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Abstract

Background: Marine Protected Areas (MPAs) encompass a range of protection levels, from fully protected no-take
areas to restriction of only particular activities, gear types, user groups, target species or extraction periods. We
synthesized the results of empirical studies that compared partially protected areas (PPA) to (i) no-take marine
reserves (NTR) and (i) to open access areas (Open), to assess the potential benefits of different levels of protection
for fish and invertebrate populations.

Methods: A systematic search for relevant articles used terms describing MPAs, the biota (e.g. fish, invertebrates)
and measures (e.g. density, biomass) of interest. Articles were examined for relevance using specified inclusion
criteria. Included articles were appraised critically; the influence of studies whose effect of protection was identified
to be confounded by habitat was examined by running a sensitivity analysis parallel to the main analysis that
included all studies. Random effect meta-analysis on In-transformed response ratios was used to examine the
response to protection. Subgroup analyses and meta-regression were used to explore variation in effectiveness in
relation to MPA and species covariates.

Results: Synthesis of available evidence suggests that while PPAs resulted in higher values of biological metrics
(density and biomass) than unprotected areas, greatest benefits were apparent in NTR areas when NTRs and PPAs
were compared. For fish, the positive response to protection, whether full or partial protection, was primarily driven
by targeted fish species. Although positive benefits were also apparent in non-target fish species, the results were
more variable, perhaps because of fewer studies focusing on this group. Invertebrate studies were
underrepresented and those available focused mainly on scallops, lobsters and sea urchins. Among the targeted
species groups, benefits from partial protection relative to fished areas were highest for scallops, whereas benefits
from full relative to partial protection were highest for lobsters. The examination of fish and invertebrate response
to protection in terms of species richness and length was hampered by small sample sizes. There was significant
variability in the magnitude of response to protection among the MPAs included in this study. The factors
determining such variation were generally unclear although the size and protection regime of the PPA explained
some of this variability.

Conclusions: The available evidence suggests that no-take reserves provide some benefit over less protected areas,
nevertheless the significant ecological effects of partially protected areas relative to open access areas suggest that
partially protected areas are a valuable spatial management tool particularly in areas where exclusion of all
extractive activities is not a socio-economically and politically viable option.
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Background

Only in the last decade has there been recognition that
marine ecosystems worldwide are suffering massive and
acute declines in biodiversity and irreparable alterations
to ecosystem functioning [1,2]. Marine protected areas
(MPAs) and other forms of marine spatial closures
are increasingly common components of management
programmes for living marine resources [3]. The use of
MPAs has been primarily advocated for protection of
sensitive marine habitats and associated species [4,5].
Increasingly, these management tools have been recognized
to make an important contribution to fishery management
goals, for example for protecting essential fish habitats and
promoting export of adults and larvae to adjacent areas
[6-8]. Furthermore, by protecting defined areas of the sea
that include both resident species and their biophysical
environments, MPAs encompass an ecosystem-based ap-
proach to conservation and fisheries management, which is
distinct from the traditional focus on single species man-
agement [9,10].

Various types of MPAs exist, all of which can be
defined based mainly upon the level of protection
offered and their primary management goals. Some
MPAs, such as no-take marine reserves, represent the
extreme case of the precautionary approach to managing
marine resources (e.g. [11]) by prohibiting all extractive
(e.g. fishing) and potentially damaging (e.g. anchoring,
SCUBA diving) activities. Alternatively, multiple-use
marine areas seek a balance between the need to protect
biodiversity while allowing some continued human use
of the area. Despite the evidence of beneficial effects of
no-take marine reserves for enhancing biomass and
density of exploited species within the boundaries of the
reserve [12-14], enhancing reproductive output [15,16],
rehabilitating community structure [17,18] and biomass
export through adult migration [19-21], the prohibition
of all extractive activities in certain areas can have
negative socio-economic impacts [22]. Indeed, even if
reserves benefit fisheries, local fishers may be negatively
affected by the loss of fishing grounds, decreased catches
and increased travelling time to fishing grounds, at least
in the short-term [23,24]. Consequently, no-take marine
reserves may face strong opposition from fishers, making
the process of reserve implementation and subsequent
enforcement difficult. MPAs that impart partial protec-
tion from certain types of fishing are often advocated by
groups with direct fishing interests and promoted as a
‘compromise’ solution allowing both protection and
fishing [25].

The effectiveness of partially protected marine areas
for fisheries and ecosystem restoration remains some-
what variable. Whereas some studies have recorded
enhanced abundance and reproductive potential for
exploited species [26,27] and recovery of community
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and habitat structure inside partially protected areas [7],
others did not detect benefits over unprotected fished
areas [25,28]. There have been numerous reviews on
the effectiveness of no-take marine reserves for fish
populations [29-39], however few attempts have been
made to generalize the ecological effects of partially
protected areas to date (but see [40]). Furthermore, pre-
vious reviews have primarily addressed work on fish.
Here, we also address work on invertebrates; a taxon
neglected in the past. The review by Stewart et al. [41]
is, to our knowledge, the only other systematic examin-
ation of the impacts of temperate no-take areas on mar-
ine biota (fish, invertebrates and macroalgae). Here, we
build on this by undertaking a global synthesis of studies
by examining the efficacy of MPAs that confer varying
levels of protection from extractive activities for fish and
invertebrates. Systematic reviews are an improvement
over conventional reviews in that they provide a com-
prehensive and robust assessment and summary of avail-
able evidence by following a strict methodological
protocol [42,43]. This minimizes the chance of bias and
improves transparency, repeatability and reliability of the
outcomes of the review [44].

Here, we synthesize data on marine protected area
(MPA) performance from studies that have made direct
comparisons between (i) partially protected areas (PPA)
and open access areas (Open) and (ii) partially protected
areas (PPA) and no-take reserves (NTR) to examine how
the level of protection inside the MPA determines bene-
fit to fish and invertebrate populations. Species may re-
spond differently to protection depending on the
intensity of exploitation to which they are subject to out-
side the MPA [45-47]. Therefore, we also examined
whether the response to protection differed for target
and non-target species. Previous quantitative syntheses
of fish populations in no-take reserves have linked the
heterogeneity in response to protection among reserves
to a number of MPA characteristics such as duration of
protection and size of MPA [35,37-39,48]. Insights into
the influence of such characteristics are fundamental for
the development of a more general understanding of
partially protected area effectiveness and design. There-
fore, we investigate whether MPA parameters including
the protection regime within the partially protected area,
the duration of protection, the size of the MPA and the
distance to MPA border influence the magnitude of
response to protection.

Objectives

Primary objective

To examine how the level of protection inside the MPA
ranging from full to partial to no protection, determines
benefit to fish and invertebrate populations in terms of
density, biomass, species richness and body size (length).
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Secondary objectives

To assess whether the magnitude of response to protec-
tion differs between target and non-target fish and inver-
tebrate species.

To examine how MPA parameters including:
protection regime within the partially protected area,
duration of protection, size of the MPA, proximity of
the protected area to open access control sites and/
or to other protected areas, influence the response
to protection.

Methods

Search strategy

Search terms

We conducted a comprehensive search of peer-reviewed
scientific literature and grey literature to compile a data-
base of studies that documented and compared the bio-
logical effects of (i) no-take reserves (NTRs) to partially
protected areas (PPAs), or (ii) partially protected areas
(PPAs) to open access areas (Open). Owing to the di-
verse range of terminology referring to Marine Protected
Areas (defined as discrete geographic areas of the sea
that are protected by spatially explicit restrictions
designated under international, national, tribal or local
laws to enhance long-term conservation of natural
resources therein [49]), we have attempted to make our
search as comprehensive as possible by including the
following search terms (* represents a wildcard):

“marine reserve*”

marine sanctuary

marine AND “no take zone”
marine AND harvest refug*

marine AND “buffer zone”

marine AND partial* AND protect*
marine AND closed area

marine AND area closure

fisher* AND (reserve OR closure)
fishing gear restriction*
recreational fishing AND protection
marine protected area*

Whenever the search generated by the search terms
above was too broad, we included combinations of the
following terms to target specific literature relevant to
the review questions:

Subject terms: “fish”, “fishes”, “invertebrate*”
Outcome terms: “abundance”, “density”, “size”, “length”,

“biomass”, diversity”

» o«

richness”,

A full list of the search term combinations used is
given in Additional file 1.
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Search sources

Electronic databases Literature searches up until the
end of February 2011 were carried out using the
following electronic databases:

e Aquatic Sciences and Fisheries Abstracts (since
1971)

e ISI Web of Knowledge (Web of Science and

Proceedings, since 1941)

Science Direct (since 1823)

Directory of Open Access Journals

Copac

Index to Theses Online

CAB Abstracts

All references cited in the publications examined at full
text were also checked for relevance, as were references
and abstracts cited in the extended book of abstracts
from the “European Symposium on Marine Protected
Areas as a Tool for Fisheries Management and Ecosys-
tem Conservation” that convened research from several
MPA-related projects including PROTECT, EMPAFISH
and BIOMEX.

Internet sources Searches were carried out in general
web search engines including http://scholar.google.com/
and http://www.scirus.com/. The first fifty hits (Word and/
or PDF documents) from each search were checked for
relevant pages or documents, as recommended by the CEE
review guidelines.

Additional searches were carried out in specific
websites listed below. In this case, each website was
searched using the website’s own search facilities
where available, and reports and publications sections
were searched in detail in all cases. Search terms were
limited to ‘marine protected areas’ and ‘marine
reserves’ as website search engines generally only
accepted simple search terms. The websites searched
were:

Joint Nature Conservation Committee: http://jncc.
defra.gov.uk/

Department for Environment, Food and Rural Affairs:
http://www.defra.gov.uk/

Centre for Environment, Fisheries & Aquaculture
Science: http://www.cefas.defra.gov.uk/

NCCOS Center for Coastal Monitoring and
Assessment: http://ccma.nos.noaa.gov/

NOAA National Marine Protected Areas Centre:
http://mpa.gov/

California Cooperative Oceanic Fisheries Investigations:
http://www.calcofi.org/

Department of Conservation, New Zealand: http://
www.doc.govt.nz/


http://scholar.google.com/
http://www.scirus.com/
http://jncc.defra.gov.uk/
http://jncc.defra.gov.uk/
http://www.defra.gov.uk/
http://www.cefas.defra.gov.uk/
http://ccma.nos.noaa.gov/
http://mpa.gov/
http://www.calcofi.org/
http://www.doc.govt.nz/
http://www.doc.govt.nz/
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Department of Sustainability, Environment, Water:
http://www.environment.gov.au/
Population and Communities

Article screening and study inclusion criteria

All articles retrieved using the above search strategy
were subjected to a three stage process to identify the
most relevant articles for the review questions. The aim
of this process was to systematically remove articles that
were not relevant or did not contain relevant informa-
tion or data. At each stage, if there was insufficient in-
formation to exclude an article it was retained until the
next stage.

In the first instance, the title of articles was assessed
using the inclusion criteria set out below, in order to re-
move spurious citations. Articles remaining after this fil-
ter were filtered on viewing the abstract and then the
full text. In order to pass the title and abstract stage each
article had to meet the following criteria:

e Relevant populations: fish, invertebrates

e Types of intervention: Marine Protected Area
(where partially protected area, fishery reserves,
fishery closures, gear restriction zones, buffer zones
and marine reserves are all specific cases of MPAs
(49])

e Types of outcome: Change in abundance (e.g.
density, CPUE), biomass (or weight), species
richness (or number or diversity), length (or other
measure of body size).

Furthermore, the following criteria were used to accept
articles at the level of full text:

e the primary study provided empirical data for
outcomes quantified in (i) a NTR and a PPA, or (ii)
a PPA and an Open area or (iii) a combination of all
the three levels of protection (NTR vs. PPA vs.
Open). Studies that presented data from within a
NTR and a PPA, were included in subsequent
quantitative analysis only when the two were
established at the same time or within 2 years of
each other

e the study presented data from after protection was
implemented; or from before and after the creation
of the MPA; or both (i.e. Before After Control
Impact (BACI) designs)

e the study reported biological data (e.g. density or
biomass) for individual species or genus or family, or
reported total density or biomass for groups of fish
and invertebrates separately

e the study reported exploitation status (i.e. target,
non-target) for all individuals when data was given
at the species, genus or family taxonomic level
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o the study reported mean and sample size values (e.g.
number of transects or point counts) and an
appropriate variance measure (SD, SE, variance, 95%
CI) for both the MPA and its comparator.

When several studies reported on the effects of protec-
tion for the same MPA, the most recent study was
retained unless the studies measured different metrics
(i.e. density, biomass) or presented data at different
levels of aggregation (e.g. total or individual species
mean values). This avoided the risk of double counting
data. Studies that presented data aggregated for several
MPAs with different characteristics (e.g. [50]) were not
included.

In order to assess and limit the effects of between-
reviewer differences in determining relevance, two
reviewers applied the inclusion criteria to a random sub-
set of 120 abstracts from articles accepted at the title
level. A kappa statistic [51] of 0.73 was calculated, which
indicates significant agreement in the selection of
articles by the two reviewers.

Study quality assessment

All articles accepted at full text were critically appraised
according to their study design and quality. For each art-
icle we recorded design elements that reduced suscepti-
bility to bias. Firstly the articles were categorised
according to the study design into: Before After Control
Impact (BACI) studies, Control Impact (CI) studies and
Before After (BA) studies (see Table 1). Ecosystem
processes are spatially and temporally variable at mul-
tiple scales and these variations can obscure the detec-
tion of the effects of protection [52]. BACI studies that
account for both spatial and temporal variability in the
environment [53], thus allow for unambiguous inference
about the effect of protection. We attempted to explore
the influence of sampling design on the magnitude of
the response to protection by running a sensitivity ana-
lysis using all studies and those with BACI design only.
However this was not possible as the majority of studies
(85%) were based on CI studies after the MPA had
already been established; only 10% were BACI data and
5% presented BA data (refer to Table 1).

Studies of assessment of the effect of protection may
suffer from the possibility of bias due to differences in
habitat among the MPA and control sites [5,54]. Some
authors have argued that the apparent effect of protec-
tion is not due to protection per se, but rather due to
higher-quality habitat or site-specific features in reserves
before the onset of protection (e.g. [5,55]). In order to
account for the systematic bias associated with baseline
differences in reserve location, a sensitivity analysis was
conducted parallel to the main analysis to examine the
influence of including the ‘habitat-confounded studies’
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Table 1 Hierarchy of study quality assessment based on sampling design

Sampling design Spatial replication

Temporal replication

Treatment (MPA) Control Before After N° of studies

Beyond-BACI multiple multiple multiple multiple 1
multiple multiple once multiple 1

BACI one one multiple multiple 3
one one once once 1

After Control-Impact multiple multiple - multiple 7
multiple multiple - once 5

multiple one - multiple 4

multiple one - once 2

one multiple - once 1

one one - multiple 18

one one - once 14

Before-After one - - multiple 2
one - - once 1

Study quality in terms of sampling design decreases down the list.

on the overall magnitude and direction of the protection ef-
fect, and report the results for the sensitivity analyses when
the two differed. ‘Habitat-confounded studies’ refer to those
studies where habitat variation, in terms of features such as
substratum type, substratum composition and complexity,
rugosity and exposure, was reported to be significantly dif-
ferent for the locations studied inside and outside the MPA.

Whenever studies reported that the enforcement of
protection was poor or deteriorating during the course
of the study, that study was excluded from the analyses.
Additionally, study reliability is dependent on the repli-
cation of sampling effort within the MPA (e.g. the num-
ber of transects or trawls undertaken) and on the
number of MPAs sampled. The level of replication (sam-
pling effort and number of MPAs included) was
recorded for each study.

Data extraction

Data extraction was undertaken using a review-specific data
extraction form given in Additional file 2. Abundance
(including density and CPUE), biomass, length and species
richness were treated as continuous variables. Measures of
abundance were used to address questions of density
differences, while biomass allowed understanding of the
contribution made by larger individuals. Sample sizes,
means and variance (or other variance measures including
standard deviation, standard error, 95% confidence interval)
values were extracted as presented from tables or within
text. Data from figures were extracted using the data-
extraction software TechDig v.2.

Potential effect modifiers
Several MPA characteristics that might influence the
response to protection among MPAs were recorded.

These included protection regime within the MPA (i.e.
activities permitted and restricted), MPA size (km?), geo-
graphical location, time between implementation of pro-
tection and survey (MPA age), habitat type and depth.
When enforcement lagged behind the establishment
date, the first year of enforcement was used as the first
year of protection. MPA characteristics were extracted
for both the NTRs and the PPAs separately. Methodo-
logical information such as total survey area (m?), survey
method (e.g. strip transects, point counts, trawl hauls),
the total number of species reported in the study and
the distance between the PPA and the NTR and/or the
Open area were also recorded. Whenever given, the
exploitation status (i.e. targeted or non-targeted species)
of fish and invertebrate species was extracted for
each species.

Data handling

When data for density, biomass and species number
were provided for a number of sites within and outside
the MPA (e.g. [56]), mean values for each of these
metrics were converted to a single mean value for the
MPA and control area, respectively. The variance of the
mean among sites was calculated using the following
equation [57];

1 m 1 2 m
i 3on) = (1) (S X (o)
m = m =1 i
(Eq.1)
where V; is the variance for the mean (Y;) at each site, m

is the number of sites within or outside the MPA and r
is the correlation coefficient that describes the extent to
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which the means at the different sites co-vary. Assuming
that each site represents an independent sample, then
r=0 and the variance is just the sum of the individual
variances divided by the number of sites squared.

W@ iY) () (zm; Vi)

Whenever a study reported paired inside-outside
estimates from more than one MPA, each pair was
included separately in our database (e.g. [56,58-62]).
When data were reported from two or more MPAs but
one control area (e.g. [63-67]), data estimates within
each MPA were included separately and compared to
the same control. When there was more than one sam-
pling event after MPA establishment, the most recent
sampling event, representing the longest duration of
protection was used. This avoids analytical problems
associated with temporal autocorrelation. Furthermore,
averaging data collected after, for example 2 years and 8 -
years of protection might underestimate the effect of
protection, since effectiveness of MPAs has been shown
to increase with age of MPA [35,48]. However, when the
data were collected within the same year (most fre-
quently over different seasons) a composite effect size
was used for subsequent analysis to eliminate any sea-
sonal effects associated with the timing of sampling.
Similarly, mean data presented for different depths
within the same MPA were aggregated into a composite
effect size and its variance (Composite ESs, and Com-
posite Vargp respectively) using a fixed-effect model,
whereby the weight assigned to each subgroup effect size
was equal to the inverse of the within-subgroup variance
(note that as the composite effect size is calculated for
subgroups within the same MPA, the between-study
variance, 1%, relevant to a random effects model is 0,
therefore a fixed-effect model is adequate in this
case) [57].

(Eq.2)

Data synthesis

MPA-level analyses

To quantify the overall effect of protection on fish and
invertebrate assemblages, we carried out a meta-analysis
using effect sizes calculated for MPAs that reported total
mean values, or mean values for a sizeable proportion of
the fish fauna surveyed (i.e. when the data were reported
for 10 or more species or for more than 75% of the total
catch of all fish counts). Separate meta-analyses were
carried out using density, biomass and species richness
estimates to quantify the effect of (i) partial protection
over no protection and of (ii) full protection over partial
protection in terms of each of these measures of MPA
effectiveness.
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Meta-analysis The natural logarithm transformed re-
sponse ratio, LuRR [68] was used as the effect size for
density and biomass data. The response ratio is defined
as the ratio of the mean density or biomass estimate
measured inside and outside the MPA [68]:

X
LnRR = Ln ( PP“)
Open

(Eq.3)

The mean difference (D) between the protected and
open access area was used as the effect size for species
richness, as absolute change in the number of species
would be more informative to policy makers and
managers. Hence, using this effect size an increase
from 1 to 2 was treated the same as an increase
from 10 to 11.

D = Xppy — XOpen (Eq4)

Weighted summary effect sizes ( LuRR ) across the dif-
ferent MPA case studies were calculated using random
effects meta-analysis, which acknowledges that differences
in observed effects may be due to differences among stud-
ies such as different designs and characteristics of MPAs
rather than due to sampling error alone [57].

i W; LuRR;

LnRR === —— (Eq.5)
i Wi

where LuRR; and W; are the effect size and weight (inverse
variance) associated with each MPA included in the ana-
lysis, respectively, and k is the number of MPAs. For dens-
ity and biomass, the weight (W;) was equal to the inverse
of the variance calculated as [68]:

SDpp, + sD zopen

nopen (X Open) :

VLnRR = (Eq6)

7ppA (X PPA>2

where X, SD and # are the mean density or biomass
values, the standard deviation of the mean and the sample
size used for the estimation of the mean, respectively. For
species richness, effect sizes were weighted based on the
inverse of the natural logarithm of the total area surveyed
in each study. Total survey area ranged between
0.004 km? and 0.03 km* for fish studies and between
6.4 x107°° km? and 70.08 km?® for invertebrate studies.
Since the likelihood of finding new species increases with
the size of area surveyed, we regarded weighting by survey
area instead by sample size and variance, as a more bio-
logically meaningful weighting scheme for species rich-
ness. Note that the effect size and the variance for
comparison of the NTRs and PPAs were calculated by re-
placing PPA with NTR and Open with PPA in the
equations above (Eq. 3, 4, 6).
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The weighted summary effects ( LuRR), 95% confi-
dence in the summary effect (95% CI) (17.9, p.132, [57])
and prediction interval (PI) (17.10, p. 133, [57]) were
calculated for each of the following variables: fish dens-
ity, fish biomass, fish species richness, invertebrate dens-
ity and invertebrate biomass. Whilst the confidence
interval (95% CI) quantifies the accuracy of the summary
effect size, the prediction interval addresses the disper-
sion of the effect sizes around the ‘true effect’. The pre-
diction interval is the interval within which the effect
size for a new MPA would fall 95% of the time if a MPA
was selected at random from the population [57].

Positive values of the LnRR indicate greater density or
biomass inside the PPA relative to Open area, or inside
the NTR relative to the PPA. A decrease is represented
by a In-ratio of less than zero. The summary effect size
( LnRR) is considered to be significantly different from
zero (i.e. there is a significant either positive or negative
effect of protection) when the 95% CI does not over
lap zero.

Potential correlates of response to protection Where
there were sufficient data, the influence of the following
potential effect modifiers on the response of fish assem-
blage to protection were tested; protection regime of the
PPA, MPA age, size of the MPA, the total area surveyed
inside and outside the MPA and the minimum distance
(in km) of the control sites to the MPA.

The protection regime of the PPA is described here as
the combination of fishing activities prohibited and
permitted inside the PPA. Based on the information
extracted on the type of activities prohibited within the
PPA, we divided partially protected areas into (i) ‘indis-
criminate’ PPAs, if they prohibit fishing activities that
are damaging to bottom habitats and non-target species
(e.g. scallop dredging and bottom trawling) and (ii) ‘dis-
criminate’ PPAs, if they prohibit activities which effect
particular target species but not the surrounding envir-
onment (e.g. seine nets, long lines, spearfishing).
Furthermore, based on information on the permitted
activities inside the PPA, ‘discriminate’ PPAs were sub-
divided into those that allow commercial or artisanal
fishing from those that allow recreational fishing or fish-
ing for domestic purposes only. This categorization
serves as an indication of the intensity of use by the dif-
ferent user-groups permitted to fish in the PPA. We
refer to these sub-categories as ‘commercial’ and ‘recre-
ational, respectively. Fishing practices permitted inside
‘indiscriminate’ PPAs were carried out on a commercial
scale. Therefore, PPAs were categorized into three
discrete groups based on their protection regime: (a) in-
discriminate, commercial (IdC); (b) discriminate, com-
mercial (DC); and (c) discriminate, recreational (DR)
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(see Additional file 3 for details on the ‘protection re-
gime’ classification scheme). It was hypothesized that in-
discriminate PPAs will exhibit smaller responses to
protection than discriminate PPAs as habitat restoration
will have to occur before some species’ populations can
begin to recover. Additionally, the effect of protection
for populations in DR was hypothesized to be greater
than for those in DC PPAs.

A categorical mixed model meta-analysis comparing
each of the three protection regime categories was
carried out. Differences in effect sizes among categories
were tested using Q) statistic, which partitions the total
variance (of all categories about the grand mean effect
size) into variance within categories and variance be-
tween categories (of category means about the grand
mean) [57,69].

Meta-regression was performed to examine the effect
of the following continuous variables: MPA age, MPA
size, distance between MPA and control sites and total
survey area on protection effectiveness. The total area
surveyed inside and outside the MPA and the proximity
between the MPA and the control sites were included to
account for methodological variation among studies that
may have a strong impact on the results obtained.

The relatively small numbers of MPAs did not permit
the construction of models with multiple variables,
therefore weighted simple mixed effects regression
models were used throughout the analyses.

Species-level analyses: exploitation status

A considerable proportion of studies in our database
presented mean and variance values for one or more in-
dividual species with different degrees of exploitation.
We therefore included these studies in separate meta-
analyses to determine the effect of (i) partial protection
over no protection and of (ii) full protection over partial
protection for target and non-target species. “Target spe-
cies’ is taken to refer to those species that are primarily
sought by the fishermen in a particular fishery and are
the subject of directed fishing effort. This category was
further subdivided into target species that were
protected in both the NTR and the PPA (TP) and target
species that were protected in the NTR but still allowed
to be fished inside the PPA (TNP). ‘Non-target species’
denotes species for which fishing gear is not specifically
set, although the possibility that these species are acci-
dentally caught as by-catch cannot be ruled out.

Meta-analysis Individual species /n-transformed response
ratios (LnRR;) were calculated for each MPA using species
density or biomass or body length estimates inside and out-
side the MPA. When a species was absent either inside or
outside the MPA (i.e. the density or biomass estimate was
zero), the species was removed from the analysis. As the
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effect sizes of individual species within a MPA are unlikely
to be independent of each other, a single effect size measure
for each ‘exploitation status’ category within each MPA was
generated to handle non-independence of data [70,71]. In-
dividual species response ratios (LnRR;) were therefore
averaged to produce a single study-average effect size for
each exploitation category (i.e. LuRR7p, LnRRynp, LNRRN7).
The variance associated with the single study-average effect
size was calculated using (Eq. 1) in the ‘Data handling’ sec-
tion, where Y; is the individual species’ response ratio
(LnRR;), V; and V; are the within-study variance for species i
to j, m is the number of species within each ‘exploitation
status’ category and r is the correlation coefficient that
describes the extent to which the means of two different
species co-vary. Since the correlation coefficient among
species within a study was never reported, a range of correl-
ation coefficient values were used in the calculation
(rho=0, 0.2, 0.5, 0.8, 1) and the analyses repeated
for each value of r.

The effect of species ‘exploitation status’ on the re-
sponse to protection was examined by conducting a
random effects subgroup analysis using the Q,, statistic
[69] to determine whether the between-group responses
were significantly different. A weakness of this approach,
however, is that if for example we hypothesize that dur-
ation of protection influences effect size, then the com-
parison of target to non-target species might be
confounded by the age of the MPA. Therefore, to
minimize ecological and performance biases across dif-
ferent studies [72], we calculated a second effect size
(ESpirr) that consists of the difference between target
(LnRR7p) and non-target (LnRRyr) effect sizes for each
MPA:

Effect size difference ESpirr, = LuRR7p, — LuRRyr,

(Eq.7)
Variance (Varpyr)var(LnRRrp, — LnRRNT,)
= vargp, + varyy, — 2r \/varrp, \/Varyr, (Eq.8)

[57] where ESpjrr, is the effect size difference for MPA;
varrp, and varyr, are the variance for target-protected
and non-target species for MPA; and r is the correlation
coefficient (rho =0, 0.5, 1).

The within-MPA effect size (ESp;rr,) was used to esti-
mate a summary effect size across the different MPAs to
determine if there were significant differences in the
magnitude of response between different exploitation
categories. Only the TP and NT categories for fish density,
biomass and length provided a big enough sample size for
formal significance testing, Results from the two approaches
were cross-checked and discussed when different.
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Potential correlates of response to protection As for
the reserve-level analyses we examined the influence of
a number of MPA characteristics on target species re-
sponse to protection. As the overall response to protec-
tion was not significantly different between TP and TNP
(see Results section Species-level analysis: Comparison
of partial protection vs. no protection and Species-level
analysis: Comparison of full vs. partial protection), we
pooled the effect sizes from these two sub-categories so
as to retain more power in the analysis through a bigger
sample size. The sample sizes for the NT species cat-
egory were too small to allow further analysis. The
variables examined for the target species data were: (i)
MPA age (years); (ii) size of the PPA (for comparison of
PPA vs. Open), or alternatively, the size ratio of the NTR
to the PPA (for comparison of NTR vs. PPA); (iii) PPA
protection regime (for comparison of PPA vs. Open);
and (iv) the proximity of the non-protected control sites
to the PPA border (for comparison of PPA vs. Open), or
alternatively, the distance between the borders of the
no-take area and partially-protected area (for compari-
son of NTR vs. PPA). The distance of the NTR to the
PPA was not examined for target species density as all
the MPAs except for one were characterized by a zon-
ation scheme, consisting of NTR and an adjacent PPA.
Furthermore, the number of species pooled to calculate
the effect size for each exploitation category was also
examined because averages composed of large numbers
of species may exhibit stronger positive responses due to
the higher probability of including species that benefit
from protection [73].

Analyses were conducted using the software package
Metawin (v. 2.0: [69]) for calculation of effect size and
within-study variance and in R using the metaphor pack-
age [74] for conducting random-effects meta-analyses.

Results

Studies found

The electronic database search identified 4581 poten-
tially relevant articles. After the title inclusion stage, 675
articles were retained with an additional 198 articles
from internet searches. After the abstract inclusion stage
298 articles were included with an additional 75 articles
from organizational searches and bibliographies. At full
text a total of 62 studies were found to be relevant and
provided data for inclusion in the meta-analysis. Many
studies were not included in the review because the
studies lacked an adequate comparator (i.e. an open ac-
cess area for PPA vs. Open comparison, and a partially
protected MPA for NTR vs. PPA comparison), or studies
compared no-take areas with open access areas only.
Studies were excluded from full text inclusion when the
‘protection regime’ (i.e. the activities prohibited and/or
allowed) within the MPA were not described clearly in
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Figure 1 Flowchart of the process for identifying the articles and studies relevant to the review questions.
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32 MPA case-studies
to evaluate

NTR vs. PPA

the study, such that it was difficult to decide whether
the MPA was a NTR or a PPA. The full list of studies
and reason/s as to why the study was excluded from the
review at the full text stage are given in Additional file 4.
The 62 studies retained at full text assessment provided
data on fish or invertebrate population measures for 77
MPAs, of which 65 MPAs were used to assess partial
protection over no protection and 26 MPAs were used
to compare the effect of full protection over partial pro-
tection (Figure 1).

Description of studies used in PPA vs. Open analysis

The majority of the PPAs were based in North America
(45%) and Europe (29%) (Figure 2). PPA age at the time
of study ranged between 1 and 61 years; the modal age
was 4 years. The size of the PPA ranged between 0.14
and 11980 km? 24% (n =13) were smaller than 2 km?,
whereas 32% (n=16) were larger than 50 km? Studies
of PPAs in soft sediment were under-represented
compared to those carried out on hard substrata, and
coral reefs were the most studied habitats (Figure 3). In
total, 499 MPAs provided data on fish species, and 25
MPAs for invertebrate species. Density and biomass
were the most common measures for assessment of

protection on both fish and invertebrate populations
(Figure 4A). The majority of MPAs were based on
control-impact studies sampled only once (39%, n = 30)
or on multiple occasions (34%, n =26). BACI data were
presented for 18% (n=14) of the MPAs, however 64%
(n=9) of these MPAs were from the same study [59],
and thus subject to selection/performance bias. Only 2

35

m PPA vs. Open
mNTR vs. PPA

Number of MPAs
& 8 & 8

o

O Bk .

Figure 2 Distribution of MPAs included in the systematic
review synthesis.
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Figure 3 Distribution of habitat types for the MPA case-studies
included in the systematic review synthesis.

MPAs presented before-after data. Most studies were
based on underwater visual transects (fish studies: 75%,
n = 38; invertebrate studies: 48%, n =12). Experimental
trawl hauls were the second most common method used
for fish studies (18%, n=9), whereas point count
methods that included techniques like baited pots, grabs
and photographic techniques were the second most
common method (36%, n=9) for invertebrate studies.
The full details on PPA characteristics, survey design
and methodology, and taxa (fish, invertebrate) and
metrics (density, biomass, length, species richness)
measured for each PPA are given in Tables 1a and 1b in
Additional file 5.

Description of studies used in NTR vs. PPA analysis

The majority of MPAs (50%) were based in Europe, the
remaining MPAs were mainly found in Australia and
New Zealand (27%) (Figure 2). These MPAs were com-
monly characterized by a zonation scheme, consisting
of a no-take area where all extractive activities are
prohibited and an adjacent buffer zone or partially
protected area where some but not all extractive activ-
ities are prohibited. MPA age at the time of study ranged
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between 2 and 25 years. The size of the NTR ranged be-
tween 0.13 and 74 km” and that for the PPA between
4.5 and 609.95 km?. 44% (n = 8) of the studies for which
the area of the NTR and the PPA were available, the size
of the NTR was less than 10% that of the PPA. The
NTR was larger than the PPA for only 2 MPAs. All stud-
ies were conducted on coral reefs, seagrass meadows or
rocky reefs (Figure 3). In total, 20 MPAs provided data
on fish species, and 14 MPAs for invertebrate species.
Density and biomass were the most common measures
for assessment of protection on fish, whereas density
was most studied for invertebrate populations (Figure 4B).
The majority of MPAs were based on after control-
impact studies sampled only once (31%, n=10) or on
multiple occasions (59%, n=19). BACI data were
presented only for 2 MPAs. Most studies were based on
underwater visual transects (fish studies: 63%, n=15;
invertebrate studies: 69%, n=9), the remaining studies
used point count methods such as stationary UVC,
quadrats and baited underwater video camera. The full
details on MPA characteristics, survey design and
methodology, and taxa (fish, invertebrate) and metrics
(density, biomass, length, species richness) measured for
each MPA are given in Tables 2a and 2b in Additional
file 5.

Quantitative synthesis / Meta-analysis

MPA-level analyses: Comparison of partial protection vs. no
protection

Fish density and biomass Overall, fish density and bio-
mass were significantly higher inside the PPA than in the
Open area. Fish density was on average 1.4 times higher
within PPA boundaries (weighted summary effect size,
LnRR =0.33, confidence interval (CI)=0.04 — 0.63) and
biomass was 1.54 times greater in PPA than in open access
areas ( LnRR = 0.43, CI = 0.26 — 0.61). However, when the
analysis was repeated excluding studies that reported an
effect of habitat on the assessment of PPA efficacy (4/21
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Figure 4 Distribution of outcomes measured for fish and invertebrate species for the studies comparing (A) a partially protected area
to an open access area (PPA vs. Open) and (B) a no-take reserve to a partially protected area (NTR vs. PPA).
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for density, Figure 5; 3/21 for biomass, Figure 6), the effect
size for fish density was reduced from 1.4 to 122 times
higher inside the PPA and was barely significant ( LnRR =
0-22, CI =0.02 — 0.39). This indicates a weaker overall re-
sponse of density to protection when only those MPAs
with no habitat confounding effect were taken into ac-
count. On the other hand, the overall response for fish
biomass did not change ( LnRR =041, CI=021—0.61)
when the ‘habitat-confounded’ studies were removed. The
prediction interval indicated a large range of effect sizes
(Prediction interval (PI) for density=-0.89 — 1.57,
Figure 5; PI for biomass = -0.15 — 1.02, Figure 6). Hence,
the meta-analysis suggests that in general PPAs increase
fish density and biomass compared to Open areas but,
there is a 29% and 19% possibility of finding lower fish
density and biomass, respectively, in the PPA relative to
the Open area.

There was significant heterogeneity in the response
of fish assemblages to protection among PPAs in
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our datasets (density: Q =893.68, df=20, p <0.0001;
biomass: Q = 81.87, df = 20, p < 0.0001) (Figure 5, Figure 6).
Several potential effect modifiers were tested in an attempt
to explain the variability in effect sizes between studies.

To examine whether the response to protection was
influenced by the type of fishing activities prohibited and
permitted within the PPA, we conducted a categorical
meta-analysis for the effect of ‘protection regime’ on fish
assemblage. Of the six comparisons between PPAs and
Open areas (three types of protection regime for each of
density and biomass) only one (biomass for the ‘discrim-
inate, commerciall DC category) showed significantly
higher biomass inside the PPA relative to the Open area
(Figure 7). Comparison of the response to partial protec-
tion among the three protection regime categories
examined was not significantly different for fish assemblage
density (sensitivity analysis: Qy=0.63, df =3, p=0.73) or
biomass (sensitivity analysis: Qu;=2.01, df=3, p=0.37).
We emphasize however, that the results for this effect

MPA name

Ln(RR) [95% CI]

Arraial de Cabo

Sugar Loaf Island PPA
Sugar Loaf Island FCA
Virgin Island CRNM

CA-Il

25nm FMZ

Off Northeast coast
Langanesgrunn
Northeast of Horn
CA-I
Mimiwhangata MP
Scandola PPA
Tabarca Island BZ
Kealakekua Bay MLCD
Pupukea MLCD

0.36[-0.76, 1.49]
1.41[ 1.30, 1.52]
1.44[ 1.28, 1.60]
-0.08[-0.12, -0.03]

-0.14[-0.43, 0.15]
1.10[-0.02, 2.22]
0.33[-0.11, 0.77]

-0.16[-0.48, 0.15]
0.61[-0.04, 1.26]
0.47[-0.26, 1.20]
0.00[-0.56, 0.57]

-0.07[-0.15, 0.01]
0.38[ 0.03, 0.72]

~0.62[-1.70, 0.45]
0.29[-1.51, 2.09]

La Jolla ER
TMPA - PPA2
TMPA - PPA1
Virgin Island NP
Jurien Bay MP
Barbados MR

-0.34[-0.96, 0.29]
0.15[-0.15, 0.45]
0.19[-0.10, 0.47]
0.28[-0.01, 0.57]
0.60[ 0.18, 1.03]

0.63[ 0.46, 0.81]

Summary effect with Pl 0.33[ 0.04, 0.63]

-2.48 -1.11 0.26 1.63 3

Ln(Response Ratio)

Figure 5 Forest plot of fish assemblage effect sizes based on density data in the PPA and the Open area. Each row represents a paired
PPA-Open comparison. The first top four PPAs (separated by a spacer from the other PPAs) were excluded from the sensitivity analysis, due to
habitat confounding effect. The vertical dotted line at LnRR =0 represents equal fish density inside and outside of the PPA; [nRR >0 means
more fish inside the PPA; LnRR < 0 means fewer fish in the PPA. The squares are the effect size for each PPA, the error bars are the 95%
confidence interval for each PPA, whose values are given on the right hand side of the figure. The size of each square is proportional to the
weight of the study. Summary effect: the diamond represents the weighted mean calculated from the random effects meta-analysis of all MPAs
included in the main analysis, the width of the diamond is proportional to the estimation in the error of the mean (95% Cl) and the horizontal
dotted line is the prediction interval were 95% of true effects are predicted to occur.
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MPA name

Ln(Response Ratio) [95% CI]

Italcomis Reef MUZ
Virgin Island CRNM ‘m
Mtang'ata CFMZ

CA-II

CA-I

Cerbere-Banyuls MNR
25nm FMZ

Virgin Island NP
Waialea Bay MLCD
Lapakahi MLCD
Old-Kona Airport MLCD
Manele-Hulopoe MLCD
Molokini Shoal MLCD
Kealakekua Bay MLCD

-0.09[-0.90,0.72]
0.25[ 0.18,0.33]
1721 1.09,2.35]

-0.03[-0.58, 0.53 ]
0.47[-0.04,0.97 ]
0.25[-0.14,0.64]

-0.47[-1.34,0.39]
0.30[-0.04 ,0.65 ]
0.60[ 0.10,1.10]
0.47[ 0.17,0.77]
0.38[ 0.08,0.67]
0.18[-0.31,0.67]

1.89[ 1.44,2.35]
0.14[-1.69,1.98]

Pupukea MLCD
Scandola PPA [

| 1.56 [ -0.86 , 3.99 ]
| 0.09[-2.33,2.51]

La Jolla ER 0.66[-0.41,1.74]
Jurien Bay MP - -0.33[-1.48,0.81]
TMPA - PPA2 ._._. 0.27[-0.03,0.57]
TMPA - PPA1 ra 0.26[ 0.05,0.46 ]
Ahus Island TA »—-—4 0.48[ 0.20,0.76 ]
Summary effect with prediction interval -E-Q— - 0.43[ 0.26,0.61]
| | T | |
-3.6 -1.39 0.82 3.04 5.25

Ln(Response Ratio)

Figure 6 Forest plot of fish assemblage effect sizes based on biomass data in the PPA and the Open area. Each row represents a paired
PPA-Open comparison. The first top three PPAs (separated by a spacer from the other PPAs) were excluded from the sensitivity analysis, due to
habitat confounding effect. The vertical dotted line at LnRR =0 represents equal fish biomass inside and outside of the PPA; LnRR >0 means
higher biomass inside the PPA; [nRR <0 means lower biomass in the PPA. The squares are the effect size for each MPA, the error bars are the
95% confidence interval for each PPA, whose values are given on the right hand side of the figure. The size of the square is proportional to the
weight assigned to the study via the within-study variance. Summary effect: the diamond represents the weighted mean calculated from the
random effects meta-analysis of all MPAs included in the main analysis, the width of the diamond is proportional to the estimation in the error of

the mean and the horizontal dotted line is the prediction interval were 95% of true effects are predicted to occur.

modifier on fish assemblage data should be interpreted with
caution owing to the small number of PPA case-studies
within each category, which reduces the robustness of the
average effect size.

MPA age and the size of the PPA were not significantly
related to the effect size for fish assemblage density
(Table 2). The difference in the survey methodology
represented here by the total area surveyed was not a sig-
nificant effect modifier (Table 2). A positive significant rela-
tionship was found between effect size and the distance of
the control area from the PPA boundary (Table 2), which
suggested a 28% increase in effect size for every 1 km in-
crease in distance between the control area and the PPA.
However this relationship became non-significant when the
analysis was repeated excluding the habitat-confounded
PPAs (Table 2).

The response to protection for fish assemblage biomass
was found to be negatively correlated to the size of the
PPA, such that effect size (partial:open) decreased by 17%
for every ten-fold increase in PPA size (slope of regression

of Ln(RR) on log size of PPA = -0.17; SE = 0.06, p = 0.009)
(Table 3). The relationship was still significant when
‘habitat-confounded’ studies were removed from the
analysis. None of the other effect modifiers (ie. PPA age,
census area, distance to PPA) explained any of the
between-study variability for fish assemblage biomass when
‘habitat-confounded’ studies were excluded (Table 3).

Fish diversity The average effect of partial protection on
fish species richness was not significantly different from
zero (D=2.08, Cl=-3.54—7.69), and this effect was
homogeneous among the included studies (Q = 0.88, df =9,
p=0.99).

Invertebrates: density, biomass, diversity The small
number of studies investigating the effectiveness of PPAs
relative to Open areas precluded us from examining the in-
fluence of protection on invertebrate assemblages (density:
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Figure 7 Mean response ratio ( LrRR) based on density and biomass data in the partially protected area and the open access area
(partial:open) for each ‘protection regime’ category (IdC: Indiscriminate, commercial; DC: discriminate, commercial; DR: discriminate,
recreational). Results are shown for the entire fish assemblage. Sample size (i.e. the number of MPAs) for each ratio is shown in parentheses. The
vertical dotted line at (LnRR) =0 represents equal fish density or biomass inside and outside of the PPA; (LnRR) >0 means more fish inside the
PPA; (LnRR) < 0 means fewer fish in the PPA.

5 studies; biomass: 4 studies; species number: 5 studies)  but the difference was not significant, whether the ‘habitat-

(see Additional file 5 for a list of these studies). confounded’ studies were removed from the full dataset

or not (main analysiss LnRR =0.1, CI=-0.15 - 0.36)
MPA-level analyses: Comparison of full vs. partial (Figure 8). Conversely, fish assemblage biomass was
protection on average 1.92 times higher in NTRs than PPAs ( LuRR =

Fish density and biomass Fish assemblage density was  0.65, CI=0.25—1.06) (Figure 9), even when the ‘habitat-
on average 1.11 times higher in NTRs relative to PPAs, confounded’ study was excluded. The prediction interval

Table 2 Summary of the weighted simple random-effects regression models for each of the four moderator variables
on fish assemblage density effect size

All MPA case-studies included

Moderator variable N° MPAs Slope [95% Cl] Qy, p-val

MPA age (year) 21 —0.001 [-0.03 — 0.03] Qu=0.007, p=094
Logo (size) (km?) 21 —0.002 [-0.24 — 0.23] Qum=00004, p=098
Logjolcensus area) (m?) 19 —0.005 [-0.31 — 0.30] Qu=0.001,p=097
Min. Distance (km) 19 0.28 [0.18 = 0.37] Qu=3159, p<0.0001
Sensitivity analysis; habitat confounded studies excluded

Min. Distance (km) 15 —0.23 [-0.65—0.19] Qu=117,p=028

Data under sensitivity analysis is given only for the moderator variable which showed a considerably different result from when all studies were included.
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Table 3 Summary of the weighted simple random-effects regression models for each of the four moderator variables
on fish assemblage biomass effect size

All MPA case-studies included

Moderator variable N° MPAs Slope [95% Cl] Qu, p-val

MPA age (year) 21 0.004 [-0.007 — 0.02] Qu=049, p=049
Logyg (size) (km?) 20 -0.17 [-0.27 — 0.06] Qu=928, p=0.002
Logjo(census area) (mz) 18 —0.26 [-0.52 — 0.004] Qu=373, p=005
Min. Distance (km) 18 0.05 [0.02 — 0.09] Qu=11.59, p=0.0007
Sensitivity analysis; habitat confounded studies excluded

Logo (size) (km?) 18 —0.17 [<0.29 — —0.04] Qu=6.78, p=001
Logo(census area) (m?) 15 —0.24 [-0.51 — 0.03] Qu=3.13, p=008
Min. Distance (km) 15 -0.13 [-0.31 — 0.06] Qu=182,p=0.18

Data under sensitivity analysis is given only for the moderator variable which showed considerable different result from when all studies were included.

for both measures overlapped zero (Prediction interval (PI)  an increase inside the NTR relative to the PPA by as
for density =-0.27 — 0.27, Figure 8; PI for biomass= much as 4 times.

-0.12 — 1.42, Figure 9) and suggest that a new MPA Between-study heterogeneity was significant for fish
might have lower or higher density inside the NTR density (Q=98.62, df=8, p<0.0001), as well as for
than in the PPA. Fish biomass, however, may show biomass (Q=20.83, df=5, p=0.0009). However, the

NTR vs. PPA Ln(RR) [95% CI]
Kisite MNP vs. Mpunguti MNR ] 0.77[ 0.61, 0.93]
Mayor Island NTMR vs. RFA ,_._. 0.16[-0.08, 0.40]
Scandola IR vs. PPA - -0.12[-0.23, -0.01]
Capraia Is zone 1 vs. zone 2 —m— -0.06[-0.21, 0.09]
Laguna ER vs. La Jolla ER — 0.56[ 0.00, 1.11]
Ustica Island IR vs. PR —_— ~0.31[-0.75, 0.12]
Ustica Island IR vs. GR —_— ~0.20[-0.60, 0.21]
Jurien Bay SZ vs. RZ .—.—. -0.08[-0.62, 0.46]
Giannutri Island HPA vs. LPA o—-—q 0.17[ 0.01, 0.33]
Summary effect withPI~ ------ ‘ ------ 0.10[-0.15, 0.36]

T T — T 1
-1.13  -047 0.18 0.84 1.49

Ln(Response Ratio)

Figure 8 Forest plot of fish population effect sizes based on density data in the NTR and the PPA. Each row represents a paired NTR-PPA
comparison. The top two MPAs (separated by a spacer from the other MPAs) were excluded from the sensitivity analysis, due to habitat
confounding effect. The vertical dotted line at LnRR =0 represents equal fish density in the NTR and PPA; LnRR >0 means more fish inside the
NTR; LnRR <0 means fewer fish in the NTR. The squares are the effect size for each MPA, the error bars are the 95% confidence interval for each
MPA, whose values are given on the right hand side of the figure. Summary effect: the diamond represents the weighted mean calculated from
the random effects meta-analysis, the width of the diamond is proportional to the estimation in the error of the mean and the horizontal dotted
line is the prediction interval were 95% of true effects are predicted to lie.
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NTR vs. PPA

Ln(RR) [95% CI]

Italcomis Reef NTZ vs. MUZ 0.12[-0.58,0.82]
Scandola IR vs. PPA e 1.58[ 0.29,2.86 ]
Laguna ER vs. La Jolla ER —— 0.25[-0.41,0.92]
Jurien Bay SZ vs. RZ —_— -0.34[-1.20,0.52]
Tavolara IR vs. GR ol 1.04[ 0.76,1.32]
Tavolara IR vs. PR HEH 1.05[ 0.87,1.24]
Summary effect with Pl . 0.65[ 0.25,1.06]

[ I
-2.01 -0.59

95% of true effects are predicted to lie.

Ln(Response Ratio)

Figure 9 Forest plot of fish assemblage effect sizes based on biomass data in the NTR and the PPA. Each row represents a paired NTR-
PPA comparison. Italcomis Reef NTZ vs. MUZ was excluded from the sensitivity analysis due to habitat confounding effect. The vertical dotted line
at LnRR =0 represents equal fish density in the NTR and PPA; LnRR >0 means more fish inside the NTR; LnRR < 0 means fewer fish in the NTR.
The squares are the effect size for each MPA, the error bars are the 95% confidence interval for each MPA, whose values are given on the right
hand side of the figure. Summary effect: the diamond represents the weighted mean calculated from the random effects meta-analysis, the
width of the diamond is proportional to the estimation in the error of the mean and the horizontal dotted line is the prediction interval were

2.25 3.67

J

small number of studies (9 for density and 6 for
biomass) precluded further meta-analysis for examin-
ing the effect of MPA age, the size ratio of the NTR to
the PPA and the distance between the NTR and PPA
on the response of fish assemblages to full protection.

Fish diversity The average effect of full over partial pro-
tection on fish species richness was not significantly differ-
ent from zero (D = -0.45, CI = -2.81 — 1.91), and this effect
was homogeneous among the included studies (Q =1.88,
df=8, p=0.97).

Invertebrates: density, biomass, diversity The small
number of studies investigating the effectiveness of NTRs
relative to PPAs precluded us from examining the influence
of full protection on invertebrate assemblages (density: 1
study; biomass: 0; species richness: 3 studies).

Species-level analysis: Comparison of partial protection vs.
no protection

Fish density and biomass Target and non-target fish
species had significantly higher density inside PPAs than
in Open areas (Table 4a, note that all Cls are greater

than zero). However, when the analysis was repeated ex-
cluding habitat-confounded’ studies, there was no signifi-
cant effect of protection for non-target species
(Table 4b, note that CI for non-target species overlaps
zero). In terms of biomass, the response for TP species
was on average 1.5 times higher inside the PPA than
outside, whereas that of TNP and NT species did not
differ significantly inside and outside of the PPA
(Table 5). When the analyses were re-run under different
scenarios of correlation coefficients among species
(rho=0, 0.2, 0.5, 0.8, 1) similar trends for the direction
of protection effect were obtained, in spite of some
differences in the magnitude of effect for TNP and NT
categories (Tables 4, 5).

In spite of some significant differences in density and
biomass between the protected and open access areas,
the magnitude of response to protection was not signifi-
cantly different among the three ‘exploitation status’ cat-
egories (TP, TNP, NT) (sensitivity analysis for density:
Qum =398, df =2, p=0.14; sensitivity analysis for bio-
mass: Qy =0.15, df =2, p=0.93). To minimize the eco-
logical and performance biases across different studies,
we calculated a second effect size (ESp;zr) that consisted
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Table 4 The response to protection ( LnRR [95% Cl]) for each ‘exploitation status’ category (target-protected [TP],
target-not protected [TNP] and non-target [NT]), using density data

(a) All MPA case-studies included (b) Sensitivity analysis; habitat confounded studies excluded

TP TNP NT TP TNP NT
N=29 N=5 N=10 N =27 N=5 N=8
rho=0 047 [022—0.72] 0.78 [0.18 —» 1.38] 057 [0.17 —0.97] 041021 — 061] 0.76 [0.30 —1.22] 021 [-0.12 — 0.54]
rho=0.2 047 [0.21 = 0.73] 081 [0.17 — 1.46] 0.59 [0.16 — 1.04] 041 [0.20 = 0.61] 0.80 [0.32 — 1.28] 0.19 [-0.19 — 0.56]
rho=0.5 047 [0.20 — 0.74] 0.85[0.17 — 1.52] 064 [0.17 — 1.12] 041 [0.20 — 0.62] 0.85 [0.34 — 1.35] 0.18 [-0.23 — 0.60]
rho=0.8 047 [0.20— 0.75] 087 [0.17 —1.57] 068 [0.18 > 1.17] 041 [0.20 — 0.63] 0.88 [0.36 — 1.41] 0.19 [-0.26 — 0.63]
rho=1 047 [0.19—0.75] 0.89 [0.18 — 1.60] 0.70 [0.20 — 1.20] 041 [0.20 — 0.63] 0.90 [0.36 — 1.44] 0.19 [-0.27 — 0.65]

Results where different correlation coefficients (rho=0, 0.2, 0.5, 0.8, 1) among individual species responses were used to compute the within-study sampling

variance are given on separate rows. The summary effect size and 95% Cl are given for analysis using (a) all PPA case-studies, and (b) excluding PPAs with habitat
confounded effects. N represents the number of PPAs for each exploitation category. LnRR >0 means more fish inside the PPA; LnRR < 0 means fewer fish in the
PPA. When the Cl overlaps 0 it implies a non-significant difference between PPA and non-protected area.

Table 5 The response to protection ( LnRR, [95% Cl]) for each ‘exploitation status’ category (target-protected [TP],
target-not protected [TNP] and non-target [NT]), using biomass data

(a) All MPA case-studies included

(b) Sensitivity analysis; habitat confounded studies excluded

TP TNP NT TP TNP NT
N=12 N=5 N=7 N=10 N=5 N=6
rho=0 0.35[0.12 —0.59] 043 [0.07 —0.79] 0.18 [-0.14 — 0.50] 042 [0.18 = 0.67] 043 [0.07 — 0.79] 0.23 [-0.10 — 0.56]
rho=0.2 038[0.12— 0.64] 042 [0.03 — 0.80] 0.22 [-0.16 — 0.60] 044 [0.17 — 0.71] 042 [0.04 — 0.80] 0.29 [-0.11 — 0.69]
rtho=05 040([0.11—069] 040 [-002—082] 0.26 [-0.17 — 0.68] 045 [0.15— 0.76] 040 [-0.02 — 0.81] 0.35 [-0.10 — 0.80]
rtho=08 040[009—072] 038[-007—082] 0.28[-0.18 = 0.74] 046 [0.13 — 0.80] 0.38 [-0.06 — 0.82] 0.39 [-0.10 — 0.88]
rho=1 041[008—0.74] 037 [-009—083] 029 [-0.18 = 0.77] 047 [0.12—0.82] 0.37 [-0.09 — 0.82] 041 [-0.10 - 0.92]

Results where different correlation coefficients (rho=0, 0.2, 0.5, 0.8, 1) among individual species responses were used to compute the within-study sampling
variance are given on separate rows. The summary effect size and 95% Cl are given for analysis using (a) all PPA case-studies, and (b) excluding PPAs with habitat
confounded effects. N represents the number of PPAs for each exploitation category. Ln(RR) > 0 means more fish inside the PPA; Ln(RR) < 0 means fewer fish in
the PPA. When the Cl overlaps 0 it implies a non-significant difference between PPA and non-protected area.

Table 6 The difference in the magnitude of response to protection (ESprr) between target-protected [TP] and non-
target [NT] species for density data

(a) All MPA case-studies included (N =9) (b) Sensitivity analysis; habitat confounded studies excluded (N =7)

ESpirr 95% ClI Z-val p-val ESpirr 95% ClI Z-val p-val
rho=0 -032 -0.72—0.08 -1.55 0.12 -0.09 -037—0.19 -0.64 0.52
rho=0.5 -0.29 —069—0.11 -142 0.15 -0.08 -037—022 -0.52 0.60
rho=1 -0.25 -0.56 — 0.06 -1.60 0.11 -003 -028—022 -0.23 0.82

Studies were weighted by the variance of the difference between two correlated variables (correlation coefficients of rho=0, 0.5, 1). The ESprr, 95% confidence
interval, Z-val and p-val are given for (a) all PPA case-studies that provided data for both categories and (b) for PPAs with no habitat confounded effect. N
represents the number of PPAs included in the analysis.

Table 7 The difference in the magnitude of response to protection (ESp;rr) between target-protected and non-target
species for biomass data

(a) All MPA case-studies included (N =6) (b) Sensitivity analysis; habitat confounded studies excluded (N = 5)

ESpirr 95% ClI Z-val p-val ESoirr 95% ClI Z-val p-val
rho=0 0.04 -0.56 — 0.64 0.13 0.89 0.008 -0.67 — 069 0.02 0.98
rho=0.5 0.13 —048 —0.74 041 067 0.10 —0.60 — 0.80 0.27 0.79
rho=1 0.19 -0.15—053 1.09 027 0.16 -023—055 081 042

Studies were weighted by the variance of the difference between two correlated variables (correlation coefficients of rho=0, 0.5, 1). The ESprr, 95% confidence
interval, Z-val and p-val are given for (a) all PPA case-studies that provide data for both categories and (b) for PPAs with no habitat confounded effect. N
represents the number of PPAs included in the analysis.
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Figure 10 Mean response ratio ( LnRR ) based on density and biomass data for target species in the partially protected area and the
open access area (partial:open) for each ‘protection regime’ category (IdC: Indiscriminate, commercial; DC: discriminate, commercial;
DR: discriminate, recreational). Sample size (ie. the number of MPAs) for each ratio is shown in parentheses. The vertical dotted line at
(LnRR) = 0 represents equal fish density or biomass inside and outside of the MPA; (LnRR) > 0 means more fish inside the PPA; (LnRR) < 0 means
fewer fish in the PPA.

of the difference between the average effect size for two There was significant heterogeneity in the response of
exploitation categories. Given that there were too few target fish species to protection among MPAs in our
studies that reported data for species density and biomass  datasets (density: Q=112.84, df=19, p<0.0001; bio-
for each of the TNP vs. NT and TP vs. TNP category mass: Q =30.39, df = 12, p =0.002). Several potential ef-
combinations, the ESp;zr could only be used to compare fect modifiers were tested in an attempt to explain the
the magnitude of response to protection between TP and  variability in effect sizes between studies. A categorical
NT species. We did not find significant differences in the = meta-analysis was conducted to examine if the response
magnitude of response to protection between TP and NT  of target species to protection was influenced by the
species [effect size difference (ESp;er) ranged between —0.03  protection regime of the PPA. Density and biomass were
and -0.09] whether density (Table 6) or biomass (Table 7)  significantly greater (on average twice as high) in the
data were used. This outcome is in agreement with that of =~ PPA that allows fishing on a recreational basis or for
the Qy statistic above. domestic use only (DR) compared to the Open area

Table 8 Summary of the simple regression models for each of the four moderator variables on target fish biomass
All MPA case-studies included

Moderator variable N° MPAs Slope [95% Cl] Qu, p-val

MPA age (year) 16 —-0.03 [-0.06 — -0.003] Qu=457,p=003
Logyq (size) (km?) 17 -0.07 [-025—0.11] Qu =060, p=044
Min. Distance (km) 14 0.007 [-0.05 — 0.06] Qu =006, p=081
# species combined 16 —0.02 [-0.09 — 0.05] Qu=028, p=060

Similar results were obtained for the sensitivity analysis.
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(density (main analysis): LuRRpg = 0.79, CI=0.21 — 1.37;
LuRRp-=0.64, CI=0.12 — 1.17; LnRR;c=0.15, Cl=
-0.27 — 0.58; Figure 10) (biomass (main analysis):
LnRRpr=0.63, CI=0.37 — 0.88; LnRRpc=0.1, Cl=
-0.34 — 0.53; LnRRy;c =0.15, CI =-0.33 — 0.62). Never-
theless, the magnitude of response to protection did not
differ significantly among the three protection regimes
for target species density (Qu,17=3.74, p=0.15), and
was marginally non-significant for target species biomass
(QM2,14 = 589, pP= 0.05).
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The biomass of target fish species inside the PPA
showed a slight (~3%) but significant reduction relative
to the open access area upon increasing the duration of
protection (slope =-0.03, CI=-0.06 — 0.003, Table 8,
Figure 11). MPA age did not affect target species density
(Table 9). The response to protection for target species
biomass (Table 8) and density (Table 9) was not related
to PPA size. The relationship between effect size and the
distance of the open access area to the PPA border was
not significant for target species in terms of density or
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Figure 11 The relationship of target species’ response to partial protection (partial:open) with MPA-related parameters (MPA age (yrs),
Log PPA size (sq-km), dist). PPA to NP (km) for density and biomass data. Size of the circles is proportional to the weight of the study.
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Table 9 Summary of the simple regression models for each of the four moderator variables examined on target fish density

All MPA case-studies included

Moderator variable N° MPAs Slope [95% Cl] Qu, p-val

MPA age (year) 33 -0.01 [-0.03 — 0.02] Qu=057, p=045
Logo (size) (km?) 24 —0.20 [-0.44 — 0.03] Qu=279 p=009
Min. Distance (km) 20 0.04 [-0.02— 0.11] Qu=16p=021
# species combined 34 —-0.04 [-0.11 — 0.02] Qu=167,p=020

Similar results were obtained for the sensitivity analysis.

biomass (Tables 8, 9). The influence of aggregating effect
sizes across several species to generate an average effect
size for each MPA (represented here by the ‘number of
species combined’) was not significantly related to target
species response to protection (Tables 8, 9). Re-running
the analysis under scenarios of different correlation
coefficients among species (rho =0, 0.2, 0.5, 0.8, 1) gave
a similar result, hence only the result for rho=0.5 are
presented in Tables 8 and 9, and Figure 11.

Fish length The influence of protection on fish body size
(ie. mean length) was only examined for TP species, as the
TNP and NT species categories were under-represented in
the studies included for this review (see Figure 12). Overall,
target species length was not significantly different
between the partially protected and the open access areas
(LnRR =0.02, 95% CI = -0.04 — 0.08, Figure 12).

There was considerable variability in the response to
protection for target fish species among the different

Fish exploitation status Ln(RR) [95% CI]

Target, protected

Admiral Cockburn NPMR I—l—4 0.00(-0.07, 0.08)

LaJolla ER P ——— 0.27[ 0.04, 0.50]

Piti MP P 0.21[ 0413, 0.28)

Achang reef MP —.— -013(-0.20,-0.06]

Mimiwhangata MP F—l—| -0.07[-0.13,-0.01]

Houtman-Abrolhos ROAs l—v—'—l 0.07[-0.03, 017)

CAl o 0.04(-0.04, 0.11)

CAll e 0.09[ 0.04, 0.14]

Off Northeast coast —— -0.17[-0.29,-0.08)

MNortheast of Hom e -0.04(-0.14, 0.05]

Langanesgrunn ——H -0.06[-0.15, 0.04]

Barbados MR H— 0.26[-0.02, 0.54]

- 0.02[-0.04,0.08]

Target, not protected

Cerbere-Banyuls MNR —— 027 016, 0.37)

Non-target

Barbados MR —_t 0.04[-0.23, 0.31)

CA-Il ——— 0.10[-0.05, 0.24)

LaJolla ER —_—y 0.09[-0.11, 0.29]

|
[ T T T 1
-0.45 -0.16 013 0.42 0.71

Figure 12 Forest plot of the fish species effect sizes based on species’ length data in the PPA and the Open area. Studies are grouped
by exploitation status (target-protected, target-non-protected, non-target). The weighted summary effect size (represented by the diamond; 0.02
[-0.04, 0.08]) is only given for target-protected species, as sample size is too small for robust analysis for the other two categories.
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Table 10 Summary of the simple regression models for each of the four moderator variables on target fish length

All MPA case-studies included

Slope [95% Cl]

Qu, p-val

Moderator variable N° MPAs
MPA age (year) 1
Logiq (size) (km?) 12
Min. Distance (km) 12
# species combined 12

—0.005 [-0.01 — 0.004]

—-0.03 [-0.09 — 0.02]
0.02 [-0.02 — 0.05]
0.002 [-0.02 — 0.02]

Qu=1.14,p=028
Qu=139,p=024
Qu=094,p=033
Qu=004, p=084

Similar results were obtained for the sensitivity analysis.

PPA case-studies (Q=280.14, df=11, p <0.0001). How-
ever none of the moderator variables examined (PPA
age, size, distance to control, # of species combined)
explained a significant amount of variation in target species
length effect sizes among MPAs (Table 10).

Invertebrates: density, biomass, length As the re-
sponse to protection (partial:open) is likely to be
influenced by species characteristics (e.g. growth rate,
larval dispersal potential, adult mobility), it would be in-
adequate to aggregate data across different invertebrate

taxonomic groups with very different life history and
ecological characteristics. Hence, the effect of protection
was examined separately for each taxonomic group.
Replication was sufficient only to assess the effect of
protection on scallops (class: Bivalvia), lobsters (Class:
Decapoda) and sea urchins (class: Echinoidea).

Lobsters and scallops that are targeted by fisheries’ out-
side the PPA, showed a positive response to partial protec-
tion, however the response was stronger and more
consistent for scallops (Figure 13). In contrast, non-target
echinoid species generally had smaller density (Figure 13)

MPA name

Ln(RR} [95% CI]

Non-target species (echinoids)

Jurien Bay MP -0.09[-1.27, 1.08]
Bell Island + Lime Kiln i 0.76[ 023, 1.28]
Punta de La restinga RFA - -3.83[-3.99,-3.67]
Punta de La restinga BZ ™ -4.30[-4.52,-4.08]
Isla Graciosa RFA ] -1.27[-1.31 ,-1.22]
Isla de la Palma RFA n -1.62[-1.73,-1.51]
-—alie—- -1.79[-2.86,-0.71]
Target species (lobsters)
Mimiwhangata MP —t— -016([-1.50, 1.18]
Jurien Bay MP ] 0.25[-063, 1.13]
Santa Catalina Invertebrate NTRA - 0.57[ 037, 0.77]
Commercial exclusion zones et 0.48[-050, 1.46]

effect is given by the ‘Summary effect’.

Glacier Bay National Park I—-—! 0.26[-060, 1.12]
ie 0.53[0.34,0.71]

Target species (scallops)
Inshore Potting Agreement —— 3.32[ 261, 4.03]
Port Erin exclusion zone —— 228163, 2.93]
CA-ll | e 1.16[ 002, 2.30]
e 2.33[1.25,3.41]

[ T T 1
-6.23 -3.24 -0.25 275 574

Ln(Response Ratio)

Figure 13 Forest plot of the response ratio (partial:open) of target and non-target invertebrate density categorized by taxonomic
class. The vertical dotted line at LnRR=0 represents equal invertebrate density inside and outside of the PPA. The squares are the effect size for
each PPA, the error bars are the 95% confidence interval, whose values are given on the right hand side of the figure. The overall weighted mean
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MPA name Ln(RR) [95% CI]
Non-target species (echinoids)
Mtang'ata CFMZ S 072(-156, 0.12]
CAl P —— 2.90( 091, 6.89)
Punta de La restinga RFA L -3.31[-3.49,-3.14)
Punta de La restinga BZ = -3.48(-3.74 ,-3.23)
Isla Graciosa RFA l -0.40([-0.44 ,-0.35)
Isla de la Palma RFA % -1.06(-1.16,-0.95]
--" -1.36[-2.47.-0.24]
Target species (lobsters)
Santa Catalina Invertebrate NTRA '—"—1 0.24[-112, 1.60]
Cerbere-Banyuls MNR I—' 052[-1.65, 268]
-- 0.32[-0.83.1.47]
I T — T 1
-5.86 -2.14 1.58 8.3 9.02
Ln{Response Ratio)
Figure 14 Forest plot of the response ratio (partial:open) of target and non-target invertebrate biomass categorized by taxonomic
class. The vertical dotted line at LnRR=0 represents equal invertebrate density inside and outside of the PPA. The squares are the effect size for
each PPA, the error bars are the 95% confidence interval, whose values are given on the right hand side of the figure. The overall weighted mean
effect is given by the ‘Summary effect’.

and biomass (Figure 14) in the PPA relative to the Open
area. There were too few studies to investigate the effect
of protection in terms of species body size (i.e. length).

Species-level analysis: Comparison of full vs. partial
protection

Fish density and biomass On average, the biomass of
target species was higher in NTRs than in PPAs, but

this increase was only significant for target species
that are protected inside the no-take reserve but not
in the partially protected area, TNP (Table 11). The ef-
fect of protection on non-target species biomass could
not be examined due to insufficient data (Table 11).
For density, the overall response to full protection was
positive for the two target species categories, but
negative for non-target species (sensitivity analysis in

Table 11 The summary effect size LnRR and [95% CI] based on biomass data for target-protected [TP] and target-not
protected [TNP] exploitation categories, weighted by sampling variances

(a) All MPA case-studies included

(b) Sensitivity analysis; habitat confounded studies excluded

Target - protected  Target - non-protected

Non-target

Target - protected Target - non-protected Non-target

N=7

N=7

N=

4 N=6

N=4

N=2

rho=0 0.33 [0.05 —0.61] 0.27 [0.03 — 0.51] -
rho=0.2 0.30 [0.01 — 0.58] 0.28 [0.03 — 0.52] -
rho=0.5 0.26 [-0.02 — 0.55] 0.28 [0.04 — 0.52] -
rho=0.8 0.24 [-0.06 — 0.53] 0.28 [0.04 — 0.53] -
rho=1 0.23 [-0.07 — 0.52] 0.29 [0.04 — 0.53] -

0.35 [0.06 — 0.63]
0.31 [0.01 — 0.60]
0.26 [-0.03 — 0.56]
0.24 [-0.06 — 0.53]
0.22 [-0.06 — 0.52]

Results where different correlation coefficients (rho=0, 0.2, 0.5, 0.8, 1) among individual species responses were used to compute the within-study sampling
variance are given on separate rows. The LnRR and 95% Cl are given for analysis using (a) all MPA case-studies, and (b) excluding MPAs with habitat confounded

effects. N represents the number of MPAs for each exploitation category. Sample size for non-target species was inadequate for the analysis.
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Table 12 The summary effect size LnRR and [95% Cl] based on density data for each ‘exploitation status’ categories
(target-protected [TP], target-not protected [TNP] and non-target [NT]), weighted by sampling variances

(a) All MPA case-studies included

(b) Sensitivity analysis; habitat confounded studies

excluded
Target - Target - non- Non-target Target - Target - non- Non-target
protected protected protected protected
N=9 N=9 N=7 N=8 N=5 N=5
rho=0 035 [001 — 037 [003 — -021 [-0.58 — 0.34 [-0.07 — 047 [-007 — —024 [-0.74 — Qu =448,
0.69] 0.71] 0.16] 0.74] 1.02] 0.25] p=0.11
rho= 035 [-0.02 — 0.38 [0.03 — —0.20 [-0.60 — 033 [-011— 048 [-0.09 — -0.23 [-0.78 — Qu =358,
0.2 0.72] 0.73] 0.21] 0.78] 1.05] 032] p=0.17
rho = 0.34 [-0.05 — 0.39 [0.04 — -0.17 [-061 — 033 [-0.14— 048 [-0.1 — -0.21 [-08 — Qu=301,
0.5 0.73] 0.74] 0.26] 0.79] 1.06] 0.38] p=022
rho = 033 [-007 — 040 [0.05 — -0.16 [-0.60 — 032 [-016— 049 [-0.09 — -0.19 [-0.81 — Qu =269,
0.8 0.74] 0.74] 0.29] 0.8] 1.06] 042] p=026
rho=1 033 [-008 — 040 [007 — —0.15 [-0.66 — 032 [-017— 049 [-0.08 — —0.18 [-0.81 — Qu =254,
0.74] 0.74] 0.30] 0.8] 1.06] 045] p=0.28

Results where different correlation coefficients (ho=0, 0.2, 0.5, 0.8, 1) among individual species responses were used to compute the within-study sampling
variance are given on separate rows. The LnRR and 95% Cl are given for analysis using (a) all MPA case-studies, and (b) excluding MPAs with habitat confounded
effects. N represents the number of MPAs for each exploitation category. LnRR >0 means more fish inside the NTR; LnRR <0 means fewer fish in the NTR. When
the Cl overlaps 0 it implies a non-significant difference between NTR and PPA. Qy values indicate the magnitude of the difference between

exploitation categories.

Table 12). However, the magnitude of response to
protection did not differ significantly among the three
‘exploitation status’ categories (sensitivity analysis:
density at rho 0.5; Q= 3.01, df = 3, p = 0.22, Table 12).

MPA age, the size of the NTR relative to the PPA
(size ratio) and the distance between the NTR and PPA
did not explain the variation in the response of target
species to protection, both for density (Table 13) and
biomass (Table 14). The effect size for target species’
biomass was positively related to the number of species
pooled in the construction of the average effect size for
each MPA (sensitivity analysis in Table 14).

Fish length The small number of studies precluded for-
mal examination of the effect of full protection relative

to partial protection on fish body size (i.e. mean length).
In three out of five MPAs, target species length did not
appear to be different between the NTR and the PPA
(Figure 15). Similarly, in two out of three MPAs there
was no difference in the body size (i.e. length) of non-
target species inside and outside the no-take reserve (the
95% CI overlaps 0) (Figure 15).

Invertebrates: density, biomass, length Replication
was sufficient only to assess the effect of protection on
lobsters (Class: Decapoda) for target species and on sea
urchins (class: Echinoidea) for non-target species. Lobster
density was on average 1.76 times higher inside the NTR
than in the PPA, and this increase was significant

Table 13 Summary of the simple regression models for each of the three moderator variables on target species

density

Moderator variable N° MPAs Slope [95% Cl] Qu, p-val

MPA age (year) 18 0.03 [-0.02 — 0.09] Qu=129 p=026
Size ratio (NTR:PPA) 13 —0.11 [-0.9 — 0.69] Qu=007,p=079
# species combined 18 —0.04 [-0.14 — 0.07] Qu=051,p=047

Sensitivity analysis; habitat confounded studies excluded

Size ratio (NTR:PPA) 11

—2.33 [-5.12 = 045] Qu=270,p=0.1

Effect sizes are weighted by the variance of the mean of several correlated variables calculated for correlation coefficients of rho = 0.5. Data under sensitivity
analysis is given only for the moderator variable which showed considerable different result from when all studies were included.



Sciberras et al. Environmental Evidence 2013, 2:4
http://www.environmentalevidencejournal.org/content/2/1/4

Page 23 of 31

Table 14 Summary of the simple regression models for each of the four moderator variables on target species biomass

Moderator variable N° MPAs Slope [95% Cl] Qy, p-val

MPA age (year) 14 0.03 [-0.005 — 0.07] Qy =289, p=0.09
Size ratio (NTR:PPA) 1 —-0.35[-0.92 — 0.22] Qu=145 p=023
Log(distance NTR to PPA) 14 —0.09 [-0.19 — 0.02] Qu=282, p=0.09
# species combined 14 0.002 [-0.10—0.11] Qu=0.001, p=098
Sensitivity analysis; habitat confounded studies excluded

# species combined 10 0.10 [0.02 —0.19] Qu=>575 p=002

Effect sizes are weighted by the variance of the mean of several correlated variables calculated for correlation coefficients of rho = 0.5. Data under sensitivity
analysis is given only for the moderator variable which showed considerable different result from when all studies were included.

(Figure 16). The response of sea-urchins to protection was
more variable and the overall mean effect size was only
marginally significant (LnRR=0.33, CI=-0.02— 0.64)
(Figure 16).

There was not enough data to investigate the re-
sponse of invertebrate species to protection in terms of
biomass and length, or to explore the influence of ‘ef-
fect modifiers’ on the response to protection.

Discussion

Biological effects of MPAs

Fish

Our synthesis suggests that while PPAs resulted in
higher density and biomass than open (unprotected)
areas, greatest benefits were apparent in NTR areas
when NTRs and PPAs were compared. Improvements
were largely driven by change in targeted fish species,

Fish exploitation status

Ln(RR) [95% CI]

Target, protected

Mandu SZ vs. RZ 0.11[ 0.05,0.17]
Osprey SZ vs. RZ 1= 0.07[-0.04,0.18]
Maud SZ vs. RZ i 0.25[ 0.14,0.35]
Laguna ER vs. La Jolla ER PR S— -0.10[-1.13,0.92]
Long-Is MR vs. Charlotte Sound [ | 0.10[-1.29,1.49]
Target, not protected

Kingston vs. Rottnest s 0.33[ 0.22,0.44
Non-target

Laguna ER vs. La Jolla ER [ | 0.17[-1.51,1.85]
Kingston vs. Rottnest - 0.14[-0.04,0.31]
Long-Is MR vs. Charlotte Sound I-I-I 0.20[ 0.08,0.32]
Summary effect 0 0.18[ 0.10,0.25]

| | i | |
-2.18 -1.01 0.17 1.35 2.52

Figure 15 Forest plot of the fish species effect sizes based on target species’ length data in the NTR and the PPA. Studies are grouped
by exploitation status (target-protected [TP], target-non-protected [TNP], non-target [NT]).
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MPA name

Ln(RR) [95% CI]

Non-target species (echinoids)

Kisite MNP vs. Mpunguti MNR
Capraia Island zone 1 vs. zone 2 m
Punta de La restinga NTZvs. RFA -
Punta de La restinga NTZvs. BZ
Isla Graciosa NTZ vs. RFA

Isla de la Palma NTZ vs. RFA
Jurien Bay SZvs. RZ

Long-Is MR vs. Charlotte Sound
Giannutri Island HPAvs. LPA

Target species (decapods)

Long-ls MR vs. Charlotte Sound
Jurien Bay SZvs. RZ

Kingston vs. Rottnest —_— 357239, 475)
Glover's Reef MR vs. GUZ a———-—| 0.45(-0.73, 1.62]
| cmm— 1.76[0.65.2.871

2.93[ 2.33, 3.53]
046 0.36, 0.56]
-0.83([-1.13,-0.53]
-0.36[-0.69 ,-0.02]
0.24[ 0.06, 0.42]
0.33[ 010, 0.56]
0.04(-1.06, 1.14]
-0.02(-1.31, 1.26)
0.42[ 034, 0.49]

0.33[0.02,0.64]

1.20[ 074, 1.65]
196[ 088, 3.04]

| —
.252 -0.4

effect is given by the ‘Summary effect’.

Ln{Response Ratio)

Figure 16 Forest plot of the response ratio (no-take:partial) of target and non-target invertebrate density categorized by taxonomic
class. The vertical dotted line at [nRR=0 represents equal invertebrate density inside and outside of the NTR. The squares are the effect size for
each PPA, the error bars are the 95% confidence interval, whose values are given on the right hand side of the figure. The overall weighted mean

T 1
3.84 5.96

and although positive benefits were also apparent in
non-target species, the results were more variable, per-
haps because of fewer studies focusing on this group.
MPAs may meet their objectives in a number of ways
without necessarily excluding all extractive activities;
habitat protection can be achieved by exclusion of ben-
thic gears (e.g. [29,75,76]), avoidance of conflict can be
achieved by spatial segregation of uses (e.g. [26,77]), sus-
tainable exploitation or recovery of over-exploited fish
stocks can occur within gear-specific exclusion areas
(e.g. [7,78]). We have thus synthesized data for studies
that have examined the effect of partially protected
MPAs relative to open access areas to further increase
our understanding of the potential value of those MPAs
which strike a balance between allowing user access and
achieving management and conservation measures. We
found significantly higher density and biomass of fish in-
side the PPA relative to open access areas (Figures 5, 6).
This finding contrasts with that by Lester and Halpern
[40] in that they did not find significant ecological
effects (in terms of density, biomass) of PPAs relative to
Open areas, perhaps because they aggregated data across
all taxa (fish, invertebrates, algae) and thus were not able

to control for specific taxon traits or the exploitation
status of the species included. Almost certainly, the
frequency and intensity of exploitation experienced by a
species in a fishery will greatly influence the magnitude
of response to protection from fishing. For example,
reductions in the spawning stock biomass resulting from
high levels of fishing mortality, reduces the ability of fish
populations to recover after a population decline [79].
Hence, the reduction or elimination of fishing mortality
following the effective implementation of a MPA is
expected to increase population density and biomass as
stocks recover from exploitation. Indeed, we found that
the positive response to protection in PPAs relative to
Open areas was mainly driven by target species of com-
mercial importance (Tables 4, 5). Furthermore, Lester and
Halpern [40] acknowledge that failure to document signifi-
cant effects of partially protected MPAs may have resulted
from the fact that most of the studies they reviewed
reported results for species targeted in both open access
and partially protected areas. We have accounted for this
potential effect modifier by keeping target species that are
protected by the PPA (TP) separate from those not entirely
protected in the PPA (TNP) and found significantly higher
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fish biomass inside the PPA relative to the Open area only
for TP species (Table 5). Our analysis comparing PPAs to
Open areas therefore suggests that well-managed PPAs
with some restrictions on use are a valuable tool to counter-
act the decline of target populations, given that these are ef-
fectively protected under the protection regime in place.

Albeit, the higher benefits of PPAs over Open
areas, we found greater benefits of protection in
NTRs compared to PPAs. The response to protec-
tion (no-take:partial) was higher for fish biomass
(RR =1.92) than for fish density (RR=1.11). One pos-
sible explanation for this discrepancy in protection
effect between density and biomass is that the dens-
ity of individuals is susceptible to stochastic recruit-
ment events, such that the movement of juvenile
fish across the no-take reserve boundary into the ad-
jacent partially protected area may have resulted in
the smaller magnitude of protection effect observed
for fish density. The high positive response for fish
biomass provides evidence towards the protection
benefit of fully protected areas from size-selective
fishing or accidental catch. In their review of the
benefits of NTRs over PPAs, Lester and Halpern
[40] also reported stronger effects of protection for
NTRs than for PPAs. However, whereas we found
significantly higher response for biomass than for
density, Lester and Halpern [40] reported signifi-
cantly higher response ratios (no-take:partial) for dens-
ity (RR =1.79) but not for biomass (RR =1.22). As
alluded above, one important difference between the
two syntheses is that whereas our study focussed on fish
species only, Lester and Halpern [40] aggregated data
across broad taxonomic groups (fish, invertebrates,
algae) with different life history (e.g. growth rate) and
ecological characteristics (e.g. larval dispersal potential,
adult mobility). For example, the sessile nature and the
relative low mobility of some species (e.g. urchins,
gastropods, corals, sponges) included in Lester and
Halpern [40], might have resulted in the larger
differences in density that they observed between no-
take reserves and partially protected areas.

Invertebrates

The studies on target invertebrate species focused
mainly on scallops and lobsters, for which strong
positive effect sizes were reported for both density
and biomass in the partially protected area relative to
open access area, and also in the no-take reserve rela-
tive to the partially-protected area. This is in agree-
ment with findings in other studies that reported
positive responses for lobster populations following
marine reserve designation, possibly owing to the spe-
cies’ short home range and migration to deeper
waters where fishing pressure is generally lower (e.g.
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[80-83]). The cessation of scallop dredging not only
reduces fishing mortality of adult scallops [27], but
also eliminates the deleterious effects on benthic
communities [84]. Closed areas with significantly
greater biomass of attached species such as hydroids
have been suggested to be important settlement sub-
strata for pectinid larvae [85,86], so that protection
during this critical phase may assist in the recovery
of scallop populations in the closed area.

The studies on non-target invertebrate species fo-
cused mainly on echinoids. The response of non-
target echinoid species to protection was considerably
variable. Overall, we found lower density and biomass
of non-target invertebrate species inside partially
protected areas compared to open areas, but did not
find significant difference in density between fully-
and partially-protected areas. This variability may be
explained through a number of factors. Some studies
linked the lower abundance of sea urchins inside
MPAs to the increase in predation pressure following
the recovery of predatory fish populations after pro-
tection [18,87,88]. Alternatively, factors such as higher
spatial heterogeneity and availability of shelter (e.g.
more crevices) inside the MPA have been linked to
higher abundance of sea urchins in MPAs, as these
may reduce the exposure of urchins to fish predators
[89,90].

Reasons for variation in effectiveness

There was a large degree of variability in the magni-
tude of response to protection and MPA success was
highly variable. The factors determining such variation
were generally unclear although the size of the PPA
explained some of this variability. Examination of the
protection regime within the partially protected area
provided novel insights into the efficacy of partial
MPAs for conservation and management.

We found that the ‘protection regime, which defined
the amount of protection afforded to species by the par-
tially protected area, was a key determinant of the mag-
nitude of MPA efficacy. Of the three categories of
protection regime (IdC, DC, DR), our analysis revealed
that the response of target fish species to partial protec-
tion was the largest for partially protected areas that
excluded commercial fishing with mid-water gear but
permitted fishing on a recreational basis (DR). Such pro-
tection regimes typically exist in tropical and sub-
tropical regions (e.g. [19,25,64,66,91]). Interestingly, such
protection resulted in greater positive response than
those MPAs (typically found in temperate regions) which
excluded bottom-towed gear but allowed fishing with
mid-water gear (e.g. nets and long-lines) or static gear
(e.g. pots, traps). This is perhaps counter-intuitive given
the well-recognized negative impact of bottom-towed
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fishing gear on biota and habitat [92-94]. However,
MPAs that excluded bottom towed gear were typically
established to protect large mobile demersal fish such as
cod, haddock, hake and saithe (e.g. [60,67,95]), which
are likely to experience less benefits from protection
(e.g. compared to reef-associated species) due to their
high mobility and dispersal distances. Additionally,
benthopelagic species that rely on benthic invertebrates
for their food might take longer to respond to protection
as habitat recovery following disturbance by bottom-
towed gear will have to occur before these species can
begin to recover.

Interestingly, we found that increasing the size of
the PPA, in particular above 1000 km? reduced the
effectiveness of partial protection relative to no pro-
tection for fish assemblages as well as for fish target
species. This was somewhat surprising given that pre-
vious theoretical and empirical studies have shown
that larger no-take reserves are more effective at in-
creasing biodiversity and density of commercial spe-
cies [35,96,97]. It is not unrealistic to assume that
non-compliance and infringement of regulations are
more likely in large than in small MPAs [98]. The
size of the partially protected areas in the dataset
comparing PPAs to Open areas ranged between 1.5
km? and 11980 km? and although a single instance of
illegal fishing in a small PPA can have a more dam-
aging effect than in a large PPA, it is more likely that
the occurrence of illegal fishing is higher in large
PPAs. This may explain the lower effectiveness of
protection that we observed for partially protected
areas over 1000 km” in size. Another possible explan-
ation for results not conforming to expectation is the
inadequacy of the sampling effort and replication.
Among the studies included in our analysis, the ma-
jority (24 out of 27) surveyed an area equivalent to
less than 1% of the total area of the PPA, raising
issues about the representativeness of the observations
for the entire MPA. The proportion of area surveyed
for MPAs larger than 20 km?> was only 0.1% of the
MPA area, suggesting that the sampling in large
MPAs may have inadequate power to detect subtle
changes in density or biomass between the protected
and unprotected areas.

Key challenges met in this review

Confounded baselines have been identified as barriers to
the interpretation of MPA studies previously
[30,31,73,99] and they remain a hindrance in this ana-
lysis. A first source of confounding emerges from the
fact that habitat structure may not be comparable be-
tween the protected and unprotected areas. Some
authors have argued that the apparent effect of protec-
tion is not due to protection per se, but rather due to
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higher-quality habitat before the onset of protection (e.g.
[5,55]) or due to site-specific features in reserves that
differ from those in control areas [5,13,54,100]. A
strong-point of this meta-analysis is that we tried to
minimize habitat bias on protection effect by running a
sensitivity analysis alongside the main analysis, whereby
studies with reported habitat differences between the
protected and control area were excluded from the sen-
sitivity analysis (e.g. [64,101]). The analyses have shown
several instances when the outcome of the sensitivity
and main analyses were different. For example, the mag-
nitude of the effect size comparing PPAs to Open areas
for fish density was smaller when the habitat-
confounded studies were removed from the analysis.
The positive effect of protection (partial:open) on non-
target fish species changed from significant to non-
significant when the habitat-confounded studies were
excluded from the analysis. Other times, the two ana-
lyses did not differ. For example, the response for fish
assemblage density in N'TRs relative to PPAs was not
significant, whether the ‘habitat-confounded’ studies
were removed from the full dataset or not. These
observations highlight the importance of examining the
influence of habitat effects on the response of biota to
protection in future assessments of MPA efficacy. Fur-
thermore, the implications of ignoring confounding
effects due to habitat differences between protected and
control areas means that potentially unreliable and
biased recommendations are made to policy-makers and
conservation managers about the effects of protection.

The identification of ‘habitat-confounded’ studies
has been a challenge in itself. Although most studies
in this review stated whether sampling occurred on
seagrass meadows (e.g. [102-104]) or rocky bottoms (e.g.
[45,56,66,105]) or coral reefs (e.g. [65,91,106-110]), there
was a general lack of data quantifying the relation-
ship between biota and habitat structure inside and out-
side the MPA (but see [45,91,101,108-112]). We could
only identify ‘habitat-confounded’ studies with confi-
dence when the authors explicitly reported significant
differences in habitat among the sites studied inside and
outside the MPA. Given that most studies did not exam-
ine the variation in habitat structure between protected
and control areas, it is possible that some potentially
habitat-confounded studies were not excluded from the
sensitivity analysis, albeit our best efforts to eliminate this
bias. We stress therefore, the importance for future stud-
ies to measure habitat covariates alongside biological data
if assessment of change in a community is to be related
to protection or to an intrinsic structural feature of the
protected area.

A further challenge was controlling for the range
and intensity of activities permitted within the PPAs
as information on fishing intensity and effort
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characteristic of the fishery in the PPA was essen-
tially negligible. In the absence of such detailed in-
formation, we used information on whether the
permitted activities inside the PPA occurred on a
commercial or recreational basis to define PPA pro-
tection regime  categories. @ We  based this
categorization on the assumption that fishing pres-
sure and efficiency are lower for recreational fishing
than for commercial fishing practices. Although this
assumption holds true for some recreational fisher-
ies, there is a growing body of evidence indicating
that recreational fishing can constitute a significant
portion of the regional catch for some species
[113,114]. We recommend that measures of fishing
pressure such as the number of traps per area, the
number of vessels/nets per area, the number of
spear fishers allowed per annum and the time spent
at sea are reported in future MPA studies.

Key limitations

A number of key limitations encountered in this re-
view are worth highlighting. First was the lack of data
on the historic levels of exploitation inside the MPA
prior to its designation, which is one factor highly
likely to influence the magnitude of protection effect.
For example, Edgar et al. [112] found low level of
change for fish between the MPA and fished areas be-
cause pre-existent fishing pressure across the region
was low and historically depressed stocks only
slightly. Conversely, McLean et al. [115] found very
little change between protected and unprotected
populations of Lethrinus harak even after 15 years of
protection because previously high levels of exploit-
ation combined with low recruitment years for this
species led to large reductions in the abundance of
this species across the region. Second was the insuffi-
cient information on the range and relative intensity
of exploitation activities in reference fished areas. The
majority of studies only provided a very vague de-
scription of activities in the unprotected control area
(e.g. “fully open to fishing” [25]; “all kinds of com-
mercial and recreational fishing” [116], but see
Forcada et al. [117]). Information about the relative
intensity of exploitation was even scarcer (but see
[45,67,118-121]). Two examples that show the poten-
tially important implications of exploitation intensity
in the control area for a within-context interpret-
ation of the magnitude of protection effect include a
study by Iacchei et al. [119] on lobster density and
another by Tupper and Rudd [91] on target fish
density. Iacchei et al. [119] recorded a 3% increase
in lobster (Panulirus interruptus) density in the MPA
relative to a recreationally fished control area where
lobsters were caught by hand or hoop nets and catches
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were limited to a daily bag limit of 7 lobsters per person.
In contrast, when they compared the MPA to a commer-
cially fished area where fishing occurred by 3-5 fishers
using 750—-1000 traps, lobster density was 57% higher in-
side the MPA than outside. Similarly, Tupper and Rudd
[91] found that fish density was 9 times higher in the
MPA when compared to a moderately fished area
(LnRR = 1.03) than when compared to a lightly fished
area (LnRR = 0.11). These examples serve to show
the importance of including exploitation intensity in-
side and outside the MPA for a more within-context
interpretation of the efficacy of MPAs, which remain
somewhat overlooked in most studies including those
reviewed in this study.

A valid constraint that needs to be acknowledged in
our analyses is that response variables (density, bio-
mass, length, species diversity) comparisons were
based on single snapshot datasets after MPA estab-
lishment. Only a handful of studies included in our
analysis were based on strong experimental designs
such as BACI and beyond-BACI studies [53,122] (see
Additional file 5). Ecosystem processes are spatially
and temporally variable at multiple scales and these
variations can obscure the detection of the effects of
protection [52].

Pooling of individual species responses for MPA-
level analyses may introduce methodological bias. For
example, studies that have measured large numbers of
species may exhibit stronger positive responses due to
the higher probability of including species that benefit
from protection. The number of species pooled to-
gether to create average effect sizes for each ‘exploit-
ation status’ category was found to be significantly
related to the magnitude of response of target species
biomass to protection in fully- vs. partially-protected
areas. Although this covariate did not influence target
species density or the effect size comparing partially-
vs. open areas, we cannot rule out the potential
methodological bias introduced by pooling individual
species responses.

Small sample sizes and lack of power are clearly
problematic in some instances, for example inverte-
brate species and biological measures such as species
length. The limited number of studies made it hard
to draw firm conclusions about the impact of pro-
tection on this group of organisms and biological
measure.

Concluding remarks

Implications for management / policy / conservation

This review addressed an important question for
managers and policy-makers of whether partially
protected areas are an effective management option
for conservation and fisheries compared to fully
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protected and open areas. The available evidence
suggests that no-take reserves provide some benefit
over less protected areas, nevertheless the significant
ecological effects of partially protected areas relative
to open access areas suggest that partially protected
areas are a valuable spatial management tool particu-
larly in areas where exclusion of all extractive activ-
ities is not a socio-economically and politically viable
option. Change in the distribution of fishing effort
could result in economically negligible net benefits
[123] or may be detrimental to habitats previously
undisturbed by anthropogenic activities [124]. Hence,
while acknowledging that MPAs are not a panacea
for conservation and fisheries management, under
the right conditions (that may include additional re-
duction of fishing effort in fishing grounds
surrounding MPAs, or a network of MPAs that allow
a mix of protection levels, or involvement of mul-
tiple stakeholder groups during the designation
process), MPAs offering partial protection are valu-
able tools for the preservation and enhancement of
fish and invertebrate populations.

Implications for research and further work

Lack of data is a hindrance in the development of
an evidence-base regarding the effectiveness of mar-
ine protected areas. Small sample sizes result in high
uncertainty about the impacts on specific taxa, in
particular, invertebrates, and species groups such as
non-target fish species. Insufficient data are available

Table 15 Glossary of terms
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regarding species richness and length (i.e. body size)
of individual species and the effect of protection in
soft sediment systems. It is also very difficult to dis-
tinguish habitat effects from reserve effects without
integrated experimental monitoring programs that
present data regarding the baseline condition. Hence,
we urge future studies to measure habitat covariates
alongside biological data. Given the clear evidence of
the influence of exploitation intensity on MPA per-
formance, we stress that measures of the fishing
pressure outside the MPA, the historic levels of ex-
ploitation within the MPA prior to designation and
the range of restricted and permitted activities
within partially protected MPAs should be routinely
reported as these factors allow for a robust within-
context interpretation of the protection effect. Data
regarding the degree of enforcement and compliance
inside an MPA are required alongside biological
metrics for monitoring to be effective. Whilst ac-
knowledging the time constraints and increased fi-
nancial costs associated with BACI empirical studies,
we advocate that the controversy as to whether any
differences are a consequence of protection or are
merely coincidental can only be satisfactorily
addressed by further monitoring incorporating as-
sessment of change from baseline conditions.

Appendix
Table 15 shows glossary of terms.

Glossary
Abb. Term Definition

Discrete geographic areas of the sea that are protected by spatially explicit restrictions designated
MPA Marine Protected Area under international, national, tribal or local laws to enhance long-term conservation of natural

resources therein.

MPAs where all anthropogenic activities are excluded, apart from scientific research.

MPAs whereby regulations restrict some extractive uses but permit others.

Target species that were protected in both the NTR and the PPA
Target species that were protected in the NTR but still allowed to be fished inside the PPA

Species for which fishing gear is not specifically set, although the possibility that these species are

PPAs that prohibit fishing activities which are damaging to bottom habitats and non-target species (e.

g. scallop dredging, bottom trawling) but allow other forms of commercial fishing with mid-water

PPAs that prohibit activities which affect particular target species but not the surrounding environment
(e.g. seine nets, long lines, spearfishing) but allow subsistence fishing on a commercial basis

PPAs that prohibit activities which affect particular target species but not the surrounding environment
(e.g. seine nets, long lines, spearfishing) but allow fishing on a recreational basis

NTR No-take reserve
PPA Partially protected area
Open Open access area Areas outside the MPA that are open to fishing.
TP Target-protected species
TNP Target non-protected species
NT Non-target species accidentally caught as by-catch cannot be ruled out
IdC Indiscriminate, commercial PPA
towed gear or static bottom gear
DC Discriminate, commercial PPA
DR Discriminate, recreational PPA
BACI Before-After-Control-Impact study

@ Control-Impact study
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