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ABSTRACT:

The protection of marine biodiversity requires the identification of vulnerable species and the
creation of marine protected areas (MPAS) to ensure their survival. Different conceptual
frameworks of vulnerability based on both intrinsic and extrinsic factors have resulted in a
variety of methods for assessing vulnerability, which can yield different conclusions as to
which species are of conservation priority. This paper applies two vulnerability assessments,
the IUCN red list of threatened species and Fishbase’s fuzzy logic expert system, to fish
communities in different habitat types of the Galapagos Marine Reserve (GMR). Three
habitat types, mangroves, rocky reefs and corals, were assessed on the island of San Cristobal
to determine habitats that host vulnerable fish species. When using the IUCN red list of
threatened species, rocky reefs had the greatest abundance of vulnerable species, however
when applying Fishbase’s assessment of intrinsic vulnerability, mangroves had the greatest
abundance of vulnerable species. This study recommends that Fishbase’s assessment of
vulnerability is the more appropriate measure to use in the GMR, but that may not be the case
in other areas of the world. Marine managers ought to use both assessments and determine the
more appropriate measure for assessing conservation area priorities depending on the specific
context of their MPA.
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RESUMEN:

La proteccion de la biodiversidad marina requiere la identificacion de especies vulnerables y la
creacion de areas marinas protegidas para segurar sus sobrevivencia. Diferentes marcos
conceptlales de la vulnerabilidad basados en los factores intrinsicos y extrinsecos han
resultado en una variedad de métodos para evaluar la vulnerabilidad que puedan resultar en
diferentes conclusiones de que especies son de prioridad de conservacion. Este tesis aplica
dos evaluaciones de vulnerabilidad, la UICN lista rojo de especies en peligro y el fuzzy légica
experto sistema que esta utilizada en FishBase, a los comunidades de peces en diferentes tipos
de hébitats en la Reserve Marina de Galapagos (RMG). Los tres tipos de hébitat, manglares,
arrecifes rocosos y corales fueron evaluados en la isla de San Cristobal para determinar los
habitats que acogen especies de peces vulnerables. Cuando usamos la lista roja de UICN de
especies en peligro, los arrecifes rocosos tuvieron la mayor abundancia de especies
vulnerables, no obstante cuando usamos la evaluacion de Fishbase que es la vulnerabilidad
intrinsico, los manglares acogen la mayor abundancia de especies vulnerables. Este estudio
recomienda que la evaluacion usada en Fishbase es mas la medida mas apropiada para usar en
la RMG, pero este tal vez no es el caso en otras areas del mundo. Tomadores de decisiones
para la proteccion de ambientes marinas debe usar los dos evaluaciones y determinar la
medida mas apropiada para la evaluacion de areas prioritarias dependiendo en el contexto
especifico de la rea marina protegida.
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INTRODUCTION:

The conservation of habitat types and specific sites via protected areas is seen as the
best approach to maintaining biodiversity and ecological integrity of ecosystems (Bruner et al.
2001; Brooks et al., 2004; Pressey, 2004; Briggs 2011; Fernandes et al. 2005). Protecting
biodiversity is the main objective of many successful marine conservation programs (Leslie
2005) and proper implementation of these programs necessitates the identification of species
vulnerable to extinction. Vulnerability is defined as species threatened by extinction or
extirpation on local and region scales (Dulvy et al. 2003, Cheung et al. 2005); however it is
also necessary to include the factors driving a species to extinction in our definition. These
extinction drivers may include global climate change, habitat destruction, strong ENSO
events, disease, fishing pressure, invasive species or loss of top predators (Polidoro et al. 2012;
Myers and Worm 2003; UNEP-WCMC 2008). Alternatively we can conceptualize vulnerable
species as possessing biological and ecological characteristics that yield them non-resilient to
changes caused by the aforementioned factors (Cheung et al. 2005; Cheung et al. 2007; Dulvy
et al. 2004).

The methods used to assess vulnerability vary depending on the conceptual
frameworks in which they are founded and as a result the use of different methods may result
in inconsistent conclusions about which species and habitats need to be protected. For example
some populations may be particularly vulnerable to sudden climatic changes such as strong
ENSO events, which could be the primary extinction driver while other species may be more

intrinsically vulnerable to fishing pressure due to life-history and ecological characteristics



which make them non-resilient (Cheung et al. 2005; Polidoro et al. 2012; Le Quense et al.
2011; Mace et al. 2008). Additionally the method used for assessing vulnerability can include
or exclude species with different ecosystem functions, even though ecosystem function is not
included as a vulnerability criteria since individual species are assessed, not entire ecosystems
or communities. Protecting vulnerable species that play a key role in maintaining ecosystem
structures has the dual benefit of preventing species loss and promoting the ecological
integrity of the entire ecosystem (Baum et al. 2003; Myers and Worm 2003; Myers et al. 2007;
Ferretti et al. 2010).

The primary factors threatening marine fishes in the Eastern Tropical Pacific are
overfishing, habitat destruction and strong ENSO events (Polidoro et al. 2012). Many marine
species are vulnerable to extinction as a result of fishing pressure, however we lack data
necessary to assess current population trends for many species (Mace et al. 2008, Le Quense et
al. 2011). Often species of commercial interest are more intrinsically vulnerable to extinction
due to life-history characteristics such as a long maximum length, a late age of first
reproduction and long generation times, since fisheries frequently exploit larger fish (Pauly et
al. 1998; Cheung et. al. 2005; Powels et al. 2000; Reynolds et al. 2005). However, even
species of little commercial value are under threat from fishing through by-catch (Walker et a.
2005; Casey et al. 1998), or the disturbance created by fishing activities, particularly in benthic
habitats (Jennings et al. 2001; Shurin et al. 2002). Furthermore the loss of species due to
fishing can have cascading effects on the ecosystem as a whole (Baum and Worm 2009;
Myers and Worm 2003), which threatens biodiversity and the ecological integrity of marine

ecosystems (Duffy 2003; Le Quense et al. 2011; Worm et al. 2006).



Cheung et al. 2005 created a method that employs a fuzzy logic expert system to
determine species intrinsically vulnerable to extinction based on ecological and life-history
characteristics. This fuzzy logic expert system, which is used in a vulnerability assessment on
FishBase (Froese and Pauly 2012), allows us to estimate the intrinsic vulnerability even when
uncertainty exists for some life-history traits and ecological characteristics, and therefore can
be useful in assessing vulnerability when gaps in our knowledge exist. The method is useful
in applying the ‘precautionary principle’ (Lauck et al. 1998) because conceptualizes
vulnerability intrinsically, or based on inherent characteristics that make species susceptible to
fishing pressure, rather than assessing species already on the path to extinction. Though the
measure is used to identify vulnerability to fishing pressure, the same attributes used in the
assessment can make species susceptible to other threats such as strong El Nifio events.

In contrast, the JUCN red list calculates risk for extinction based on data from existing
populations, their locations and external threats. It provides valuable information on numerous
species and is the most widely accepted method for identifying species as risk of extinction
(Hoffman et al. 2008; Rodrigues et al. 2006; Butchert et al. 2005; De Grammot et al. 2006).
However many marine species are not assessed on the IUCN red list because we lack data
about their existing populations necessary for this assessment. The IUCN red list determines
vulnerability by examining population numbers worldwide and prioritizes populations that are
declining as well as endemic species with a limited geographic range under threat by various
factors (Mace et al. 2008). Though this assessment is comprehensive in that it considers
multiple extinction drivers and population attributes, collecting the necessary data for these
assessments is costly and time consuming, and frequently marine species are not assessed in

tropical developing countries where resources for conservation are low as compared to



developed countries (Jennings and Polunin 1996; Johannes 1998). Frequently studies make
management suggestions based on the life history cycles and habitat preferences of a few
charismatic or keystone species (Bass et al. 2011; Cafadas et al. 2005), however more work
needs to be done to assess how vulnerable communities and their structures are to various
anthropogenic stressors (Crowder et al. 2008).

A place-based approach is at the cornerstone of emerging efforts to preserve the
marine environment. Several studies have attempted to use vulnerability assessments to create
conservation priorities in reserve planning. For example, Eken et al. 2004 outline the key-
biodiversity area (KBA) concept, which involves identifying areas of global conservation
significance using information on vulnerability and irreplaceability of species. Vulnerable
sites include areas that host one or more globally threatened species, while irreplaceable sites
are areas that host a significant proportion of the global population of a species. KBAs are
created using globally applicable criteria (Margules and Pressey, 2000) and use the IUCN red
list of threatened species for identifying conservation targets (Eken et al. 2004, Knight et al.
2007). For example, a study by Edgar et al. 2008a applied the KBA criteria, using IUCN data,
to sites on several of the islands in the Galapagos Archipelago and recommendations were
made for changing the coastline zoning scheme based on their findings. This study was used
by Conservation International Marine Management Areas Science program for a work plan
called ‘Extinction Resistance’ developed for the Western Pacific and Eastern Tropical Pacific
to provide a framework for the conservation of species of global importance and assess the
degree to which these species are protected in existing MPAs (UNEP-WCMC 2008). These
programs can provide valuable information to decision-makers (Edgar et al. 2008b) and KBA

methods are increasingly being employed by marine managers, such as a recent project aimed



at improving MPA design in the Philippines (DEF-UNDP 2012). However, these strategies
are significantly affected by the conceptual frameworks of vulnerability in which their
methods are founded and can be expanded by allowing project managers to decide the most
appropriate method based on the specific context of the protected area.

This study applies intrinsic vulnerability data available on FishBase and the IUCN red
list of threatened species to assess the vulnerability of fish communities at six sites off the
island of San Cristobal, Galapagos, Ecuador. The two vulnerability assessments were applied
to fish communities in three ecosystems (rocky, mangrove and coral) to determine if different
vulnerability data would draw similar conclusions in terms of locating habitat conservation
priorities of vulnerable fish species. Although the two methods use different criteria, it was
hypothesized that there would be a high degree of overlap in the number of vulnerable fish
species and their habitat preferences between the two assessments and that similar conclusions
would be reached as to which ecosystem types host the most vulnerable species. By comparing
FishBase and IUCN criteria | demonstrate how dissimilarities in the conceptual framework of
vulnerability of species can significantly affect our conservation priorities in terms of

protecting vulnerable species’ habitats.

MATERIALS AND METHODS:

Study area:

The Galapagos Marine Reserve covers 133,000 km? and is the largest marine protected
area in Ecuador and one of the largest in the world. The islands are 1000 km from the
Ecuadorian mainland (between 01240 N-01-25 S and 89°15 W-92-00 W). The climate varies

between the cool dry season, which begins around June and ends in December, and a hot wet



season, which begins in December and ends in May. The Galapagos is also near the center of
the most intense areas impacted by El Nifio events, in which unusually warm temperatures up
to 5 degrees C above the long-term average are observed during the warm season followed
sometimes by unusually cold temperatures, La Nifia event, during the cool season (Barber and
Chavez 1986). The warming EI Nifio event can have devastating consequences for marine
species, since it reduces the number of dissolved nutrients thereby decreasing the amount of
primary production available, which decreases biomass at the base of the food web (Robinson
and Del Pino 1985).

During the cool season the colder nutrient rich Humboldt current moves from
Antarctica to the equator and reaches Galapagos, while in the warm season the warmer
Panama current coming from the north, becomes more dominant bringing warmer water and
weather to Galapagos. Additionally, the southern equatorial surface current flows along the
western part of the islands, while the Cromwell equatorial sub current from the west flows at
100 m depth along the ocean bottom and then rises to the surface at Galapagos bringing
nutrient rich waters, which creates algal blooms (Palacios 2004). This primary production
forms the base of the food-web in Galapagos and has enabled many unique species to evolve
(Feldman 1986).

The study areas are in six different locations on San Cristobal island (Figure 1). San
Cristobal is the eastern most island of the Galapagos archipelago, with an area of 558 km? and
the capital of Galapagos, Puerto Baquerizo Moreno, is located on this island. Only two coral
habitats have been found on this island, which are both included in this study, and four
mangrove habitats are on the island, two of which are included in this study, while the rest of

the island, and over 90% of Galapagos is dominated by rocky reef ecosystems (Bustamante et



al. 2002). The six sites and ecosystem types for this study include: Isla lobos (rocky), Negritas
(rocky), Punta Pitt (coral), Rosa Blanca (coral), Rosa Blanca (mangrove), and Tortuga

(mangrove, Figure 1).

Fish community survey:

Data were collected over an eight-month period from January 2010 to August 2010
with a total of 181 transects conducted across the six study sites list above. Species abundance
and richness data were collected in all transects. In total 67 fish species were observed across
all ecosystem types during the study period. The visual transect method of collecting species
abundance and richness data consisted of one researcher holding one end of the transect line
while another researcher laid the transect line, both researchers then fastened their end of the
transect line in place using rocks. Then one researcher would swim toward the other counting
species in the water column up to two meters above the benthic habitats including the benthos,
along the transect line and collecting data, within the transect area. Fish were counted from
one meter on each side of the transect line (2 meter width total) over a 50 meter length, thus
each transect area was 100 square meters. Between three to six transects were conducted for
each dive survey (at a depth of 5-12 m) or snorkel survey (at a depth of 1-3 m). Data was
collected by scuba diving at all sites except the mangrove ecosystems where transects were

collected through snorkeling (Tortuga and Rosa Blanca).

Rarefaction for calculating adequate sample size:
The sample size was evaluated to be representative of the entire community of fish

species in each ecosystem in terms of biodiversity and species composition. The rarefaction



methods used involves calculating the accumulated average and standard deviation of fish
species diversity curves using the Shannon index (H”) (Krebs 1999). Diversity curves were
generated using MATLAB program, which conducts 500 random permutations using the
original data while maintaining a margin of error at 0.05. This error is obtained from the
data’s coefficient of variation and is measured when the accumulated average reaches
asymptote, thereby determining the appropriate sample size for characterizing the fish
communities in each ecosystem with a 95% confidence interval. Diversity curves reached
asymptote (Coefficient of variation=0.05) at 27 for coral, 27 for mangroves, and 21 for rocky,
confirming that the sample size (number of transects) obtained for each ecosystem (56 for
coral, 67 for mangrove and 58 for rocky) was sufficient to describe the composition of each

ecosystem’s fish community (Figures 2a, 2b and 2c) with an error lower than 0.05.

Intrinsic vulnerability assessment using fuzzy logic expert system:

The intrinsic vulnerability of each species was obtained from FishBase, which is
determined by a method developed by Cheung et al. 2005. The intrinsic vulnerability is the
resilience of a species to fishing pressure, which is related to this fish’s maximum rate of
population growth and strength of density dependence (Cheung et al. 2005). Responses of fish
populations to fishing pressure are frequently determined by the life-history and ecological
characteristics of the species and these characteristics have been correlated to intrinsic
vulnerability rates (Adams, 1980; Roff 1984; Kirkwood et al.1994; Dulvy et al. 2003). This
method uses fuzzy logic to estimate the degree of membership in certain categories that

determine the species’ vulnerability.



Fuzzy logic, originally developed by Zadeh (1965) states that a subject can belong to
one or more fuzzy sets with a gradation of membership instead of having membership to a
group classified as true or false, as in the classical logic system. Fuzzy logic allows
conclusions to be reached from a premise with gradation of truth, and membership can be
viewed as a representation of the possibility of association with the particular set. To calculate
the intrinsic vulnerability an expert system is used to mimic how experts solve a problem. The
rules are operated on when the degree of membership of the premises exceed threshold values,
which define the minimum required membership of the premises that an expert would expect
for that rule to operate which was set at 0.2 out of 1 (Cheung et al. 2005). The vulnerability
data is based on this fuzzy logic system and is validated by correlations with empirical data
including the observed rate of population decline of fishes in the North Sea (Jennings et al.
1999a) and Fiji (Jennings et al. 1999b).

The input variables for the fuzzy expert system are maximum length, age at first
maturity, longevity, von Bertalanffy growth parameter K, natural mortality rate, fecundity,
strength of spatial behavior and geographic range. The outputs are four categories referring to
the levels of intrinsic vulnerability to extinction and placed on a scale from 1 to 100 with 100
being the most vulnerable described as follows: Low (0-30); Moderate (30-50); High (50-70)
and Very high (70-100).

The equation used to calculate vulnerability is:

Membership. = Membershipe.; + Membership; x (1-Membershipe.1)
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Where Membership, is the degree of membership of the conclusion after combining the
conclusions from e piece of rules, and Membership; is the degree of membership of the
conclusion of rule i. An index of intrinsic vulnerability is calculated at the peak or maximum
membership of each ‘conclusion’ fuzzy membership function weighted by the degrees of
membership to each conclusion category (Cheung et al 2005). For this study only species
within the highest intrinsic vulnerability category (>70) were used, which is classified as ‘very
high’ vulnerability to identify species of the most pressing concern. Again these species’
populations may not be in imminent danger of extinction, but they are nonetheless vulnerable
because they possess characteristics, which make them non-resilient to changes, therefore only

the most intrinsically vulnerable species were considered.

IUCN Criteria for assessing vulnerable species:

The IUCN red list of threatened species categorizes species into the following: extinct
(EX), extinct in the wild (EW), critically endangered (CR), endangered (EN), vulnerable
(VU), near threatened (NT), least concern (LC) and data deficient (DD) (Mace et al. 2008).
There are three categories, which indicate that a species is threatened: vulnerable (VU),
endangered (EN) or critically endangered (CR). Species are placed in these categories based
on the following parameters: population trends and population size, subpopulations, number of
mature individuals, generation length, reduction in the number of mature individuals,
continuing decline, extreme fluctuations, severely fragmented populations, extent of
occurrence, and area of occupancy (Mace et al. 2008). However, a species whose biology is
well known, but the global range and known threats are missing will be listed as data deficient

(Mace et al. 2008).
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Different criteria are used to determine species vulnerability and a species can only
fall into one of the criteria. The first criteria which places a species in these categories, or
Criterion A, is a high rate of decline as determined by an estimate of the current population
size in comparison of an estimate from the past or a projection for the future and change over a
specific time measured in as percentage of loss. This population size is then adjusted with the
measure of “mature individuals” (IUCN 2001), which reflects the actual or potential breeding
population. Since mature individuals of different species have different generation times, the
period over which a decline is assessed is measured in generation length, which acts as a
turnover rate within the population. Assessments in the rates of change of threatening
processes can be applied for criterion A such as loss of habitat, levels of direct or indirect
exploitation, the effects of introduced taxa, hybridization, pathogens, pollutants, competitors
or parasites; though assessors are advised to use indirect evidence cautiously. Nonetheless the
shape of the decline curve is based on the threatening processes. Vulnerable is listed as a
decline of >30%; endangered is listed as a decline of >50% and critically endangered is a
decline of >80% before extinction occurs.

The next criterion, B, is used to classify threatened species when the geographical
range is very restricted and when other factors suggest that it is at risk. This applies when a
species is restricted to small areas or to habitat remnants that are being diminished. This
criterion uses two measures: extent of occurrence (EOO) and the area of occupancy (AOO).
The EOO is defined as the area within the shortest continuous boundary that can be drawn to
include all known, inferred or projected sites of occurrence of a species. The AOO is the area
within the EOQ area in which the species is found. It is the smallest area essential at any stage

of survival of existing populations of a species. Criterion B has encountered some difficulties
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because the choice of critical thresholds is uncertain since no framework exists to associate
given range areas with different levels of risk of extinction. A constant ratio was maintained
with cut-off values for EOO and AOOQ in the categories of critically endangered (100 km?),
endangered (5,000 km?) and vulnerable (20,000 km?). To qualify in this criteria there must be
evidence that the population is or projected to decline, severely fragmented, limited to a few
locations, or subject to extreme fluctuations.

Criterion C is related to small population size and decline. The thresholds are selected
by the number of mature individuals and are derived by theoretical values for minimum viable
populations adjusted to reflect timescales appropriate for the species. The population must be
fewer than 10,000 mature individuals for vulnerable, 2,500 for endangered, and 250 for
critically endangered. Criteria D involves very small population sizes without evidence that
there has been or will be a decline because small populations can have high extinction risks
from internal processes such as demographic stochasticity meaning the process whereby
random variation among individuals in certain demographics such as sex ratios can lead to
extinction. To be classified as vulnerable in criterion D a species must have less than 1000
mature individuals, for endangered less that 250, and for critically endangered less than 50.
There is a subcriterion D2 from criterion D, which allows a species to qualify solely on the
basis of a very restricted distribution as evidence that the species is threatened. Criterion E
uses any kind of quantitative analysis for assessing risk of extinction, which is then compared
to the extinction-risk thresholds, which are expressed as the probability of extinction within a
given time frame. Essentially it is any case where a robust estimate of extinction risk can be

determined. This might be done without detailed information on population dynamics.
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Data Analysis:

The diversity measures of richness and Shannon's diversity index were calculated for
each habitat type. A Two-Way ANOVA was used to test differences in abundance, richness
and the Shannon diversity index between habitat types (mangrove, coral and rocky) and
between seasons (cool and warm). Normality was tested using Shapiro-Wilks test.

Total abundance of vulnerable especies per transect (using both IUCN and FishBase
assessments) were also calculated. Because these data did not follow normal distribution,
Kruskal-Wallis test was performed to test differences between habitat types (mangrove, coral
and rocky) and between seasons (cool and warm). All statisitical analyses were performed
using R statisitical software packages.

Additionally, mean trophic levels per ecosystem were calculated using IUCN
vulnerable species abundance and FishBase vulnerable species abundance by summing the
total abundance for all transects per ecosystem and weighting species’ trophic levels by their

abundance to obtain a final weighted average.

RESULTS:
A comparison of criteria for assessing vulnerability:

A comparison in the criteria used in each vulnerability assessment was made showing
the population parameters used by the IUCN and the life-history characteristics used by
FishBase, geographic range, natural mortality rate, fecundity and age at first maturity are
consider on the IUCN red list only as they relate to population trends and predictions whereas
they are considered using FishBase’s assessment independently (Table 1). Furthermore, ten of

the 67 species were not evaluated or data deficient and therefore not given an assessment on
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the IUCN red list, though all species had a vulnerability score on FishBase. On the IUCN red

list, population trends were known for 20 of the 67 species found in this study.

Distribution of FishBase s intrinsically vulnerable species across ecosystems:

Using FishBase’s vulnerability criteria, across all three ecosystems five species
encountered had life history and ecological characteristics that placed them in the highest
intrinsic vulnerability category (>70) which is described as ‘very high’ according to the fuzzy
logic expert system on a scale ranging from low (0-30), moderate (30-50), high (50-70) to very
high (70-100, Table 2). These species include: the spotted eagle ray (Aetobatus narinari), the
diamond ray (Dasyatis brevis), the pacific dog snapper (Lutjanus novemfasciatus,
vulnerability: 74), the marbled ray (Taeniura meyeni, vulnerability: 77), and the white tip reef
shark (Triaenodon obesus, vulnerability: 83). The average number of highly vulnerable
species per transect were significantly greater in mangroves as compared to corals and rocky
reef habitats (Table 2). In addition to being very highly vulnerable, three of the five species are
also top predators (Triaenodon obesus, Taeniura meyeri, and, Lutjanus novemfasciatus) and
the other two are predatory rays (Dasyatis brevis, Aetobatus narinari; Table 2). Mangroves
had the greatest abundance of very highly vulnerable species per transect revealed by a
Kruskal-Wallis test. (XZ(Z) = 32.61, p<0.05), and there was a significant effect of season
(x2(1)=5.27, p-value = 0.022), with the cool season having a greater number of vulnerable

species than the warm season (Figure 3a).

Distribution of IUCN vulnerable species across ecosystems:
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A total of eight species out of the 67 species encountered in the study were found to be
vulnerable according to the IUCN red list criteria (Table 3). Rocky reef ecosystems hosted the
greatest number of IUCN vulnerable species followed by corals and lastly mangroves (Table
4, Kruskal-Wallis (1) = 5.27, p<0.05) and there was no significant difference between
seasons (Kruskal-Wallis (1) = 5.27, p=0.412; Figure 3b). The species found in this study on
the IUCN red list include: the endemic Galapagos barnacle blenny (Acanthemblemaria
castroi); the Pacific sea horse (Hippocampus ingens) threatened by habitat degradation,
targeted catch and incidental capture; the white salema (Xenichthys agassizi) an endemic
species; the bravo clinid (Labrisomus dendriticus) endemic to the Galapagos and Malpelo
islands; the sailfin grouper (Mycteroperca olfax) endemic to Galapagos, Cocos and Malpelo
islands; the Galapagos ringtail damsel fish (Stegastes beebei) endemic to Galapagos, Cocos
and Malpelo islands; the marbled ray (Taeniura meyeni) which is not endemic and is
vulnerable due to intense fishing pressure in southeast Asia; and the endemic black stripped
salema (Xenocys jessiae) (Table 3).

The majority of the abundance of IUCN vulnerable species are represented by the
Galapagos ring-tail damsel fish, Stegastes beebei (65% in rocky habitats, 90% in corals and
34% in mangroves), and the black-striped salema (33% in rocky, 3% in corals and 54% in
mangroves, Table 4). Only one of the species, the marbled ray (Taeniura meyeni), overlaps
as vulnerable on the IUCN red list and is very highly vulnerable FishBase (Table 2,4). The
trophic levels of IUCN vulnerable species can be used to make inferences about the functional
ecology of these species (Table 4, Table 5). The mean trophic levels were higher for FishBase

species as compared to IUCN species which demonstrates that the vulnerable species from



16

each vulnerability measure are functionally different in terms of their trophic position (Table

5).

Biodiversity analysis:

Although mangroves were shown to host the most vulnerable species, a two-way
ANOVA demonstrated that the ecosystem with the highest richness (F= 19.85 ;56 p<0.05,
Figure 4a) and abundance (Kruskal-Wallis (2) =15.71 p<0.05, Figure 4b) was corals,
followed by rocky and lastly mangroves. The richness showed a significant difference between
seasons (F=6.651; s p<0.05), with EI Nifio conditions having higher richness, however no
significant difference was detected between seasons for abundance (p>0.05, Figure 4b).
Furthermore significant differences were detected for the Shannon index among ecosystem
types (F=6.929 , 56 p<0.05) with the corals and rocky ecosystems having higher diversity than
mangrove ecosystems, but no significant effect was observed between seasons (p>0.05, Figure
4c¢). An interaction effect was observed in a two-way ANOVA between season and ecosystem
(F=3.346 , 56 p<0.05) for the Shannon index, though no trend was detected for this interaction
(Figure 4c). The data was normally distributed for richness and the Shannon index (Shapiro-

Wilks test p>0.05 both), but not for abundance (Shapiro-Wilks test p<0.05).

DISCUSSION:
Habitats that host intrinsically vulnerable species:

The highest concentration of intrinsically vulnerable species (>70 from FishBase),
were found in the mangrove habitats followed by the coral habitats and lastly the rocky reef

habitats (Table 2, Figure 3a). The intrinsically vulnerable species encountered in this study



17

include: the spotted eagle ray (Aetobatus narinari), the diamond ray (Dasyatis brevis), the
pacific dog snapper (Lutjanus novemfasciatus) the marbled ray (Taeniura meyeni), and the
white tip reef shark (Triaenodon obesus, Table 2). In addition to being highly vulnerable, these
species may also play a significant role in structuring the ecosystem, because they occupy high
trophic levels (Estes et al. 2011; Myers and Worm 2005; Duffy 2003; Tables 2 and 5). These
findings demonstrate the importance of mangroves as habitat types that host intrinsically
vulnerable species. Mangroves serve as juvenile breeding grounds for many species
including vulnerable elasmobranches, because they serve as a habitat refuges due to their
structural heterogeneity (Blaber 2000; Laegdsgaard and Johnson 2001) and therefore may
serve as refuges from artisanal fishing pressure.

The only study area near a no-take zone is the most northeastern point near the coral
habitat Punta Pitt (Figure 1). However, this study highlights the necessity to protect
mangroves as at least equally important for preventing further extinctions because of their role
as hosts of intrinsically vulnerable species. Many fish species inhabit mangroves for part of
their diurnal cycles because mangroves may be unavailable during times of the day when the
tide is out, their habitat changes forming an interconnective mosaic of habitats, which helps
form complex trophic structures, and highlights the need for biological connectivity between
habitat types to protect fish species (Mumby et al. 2004; Sheaves 2005; Unsworth et al. 2008).

While mangroves hosted more vulnerable species in this study, corals had the highest
biodiversity in terms of richness and abundance, closely followed by rocky habitats. In
comparison, mangroves had considerably lower richness and abundance per transect (Figures
4a and 4b, p<0.05). Moreover, mangroves also had the lowest biodiversity per transect using

the Shannon diversity index, when compared to rocky and coral ecosystems (Figure 4c,
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p<0.05). Numerous studies have documented the immense biodiversity of coral reef
ecosystems and as a result managers have recognized these areas as being of high conservation
priority (Mora et al. 2006; Hughes et al. 2003; Bellwood et al. 2004). However, the value of
mangroves, and connectivity between mangroves and adjacent habitats, particularly corals, has
been overlooked in many management plans (Mumby et al. 2004).

Additionally, the vulnerability information gained by the fuzzy logic expert system has
a potential use in studying species responses to climatic variables because there is overlap in
the intrinsic characteristics that make species vulnerable to fishing pressure and to sudden
climatic changes such as strong El Nifio events. The frequency and intensity of strong EI Nifio
events are expected to increase with climate change, which can have devastating effects on
many Galapagos species and ecosystems (Valle and Coulter et al. 1987; Glynn 1988; Edgar et
al. 2010). Life history traits such as low reproductive capacity, late maturation, slow growth
and long generation time (Sadovy and Cheung 2003; Jager et al. 2008; Reynolds et al. 2005),
would yield a population less likely to recover after an extreme climatic event that
significantly diminishes the population. Thus, factors used to calculate intrinsic vulnerability
can also be used when studying resilience of species and predict how populations might
respond to sudden climate changes. This vulnerability data can be combined with IUCN red
list data to create a more comprehensive assessment of species for which other information is
lacking and can be used to model population responses to climatic events, though further
research is needed to show the efficacy of using intrinsic vulnerability data to model responses
to extreme climatic events. Additionally future research can use the FishBase methodology
and concept of intrinsic vulnerability to apply to other marine species such as marine

mammals, reptiles and invertebrates.
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Habitats that host fish species on the IUCN red list

Of the 67 fish species encountered in this study, eight were classified as vulnerable on
the IUCN red list of threatened species and none were classified as endangered or critically
endangered. Rocky habitats had significantly more IUCN abundant species followed by corals
and lastly mangrove ecosystems (Table 3, Figure 4b). The eight species from the IUCN red list
would trigger KBA criteria indicating that all six sites analyzed are necessary for protection
primarily due to endemism and the threat of strong El Nifio events as well as the abundance of
vulnerable species, which was greater than 30 individuals at all sites (Table 2, 3; Eken et al.,
2004; Langhammer et al., 2007). In fact, most likely the majority of marine habitats in
Galapagos would trigger KBA criteria because many sites have an abundance of more than 30
vulnerable species on the IUCN red list. When creating KBASs it is important to consider the
functional ecology of the species being recommended for protection and the niches they
occupy in the ecosystem, which can be inferred from information on trophic levels of the
species.

Of the species on the IUCN red list, the sailfin grouper, the bravo clinid and the
marbled ray are top predators (Table 2). The majority of the abundance of IUCN vulnerable
species is represented by the Galapagos ring-tail damsel fish, (90% in corals, 65% in rocky
reefs, and 34% in mangroves), and the black-striped salema (3% in corals, 33% in rocky reefs
and 54% in mangroves, Table 3). The Galapagos ring-tail damsel fish and the black-striped
salema are ubiquitous in Galapagos, but have been placed on the IUCN red list due to
endemism, or their limited geographic range, and the threat of strong El Nifio events. The

Galapagos ring-tail damsel fish also occupies a comparatively low trophic-level of 2.95 and
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the black striped salema is higher at 3.4, but neither are top predators and may not play as
significant of a role in structuring ecosystems as the species listed as vulnerable according the
FishBase criteria (Table 3). FishBase vulnerable species have a higher mean trophic level than
the IUCN red list species because the IUCN mean is heavily weighted by abundant lower
trophic level species like the Galapagos ring-tailed damsel fish (Table 5). Thus, FishBase’s
vulnerable species may have a more significant role in structuring an ecosystem, as higher
predators, as compared to the very abundant low-trophic level species on the IUCN vulnerable

species list (Ferreti et al. 2010; Baum et al. 2003; Myers and Worm 2005; Myers et al. 2007).

A comparison between FishBase and IJUCN methodologies for assessing vulnerability:

It is important to note that only one of the 67 species found in this study, the marbled
ray (Taeniura meyeni), overlaps as vulnerable on both the IUCN red list and FishBase ‘very
highly’ vulnerable species (Table 2), which is contrary to my hypothesis that there is a high
degree of overlap between the two measures. This indicates that the ecological and life history
characteristics, which make a species intrinsically vulnerable are not necessarily the species
with declining populations from extrinsic extinction drivers or there is a lack of data on many
populations making it impossible to determine the degree of overlap. In contrast to Cheung et
al.’s (2005) fuzzy expert system of assessing vulnerability, the [UCN red list of threatened
species lists the spotted eagle ray, (Aetobatus narinari) , as near threatened with populations
decreasing; the diamond ray (Dasyatis brevis) is listed as data deficient with population trends
unknown; the pacific dog snapper (Lutjanus novemfasciatus) is of least concern with

population trends unknown; the marbled ray (Taeniura meyeni) is listed as vulnerable with
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population trends unknown and the white tip reef shark (Triaenodon obesus) is listed as near
threatened with population trends unknown (Table 2, IUCN 2011.2).

For only one of these five species, the spotted eagle ray, is the population trend known
on the IUCN database and one species, and the diamond ray is too data deficient to make an
assessment, which demonstrates that many species without sufficient data may be in need
special conservation efforts. The lack of data is also exemplified by the fact that ten of the 67
species encountered in this study were not assessed on the IUCN red list, which highlights the
necessity for more research to assess population trends and legitimizes the use of vulnerability
measures that do not require as extensive data sets, such as FishBase’s intrinsic vulnerability
assessment for which all species found in this study were given a vulnerability score. In the
Eastern Tropical Pacific half of the 16% of bony fishes listed as data deficient on the IUCN
red list are threatened by heavy overfishing, but lack demographic and catch statistics to
determine their threat status (Polidoro et al. 2012). Furthermore, approximately 45% of
marine mammals and cartilaginous fishes in the tropical eastern pacific are classified as data
deficient (Polidoro et al. 2012). In this study population trends were known for only 20 of the
67 species encountered therefore, our lack of knowledge on declining marine populations may
not be adequate to fully define priority areas through IUCN criteria alone.

In comparison to the rays, shark and predatory fish listed as having ‘very-high’
intrinsic vulnerability by FishBase, the species identified as vulnerable by the IUCN red list
appear to be less of a concern due to their ubiquity, and the fact that they have more prevalent
habitats since rocky reefs are over 90% percent of Galapagos subtidal habitats (Bustamante
2002). For example, the Galapagos ring-tail damsel fish and the black-striped salema have

both been given a low intrinsic vulnerability rating (both 32 on the 1-100 scale, Table 3) by
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FishBase’s fuzzy logic expert system because they possess life history traits that make them
not intrinsically vulnerable including small maximum lengths and relatively short generation
times (Hutchings and Reynolds 2005; Reynolds et al. 2005; Cheung et al. 2005). However,
the black striped salema has been observed to be sensitive to strong El Nifio events, since the
species disappeared from many study sites after the 1987/88 EI Nifio event for a period of two
years before populations recovered (Allen et al. 2010a). Also, the Galapagos ring-tailed
damsel fish’s habitat is restricted to less than 2000 km? globally and Galapagos is thought to
be the only viable self-sustaining population. The population declined by 50% following the
97-98 EL Nifio event, though it recovered within one year (Allen et al. 2010b). Endemism is
an important variable to factor in when creating marine protected areas, however efforts
should evaluate the abundance of endemic species in conjunction with availability of habitat.
While the IUCN red list criteria allows for some uncertainty, many of these parameters
require extensive research on threats and an understanding of the specific populations of these
species (Mace et al. 2008). The IUCN red list therefore provides information about species of
the most pressing concern based on actual population numbers or perceived threats, whereas
FishBase’s fuzzy expert system provides information on the likelihood of these species to be
unable to recover from natural and anthropogenic pressures due to life history and ecological
traits (Table 1). If we apply the precautionary principle to marine management, the fuzzy
expert system can provide a useful analysis in protecting species before populations are on the
decline or under threat, at which point the JUCN red list would detect these species. Edgar et
al. 2008a applied the KBA criteria in the Galapagos Marine Reserve and demonstrated several
sites which should be protected because they host species on the IUCN red list that were listed

as either vulnerable, endangered or critically endangered. However, these sites are selected on
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pre-existing knowledge about areas that had been known to host vulnerable species and the
study also demarcates areas based on presence or absence rather than a distribution of
vulnerable species’ abundances. Additionally, there was no connectivity suggested between
the recommended KBAs, toward which further investigation is necessary since many
vulnerable species such as elasmobranches and large bony fishes utilize multiple habitats
throughout their life cycles (Hooker et al. 2011; Ferreti et al. 2010; Mumby et al. 2004;
Nagelkerken et al. 2009).

Nonetheless these studies are necessary to provide decision-makers with adequate
information based on scientific research to take appropriate action in preventing biodiversity
loss. Recently this year, an over 45 million dollar conservation project was approved in the
Philippines with the objective of improving MPAs using KBA methodologies as a basis for
identifying areas in need of protection (GEF 2012). This project is co-funded by the Global
Environmental Facility (GEF) via the United Nations Development Programme (UNDP) in
conjunction with private investors and several NGOs including Conservation International
(GEF-UNDP 2012). These programs are examples of ecosystem-based management strategies
that could be facilitated by incorporating various methodologies for assessing vulnerable
species, such as the fuzzy logic expert system, which requires fewer data, in order to ensure
more timely and precautionary management strategies. The fuzzy logic expert system can be
applied to non-fish species such as marine reptiles, mammals and invertebrates to make a more
comprehensive assessment.

MPA:s are selected based on habitat preferences of vulnerable species and several other
attributes such as biogeographic representation, habitat availability, and socioeconomic factors

among others (Hooker et al. 2011, Leslie 2005). For the intrinsically vulnerable species
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identified in this study, further research could focus on species maps divided into age-
structured and behavioral categories to link demographic studies with monitoring and
modeling population trends to use a more accurate space-based approach to ensure the
protection of these species, even if their populations are not currently declining (Hooker et al.
2011; Ashe et al. 2010). From a socioeconomic perspective, intrinsically vulnerable species
are also species that are attractive to tourists. For example of the species observed in this
study, the white tip reef shark, the eagle ray, the marbled ray, and the diamond ray are among
the most appealing fish in Galapagos for divers and snorkelers. In Galapagos tourism is
particularly important since it generates over 100 million dollars yearly, thus, the interests of
the tourism industry and conservationists overlap providing further reason to protect the
habitats of these species (Epler 2007). The effective implementation of conservation programs
depends on the ability of stakeholders to minimize the tradeoffs between conservation and
economic objectives to determine the optimal planning strategy (Cheung and Sumaila 2008).
FishBase’s fuzzy expert system or the [UCN red list may be the more appropriate
assessment to use in MPA design depending on the context of the conservation sites and the
specific objectives of the institutions and stakeholders creating protected areas. Decision
makers should be aware of the scope of their objectives to determine the degree to which they
want to integrate the different vulnerability criteria, since the scope of our conservation
objective can greatly influence vulnerability assessments and prioritization of conservation
areas. The FishBase assessment can be useful in identifying species that play an important
ecological role such as top predators, which protect the ecological integrity of ecosystems. At
the same time the IUCN criteria provide a more global perspective and identify vulnerability

with emphasis on endemism and world-wide population numbers. If we use the IUCN
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criteria, most likely all of Galapagos will trigger the threshold for identification of KBAs,
which highlights the importance and uniqueness of Galapagos from the global perspective.
From this global perspective the IUCN criteria would be more appropriate to use in suggesting
that all areas of Galapagos be protected as no-take zones. However, it is not realistic to
prohibit fishing in all of Galapagos due to local political and socio-economic interests in
maintaining fisheries (Davos et al. 2007, Baine et al. 2007; Ruttenberg 2001). Therefore, in
the context of Galapagos the FishBase vulnerability assessment is more useful in identifying
local habitat hosts of vulnerable species important for maintaining trophic structures.

Because management strategies are more effective when there is cooperation between
socio-economic objectives and ecosystem based strategies (Arkema et al. 2006, Slocombe
1993, Imperial 1999), intrinsic vulnerability measures are more appropriate for Galapagos as a
unique case with high levels of endemism and conflicting interests (Davos et al. 2007;
Heylings and Bravos 2007; Gonzélez et al. 2008). Intrinsic vulnerability measures can be
incorporated into KBA methodologies, which would provide greater time and cost efficacy in
identifying KBAs, due to lower data input requirements, and would operate under the
framework of the precautionary principle and ecosystem-based management. For conservation
programs elsewhere, decision-makers can create more comprehensive management strategies
by employing various conceptual frameworks of vulnerability, depending on the local context

and resources available for the development of conservation areas.

CONCLUSION:

The methods by which vulnerability are assessed can yield entirely different

conclusions as to which areas or habitat types host the most vulnerable species. The fuzzy



26

logic expert system used on FishBase employs life-history and ecological traits and can
potentially be extended to determine vulnerability to climatic variables such as increasingly
strong EL Nifio events, though long-term research is necessary to determine the efficacy of
using this method for that purpose. Additionally the concept of intrinsic vulnerability and the
methodology used to assess species on FishBase can be extended to include other marine
species such as mammals, reptiles and invertebrates to make a more comprehensive
assessment. The two vulnerability assessments discussed, coupled with biodiversity data can
help managers make better-informed decisions when identifying conservation priorities.
Furthermore the prevalence of habitat types is important to consider, for example corals and
mangroves are a relatively small portion of the coastal habitat types available on the islands,
yet mangroves have the greatest concentration of intrinsically vulnerable species, and corals
host the greatest biodiversity. Therefore, although rocky reef habitats were shown to have the
greatest abundance of IUCN vulnerable species due to the presence of two very abundant
endemic species, protection efforts may be better directed toward mangroves and corals due to
their low prevalence on the islands and their capacity to host species that structure ecosystems
such as top predators as in the case of mangroves, or corals as habitats that contain a high level
biodiversity.

Ultimately, the vulnerability assessment employed depends on the scope and objective
of the conservation project. Both FishBase’s intrinsic vulnerability assessment and the [UCN
red list has applicability in the conservation of marine species, as long as objectives are clear
and various stakeholders’ needs are incorporated into the management strategy. KBA
methods can be extended to include other vulnerability measures when IUCN assessment is

unavailable or there is a site-specific reason that FishBase criteria is more applicable, as in the
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case of the GMR. The use of a combination of conceptual frameworks defining vulnerability
according to both external threats and intrinsic characteristics can aid decision makers in
effectively minimizing biodiversity loss from the perspective of local, regional or global

conservation objectives.



28

REFERENCES:

Adams, P.B. 1980. Life history patterns in marine fishes and their consequences for fisheries management.
Fishery Bulletin 78 (1), 1- 12.

Allen, G., Robertson, R., Rivera, F., Edgar, G., Merlen, G. 2010 a. Xenocys jessiae. In: IUCN 2011. IUCN Red
List of Threatened Species. Version 2011.2. <www.iucnredlist.org>.

Allen, G., Robertson, R., Rivera, R., Edgar, G., Merlen, G., Zapata, F., Barraza, E. 2010 b. Stegastes beebei. In:
IUCN 2011. IUCN Red List of Threatened Species. Version 2011.2. <www.iucnredlist.org>.

Arkema KK, Abramson SC, Dewsbury BM 2006. Marine ecosystem-based management: from characterization to
implementation Front Ecol Environ 4(10): 525-532

Ashe E, Noren DP, Williams R 2010. Animal behaviour and marine protected areas: incorporating behavioural
data into the selection of marine protected areas for an endangered killer whale population. Anim Conserv 13:
196 — 203

Baine M, Howard M, Kerr S, Edgar G, Toral V 2007. Coastal and marine resource management in the Galapagos
Islands and the Archipelago of San Andres: Issues, problems and opportunities. Ocean & Coastal Management 50
(3-4): 148-173

Baum JK, Myers RA, Kehler DG, Worm B, Harley SJ, Doherty PA. 2003. Collapse and conservation of shark
populations in the Northwest Atlantic. Science 299: 389-392.

Baum, J. K. and Worm, B. 2009. Cascading top-down effects of changing oceanic predator abundances. Animal
Ecology 78: 699-714

Barber RT, Chavez FP 1986. Ocean variability in relation to living resources during the 1982-83 EI Nifio.
Nature, 319, 279-285.

Bass, D. Anderson, P and De Silva N 2011. Applyng thresholds to identify key biodiversity areas for marine
turtles in Melanesia. Animal Conservation 14: 1-11

Bellwood, D.R., Hughes T.P., Folke, C and Nystrom, M 2004. Confronting the coral reef crisis. Nature 429: 827-
833

Blaber, S.J.M., 2000. Tropical Estuarine Fishes: Ecology, Exploitation and Conservation. Blackwell, Oxford

Bruner AG, Gullison RE, Rice RE, Fonseca GAB. 2001. Effectiveness of parks in protecting tropical
biodiversity. Science 291: 125-128.

Brooks TM, Mittermeier RA, Fonseca GAB, Gerlach J, Hoffmann M, Lamoreux JF, Mittermeier CG, Pilgrim JD,
Rodrigues ASL. 2006. Global biodiversity conservation priorities. Science 313: 58-61.

Briggs JC, 2011. Marine extinctions and conservation. Mar Biol 158:485-488

Bustamante RH, Wellington GM, Branch GM, Edgar GJ, Martinez P, et al. 2002. Outstanding marine features of
Galapagos. En: R Bensted-Smith & E Dinnerstein (eds.), A Biodiversity Vision for the Galapagos Islands: An
Exercise for Ecoregional Planning, pp 60—71. WWF, Washington DC, USA.

Butchart SHM, Stattersfield AJ, Baillie J, Bennun LA, Stuart SN 2005. Using Red List Indices to measure
progress towards the 2010 target and beyond. Phil Trans R Soc B 360:255-268



29

Cafiadas AR, Sagarminaga, R. De Stephanis, E. Urquiola and P.S. Hammond 2005. Habitat preference modelling
as a conservation tool: proposals for marine protected areas for cetaceans in southern Spanish waters. Aquatic
Conserv: Mar. Freshw. Ecosyst. 15: 495-521

Casey, J.M., Myers, R.A., 1998. Near extinction of a large, widely distributed fish. Science 281, 690—692.

Crowder, L.B.; Hazen, E.L., Avissar, N., Bjorkland, R., Latanich, C., and Ogburn., M.B. 2008. The Impacts of
Fisheries on Marine Ecosystems and the Transition to Ecosystem-Based Management. Annu. Rev. Ecol. Evol.
Syst. 2008. 39:259-78

Cheung WWL, Pitcher TJ, Pauly D. 2005. A fuzzy logic expert system to estimate intrinsic extinction
vulnerabilities of marine fishes to fishing. Biol Conserv 124:97-111

Cheung, W.W.L., Watson, R., Morato, T., Pitcher, T.J., Pauly, D., 2007. Intrinsic vulnerability in the global fish
catch. Mar. Ecol. Prog. Ser. 333: 1-12.

Cheung WWL and Sumaila UR 2008. Trade-offs between conservation and socio-economic objectives in
managing a tropical marine ecosystem. Ecological Economics 66: 193-210

Davos CA, Saikavara K, Santorineou A, Side J, Taylor M, Barriag P, 2007. Zoning of marine protected areas:
Conflict and cooperation options in the Galapagos and San Andres archipelagos. Ocean and Coastal Management
50:223-252

De Grammont PC, Cuarén AD 2006. An evaluation of threatened species categorization systems used on the
American continent. Conserv Biol 20:14-27

Duffy, J.E. 2003. Biodiversity loss, trophic skew, and ecosystem functioning. Ecol. Lett., 6, 680-687.

Dulvy, N.K., Sadovy, Y., Reynolds, J.D., 2003. Extinction vulnerability in marine populations. Fish and Fisheries
4: 25-64.

Dulvy NK, Ellis JR, Goodwin NB, Grant A, Reynolds JD, Jennings S 2004. Methods of assessing extinction risk
in marine fishes. Fish and Fisheries 5:255-276

Edgar, G. J., Banks, S., Bensted-Smith, R., Calvopifia, M., Chiriboga, A., Garske, L. E., Henderson, S., Miller, K.
A. and Salazar, S. 2008a., Conservation of threatened species in the Galapagos Marine Reserve through
identification and protection of marine key biodiversity areas. Aquatic Conserv: Mar. Freshw. Ecosyst., 18: 955—
968. doi: 10.1002/aqc.901

Edgar, G. J., Langhammer, P. F., Allen, G., Brooks, T. M., Brodie, J., Crosse, W., De Silva, N., Fishpool, L. D.
C., Foster, M. N., Knox, D. H., Mccosker, J. E., Mcmanus, R., Millar, A. J. K. and Mugo, R. 2008b., Key
biodiversity areas as globally significant target sites for the conservation of marine biological diversity. Aquatic
Conserv: Mar. Freshw. Ecosyst., 18: 969-983. doi: 10.1002/agc.902

Edgar, G. J., Banks, S. A, Brandt, M., Bustamante, R. H., Chiriboga, A., Earle, S. A, Garske, L. E., Glynn, P.
W., Grove, J. S., Henderson, S., Hickman, C. P., Miller, K. A, Rivera, F. and Wellinton, G. M. 2010., EI Nifio,
grazers and fisheries interact to greatly elevate extinction risk for Galapagos marine species. Global Change
Biology, 16: 2876-2890. doi: 10.1111/j.1365-2486.2009.02117.x

Eken G, Bennun L, Brooks TM, Darwall W, Fishpool LDC, Foster MS, Knox D, Langhammer P, Matiku P,
Radoford E, Salaman P, Sechrest W, Smith ML, Spector S, Tordoff A. 2004. Key biodiversity areas as site
conservation targets. Bioscience 54: 1110-1118.

Epler, B. 2007. Tourism, the Economy, Population growth and Conservation. Charles Darwin Foundation, Puerto
Ayora, Santa Cruz, Galapagos



30

Estes JA, Terborgh J, Brashares JS, Power ME, Berger J, Bond WJ, Carpenter SR, Essington TE, Holt RD,
Jackson JBC, Marquis RJ, Oksanen L, Oksanen T, Paine RT, Pikitch EK, Ripple WJ, Sandin SA, Scheffer M,
Schoener TW, Shurin JB, Sinclair ARE, Soulé ME, Virtanen R, Wardle DA. 2011. Trophic Downgrading of
Planet Earth. Science 333:301- 306

Froese, R. and D. Pauly. Editors. 2012. FishBase. www.FishBase.org, version (06/2012).

Feldman, G.C., 1986. Patterns of phytoplankton production around the Galapagos Islands. In: Bowman, M.,
Yentsch, C., Peterson, W. (Eds.), Tidal Mixing and Plankton Dynamics. Lecture Notes on Coastal and Estuarine
Studies, vol. 17. Springer-Verlag, Germany. pp. 77-10

Feller,I.C; Lovelock, C.E.; Berger, U.; McKee, K.L.; Joye, S.B.; and Ball, M.C. Biocomplexity in Mangrove
Ecosystems. Annu. Rev. Mar. Sci. 2010. 2:395-417

Fernandes L, Day J, Lewis A, Slegers S, Kerrigan B, Breen D, Cameron D, Jago B, Hall J, Lowe D, Innes J,
Tanzer J, Chadwick V, Thompson L, Gorman K, Simmons M, Barnett B, Sampson K, De’Ath G, Mapstone B,
Marsh H, Possingham H, Ball I, Ward T, Dobbs K, Aumend J, Slater D, Stapleton K. 2005. Establishing
representative no-take areas in the Great Barrier Reef: large-scale implementation of theory on marine protected
areas. Conserv Biol 19:1733-1744

Ferreti F, Worm B, Britten GL, Heithaus, MR, Lotze HK. 2010. Patterns and ecosystem consequences of shark
declines in the ocean. Ecology Letters 13:1055-1071

GEF-UNDP project # 4810: 2012. Strengthening the marine protected area system to conserve marine key
biodiversity areas (http://www.thegef.org/gef/project_detail?projlD=4810)

Glynn 1988. El Nifio-southern Oscillation 1982-1983: Nearshore Population, community and ecosystem
responses Annual review of Ecology and Systematics 19: 309-345

Gonzélez, J. A., C. Montes, J. Rodriguez, and W. Tapia. 2008. Rethinking the Galapagos Islands as a complex
social-ecological system: implications for conservation and management. Ecology and Society

Heylings, P., and M. Bravo. 2007. Evaluating governance: a process for understanding how co- management is
functioning, and why, in the Galapagos Marine Reserve. Ocean and Coastal Management 50(3-4):174-208.

Hilton-Taylor, C., 2000 (compiler). IUCN Red List of Threatened Species. IUCN, Gland, Switzerland and
Cambridge, UK.

Hoffmann M, Brooks TM, da Fonseca GAB, Gascon C and others 2008. Conservation planning and the IUCN
Red List. Endang Species Res 6:113-125

Hooker SK, Cafiadas A, Hyrenbach KD, Corrigan C, Polovina JJ, Reeves RR 2011. Making protected area
networks effective for marine top predators. Endangered species research 13: 203-218

Hughes, T.P.; Baird, A. H.; Bellwood, D.R.; Card, M.; Connolly, S.R.; Folke, C.; Grosberg, R.; Hoegh-Guldberg,
0.; Jackson, J. B. C.; Kleypas, J.; Lough, J. M.; Marshall, P.; Nystrom, M; Palumbi, S.R. Pandolfi, J.M.; Rosem,
B.; Roughgarden, J 2003. Climate change, Human impacts and the resilience of coral reefs. Science 301:929

Hutching JA and Reynolds JD 2004. Marine fish population collapses: consequences for recovery and extinction
risk. Bioscience 54(4): 297-309

Imperial, M 1999. Institutional Analysis and Ecosystem-based management: The institutional analysis and
development framework. Environmental Management 20(4): 449-465


http://www.thegef.org/gef/project_detail?projID=4810

31

IUCN 2012. IUCN Red List of Threatened Species. Version 2011.2.

Jager HI, Rose KA, Vila-Gispert A 2008. Life history correlates and extinction risk of capital-breeding fishes
Hydrobiologia 602:15-25

Jennings, S., Greenstreet, S.P.R., Reynolds, J.D., 1999a. Structural change in an exploited fish community: a
consequence of differen- tial fishing effects on species with contrasting life histories. Journal of Animal Ecology
68, 617-627.

Jennings, S., Reynolds, J.D., Polunin, N.V.C., 1999b. Predicting the vulnerability of tropical reef fishes to
exploitation with phylogenies and life histories. Conservation Biology 13 (6), 1466-1475.

Jennings, S., Polunin, N.V.C., 1996. Impacts of fishing on tropical reef ecosystems. Ambio 25, 44-49

Jennings, S., Pinnegar, J.K., Polunin, N.V.C., Warr, K.J., 2001. Impacts of trawling disturbance on the trophic
structure of benthic marine communities. Marine Ecology Progress in Series 213, 127— 142.

Johannes, R.E., 1998. The case for data-less marine resource management: examples from tropical nearshore
finfisheries. Trends in Ecology and Evolution 13 (6), 243-246

Kathiresan K, and B.L. Bingham 2001. Biology of Mangroves and Mangrove Ecosystems. Advances in Marine
Biology 40: 81-251

Keith, D. A. 1998. An evaluation and modification of World Conservation Union Red List criteria for
classification of extinction risk in vascular plants. Conservation Biology 12:1076-1090.

Kirkwood, G.P., Beddington, J.R., Rossouw, J.A., 1994, Harvesting species of different lifespans. In: Edwards,
P.J., May, R.M., Webb, N.R. (Eds.), Large-scale Ecology and Conservation Biology. Blackwell Science, Oxford,
pp. 199-277.

Knight, A.T., Smith, R.J., Cowling, R.M., Desmet, P.G., Faith, D.P., Ferrier, S., Gelderblom, C.M., Grantham,
H., Lombard, A.T., Maze, K., Nel, J.L., Parrish, J.D., Pence, G.Q.K., Possingham, H.P., Reyers, B., Rouget, M.,
Roux, D. & Wilson, K.A. 2007. Improving the key biodiversity areas approach for effective conservation
planning. BioScience 57, 256-261.

Krebs CJ. 1999. Ecological Methodology. Second edition. Addison Wesley Longman, Inc. Menlo Park, CA,
USA.

Langhammer PF, Bakarr MI, Bennun LA, Brooks TM, Clay RP, Darwall W, De Silva N, Edgar GJ, Eken G,
Fishpool LDC, Fonseca GAB, Foster MN, Knox DH, Matiku P, Radford EA, Rodrigues ASL, Salaman P,
Sechrest W, Tordoff AW. 2007. Identification and Gap Analysis of Key Biodiversity Areas: Targets for
Comprehensive Protected Area Systems. IUCN Best Practice Protected Areas Guidelines Series No. 15. IUCN:
Gland, Switzerland.

Le Quesne W. and Jennings,S. 2011. Predicting species vulnerability with minimal data to support rapid risk
assessment of fishing impacts on biodiversity. Journal of Applied Ecology 2012, 49, 20-28

Leslie HM 2005. A Synthesis of Marine Conservation Planning Approaches. Conservation Biology 19(6) 1701-
1713

Lauck, T.; C.W.; Clark, Mangel, M. and Munro. G. R. 1998. Implementing the Precautionary Principle in
Fisheries Management Through Marine Reserves. Ecological Applications 8 (1): 72-S78

Laegdsgaard, P and Johnson C 2001. Why do juvenile fish utilise mangrove habitats? Journal of Experimental
Marine Biology and Ecology 257 : 229-253



32

Luo J, Serafy JE, Sponaugle S, Teare PB, Kieckbusch D 2009. Movement of gray snapper Lutjanus griseus
among subtropical seagrass, mangrove, and coral reef habitats. Mar Ecol Prog Ser 380:255-269

Mace GM, Collar NJ, Gaston KJ, Hilton-Taylor C, Akcakaya HR, Leader-Williams, N, Milner-Gulland, EJ,
Stuart, SN 2008. Quantification of extinction risk: the background to [UCN’s system for classifying threatened
species. Conserv Biol 22:1424-1442

Margules CR, Pressey RL. 2000. Systematic conservation planning. Nature 405: 243-253.

Mora C; Andréfouet, S; Cotello, MJ; Kranenburg, C; Rollo, A; Vernon, J, Gaston, KJ, Myers, RA. 2004 Coral
Reefs and the Global Network of Marine Protected Areas. Ecology 312

Mumby PJ, Edwards AJ, Arias-Gonzalez JE, Lindeman KC, Blackwell PG, Gall A, Gorcznska MI, Harborne AR,
Pescod CL, Renken H, Wabnitz CC, Llewwllyn G 2004. Mangroves enhance the biomass of coral reef
communities in the Caribbean. Nature 427:533-536

Myers, R. A. and Worm, B. 2003 Rapid worldwide depletion of predatory fish communities. Nature 423, 280—
283.

Myers RA, and Worm B 2005. Extinction, survival or recovery of large predatory fishes. Phil. Trans. R. Soc. B.
360:13-20

Myers RA, Baum JK, Shepherd TD, Powers SP, Peterson CH 2007. Cascading effects of the loss apex predatory
sharks from a coastal ocean. Science 315:1846

Nagelkerken 1 2009. Evaluation of nursery function of mangroves and seagrass beds for tropical decapods and
reef fishes: patterns and underlying mechanisms. In: Nagelkerken | (ed) Ecological connectivity among tropical
coastal ecosystems. Springer, The Netherlands, pp 357-399

Palacios D.M. 2004. Seasonal patterns of sea-surface temperature and ocean color around Gal&pagos: regional
and local influences. Deep Sea Research Part Il: Topical Studies in Oceanography 52(1-3) 43-57

Pauly, D., Christensen, V., Dalsgaard, V., Froese, R. &Torres Jr, F. 1998 Fishing down marine food webs.
Science279, 860-863. (doi:10.1126/science.279.5352.860.)

Polidoro BA, Brooks T, Carpenter KE, Edgar GJ, Henderson S, Sanciangco J, Robertson DR. 2012. Patterns of
extinction risk and threat for marine vertebrates and habit-forming species in the Tropical Eastern Pacific. Marine
Ecology Progress Series 448:93-104

Powles, H., Bradford, M. J., Bradford, R. G., Doubleday, W. G., Innes, S. & Levings, C. D. 2000 Assessing and
protecting endangered marine species. ICES J. Mar. Sci. 57, 669-676 (doi:10.1006/jmsc.2000.0711.)

Pressey RL. 2004. Conservation planning and biodiversity. Assembling the best data for the job. Conservation
Biology 18: 1677-1681

Reynolds JD, Webb TJ, Hawkins LA 2005. Life history and ecological correlates of extinction risk in European
fresh water fishes. Can J Fish Aquat Sci 62:854-862

Robinson G, Del Pino EM. 1985. EIl Nifio in the Galépagos Islands: the 1982— 1983 Event. Charles Darwin
Foundation for the Galapagos Islands, Quito, Ecuador.

Rodrigues ASL, Pilgrim JD, Lamoreux JF, Hoffmann M, Brooks TM 2006. The value of the IUCN Red List for
conservation. Trends Ecol Evol 21:71-76



33

Roff, D.A., 1984. The evolution of life history parameters in teleosts. Canadian Journal of Fisheries and Aquatic
Science 41, 989-1000.

Ruttenberg, B., 2001. Effects of artisanal fishing on marine commu- nities in the Galapagos Islands. Conserv.
Biol. 15, 1691-1699.

Sheaves M 2005. Nature and consequences of biological connectivity in mangrove systems. Mar Ecol Prog Ser
302: 293 - 305

Shurin, J. B., E. T. Borer, E. W. Seabloom, K. Anderson, C. A. Blanchette, B. Broitman, S. D. Cooper, and B. S.
Halpern. 2002. A cross-ecosystem comparison of the strength of trophic cascades. Ecology Letters 5:785-791.

Sadovy Y and Cheung WL. 2003 Near extinction of highly fecund fish: the one that nearly got away Fish and
Fisheries 4:86-99

Slocombe 1993. Implementing Ecosystem-based management. Bioscience 43 (9): 612-622

UNEP-WCMC 2008. National and Regional Networks of Marine Protected Areas: A Review of Progress. UNEP-
WCMC, Cambridge.

Unsworth, R.K.F., DeLeon, P.S., Garrard, S.L., Jompa, J., Smith, D.J., Bell, J.J. 2008. High connectivity of Indo-
Pacific seagrass fish assemblages with mangrove and coral reef habitats. Marine Ecology Progress Series 353,
213-224.

Valle C. A. and Coulter M. 1987. Present Status of the Flightless Cormorant, Galapagos penguin and greater
Flamingo populations in the Galapagos Islands, Ecuador after the 1982-82 El Nifio The Condor 89:276-281

Walker, T. I., R. J. Hudson, and A. S. Gason. 2005. Catch Evaluation of Target, By-product and By-catch Species
Taken by Gillnets and Longlines in the Shark Fishery of South-eastern Australia. J. Northw. Atl. Fish. Sci., 35:
505-530. d0i:10.2960/J.v35.m515

Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C., Halpern, B.S. et al. 2006. Impacts of biodiversity
loss on ocean ecosystem services. Science, 314, 787-790.

Zadeh, L.A., 1965. Fuzzy sets. Information and Control 8, 338—353. Zadeh, L.A., 1995. Discussion: probability
theory and fuzzy logic are complementary rather than competitive. Technometrics 37 (3), 271-276.



APPENDIX

TABLES:

34

Table 1. A comparison of criteria analyzed by FishBase and IUCN vulnerability assessments.

X* indicates these factors are considered as they relate to population trends, therefore these

factors are dependent on other information.

Criteria:

IUCN red list

FishBase’s fuzzy
expert system

Population trends

Number of mature individuals

Limited geographic
range/distribution

Small population size

Population viability/habitat
degradation projections

XX X|X|X

Maximum length

Age at first maturity

VVon Bertlanaffy growth
parameter (K)

X[ X[ X

Natural mortality rate

X*

Maximum age

X*

Fecundity

X*

Spatial behavior strength

XXX | X
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Table 2. Percent composition, [IUCN assessment and trophic levels of very highly vulnerable
species (>70) calculated from fuzzy logic expert system. Vulnerability and trophic level
information was taken from FishBase. IUCN assessments: NT (near threatened), DD (data
deficient), LC (least concern) and VU (vulnerable).

Intrinsically | Mangrove | Rocky Coral IUCN IUCN Trophic
vulnerable assessment | population Level
species trend
Aetobatus 1% - - NT decreasing 3.24
narinari
Dasyatis 6% - 50% DD not assessed 3.85
brevis
Lutjanus 59% - - LC unknown 4.1
novemfasciatus
Triaenodon 31% - - NT unknown 4.19
obesus
Taeniura 3% 100% 50% VU unknown 4.2
meyeni
Total 1.55 0.028 0.141
abundance per | (+/- 0.548) (+/- (+-
transect 0.028) 0.102)
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Table 3. IUCN vulnerable species range, population trends, threats and endemism (IUCN
2011.2). Trophic level information obtained from FishBase.

IUCN Vulnerable | Range Population | Threats FishBase Trophic
species trends vulnerability | Level
score
Acanthemblemaria | Galapagos | unknown El Nifio events | 10 3.43
castroi Restricted range
Habitat
alteration
Hippocampus Not decreasing | By-catch 27 3.26
ingens endemic Habitat
degradation
Labrisomus Galapagos | unknown El Nifio events | 10 3.98
dendriticus and Restricted range
Malpelo
islands
Mycteroperca olfax | Galapagos, | unknown Overfishing 56 4.5
Cocos and Restricted range
Malpelo
islands
Stegastes beebei Galapagos | unknown El Nifio events | 32 2.95
Restricted range
Taeniura meyeni Not unknown Fishing 77 4.2
endemic By-catch
Xenichthys Galapagos | unknown El Nifio events | 25 3.36
agassizii Restricted range
Xenocys jessiae Galapagos | unknown El Nifio events | 32 34

Restricted range
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Table 4. IUCN vulnerable species and percent of species abundance out of total abundance of
vulnerable species counted per ecosystem. Average abundance per transect per ecosystem +/-

1S.E.M.

IUCN Vulnerable species Rocky reefs Mangroves Coral
Acanthemblemaria castroi 0.06% 0% 0%
Hippocampus ingens 0% 0.38% 0%
Labrisomus dendriticus 1.00% 0.38% 1.01%
Mycteroperca olfax 0.25 % 1.53% 0.93%
Stegastes beebei 65.07% 34.87% 90.87%
Taeniura meyeni 0.03% 1.15% 0.23%
Xenichthys agassizii 0% 7.66% 3.87%
Xenocys jessiae 33.59% 54.02% 3.09%

Total abundance per transect

59.96 (+/-13.23)

26.61 (+/- 4.34)

4.31 (+]- 1.51)




Table 5. Trophic level comparison of vulnerable of species from FishBase and from the
IUCN, calculated based on relative abundances of fish species for all transects summed over
study period.

Ecosystem FishBase vulnerable IUCN vulnerable species
species mean trophic level | mean trophic level

Rocky 4.2 3.11

Coral 4.02 3.02

Mangrove 4.1 3.27
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Marine Reserve Zoning

2.2 Conservation non-extractive use only — e——

2.3 Extractive and non-extractive use

2.4 Temporal management and special use

Punta Pitt
.A

Tortuga ‘e
,.. 3

Rosa Blanca Mangrove
&

: ®
Isla Lobos Rosa Blanca Coral

), Puerto Baquerizo Moreno

®
Negritas

Q153 6 9 12
mw s wm Kilometers

Figure 1. Map of San Cristébal island, The six sites where the study was conducted are at the
following coordinates: Negritas (Rocky) 0°56°29.74” S and 89°35°07.84” W; Isla Lobos (Rocky)
0°51°34.07” S and 89°33°42.69” W; Rosa Blanca (Coral and Mangrove) 0°48°29.50” S and
89°20°32.00” W; La Tortuga (Mangrove) 0°42°28.12” S and 89°24°28.39” W; Punta Pitt (Coral)
0°41°58.99” S and 89°14°42.24” W (Galapagos National Park Marine Reserve Zoning).
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Fig. 2 a. Mean cumulative fish diversity curves and SD based on samples collected at two
coral ecosystems, Punta Pitt and Rosa Blanca. Cumulative diversity is based on Shannon
index (H’). n=optimum sample size, 27
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Fig 2.b. Mean cumulative fish diversity curve and SD for mangrove ecosystems based on

transects conducted at two mangrove ecosystems, Tortuga and Rosa Blanca Mangrove.
Cumulative fish diversity based on Shannon index (H’). n=optimum sample size, 26

41



472

B
L

H' (Shannon index)
w

N
1

n=21
] v
0 T T T T T T T T T T T T T T T T T T T T T T
1 11 21 31
sample size

0,85
0,8
0,75
0,7
0,65
0,6
0,55
0,5
0,45
0,4
0,35
0,3
0,25
0,2
0,15
0,1
0,05

Cv (Coeff. of variation)

Fig 2.c. Mean cumulative fish diversity curve and SD for rocky ecosystems based on transects
conducted at two rocky ecosystems, Negritas and Isla Lobos. Cumulative fish diversity based

on Shannon index (H”). n=optimum sample size, 21
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Figure 3.a. Abundance per transect of FishBase’s ‘very high’ intrinsically vulnerable species
in habitat type and season. +/- 1 S.E.M
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Figure 3.b Average abundance per transect of IUCN vulnerable species in habitat types and
season. +/-1 S.E.M
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