2) decreases as the rate of fishing mortality
approaches natural mortality and (3) is modulated by the nature of changes in lifehistory characteristics observed within a given stock.
DISCUSSION
An analysis of the life-history characteristics of six reef-fish species
revealed considerable variation in the terminal body-sizes, growth rates, and
maturation patterns of conspecifics between MPAs and fished reefs. Disparities in
Linf and/or K values were observed in three of the four experimental species directly
targeted as food resources in the region (A. nigrofuscus, C. striatus, and P.
multifasciatus) within at least one MPA when compared to adjacent, fished reefs.
These shifts were often correlated with positive trends in gonadosomatic index
values within MPA sites, and were substantial enough to promote increased egg
production within protected populations. Neither C. binotatus nor Z. scopas
exhibited differential life-history traits between MPAs and fished reefs. It is
possible that C. binotatus is fished at lower rates than other target species, which
would limit initial impacts on life-history characteristics from FIE, or alternatively
that the protection provided by MPAs is not sufficient to promote changes in Linf or
K in the species. In the case of Z. scopas, which in contrast to many fishes is
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preferentially harvested at small size, fishing pressure from the aquarium trade may
not have been strong enough to produce FIE. It is interesting to note however, that
terminal body-sizes of Z. scopas were often larger (although not significantly) in
fished reefs when compared to MPAs, a trend not often observed between
harvested and protected populations of species targeted for food. Finally,
populations of the non-target P. lacrymatus did not differ in life-history phenotypes
between MPAs and fished reefs, suggesting that changes observed in harvested
species were driven primarily by fishing pressure rather than disparities in habitat
quality between sites.
Von Bertalanffy growth models indicated that targeted species in fished
reefs undergo a period of rapid growth after settlement and limited growth rates
thereafter, while populations inside MPAs have slower growth in early life, but
retain more stable increases in body-size throughout their lifespan. Faster growth at
young age is a predicted consequence of fisheries-induced selection, as individual
fitness is dependent upon attaining body-sizes that confer maturity before
succumbing to fishing mortality. The low growth rates exhibited by populations in
fished reefs late in life suggests that harvested fish preferentially allocate resources
almost exclusively towards reproduction after they reach sexual maturation. In
contrast, fish within MPA boundaries appeared to allocate energy reserves more
equally towards growth and maturation regardless of age. This interpretation is
consistent with recent research suggesting that K in the Von Bertalanffy growth
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model is equal to the proportion of body mass dedicated to reproductive effort
(Charnov 2008). For populations in which K did not differ significantly between
MPAs and fished reefs, but still exhibited greater Linf, it is possible that
conspecifics allocated resources in equivalent proportions between reproduction
and growth. In this scenario, fish populations inside MPAs should theoretically be
more fecund simply by reaching larger average size-at-age throughout their lifespan
(Haugen and Vollestad 2001, Walsh et al. 2006).
Whether disparities in Linf and K between MPAs and fished reefs translated
into increased reproductive investment, however, was somewhat unclear.
Unfortunately, in sites where Linf or K differed significantly between MPAs and
fished reefs, the number of Stage 3 females collected inside or outside of MPAs
was often small, making comparisons between protected and fished populations
difficult. Where sufficient data were available, there was considerable variation in
the GSI values of Stage 3 females across size and age in both MPAs and fished
reefs. Female A. nigrofuscus inside and outside of the Hermana Menor MPA in
Santa Cruz demonstrated relatively equivalent GSI across age and size, with the
notable exception of 6-year old individuals inside the MPA which were smaller
than at any other age. Populations in both the San Salvador and Taklobo Farm
MPAs exhibited similar GSI at small size and young age compared to fished reefs.
Much greater GSI values, however, were observed at old age and large size inside
the Taklobo Farm MPA, indicating greater fecundity in long-lived individuals. It is
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interesting to note that the GSI of all individuals in Santa Cruz and Candelaria were
larger at ages 1-4 and smaller at older ages than those in Masinloc, where the two
oldest MPAs in the study were located. Such a result is not unexpected, as previous
research has suggested that the restoration of pre-exploitation maturation schedules
may require longer periods of protection than changes to growth patterns (Enberg
et al. 2009). For C. striatus, harvested populations in Masinloc had consistently
greater GSI than those from MPAs. This result is unexpected, as C. striatus is
fished extensively in the region, and thus is predicted to exhibit similar patterns in
resource allocation to that of other exploited species. A similar trend was observed
in Z. scopas, however this trend is predicted by theory, as Z. scopas is harvested
primarily for the aquarium trade at very small size, inverting the selective pressures
normally induced by fishing effort.
Despite variations in individual reproductive investment, the results of TEP
models for A. nigrofuscus, C. striatus, and P. multifasciatus, suggest that MPAinduced alterations to Linf and K observed inside MPAs can substantially improve
fecundity within protected populations. Total egg production was greater inside the
San Salvador MPA for all three species when compared to fished reefs under
hypothetical zero fishing mortality (F=0), although the magnitude of increases
between species appeared to be influenced by the nature of phenotypic shifts that
occurred. The smallest change in TEP (5.12%) was observed for C. striatus, which
exhibited differential growth rates, but equivalent Linf values between the San
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Salvador MPA and fished reefs. In A. nigrofuscus, which had equivalent growth
rates but larger Linf inside the San Salvador MPA, the disparity in TEP between
protected and fished reefs increased to 17.78%. Finally, protected populations of P.
multifasciatus, which demonstrated significant alterations to both Linf and K
between the San Salvador MPA and fished reefs, had TEP values 29.66% greater
inside the MPA. These trends would suggest that Linf plays a more significant role
than K in larval production, as the largest differences in TEP were observed for
species that exhibited greater terminal body-sizes inside the MPA, and TEP
disparities increased with larger relative changes in body-size. Growth rate may
play a synergistic role with Linf, but appears to be less impactful when alterations to
K occur in the absence of larger terminal body-sizes.
Both age- and size-at-maturation are also predicted to significantly impact
larval production (Trippel 1995, Olsen et al. 2004). Of the two traits, size-atmaturity appeared to be the more important for TEP. In the San Salvador MPA, C.
striatus demonstrated only a 5.58% increase in L(xm), while A. nigrofuscus and P.
multifasciatus exhibited 10.96% and 28.57% increases in size-at-maturity,
respectively. In contrast, A. nigrofuscus had the smallest increase in age-atmaturity (8.06%), while C. striatus and P. multifasciatus had 46.4% and 72.56%
increases in xm, respectively. Again, it is likely that age-at-maturation effects TEP
synergistically with size-at-maturation, but increases to xm in isolation appear to be
less critical than those in L(xm). Reduced age-at-maturity, however, has been
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shown to decrease egg size (Trippel 1995) and therefore viability (Berkeley et al.
2004), which is likely to augment the impact of early maturity on fitness even in
the absence of significant declines in absolute egg production. Although fishing
pressure most directly targets body-size, age-selection is a correlated consequence
of preferential removal of large-bodied individuals (Heino and Godø 2002). In
addition, growth and maturity patterns are likely to be genetically correlated with
one another (Conover et al. 2009). Declines in xm and L(xm), therefore, will
generally occur simultaneously, making negative impacts from shifts in either trait
additive to one another.
Disparities in TEP between MPAs and fished reefs under hypothetical F=0
scenarios have important implications for the calculation and usage of the spawning
potential ratio (SPR) metric in fisheries management. Spawning potential ratios are
often used to set catch limits or reference points against which to test current stock
characteristics (Clark 2002, Restrepo and Powers 1999), making accurate
projections of TEPUnfished critical. Comparisons of SPR between MPAs and fished
reefs with F=0 against various levels of fishing mortality suggest that the
calculation of TEP from stocks that have already experienced significant harvest
pressure is likely to overestimate SPR values and increase the probability of setting
unsustainable fishing rates. This is due to TEPUnfished values from previously
exploited populations being influenced by fishing-induced alterations to life-history
traits. Consequently, TEPUnfished values from harvested populations represent
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shifted baselines that predict lower fecundity than would be exhibited by fishery
populations that had not experienced multiple generations of size-selective
mortality. Indeed, even in the model used to calculate TEP in this study, the
disparities in SPRs between MPAs and fished reefs are likely underestimated, as f
(eggs produced per unit of body-mass) was considered constant between
populations; which is unlikely to be the case as life-history shifts between MPAs
and fished reefs should result in differential fecundity-at-size and -age (Walsh et al.
2006). This effect, however, was most pronounced when the ratio of F/M was
lower, and dissipated as F approached M, indicating that benefits from MPAs may
decline as fishing effort outside of protected area boundaries increases.
The age of MPAs appeared to play a substantial role in whether beneficial
alterations in life-history traits occurred in protected populations. Significantly
larger Linf values were found predominantly in the three oldest MPAs (Hermana
Menor [12 years; A. nigrofuscus], San Salvador [26; A. nigrofuscus, P.
multifasciatus], and Taklobo Farm [26; A. nigrofuscus, C. striatus]); although C.
striatus populations also exhibited greater terminal body-sizes inside the Bani MPA
(9 years). No significant differences in Linf were observed in the SinabacanMalimanga MPA (4 years). These results follow theoretical predictions regarding
the temporal scale required for MPAs to induce phenotypic shifts within protected
populations, with demonstrable changes in life-history traits requiring multiple
generations to manifest (Conover et al. 2009). Previous investigations have found
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populations of P. multifasciatus, A. nigrofuscus, C. striatus to reach sexual
maturation at ~1-2, ~1-3, and ~2-3 years respectively (Hart and Russ 1996,
Ochavillo et al. 2011, Pavlov et al. 2011, 2013), which is consistent with patterns
observed inside MPAs in this study. This equates to between ~5 and ~12
generations since the initiation of protection in the Hermana Menor MPA, and ~10
to ~26 generations in the San Salvador and Taklobo Farm MPAs.
Protected area size, however, did not seem to be a contributing factor in the
ability of protected areas to induce phenotypic change, as the MPAs in which lifehistory traits differed from adjacent reefs consisted of both the largest (Hermana
Menor [266 ha]) and smallest (Taklobo Farm [2 ha]) in the study. This result is
unexpected, as increased movement of individuals into fishing grounds (as a
consequence of smaller MPA size) increases the selective force of fishing on
“protected” populations, dampening the potential evolutionary effects of protected
areas (Miethe et al. 2010, Grüss et al. 2011). Species with small territories such as
P. lacrymatus (~1m2; Krone et al. 2008), C. striatus (12m2: Krone et al. 2008), and
Z. scopas (37m2; Robertson et al. 1979), are not likely to traverse MPA boundaries
even in the smallest protected areas examined here. In contrast, populations of both
A. nigrofuscus and P. multifasciatus are unlikely to be distinct between MPAs and
fished reefs. Individuals of A. nigrofuscus are known to conduct daily feeding and
spawning migrations from sheltered sites that can range from 300m (Robertson
1983) to 1.5km (Mazeroll and Montgomery 1995), and P. multifasciatus roam
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areas as large as 245m2 daily (McCormick and Makey 1997), making it likely that
individuals of these species regularly traverse the boundaries of smaller MPAs. It
is also possible that the age and size of MPAs play synergistic roles in promoting
phenotypic shifts in exploited populations. For example, increases in Linf for A.
nigrofuscus were similar in the Hermana Menor (266 ha; 12 years) and San
Salvador (127 ha; 26 years) MPAs, while differences in Linf in the Taklobo Farm
MPA (2 ha; 26 years) were of lesser magnitude, and terminal body-sizes of C.
striatus were also greater in the Bani MPA (50 ha; 9 years) than in the Taklobo
Farm MPA.
There is considerable debate regarding the mechanism underlying
phenotypic changes in exploited fisheries; specifically, the relative contributions of
environmentally- or density-dependent phenotypic plasticity and fishing-induced
genetic alterations (Eikeset et al. 2016). Although fish body-size and maturation
are both highly plastic in many species (Conover et al. 2009), the intensive harvest
rates and high size-selectivity of fisheries (Heino and Godø 2002) and
demonstrated heritability of life-history traits in fishes (Law 2000) provide the
necessary conditions to promote evolutionary, genetic shifts in growth and
maturation patterns (Sharpe and Hendry 2009). The distinction between plastic and
genetic influence on phenotypes is critical in the context of recovery potential in
exploited populations. Genetic changes are expected to be slower and more
challenging to reverse than plastic responses (de Roos et al 2006, Enberg et al.
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2009), can alter fundamental population dynamics (Dunlop et al. 2015), and have
the potential to reduce resilience to environmental stress (Hsieh et al. 2010).
Distinguishing between these effects, however, can be incredibly difficult in wild
populations, as evidenced by the somewhat contradictory trends observed in this
study. Given that protected and harvested fish populations examined here are
extensively interconnected by both pelagic larval stages and adult movement
patterns, genetic stratification of populations between MPAs and fished reefs seems
unlikely. This would suggest that observed phenotypic changes inside MPAs are
the result of plastic responses to the removal of fishing mortality or increased
influence of density-dependence on growth patterns. The higher prevalence of lifehistory alterations in older MPAs, however, would indicate that long periods of
protection are required to promote alterations to growth rates and body sizes,
supporting a genotypic basis of changes in growth and maturation phenotypes.
Alternatively, extended periods of protection may be necessary for previously
exploited populations to reach densities great enough to induce plastic responses, in
which case density-dependent growth may be primarily responsible for changes in
life-history characteristics. Density-dependent mechanisms would help to explain
life-history shifts in the Taklobo Farm (2 ha) and Bani (50 ha) MPAs, but not in the
context of the much larger Hermana Menor MPA (266 ha). Further studies
assessing disparities in alleles controlling growth and maturation in wild
populations across MPAs and fished reefs are necessary to quantify the impact of
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plasticity and genetic evolution in the recovery of populations from fishing-induced
phenotypes.
Although it appears that A. nigrofuscus, C. striatus, and P. multifasciatus
have exhibited positive responses to MPA establishment, species-specific analyses
across a wide range of taxa will be critical in determining the overall effect of
MPAs on reef-fish communities. Family-level susceptibility to fishing pressure
(Russ and Alcala 1998) as well as recovery rates of individual fish families
(Jennings 2001) differ significantly. Additionally, the response of fish to protection
depends on species-specific movement and behavioral patterns (Grüss et al. 2011),
as well as economic value, body size, habitat depth range, and schooling behavior
of individual species (Claudet et al. 2010). Rates of evolutionary change have also
been shown to vary across conspecific fishery stocks that exhibit different somatic
growth rates (Devine et al. 2012). As a result, the rates and magnitude of lifehistory changes in fishes within MPAs are likely to differ by taxa, but even
between disparate populations of any given species. Future empirical
investigations and modelling studies will be critical in advancing our understanding
of how individual populations might respond to spatially heterogeneous removal of
harvest mortality, and how MPAs might best be employed to maximize their
impact on exploited fishery populations.
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CHAPTER IV: SYNTHESIS AND CONCLUSIONS
The Philippine archipelago is considered the global epicenter of marine
biodiversity (Carpenter and Springer 2005) and is thus a top priority for marine
conservation (Roberts et al. 2002). Philippine coral reefs contain over 1,700 fish
species (Carpenter and Springer 2005) and represent roughly 9% of global coralreef area (Spalding et al. 2001). Natural resources from these ecosystems support
over 120 million people, more than 2 million of whom are fishermen (Veron et al.
2009, Goreau 2010), and provide 70% of the animal protein intake of the
population (State of the Coral Triangle Report 2012). The Philippines also relies
heavily on MPAs for ecological and fishery management (Christie et al. 2002,
White et al. 2006). The country has established at least 985 MPAs covering
14,943km2 (4.9% of coastal waters) with 1,459km2 (0.5%) being designated as notake zones (Weeks et al. 2010). The significance of its coral-reef ecosystems to
global marine biodiversity and its extensive utilization of MPAs as a primary
management tool make the Philippines the ideal field laboratory in which to study
the effects of MPAs on exploited fish populations. Additionally, as the
maintenance of fishery stocks is essential for continued food security and
ecological integrity in the Philippines (Alcala and Russ 2006), a more thorough
understanding of the realized impacts of MPAs on coral-reef fisheries is of critical
importance.
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A meta-analysis of visual surveys conducted in 39 Philippine reefs
demonstrated rapid, reef-wide beneficial effects of MPA establishment. During the
first ~5 years of protection, fish density was generally greater inside MPAs
compared to adjacent reefs, and population sizes across protected and fished reefs
remained stable (Fig. II.3, p. 28). During this same period, the density of largebodied fish increased in both protected and exploited reefs (Fig. II.4, p. 32). These
results indicate that over relatively few years of protection, Philippine MPAs were
able to promote reef-wide shifts in demographic structure toward the predominance
of larger fish across protected and fished reefs, and effectively buffer fisheries
against population declines from intensive fishing pressure. Higher densities of
large-bodied individuals are vital to the long-term sustainability of fisheries, as
large body-size correlates with higher lifetime fecundity in many fishes. Although
overall population sizes did not increase over time, simultaneous shifts in the
demographic structure of fish populations inside and outside of protected areas
suggest that spillover effects begin rapidly after MPA establishment. The
increased abundance of larger fish outside of MPAs is also essential for stakeholder
support of management programs, as compliance to no-fishing regulations from
resource users is directly tied to local perceptions of personal benefits arising from
MPA implementation (Cinner et al. 2014).
Despite observed demographic shifts toward the predominance of largebodied fish after MPA establishment, the mechanism by which such changes take
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place may be as important to the viability of MPAs as a management tool as
whether they occur at all. The magnitude of excess larval production inside MPAs,
and thereby recruitment subsidy to fished reefs, will likely be minimal if larger size
is attained solely by increased longevity due to the absence of fishing pressure.
Although individuals inside MPAs may achieve larger body-size as they reach
older ages, they are likely to retain low relative fecundity if they still achieve
maturation at small size and young age (Law 2000). Alternatively, if demographic
shifts are the result of differential phenotypes that confer greater lifetime fitness
(i.e. faster growth, larger terminal body-size, and later maturation) the quantity and
viability of larvae produced inside MPAs would be augmented well beyond what
would be expected from increased biomass alone. Beneficial alterations to growth
and maturation patterns would therefore improve the size and resilience of
populations not only within MPAs, but throughout interconnected reef systems via
increased recruitment subsidy.
A direct comparison of life-history characteristics between populations
inside and outside of MPA borders revealed significant variation in fitness-relevant
phenotypes between protected and harvested populations. Three of the four
experimental species directly targeted by fishermen for food (Acanthurus
nigrofuscus [Figs. III.2-3, p. 101-102], Ctenochaetus striatus [Fig. III.4, p. 103],
and Parupeneus multifasciatus [Fig. III.5, 7; p. 105, 107) demonstrated beneficial
shifts in terminal body-sizes (Linf) and/or growth rates (K) inside MPAs compared
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to conspecifics in adjacent, fished reefs. Life-history shifts appeared to be a direct
consequence of spatial disparities in fishing pressure between MPAs and adjacent
reefs, as neither the non-target (Plectroglyphidodon lacrymatus) nor aquariumtarget (Zebrasoma scopas) fishes exhibited differential phenotypes between
protected and harvested reef areas. Increased terminal body-size is predicted to
improve larval production; however, the relationships between the size and age of
mature females and gonadosomatic-index values were highly variable across
species and sites, making it unclear whether differential growth patterns translated
into increased individual reproductive investment within protected populations.
Despite this variation, back-calculation of total egg production (TEP)
indicated that populations inside MPAs are likely to exhibit higher size-specific
fecundity compared to conspecifics in fished reefs. This finding has important
ramifications for the potential magnitude of recruitment subsidy, which is among
the most important mechanisms by which MPAs are theorized to produce
ecological and economic benefits. Enhanced larval production is predicted to occur
inside MPAs simply by virtue of greater densities of large-bodied individuals (Russ
2002). Life-history shifts inside MPAs that promote improved larval-production-atsize would significantly augment the impact of increased biomass on the number of
larvae spawned inside MPAs, and thereby the number of recruits available to settle
in adjacent, fished reefs (Baskett et al. 2005). Larval production should be further
enhanced by greater terminal body-sizes and increased longevity of cohorts in the
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absence of fishing mortality inside MPAs. The production of excess larvae by
protected subsets of populations will be essential if MPAs are to offset diminished
reproductive capacity in exploited reefs. The absolute magnitude of larval export
from MPAs to fished reefs at any given site, however, will depend on a variety of
factors including the larval durations and metapopulation structures of individual
species, localized current patterns, and the quality of settlement habitats in fished
reefs (Sale et al. 2005).
The size and age of MPAs are often cited as determining factors of success,
with larger and older MPAs expected to deliver greater biological and economic
benefits than smaller, younger MPAs (Claudet et al. 2008, Molloy et al. 2009).
Spatial and temporal trends in fish density and size-structure, however, did not
demonstrate consistent relationships between biological metrics and MPA
characteristics. Spatial disparities in fish density were occasionally associated with
MPA age for specific trophic and body-size groups, but these relationships
occurred rarely and with variable directionality. Additionally, no significant
relationships were observed between the MPA age and reef-wide changes in fish
density. The relatively short temporal period between replicate surveys (1-5 years)
may be the primary reason for the lack of observable trends across MPA age.
Recent research has suggested that at least 35 years of protection is necessary to
restore historical population sizes in many fisheries (McClanahan 2014), and that
the most heavily exploited areas may require up to 60 years (MacNeil et al. 2015).
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Significant positive relationships between MPA size and higher relative fish
abundance inside protected areas were observed for several trophic groups, which
may be a consequence of diminished edge effects from fishing effort immediately
outside of MPA borders (Roberts et al. 2001b). Although greater population sizes
inside larger MPAs should, in theory, promote more robust reef-wide population
growth via spillover and recruitment subsidy than smaller protected areas, no
relationships were apparent between MPA size and reef-wide increases in fish
density. This result may also be due to the relatively young age of MPAs in this
study, which were all less than 10 years old at the time of last census. It is possible
that spillover effects from large MPAs are less than those of smaller protected areas
as a result of larger area-to-edge ratios, making fished areas surrounding large
MPAs more reliant on recruitment subsidy for population growth in the first years
after MPA establishment. As a result, the 10-year temporal period analyzed here
may not be long enough for increased larval production within MPAs to
supplement populations in adjacent reefs at detectable levels.
In contrast, the size and age of MPAs appeared to play a substantial role in
promoting beneficial life-history characteristics in protected populations.
Disparities in terminal body-size and growth rates between MPAs and fished reefs
were almost exclusively found within old and/or large MPAs, although both
characteristics did not need to occur simultaneously. For example, several species
exhibited differential life-history traits in the Taklobo Farm MPA, which was
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among the oldest in the study (26 years), but was also by far the smallest (2 ha),
suggesting that long-term protection can promote beneficial changes regardless of
the size of protected areas. Conversely, shifts in body-size and growth rate within
populations of A. nigrofuscus and C. striatus inside of the Hermana Menor MPA,
which was the largest in the study (266 ha) but only 12 years old at the time of
analysis, indicate that large MPA size can accelerate the rate at which phenotypic
modifications occur. The age and size of MPAs may play synergistic roles in
promoting recovery from fishing-induced phenotypes, an assertion supported by
the fact that all three species that exhibited differential life-history traits did so
within the San Salvador MPA, which was both old (29 years) and relatively large
(127 ha). The impacts of MPA size and age on the alteration of life-history traits
will likely vary between species and stocks based on the relative contributions of
genetics, plasticity, and density-dependent processes in phenotypic shifts occurring
inside MPAs (Kuparinen and Merilä 2007). Further studies encompassing a larger
range of MPAs in terms of both size and age, as well as investigations into the
direct mechanisms underlying life-history changes, will be necessary to better
quantify the impacts of MPA characteristics on the rate of recovery from fishinginduced phenotypes within exploited fisheries.
The reversal of fishing-induced phenotypes in protected populations has
important implications for the realized impact of spillover and recruitment subsidy
on fished reefs surrounding MPAs. It is conceivable that through these processes,
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the evolutionary benefits of MPAs (i.e. larger body-size and maturation at older age
and larger size) may cascade into fished reefs, promoting increased fitness
throughout entire reef systems (Baskett et al. 2005, Miethe et al. 2010). The
transfer of beneficial life-history traits to fished reefs, however, requires shifts in
growth rate and body-size inside MPAs to be driven by fixed genetic factors, rather
than phenotypically plastic responses arising from differential mortality rates or
density-dependent growth. Although it has been demonstrated that size-selective
fishing effort has the capacity to induce significant changes to genes controlling
growth in fishes (Uusi-Heikkilä et al. 2015), the extent to which genetic and plastic
responses are responsible for observed changes in wild populations is unknown
(Kuparinen and Merilä 2007). Understanding the relative contributions of each of
these processes will be essential in quantifying the impact of MPAs on
overharvested fisheries. Genotypic responses would represent long-term benefits
throughout interconnected populations, while plastic changes would only occur
inside of MPAs, and may be rendered null if protection is ceased.
Regardless of the mechanism driving phenotypic shifts in protected
populations, the presence of differential life-history traits inside protected areas
represents a potentially powerful tool for fisheries managers. Many small-scale
fisheries are data-limited (Costello et al. 2012), making appropriate management
schemes difficult to determine and implement. Worse, the lack of long-term
datasets mean that pre-exploitation population characteristics are often unavailable,
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and that any contemporary evaluations of fishery stocks are likely to be impacted
by shifted baselines (Pauly 1995). Recent work has indicated that stocks inside
MPAs can be used as a proxy by which to infer what “pristine” populations might
look like in the absence of fishing pressure (Diaz et al. 2016). The results of SPR
analyses between MPAs and fished reefs found here support this assertion.
Spawning potential ratios derived from TEPUnfished values from fished reefs were
consistently greater than those calculated using life-history phenotypes exhibited by
populations inside MPAs. This suggests that catch limits derived from post-hoc
assessments of exploited populations are influenced by historical modifications to
stock characteristics, increasing the probability of setting unsustainable harvest
rates. Utilizing populations inside of MPAs as baselines against which to compare
the status of current fisheries may help alleviate the confounding effects of
phenotypic shifts in exploited populations driven by previous fishing effort.
Although life-history traits were used as biological parameters for SPR calculations
here, similar techniques have been developed for length-frequency data (Hordyk et
al. 2015b), which may be easier to acquire in situations with limited funding or
manpower. The full restoration of pre-exploitation population characteristics,
however, will take several decades of continuous protection to manifest
(McClanahan and Humphries 2012). As such, populations inside MPAs are likely
to increasingly resemble “pristine” conditions over subsequent years of protection
(Claudet et al. 2008, McClanahan and Omukoto 2011). Consequently, the use of
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older MPAs, or repeated assessments over many years in younger MPAs, will yield
more accurate – or at least more conservative – estimates of sustainable fishing
levels.
The ability of MPAs to restore healthy fishery populations is not only
important for resource management, but is also essential for future ecological
sustainability in Philippine coral reefs. Fishing pressure is considered a driving
force behind deleterious ecological shifts within marine ecosystems (Palkovacs et
al. 2011), as the preferential removal of commercially targeted species significantly
reduces functional diversity in exploited reefs (Martins et al. 2012). Size- and agetruncation of fishery stocks can also increase the amplitude of population
oscillations (Hsieh et al. 2010) and induce shifts from internally- to
environmentally-forced recruitment dynamics (Hidalgo et al. 2011), increasing the
vulnerability of fisheries to environmental stress. MPAs have demonstrated the
ability to act as buffers against mass mortality from isolated events (Micheli et al.
2012), but their ability to combat population collapses against repeated,
unpredictable environmental stress is less understood. As global climate patterns
become increasingly variable, it is essential that MPAs promote the development of
robust, highly fecund populations that can better withstand environmental
heterogeneity (McLeod et al. 2009).
In light of the growing anthropogenic pressure on marine ecosystems and
the increasing use of MPAs as a primary management tool, a more complete
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understanding of the effects of MPAs on exploited fish populations is essential
(Allison et al. 1998, Jameson et al. 2002, Sale et al. 2005). The recovery of
overharvested fisheries to sustainable levels will require MPAs to not only promote
increased fish biomass and the restoration of historical body-size distributions, but
also phenotypic shifts that confer greater fecundity within protected populations.
In addition, “sustainable” levels of fishing pressure outside of MPAs need to be
redefined using proper baselines to set more conservative catch limits. Harvest
rates outside of MPAs are likely to be a critical factor in the long-term success of
protected areas as a management tool, as the SPR models developed here indicate
that as fishing mortality increases outside of protected areas the relative benefit of
MPAs is greatly diminished (Fig. III.28, p.137). In turn, the ability to quantify the
rate of phenotypic shifts within protected subsets of exploited fisheries will be an
important component in the development of accurate harvest limits and the ongoing
adaptive management of overfished stocks. If combined properly, the synergistic
effects of MPAs and conservative harvest rates in fished reefs have the potential to
restore depleted fisheries to levels that promote both ecological and economic
sustainability. Here, I have presented the first direct empirical investigation
analyzing the impact of MPAs on fitness-relevant phenotypes in exploited fish
populations, and provided a baseline for future studies that can continue to increase
scientific understanding of these processes and their roles in marine-conservation
programs.

160
LITERATURE CITED
Abesamis RA, Russ GR. 2005. Density-dependent spillover from a marine reserve:
long-term evidence. Ecological Applications 15(5): 1798-812.
Abesamis RA, Russ GR, Alcala AC. 2006. Gradients of abundance of fish across
no-take reserve boundaries: evidence from Philippine coral reefs. Aquatic
Conservation: Marine and Freshwater Ecosystems 16(4): 349-71.
Alcala AC, Russ GR, Maypa AP, Calumpong HP. 2005. A long-term, spatially
replicated experimental test of the effect of marine reserves on local fish
yields. Canadian Journal of Fisheries and Aquatic Sciences 62(1): 98-108.
Alcala AC, Russ GR. 2006. No-take marine reserves and reef fisheries
management in the Philippines: a new people power revolution. AMBIO: A
Journal of the Human Environment 35(5): 245-54.
Allison GW, Lubchenco J, Carr MH. 1998. MPAs are necessary but not sufficient
for marine conservation. Ecological Applications 8(sp1): 79-92.
Andersen KH, Brander K. 2009. Expected rate of fisheries-induced evolution is
slow. Proceedings of the National Academy of Sciences 106(28): 11657-60.
Babcock RC, Shears NT, Alcala AC, Barrett NS, Edgar GJ, Lafferty KD,
McClanahan TR, Russ GR. 2010. Decadal trends in MPAs reveal
differential rates of change in direct and indirect effects. Proceedings of the
National Academy of Sciences 107(43): 18256-61.
Baskett ML, Levin SA, Gaines SD, Dushoff J. 2005. Marine reserve design and the
evolution of size at maturation in harvested fish. Ecological Applications
15(3): 882-901.
Baskett ML, Barnett LAK. 2015. The ecological and evolutionary consequences of
marine reserves. Annual Review of Ecology, Evolution, and Systematics 46:
49-73.
Berkeley SA, Chapman C, Sogard SM. 2004. Maternal age as a determinant of
larval growth and survival in a marine fish, Sebastes melanops. Ecology
85(5): 1258–64.

161
Beverton RJH. 1992. Patterns of reproductive strategy parameters in some marine
teleost fishes. Journal of Fish Biology 41(sB): 137-60.
Beverton RJH, Holt S. 1959. A review of the lifespans and mortality rates of fish in
nature, and their relation to growth and other physiological characteristics.
CIBA Foundation Colloquia on Ageing 5: 142-80.
Birkeland C, Dayton PK. 2005. The importance in fishery management of leaving
the big ones. Trends in Ecology & Evolution 20(7): 356-8.
Bobko SJ, Berkeley SA. 2003. Maturity, ovarian cycle, fecundity, and age-specific
parturition of black rockfish (Sebastes melanops). Fishery Bulletin 102(3):
418–29.
Boersma PD, Parrish JK. 1999. Limiting abuse: marine protected areas, a limited
solution. Ecological Economics 31(2): 287-304.
Botsford LW, Castilla JC, Peterson CH. 1997. The management of fisheries and
marine ecosystems. Science 277(5325): 509-15.
Browman R, Law R, Marshall C. 2008. The role of fisheries-induced evolution.
Science 340(5872): 47-50.
Carpenter KE, Springer VE. 2005. The center of the center of marine shore fish
biodiversity: the Philippine islands. Environmental Biology of Fishes 72(4):
467-80.
Caselle JE, Rassweiler A, Hamilton SL, Warner RR. 2015. Recovery trajectories of
kelp forest animals are rapid yet spatially variable across a network of
temperate marine protected areas. Scientific Reports 5: 14102.
Charnov EL. 1993. Life-history invariants: some explorations of symmetry in
evolutionary ecology. Oxford University Press, USA. 184 p.
Charnov EL. 2008. Fish growth: Bertalanffy k is proportional to reproductive
effort. Environmental Biology of Fishes 83(2): 185-7.
Christie P. 2004. Marine protected areas as biological successes and social failures
in southeast Asia. American Fish Society Symposium 42:155-64.

162
Christie P, White AT, Deguit E. 2002. Starting point or solution? Communitybased marine protected areas in the Philippines. Journal of Environmental
Management 66(4): 441-54.
Christie P, White AT. 2007. Best practices for improved governance of coral reef
marine protected areas. Coral Reefs 26(4): 1047-56.
Cinner JE, Daw T, Huchery C, Thoya P, Wamukota A, Cedras M, Abunge C. 2014.
Winners and losers in marine conservation: fishers’ displacement and
livelihood benefits from marine reserves. Society & Natural Resources
27(9): 994-1005.
Claudet J, Osenberg CW, Benedetti-Cecchi L, Domenici P, Garcia-Charton JA,
Perez-Ruzafa A, Badalamenti F, Bayle-Sempere J, Brito A, Bulleri F,
Culioli JM, Dimech M, Falcon JM, Guala I, Milazzo M, Sanchez-Meca J,
Somerfield PJ, Stobart B, Vandeperre F, Valle C, Planes S. 2008. Marine
reserves: size and age do matter. Ecology Letters 11(5):481-9.
Claudet J, Osenberg CW, Domenici P, Badalamenti F, Milazzo M, Falcón JM,
Bertocci I, Benedetti-Cecchi L, Garcia-Charton JA, Goñi R, Borg JA,
Forcada A, de Lucia GA, Pérez-Ruzafa Á, Afonso P, Brito A, Guala I, le
Diréach L, Sanchez-Jerez P, Somerfield PJ, Planes S. 2010. Marine
reserves: fish life history and ecological traits matter. Ecological
Applications 20(3): 830-9.
Clark WGW. 2002. F 35% revisited ten years later. North American Journal of
Fisheries Management 22(1): 251-7.
Conner JK. 2003. Artificial selection: a powerful tool for ecologists. Ecology 84(7):
1650-60.
Conover DO, Munch SB. 2002. Sustaining fisheries yields over evolutionary time
scales. Science 297(5578): 94-6.
Conover DO, Munch SB, Arnott SA. 2009. Reversal of evolutionary downsizing
caused by selective harvest of large fish. Proceedings of the Royal Society
of London B: Biological Sciences 276: 2015-20.
Costello C, Ovando D, Hilborn R, Gaines SD, Deschenes O, Lester SE. 2012.
Status and solutions for the world’s unassessed fisheries. Science
338(6106): 517-20.

163
Costello MJ, Ballantine B. 2015. Biodiversity conservation should focus on no-take
marine reserves: 94% of marine protected areas allow fishing. Trends in
Ecology & Evolution 30(9): 507-9.
Dayton PK, Thrush SF, Agardy MT, Hofman RJ. 1995. Environmental effects of
marine fishing. Aquatic Conservation: Marine and Freshwater Ecosystems
5(3): 205–32.
de Roos AM, Boukal DS, Persson L. 2006. Evolutionary regime shifts in age and
size at maturation of exploited fish stocks. Proceedings of the Royal Society
of London B: Biological Sciences. 273(1596): 1873-80.
Devine JA, Wright PJ, Pardoe HI, Heino M. 2012. Comparing rates of
contemporary evolution in life-history traits for exploited fish stocks.
Canadian Journal of Fisheries and Aquatic Sciences 69(6): 1105-20.
Diaz D, Mallol S, Parma AM, Goñi R. 2016. A 25-year marine reserve as proxy for
the unfished condition of an exploited species. Biological Conservation
203: 97-107.
Dunlop ES, Baskett ML, Heino M, Dieckmann U. 2009. Propensity of MPAs to
reduce the evolutionary effects of fishing in a migratory species.
Evolutionary Applications 2(3): 371-93.
Dunlop ES, Eikeset AM, Stenseth NC. 2015. From genes to populations: how
fisheries-induced evolution alters stock productivity. Ecological
Applications 25(7): 1860-8.
Edeline E, Carlson SM, Stige LC. 2007. Trait changes in a harvested population are
driven by a dynamic tug-of-war between natural and harvest selection.
Proceedings of the National Academy of Sciences 104(40): 15799-804.
Eikeset AM, Dunlop ES, Heino M, Storvik G, Stenseth NC, Dieckmann U. 2016.
Roles of density-dependent growth and life history evolution in accounting
for fisheries-induced trait changes. Proceedings of the National Academy of
Sciences 113(52): 15030-5.
Enberg K, Jørgensen C, Dunlop ES, Heino M, Dieckmann U. 2009. Implications of
fisheries-induced evolution for stock rebuilding and recovery. Evolutionary
Applications 2(3): 394-414.

164
Ernande B, Dieckmann U, Heino M. 2004. Adaptive changes in harvested
populations: plasticity and evolution of age and size at maturation.
Proceedings of the Royal Society of London B: Biological Sciences
271(1537): 415-23.
FAO. The State of World Fisheries and Aquaculture 2016. Rome, 2016. 190p.
Fidler RY, Maypa A, Apistar D, White AT, Turingan RG. 2014. Body size shifts in
Philippine reef fishes: interfamilial variation in responses to protection.
Biology 3(2): 264-80.
Froese R, Pauly D. 2017. Fishbase. World Wide Web electronic publication.
www.fishbase.org.
Fukuwaka MA, Morita K. 2008. Increase in maturation size after the closure of a
high seas gillnet fishery on hatchery-reared chum salmon Oncorhynchus
keta. Evolutionary Applications 1(2): 376–87.
Gaines SD, White C, Carr MH, Palumbi SR. 2010. Designing marine reserve
networks for both conservation and fisheries management. Proceedings of
the National Academy of Sciences 107(43): 18286-93.
Gell FR, Roberts CM. 2003. Benefits beyond boundaries: the fishery effects of
MPAs. Trends in Ecology & Evolution 18(9): 448-55.
Goodyear, C. P. 1993. Spawning stock biomass per recruit in fisheries
management: foundation and current use. In: Smith SJ, Hunt JJ, Rivard D,
editors. Risk Evaluation and Biological Reference Points for Fisheries
Management, Canadian Special Publication of Fisheries and Aquatic
Sciences, p 67 –81.
Goreau TJ. 2010. Coral reef and fisheries habitat restoration in the Coral Triangle:
the key to sustainable reef management. Proceedings of the Coral Reef
Management Symposium on the Coral Triangle Area, Manado, Sulawesi,
Indonesia. p 11-16.
Green AL, Maypa AP, Almany GR, Rhodes KL, Weeks R, Abesamis RA, Gleason
MG, Mumby PJ, White AT. 2015. Larval dispersal and movement patterns
of coral reef fishes, and implications for marine reserve network design.
Biological Reviews 90(4): 1215-47.

165
Grift RE, Rijnsdorp AD, Barot S, Heino M, Dieckmann U. 2003. Fisheries-induced
trends in reaction norms for maturation in North Sea plaice. Marine
Ecology Progress Series 257: 247–57.
Grüss A, Kaplan DM, Guénette S, Roberts CM, Botsford LW. 2011. Consequences
of adult and juvenile movement for marine protected areas. Biological
Conservation 144(2): 692-702.
Gulland JA. 1971. The fish resources of the ocean. Fishing News Books, Ltd.
Surrey (U.K.). 255 p.
Halpern BS. 2003. The impact of MPAs: do reserves work and does reserve size
matter? Ecological Applications 13(1): S117-37.
Halpern BS, Gaines SD, Warner RR. 2004. Confounding effects of the export of
production and displacement of fishing effort from marine reserves.
Ecological Applications 14(4): 1248-56.
Halpern BS, Lester SE, Kellner JB. 2010. Spillover from MPAs and the
replenishment of fished stocks. Environmental Conservation 36(4): 268-76.
Harmelin-Vivien M, Direach LL, Bayle-Sempere J, Charbonnel E, Garcia-Charton
JA, Ody D, Perez-Ruzafa A, Renones O, Sanchez-Jerez P, Valle C. 2008.
Gradients of abundance and biomass across reserve boundaries in six
Mediterranean marine protected areas: evidence of fish spillover?
Biological Conservation 141(7): 1829-39.
Hart AM, Russ GR. 1996. Response of herbivorous fishes to crown-of-thorns
starfish Acanthaster planci outbreaks. III. Age, growth, mortality and
maturity indices of Acanthurus nigrofuscus. Marine Ecology Progress
Series 136: 25-35.
Haugen TO, Vøllestad LA. 2001. A century of life-history evolution in grayling.
Genetica 112–113: 475–91.
Hawkins JP, Roberts CM. 2004. Effects of fishing on sex-changing Caribbean
parrotfishes. Biological Conservation 115(2): 213-26.
Hedges LV, Olkin I. 1985. Statistical methods for meta-analysis. Academic Press,
Orlando, FL, USA. 369 p.

166
Heino M, Godø OR. 2002. Fisheries-induced selection pressures in the context of
sustainable fisheries. Bulletin of Marine Science 70(2): 639–56.
Heino M, Dieckmann U, Godø OR. 2002. Measuring probabilistic reaction norms
for age and size at maturation. Evolution 56(4): 669-78.
Heino M, Dieckmann U. 2009. Fisheries-induced evolution. In: Encyclopedia of
Life Sciences (ELS). John Wiley & Sons, Ltd: Chinchester, UK. p 1-7.
Hidalgo M, Rouyer T, Molinero JC, Massuti E, Moranta J, Guijarro B, Stenseth
NC. 2011. Synergistic effects of fishing-induced demographic changes and
climate variation on fish population dynamics. Marine Ecology Progress
Series 426: 1-12.
Hixon MA, Johnson DW, Sogard SM. 2014. BOFFFFs: on the importance of
conserving old-growth age structure in fishery populations. ICES Journal of
Marine Science 71(8): 2171-85.
Hodgson G. 1999. A global assessment of human effects on coral reefs. Marine
Pollution Bulletin 38(5): 345-55.
Hordyk A, Ono K, Sainsbury K, Loneragan N, Prince J. 2015a. Some explorations
of the life history ratios to describe length composition, spawning-perrecruit, and the spawning potential ratio. ICES Journal of Marine Science
72(1): 204-16.
Hordyk A, Ono K, Valencia S, Loneragan N, Prince J. 2015b. A novel length-based
empirical estimation method of spawning potential ratio (SPR), and tests of
its performance, for small-scale, data-poor fisheries. ICES Journal of
Marine Science 72(1): 217-31.
Hsieh C, Yamauchi A, Nakazawa T, Wang W. 2010. Fishing effects on age and
spatial structures undermine population stability of fishes. Aquatic Sciences
72(2): 165-78.
Hutchings JA, Fraser DJ. 2008. The nature of fisheries- and farming-induced
evolution. Molecular Ecology 17(1): 294-313
Hutchings JA, Rangeley RW. 2011. Correlates of recovery for Canadian Atlantic
cod (Gadus morhua). Canadian Journal of Zoology 89(5): 386-400.

167
Hutchings JA, Kuparinen A. 2014. Ghosts of fisheries-induced depletions: do they
haunt us still? ICES Journal of Marine Science 71(6): 1467-73.
Huxley TH. 1883. Inaugural Meeting of the Fishery Congress: Address by
Professor Huxley. William Clowes and Sons, London, England.
Jameson SC, Tupper MH, Ridley JM. 2002. The three screen doors: can marine
‘protected’ areas be effective? Marine Pollution Bulletin 44(11): 1177-83.
Jennings S. 2001. Patterns and prediction of population recovery in marine
reserves. Reviews in Fish Biology and Fisheries 10(2): 209-31
Jennings S. 2009. The role of marine protected areas in environmental
management. ICES Journal of Marine Science 66(1): 16-21.
Jennings S, Kaiser MJ. 1998. The effects of fishing on marine ecosystems.
Advances in Marine Biology 34: 201-352
Jensen AL. 1996. Beverton and Holt life history invariants result from optimal
trade-off of reproduction and survival. Canadian Journal of Fisheries and
Aquatic Sciences 53(4): 820-2.
Johnson DR, Funacelli NA, Bohnsack JA. 1999. Effectiveness of an existing
estuarine no-take fish sanctuary within the Kennedy Space Center, Florida.
North American Journal of Fisheries Management 19(2): 436-53.
Jones GP, McCormick MI, Srinivasan M, Eagle JV. 2004. Coral decline threatens
fish biodiversity in marine reserves. Proceedings of the National Academy
of Sciences 101(21): 8251-3.
Jørgensen C, Enberg K, Dunlop ES, Arlinghaus R, David S, Brander K, Ernande B,
Gœrdmark A, Johnston F. 2007. Managing evolving fish stocks. Science
318(5854): 1247-8.
Jørgensen C, Enberg K, Dunlop ES, Arlinghaus R, Boukal DS, Brander K, Ernande
B, Gardmark A, Jonston F, Matsumara S, Pardoe H, Raab K, Silva A,
Vainikka A, Dieckmann U, Heino M, Rijnsdorp AD. 2008 The role of
fisheries-induced evolution – Response. Science 320(5872): 48-50.

168
Kappel CV. 2005. Losing pieces of the puzzle: threats to marine, estuarine, and
diadromous species. Frontiers in Ecology and the Environment 3(5): 27582.
Kelly S, Scott D, MacDiarmid AB. 2002. The value of a spillover fishery for spiny
lobsters around a marine reserve in northern New Zealand. Coastal
Management 30(2): 153-66.
Kimura DK. 1980. Likelihood methods for the Von Bertalanffy growth curve.
Fishery Bulletin 77(4): 765-76.
Kritzer JP. 2004. Effects of noncompliance on the success of alternative designs of
marine protected-area networks for conservation and fisheries management.
Conservation Biology 18(4): 1021-31.
Krone R, Bshary R, Paster M, Eisinger M, van Treeck P, Schuhmacher H. 2008.
Defecation behavior of the lined bristletooth surgeonfish Ctenochaetus
striatus (Acanthuridae). Coral Reefs 27(3): 619-22.
Kuparinen A, Merilä J. 2007. Detecting and managing fisheries-induced evolution.
Trends in Ecology & Evolution 22(12): 652-9.
Kuparinen A, Hutchings JA. 2012. Consequences of fisheries-induced evolution for
population productivity and recovery potential. Proceedings of the Royal
Society of London B: Biological Sciences 279(1738): 2571-79.
Kuparinen A, Stenseth NC, Hutchings JA. 2014. Fundamental populationproductivity relationships can be modified through density-dependent
feedbacks of life-history evolution. Evolutionary Applications 7(10): 121825.
Lauck T, Clark CW, Mangel M, Munro GR. 1998. Implementing the precautionary
principle in fisheries management through MPAs. Ecological Applications
8(sp1): 72–8.
Law R. 2000. Fishing, selection, and phenotypic evolution. ICES Journal of
Marine Science 57(3): 659-69.
Law R. 2007. Fisheries-induced evolution: present status and future directions.
Marine Ecology Progress Series 335: 271–7.

169
Lester SE, Halpern BS, Grorud-Colvert K, Lubchenco J, Ruttenberg BI, Gaines
SD, Airame S, Warner RR. 2009. Biological effects within no-take marine
reserves: a global synthesis. Marine Ecology Progress Series 384: 33-46.
MacNeil MA, Graham NAJ, Cinner JE, Wilson SK, Williams ID, Maina J,
Newman S, Friedlander AM, Jupiter S, Polunin NVC, McClanahan TR.
2015. Recovery potential of the world’s coral reef fishes. Nature 520(7547):
341-4.
Magdaong ET, Fujii M, Yamano H, Licuanan WY, Maypa A, Campos WL, Alcala
AC, White AT, Apistar D, Martinez R. 2014. Long-term change in coral
cover and the effectiveness of marine protected areas in the Philippines: a
meta-analysis. Hydrobiologia 733(1): 5-17.
Maliao RJ, White AT, Maypa AP, Turingan RG. 2009. Trajectories and magnitude
of change in coral reef fish populations in Philippine MPAs: a metaanalysis. Coral Reefs 28(4): 809-22.
Martins GM, Arenas F, Neto AI, Jenkins SR. 2012. Effects of fishing and regional
species pool on the functional diversity of fish communities. PLoS ONE
7(8): e44297.
Marty L, Dieckmann U, Ernande B. 2014. Fisheries-induced neutral and adaptive
evolution in exploited fish populations and consequences for their adaptive
potential. Evolutionary Applications 8(1): 47-63.
Mazeroll AI, Montgomery WL. 1995. Structure and organization of local
migrations in brown surgeonfish (Acanthurus nigrofuscus). Ethology 99(12): 89-106.
McClanahan TR. 2014. Recovery of functional groups and trophic relationships in
tropical fisheries closures. Marine Ecology Progress Series 497: 13-23.
McClanahan TR, Kaunda-Arara B. 1996. Fishery recovery in a coral-reef marine
park and its effect on the adjacent fishery. Conservation Biology 10(4):
1187-99.
McClanahan TR, Mangi S. 2000. Spillover of exploitable fishes from a marine park
and its effect on the adjacent fishery. Ecological Applications 10(6): 1792805.

170
McClanahan TR, Mangi S. 2001. The effect of a closed area and beach seine
exclusion on coral reef fish catches. Fisheries Management and Ecology
8(2): 107-21.
McClanahan TR, Omukoto JO, 2011. Comparison of modern and historical fish
catches (AD 750-1400) to inform goals for marine protected areas and
sustainable fisheries. Conservation Biology 25(5): 945-55.
McClanahan TR, Humphries A. 2012. Differential and slow life-histories responses
of fishes to coral reef closures. Marine Ecology Progress Series 469: 12131.
McClanahan TR, Graham NAJ. 2015. Marine reserve recovery rates towards a
baseline are slower for reef fish community life histories than biomass.
Proceedings of the Royal Society of London B: Biological Sciences
282(1821): 20151938.
McCormick MI, Makey LJ. 1997. Post-settlement transition in coral reef fishes:
overlooked complexity in niche shifts. Marine Ecology Progress Series
153: 247-57.
McLeod E, Salm R, Green A, Almany J. 2009. Designing marine protected area
networks to address the impacts of climate change. Frontiers in Ecology
and the Environment 7(7): 362-70.
Micheli F, Halpern BS, Botsford LW, Warner RR. 2004. Trajectories and
correlates of community change in no-take marine reserves. Ecological
Applications 14(6): 1709-23.
Micheli F, Saenz-Arroyo A, Greenley A, Vazquez L, Montes JAE, Rossetto M, De
Leo, GA. 2012. Evidence that marine reserves enhance resilience to
climatic impacts. PLoS ONE 7(7): e40832.
Miclat R, Sabater M, Quiblan MC Tiguio GJ, Baria MV, Alonzo HK (eds) (2005)
Reefs through time: 2004 biennial report on the status of Philippine coral
reefs. PHILREEFS and MSI, UP, Diliman, Quezon City, Philippines, 248 p.
Miethe T, Dytham C, Dieckmann U, Pitchford JW. 2010. MPAs and the
evolutionary effects of fishing on size at maturation. ICES Journal of
Marine Science 67(3): 412-25.

171
Molloy PP, McLean IB, Côté IM. 2009. Effects of marine reserve age on fish
populations: a global meta-analysis. Journal of Applied Ecology 46(4): 74351.
Molloy PP, Reynolds JD, Gage MJG, Mosqueira I, Côté IM. 2007. Links between
sex change and fish densities in marine protected areas. Biological
Conservation 141(1): 187-97.
Mosqueira I, Côté IM, Jennings S, Reynolds JD. 2000. Conservation benefits of
MPAs for fish populations. Animal Conservation 4: 321-32.
Mumby PJ, Harborne AR, Williams J, Kappel CV, Brumbaugh DR, Micheli F,
Holmes KE, Dahlgren CP, Paris CB, Blackwell PG. 2007. Trophic cascade
facilitates coral recruitment in a marine reserve. Proceedings of the
National Academy of Sciences 104(20): 8362-7.
Mumby PJ, Harborne AR. 2010. Marine reserves enhance he recovery of corals on
Caribbean reefs. PLoS ONE 5(1): e8657.
Murua H, Kraus G, Saborido-Rey F, Witthames PR, Thorsen A, Junquera S. 2003.
Procedures to estimate fecundity of marine fish species in relation to their
reproductive strategy. Journal of Northwest Atlantic Fisheries Science 33:
33-54.
Myers RA, Hoenig JM. 1997. Direct estimates of gear selectivity from multiple
tagging experiments. Canadian Journal of Fisheries and Aquatic Sciences
54(1):1–9.
Ochavillo D, Tofaeono S, Sabater M, Trip EL. 2011. Population structure of
Ctenochaetus striatus (Acanthuridae) in Tutuila, American Samoa: the use
of size-at-age data in multi-scale population size surveys. Fisheries
Research 107(1): 14-21.
Olsen EM, Heino M, Lilly GR, Morgan MJ, Brattey J, Ernande B, Dieckmann U.
2004. Maturation trends indicative of rapid evolution preceded the collapse
of northern cod. Nature 428(6986): 932-5.
Olsen EM, Lilly GR, Heino M, Morgan MJ, Brattey J, Dieckmann U. 2005.
Assessing changes in age and size at maturation in collapsing populations of
Atlantic cod (Gadus morhua). Canadian Journal of Fisheries and Aquatic
Sciences 62(4): 811-23.

172
Paddack MJ, Estes JA. 2000. Kelp forest fish populations in MPAs and adjacent
exploited areas of central California. Ecological Applications 10(3): 855-70.
Palkovacs EP, Kinnison MT, Correa C, Dalton CM, Hendry AP. 2011. Fates
beyond traits: ecological consequences of human-induced trait change.
Evolutionary Applications 5(2): 183-91.
Pauly D. 1980. On the interrelationships between natural mortality, growth
parameters, and mean environmental temperature in 175 fish stocks.
Journal du Conseil/Conseil Permanent International pour l’Exploration de
la Mer 39(2): 175-92.
Pauly D. 1995. Anecdotes and the shifting baseline syndrome of fisheries. Trends
in Ecology & Evolution 10(10): 430.
Pauly D, Christensen V, Dalsgaard J, Froese R, Torres Jr. F. 1998. Fishing down
marine food webs. Science 279(5352): 860-3.
Pauly D, Christensen V, Guenette S, Pitcher TJ, Sumalia R, Walters CJ, Watson R,
Zeller K. 2002. Towards sustainability in world fisheries. Nature
418(6898): 689-95.
Pavlov DA, Emel’yanova NG, Thuan LTB, Ha VT. 2011. Reproduction and initial
development of manybar goatfish Parupeneus multifasciatus (Mullidae).
Journal of Ichthyology 51(8): 604-17.
Pavlov DA, Emel’yanova NG, Ha VT, Thuan LTB. 2013. Age and growth of
manybar goatfish Parupeneus multifasciatus (Mullidae) from the Nha
Trang Bay of the South China Sea. Journal of Ichthyology 53(7): 478-85.
Pinnegar JK, Polunin NVC, Francour P, Badalamenti F, Chemello R, HarmelinVivien MI, Hereu B, Milazzo M, Zabala M, D’Anna G, Pipitone C. 2000.
Trophic cascades in benthic marine ecosystems: lessons for fisheries and
protected-area management. Environmental Conservation 27(2): 179-200.
Polunin NVC, Roberts CM. 1993. Greater biomass and value of target coral-reef
fishes in two small Caribbean MPAs. Marine Ecology Progress Series 100:
167-76.

173
Prince J, Hordyk A, Valencia SR, Loneragan N, Sainsbury K. 2015. Revisiting the
concept of Beverton-Holt life-history invariants with the aim of informing
data-poor fisheries assessment. ICES Journal of Marine Science 72(1): 194203.
Restrepo V, Powers J. 1999. Precautionary control rules in US fisheries
management specification and performance. ICES Journal of Marine
Science 56(6): 846-52.
Roberts CM, Bohnsack JA, Gell F, Hawkins JP, Goodridge R. 2001a. Effects of
MPAs on adjacent fisheries. Science 294(5548): 1920-3.
Roberts CM, Halpern B, Palumbi SR, Warner RR. 2001b. Designing marine
reserve networks: why small, isolated protected areas are not enough.
Conservation 2(3): 10-7.
Roberts CM, McClean CJ, Veron JEN, Hawkins JP, Allen GR, McAllister DE,
Mittermeier CG, Scheuler FW, Spalding M, Wells F, Vynne C, Werner TB.
2002. Marine biodiversity hotspots and conservation priorities for tropical
reefs. Science 295(5558): 1280-4.
Robertson DR, Polunin NVC, Leighton K. 1979. The behavioral ecology of three
Indian Ocean surgeonfishes (Acanthurus lineatus, A. leucosternon and
Zebrasoma scopas): their feeding strategies, and social and mating systems.
Environmental Biology of Fishes 4(2): 125-70.
Robertson DR. 1983. On the spawning behavior and spawning cycles of eight
surgeonfishes (Acanthuridae) from the Indo-Pacific. Environmental Biology
of Fishes 9(3): 193-223.
Rosenberg MS, Adams DC, Gurevitch J. 2000. MetaWin 2.0: statistical software
for meta-analysis. Sinauer Associates, Sunderland, MA (USA). 128 p.
Russ GR. 2002. MPAs as reef fisheries management tools: yet another review. In:
Sale PF, (editor). Coral Reef Fishes. Dynamics and Diversity in a Complex
Ecosystem. San Diego, CA (USA): Academic Press. p 421-44.
Russ GR, Alcala AC. 1989. Effects of intense fishing pressure on an assemblage of
coral reef fishes. Marine Ecology Progress Series 56: 13-27.

174
Russ GR, Alcala AC. 1996. Do MPAs export adult fish biomass? Evidence from
Apo Island, central Philippines. Marine Ecology Progress Series 132: 1-9.
Russ GR, Alcala AC. 1998. Natural fishing experiments in MPAs 1983-1993: roles
of life history and fishing intensity in family responses. Coral Reefs 17(4):
399-416.
Russ GR, Alcala AC, Maypa AP. 2003. Spillover from MPAs: the case of Naso
vlamingii at Apo Island, the Philippines. Marine Ecology Progress Series
264: 15-20.
Russ GR, Alcala AC, Maypa AP, Calumpong HP, White AT. 2004. Marine reserve
benefits local fisheries. Ecological Applications 14(2): 597-606.
Russ GR, Stockwell B, Alcala AC. 2005. Inferring versus measuring rates of
recovery in no-take MPAs. Marine Ecology Progress Series 292:1–12.
Russ GR, Alcala AC. 2011. Enhanced biodiversity beyond marine reserve
boundaries: the cup spillith over. Ecological Applications 21(1): 241-50.
Russ GR, Questel SA, Rizzari JR, Alcala AC. 2015. The parrotfish-coral
relationship: refuting the ubiquity of a prevailing paradigm. Marine Biology
162(10): 2029-45.
Sale PF, Cowen RK, Danilowicz BS, Jones GP, Kritzer JP, Lindeman KC, Planes
S, Polunin NVC, Russ GR, Sadovy YJ, Steneck RS. 2005. Critical science
gaps impede use of no-take fishery reserves. Trends in Ecology & Evolution
20(2): 74-80.
Samoilys MA, Martin-Smith KM, Giles B, Cabrera B Anticamara JA, Brunio EO,
Vincent ACJ. 2007. Effectiveness of five small Philippines’ coral reef
reserves for fish populations depends on site-specific factors, particularly
enforcement history. Biological Conservation 136(4): 584-601.
Sanchirico JN. 2000. Marine protected areas as fishery policy: a discussion of
potential costs and benefits. Washington, D.C. (USA) Resources for the
Future, Discussion Paper. p 00-23.
Searcy SP, Sponaugle S. 2001. Selective mortality during the larva-juvenile
transition in two coral reef fishes. Ecology 82(9): 2452-70.

175
Selig ER, Bruno JF. 2010. A global analysis of the effectiveness of marine
protected areas in preventing coral loss. PLoS ONE 5(2): e9278.
Sharpe DM, Hendry AP. 2009. Life history change in commercially exploited fish
stocks: an analysis of trends across studies. Evolutionary Applications 2(3):
260-75.
Soykan CU, Lewison RL. 2015. Using community-level metrics to monitor the
effects of marine protected areas on biodiversity. Conservation Biology
29(3): 775-83.
Spalding M, Ravilious C, Green EP. 2001. World Atlas of Coral Reefs. Berkeley
(USA): University of California Press. 427 p.
State of the Coral Triangle Report: Philippines 2012. Coral Triangle Initiative. 128
p.
Stobutzki IC, Silvestre GT, Abu Talib A, Krongprom A, Supongpan M,
Khemakorn P, Armada N, Garces LR. 2006. Decline of demersal coastal
fisheries resources in three developing Asian countries. Fisheries Research
78(2): 130-42.
Stockwell CA, Hendry AP, Kinnison MT. 2003. Contemporary evolution meets
conservation biology. Evolution 18(2): 94-101.
Stokes K, Law R. 2000. Fishing as an evolutionary force. Marine Ecology
Progress Series 208: 307-9.
Swain DP, Sinclair AF, Hanson MJ. 2007. Evolutionary response to size-selective
mortality in an exploited fish population. Proceedings of the Royal Society
of London B: Biological Sciences 274(1613): 1015-22.
Swain DP. 2011. Life‐history evolution and elevated natural mortality in a
population of Atlantic cod (Gadus morhua). Evolutionary
Applications 4(1): 18-29.
Swallow JG, Carter PA, Garland T. 1998. Artificial selection for increased wheelrunning behavior in house mice. Behavior Genetics 28(3): 227-37.

176
Taborsky B, Dieckmann U, Heino M. 2003. Unexpected discontinuities in lifehistory evolution under size-dependent mortality. Proceedings of the Royal
Society of London B: Biological Sciences 270(1516): 713-21.
Toropova C, Maliane L, Laffoley D, Matthews E, Spalding M, editors. 2010.
Global ocean protection: present status and future possibilities. Brest
(France): International Union for the Conservation of Nature. 96 p.
Trexler JC, Travis J. 2000. Can marine protected areas restore and restore stock
attributes of reef fishes? Bulletin of Marine Science 66(3): 853-73.
Trippel EA. 1995. Age at maturity as a stress indicator in fisheries. BioScience
45(11): 759-71.
Trut LN, Plyusnina IZ, Oskina IN. 2004. An experiment on fox domestication and
debatable issues of evolution of the dog. Russian Journal of Genetics 40(6):
644-55.
Uusi-Heikkilä S, Whiteley AR, Kuparinen A, Matsumara S, Venturelli PA, Wolter
C, Slate J, Primmer CR, Meinelt T, Killen SS, Bierbach D, Polverino G,
Ludwig A, Arlinghaus R. 2015. The evolutionary legacy of size-selective
harvesting extends from genes to populations. Evolutionary Applications
8(6): 597-620.
Veron JEN, Devantier LM, Turak E, Green AL, Kininmonth S, Stafford-Smith M,
Peterson N. 2009. Delineating the coral triangle. Galaxea, Journal of Coral
Reef Studies 11(2): 91-100.
Vigliola L, Meekan M. 2002. Size at hatching and planktonic growth determines
post-settlement survivorship of a coral-reef fish. Oecologia 131(1): 89-93.
Walsh MR, Munch SB, Chiba S, Conover DO. 2006. Maladaptive changes in
multiple traits caused by fishing: impediments to population recovery.
Ecology Letters 9(2): 142-8.
Walters CJ, Martell SJD. 2004. Fisheries Ecology and Management. Princeton
(USA): Princeton University Press. 403 p.
Weeks R, Russ, GR, Alcala AC, White AT. 2010. Effectiveness of marine
protected areas in the Philippines for biodiversity conservation.
Conservation Biology 24(2): 531-40.

177
White A, Deguit E, Jatular W, Eisma-Osorio L. 2006. Integrated coastal
management in Philippine local governance: evolution and benefits. Coastal
Management 34(3): 287-302.
White JW, Botsford LW, Hastings A, Baskett ML, Kaplan DM, Barnett LA. 2013.
Transient responses of fished populations to marine reserve establishment.
Conservation Letters 6(3):180-91.
Worm B, Barbier EB, Beaumont N, Duffy JE, Folk C, Halpern BS, Jackson JBC,
Lotze HK, Micheli F, Palumbi SR, Sala E, Selkoe KA, Stachowicz JJ,
Watson R. 2006. Impacts of biodiversity loss on ocean ecosystem services.
Science 314(5800): 787-90.
Worm B, Hilborn R, Baum JK, Branch TA, Collie JS, Costello C, Fogarty MJ,
Fulton EA, Hutchings JA, Jennings S, Jensen OP, Lotze HK, Mace PM,
McClanahan TR, Minto C, Palumbi SR, Parma AM, Ricard D, Rosenberg
AA, Watson R, Zeller D. 2009. Rebuilding global fisheries. Science
325(5940): 578-85.
Zar JH. 2010. Biostatistical Analysis. Upper Saddle River (USA) Pearson Prentice
Hall. 944 p.

APPENDIX
Table A-1.

List of MPAs included in meta-analyses concerning fish density and size-frequency distributions between
MPAs and fished reefs across the Philippines, including the location, size, and data of establishment of
each protected area. The three years listed under 1st Survey and 2nd Survey indicate temporal periods in
which density data (D), size-frequency data (SF), and/or benthic data (B), respectively, were collected at
each MPA. The term "NA" indicates that data was not available for that category. “Map #” refers to the
location of each MPA as shown on Figure II.1.

Marine Reserve

Province

Size (Ha)

Year Established

1st Survey (D/SF/B)

2nd Survey (D/SF/B)

Map #

Arbor Marine Sanctuary

Cebu

8.99

2001

2002/2005/NA

2008/2008/NA

1

Bagacay Fish Sanctuary

Cebu

23.61

2002

2005/2005/2005

2008/2008/2008

2

Balingasay MP Replacement Area

Pangasinan

14.77

1999

2001/NA/NA

2003/NA/NA

3

Balud-Consolocion Marine Park and Sanctuary

Cebu

12.6

2002

2003/2003/2003

2007/2008/2007

4

Banban-Luyang Marine Sanctuary

Siquijor

10

2006

2007/NA/2007

2008/NA/2008

5

Bato Seagrass and Fish Sanctuary

Cebu

25

2003

2005/2005/2005

2007/2007/2007

6

Bil-isan Fish Sanctuary

Bohol

7.76

1998

2003/NA/2003

2007/NA/2007

7

Binlod Marine Sanctuary

Cebu

12

2003

2005/NA/2005

2008/NA/2008

8

Bogo Marine Sanctuary

Siquijor

10

2003

2007/NA/2007

2009/NA/2009

9

Bogo Marine Sanctuary

Cebu

12

2002

2005/NA/2005

2008/NA/2008

10

Bulasa Marine Sanctuary

Cebu

12

2003

2006/NA/2006

2008/NA/2008

11

Cabacongan Fish Sanctuary

Bohol

11.8

1997

1997/NA/NA

2003/NA/NA

12

Candaping B Marine Sanctuary

Siquijor

20.42

2003

2005/NA/2005

2008/NA/2008

13

Carot Marine Sanctuary

Pangasinan

13.3

1998

2000/NA/2000

2003/NA/2003

14

Casay Marine Park and Sanctuary

Cebu

5

2002

2002/2003/2002

2008/2008/2008

15
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Table A-1. Continued.
Marine Reserve

Province

Size (Ha)

Year Established

1st Survey (D/SF/B)

2nd Survey (D/SF/B)

Map #

Cawayan Marine Sanctuary
Daan-Lungsod and Guiwang Marine Sanctuary

Cebu

12.61

2006

2007/2007/2007

2008/2009/2008

16

Cebu

22.71

2002

2002/NA/2002

2008/NA/2008

17

Gawi Marine Sanctuary

Cebu

12.54

2003

2005/2005/2005

2008/2009/2008

18

Gilutongan Island Marine Sanctuary

Cebu

14.89

1999

2001/NA/NA

2003/NA/NA

19

Granada Fish Sanctuary

Cebu

9.35

2002

2002/2004/2002

2008/2008/2008

20

Guiwanon Marine Sanctuary

Cebu

12

2003

2005/NA/NA

2009/NA/NA

21

Hinablan Marine Sanctuary

Cebu

12

2003

2005/2005/2005

2007/2007/2007

22

Lambog Seagrass and Fish Sanctuary

Cebu

25

2003

2005/2005/2005

2007/2007/2007

23

Langtad Marine Sanctuary

Cebu

12

2002

2005/2005/2005

2008/2008/2008

24

Legaspi Marine Sanctuary

Cebu

10.35

2002

2006/NA/2006

2007/NA/2007

25

Lomboy-Kahayag Fish Sanctuary

Bohol

8.6

1995

1997/NA/NA

2003/NA/NA

26

Lower Cabancalan Marine Sanctuary

Siquijor

8.23

2003

2005/NA/2005

2008/NA/2008

27

Matutinao Marine Sanctuary

Cebu

15

2003

2006/2006/2006

2007/2007/2007

28

Nalusuan Marine Sanctuary

Cebu

83

2002

2006/NA/NA

2007/NA/NA

29

Pasil Marine Sanctuary

Cebu

10.45

2002

2003/2003/NA

2008/2008/NA

30

179

Table A-1. Continued
Marine Reserve

Province

Size (Ha)

Year Established

1st Survey (D/SF/B)

2nd Survey (D/SF/B)

Map #

Poblacion Marine Sanctuary

Cebu

6.38

2002

2007/NA/2007

2008/NA/2008

31

Poblacion-Argaon Marine Sanctuary

Cebu

12

2003

2005/2005/2005

2008/2008/2008

32

Port Barton Marine Park

Palawan

123

1998

1999/NA/NA

2003/NA/NA

33

Sandugan Marine Sanctuary

Siquijor

13.38

2003

2005/NA/2005

2008/NA/2008

34

Sibulan Marine Reserve

Negros

6

1997

1998/NA/NA

2003/NA/NA

35

Talaga Marine Sanctuary

Cebu

12

2002

2005/2005/2005

2008/2008/2008

36

Talayong Marine Sanctuary

Siquijor

6.68

2003

2005/NA/2005

2008/NA/2008

37

Talo-ot Marine Sanctuary

Cebu

12

2002

2005/2005/2005

2008/2008/2008

38

Tulic Marine Sanctuary

Cebu

12

2002

2005/2005/2005

2008/2008/2008

39

180

̿̿̿̿) values and 95% bias-corrected bootstrapped confidence intervals (CIs) for all tests
Table A-2. Mean response ratio (𝑹𝑹
̿̿̿̿) values are signified by bold font.
conducted during meta-analyses. Significant (𝑹𝑹
First Surveys

Second Surveys

Benthic Category

Density Measurement

RR

Coral Cover

Overall

1.34

Fish Category

Density Measurement

Total

Overall

1.27

1.04

1.60

1.47

1.18

1.81

1.16

1.02

1.32

1-10cm

1.20

0.76

1.79

1.50

0.94

2.43

1.09

0.86

1.35

11-20cm

2.08

1.11

3.98

1.45

0.85

2.38

2.30

1.31

3.70

21-30cm

4.43

1.50

19.04

1.25

0.44

2.83

2.39

1.27

5.02

>30cm

1.15

0.73

1.97

0.77

0.27

1.76

2.35

1.43

3.94

Overall

1.13

0.93

1.40

1.43

1.09

1.91

0.99

0.82

1.21

1-10cm

1.01

0.51

1.72

1.41

0.74

2.84

0.78

0.53

1.14

11-20cm

2.01

1.01

4.07

1.48

0.90

2.44

1.50

0.85

2.62

0.59

2.95

Target

Non-Target

CI Low

CI High

RR

1.08

1.74

1.49

Reef-Wide Analysis

First Surveys

CI Low

CI High

RR

1.23

1.90

1.15

Second Surveys

CI Low

CI High

0.98

1.33

Reef-Wide Analysis

21-30cm

4.88

1.50

21.41

1.38

2.38

1.17

5.10

>30cm

1.13

0.63

1.92

0.77

0.30

1.98

2.73

1.63

4.91

Overall

1.29

1.02

1.60

1.51

1.20

2.01

1.17

0.96

1.39

1-10cm

1.20

0.79

1.84

1.41

0.76

2.55

1.12

0.87

1.48

11-20cm

2.28

1.53

3.91

0.81

0.29

2.07

2.89

1.20

8.39

21-30cm

1.33

0.74

2.63

1.08

0.45

2.42

1.71

0.94

3.17

>30cm

1.09

1.00

1.34

0.66

0.42

0.89

1.26

0.86

2.11
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Table A-2. Continued.
First Surveys

Second Surveys

Reef-Wide Analysis

Fish Category

Density Measurement

RR

CI Low

CI High

RR

CI Low

CI High

RR

CI Low

CI High

Herbivores

Overall

1.47

1.18

1.93

1.68

1.20

2.29

0.60

0.76

1.19

1-10cm

0.95

0.51

1.89

2.78

0.54

10.37

0.63

0.31

1.17

11-20cm

2.89

1.36

6.09

2.26

1.17

4.20

0.87

0.54

1.26

21-30cm

2.17

0.73

6.81

1.77

0.89

3.44

1.84

0.99

4.10

>30cm

1.02

0.59

1.76

0.80

0.25

2.37

2.82

1.51

5.82

Overall

1.35

1.05

1.70

1.45

1.15

1.83

1.20

0.99

1.46

1-10cm

1.18

0.82

1.74

1.38

0.77

2.37

1.12

0.87

1.44

11-20cm

1.68

1.16

2.80

0.96

0.26

3.02

3.42

1.16

11.22

21-30cm

1.09

0.83

1.57

1.15

0.51

2.59

1.60

0.94

2.90

>30cm

1.00

1.00

1.00

0.73

0.46

0.93

1.15

0.84

1.65

Overall

1.50

1.01

2.22

2.45

1.68

3.60

1.01

0.61

1.61

1-10cm

1.23

0.58

2.37

3.66

1.39

10.10

0.64

0.38

1.05

11-20cm

2.08

0.78

6.11

2.26

0.71

8.31

0.80

0.40

1.45

21-30cm

1.47

0.80

3.15

2.36

1.14

7.48

1.73

0.95

3.48

>30cm

1.07

1.00

1.27

1.08

0.57

2.18

1.67

0.97

3.35

Omnivores

Piscivores
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Table A-2. Continued.
First Surveys

Second Surveys

Reef-Wide Analysis

Fish Category

Density Measurement

RR

CI Low

CI High

RR

CI Low

CI High

RR

CI Low

CI High

Planktivores

Overall

0.95

0.66

1.45

1.55

1.06

2.33

1.31

0.93

1.72

1-10cm

1.21

0.52

3.52

2.19

0.99

4.34

0.95

0.48

1.66

11-20cm

1.26

0.70

2.97

1.18

0.65

2.17

2.42

0.84

7.06

21-30cm

7.67

2.23

68.37

0.88

0.43

1.42

2.49

0.99

8.08

>30cm

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Overall

1.26

1.02

1.55

1.24

0.93

1.66

0.80

0.63

0.98

1-10cm

1.13

0.65

1.84

1.00

0.56

2.03

0.75

0.53

1.02

11-20cm

2.55

1.44

4.56

2.08

1.12

3.58

1.58

0.82

2.72

21-30cm

1.44

0.68

3.84

1.92

0.59

4.85

1.91

1.08

3.52

>30cm

1.16

1.00

1.51

0.79

0.52

1.09

1.33

0.90

2.18

Zoobenthivores

183

Table A-3.

Total counts of all individuals collected from MPAs and adjacent, fished reefs. Fish are divided by gender
(male [M] or female [F]) and by site. Individuals listed as unknown (U) either had their gonads
significantly damaged during collection, or were juveniles, making gender identification unreliable. The
term “T” denotes the total number of fish caught in any given category.
A. nigrofuscus

Municipality

MPA/ Fished Reef

M

Candelaria

Sinabacan-Malimanga

19

Fished Reef

38

Total

57

Bani

Masinloc

Santa Cruz

Overall

F

C. binotatus

C. striatus

U

T

M

F

U

T

M

5

6

30

15

13

1

29

12

12

62

34

9

5

48

17

18

92

49

22

6

16

12

12

40

14

17

San Salvador

16

14

5

35

15

16

Taklobo Farm

14

12

8

34

19

12

Fished Reef

38

39

29

106

83

36

Total

84

77

54

215

131

81

Hermana Menor

16

10

4

30

15

Fished Reef

22

15

7

44

Total

38

25

11

74

All MPAs

81

53

35

All Fished Reefs

98

66

Total

179

119

P. multifasciatus

F

U

T

M

F

U

T

19

7

1

27

14

19

15

48

55

17

7

79

20

6

12

38

77

74

24

8

106

34

25

27

86

2

33

28

7

3

38

13

8

7

28

2

33

20

17

1

38

11

16

6

33

3

34

30

5

2

37

0

0

0

0

14

133

72

44

19

135

20

21

14

55

21

233

150

73

25

248

44

45

27

116

15

1

31

14

9

2

25

11

13

2

26

19

23

1

43

28

13

1

42

20

13

3

36

34

38

2

74

42

22

3

67

31

26

5

62

169

78

73

9

160

111

45

9

165

49

56

30

135

48

212

136

68

20

224

155

74

27

256

60

40

29

129

83

381

214

141

29

384

266

119

36

421

109

96

59

264

184

Table A-3. Continued.
P. lacrymatus

Z. scopas

All Species

Municipality

MPA/ Fished Reef

M

F

U

T

M

F

U

T

M

F

U

T

Candelaria

Sinabacan-Malimanga

19

6

5

30

15

14

1

30

101

64

29

194

Fished Reef

17

14

18

49

30

13

14

57

194

71

68

333

Total

36

20

23

79

45

27

15

87

295

135

97

527

Bani

10

12

7

29

9

18

6

33

90

74

37

201

San Salvador

13

9

8

30

19

15

3

37

94

87

25

206

Taklobo Farm

13

14

5

32

20

16

2

38

96

59

20

175

Fished Reef

45

52

33

130

82

32

20

134

340

224

129

693

Total

81

87

53

221

130

81

31

242

620

444

211

1275

Hermana Menor

16

7

7

30

16

13

1

30

88

67

17

172

Fished Reef

18

13

11

42

20

6

3

29

127

83

26

236

Total

34

20

18

72

36

19

4

59

215

150

43

408

All MPAs

71

48

32

151

79

76

13

168

469

351

128

948

All Fished Reefs

80

79

62

221

132

51

37

220

661

378

223

1262

Total

151

127

94

372

211

127

50

388

1130

729

351

2210

Masinloc

Santa Cruz

Overall

185

Table A-4.

Mean (±SD) age (years) and size (mm) of fishes caught inside MPAs and in adjacent, fished reefs within
each municipality.
A. nigrofuscus
Age (Years)

C. binotatus

Size (mm)

Age (Years)

C. striatus

Size (mm)

Age (Years)

Size (mm)

Municipality

MPA/ Fished Reef

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Candelaria

Sinabacan-Malimanga

3.38

3.63

67.38

20.51

3.62

3.48

73.66

19.23

3.46

2.73

94.11

27.40

Fished Reef

2.98

2.40

74.52

17.26

2.92

3.56

69.00

17.98

2.23

1.09

90.57

22.66

Bani

2.72

2.60

62.77

17.43

2.70

2.22

69.55

18.30

2.36

2.18

89.68

29.81

San Salvador

3.20

3.05

66.80

20.44

3.48

2.97

70.09

18.40

3.83

2.47

97.66

25.29

Taklobo Farm

3.40

3.86

63.94

19.27

3.78

4.21

69.41

19.16

3.66

3.19

96.14

28.52

Fished Reef

3.70

2.82

66.76

15.29

5.32

3.49

78.54

16.63

3.93

2.10

103.19

22.00

Hermana Menor

3.20

2.82

69.87

20.31

2.77

2.91

72.52

20.08

4.26

3.43

94.68

28.86

Fished Reef

2.87

2.18

69.56

16.10

4.28

3.51

78.58

22.82

2.69

1.28

102.86

24.00

Masinloc

Santa Cruz

186

Table A-4. Continued.

P. multifasciatus
Age (Years)

P. lacrymatus

Size (mm)

Age (Years)

Z. scopas

Size (mm)

Age (Years)

Size (mm)

Municipality

MPA/ Fished Reef

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Candelaria

Sinabacan-Malimanga

6.61

4.25

96.42

33.45

5.70

4.24

53.33

9.89

4.28

3.46

77.73

22.87

Fished Reef

5.10

2.87

102.98

29.48

4.78

3.27

54.10

9.87

3.55

2.82

76.39

24.95

Bani

6.05

3.32

109.21

35.79

4.50

2.91

54.11

9.80

3.79

3.11

73.61

29.20

San Salvador

7.21

3.98

109.85

35.89

4.20

3.94

53.30

10.80

4.41

3.52

74.19

27.14

Taklobo Farm

N/A

N/A

N/A

N/A

4.97

4.37

54.25

10.58

3.25

2.61

73.92

23.47

Fished Reef

6.25

3.50

105.27

28.61

6.30

3.62

57.10

8.68

4.97

3.40

85.07

24.22

Hermana Menor

6.31

2.29

104.38

27.05

4.43

3.82

52.67

11.11

3.87

3.45

77.27

24.54

Fished Reef

7.17

2.46

110.58

23.75

4.20

2.00

57.93

8.45

3.98

2.48

84.45

25.76

Masinloc
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