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Abstract Networks of no-take marine reserves (NTMRs)

are a widely advocated strategy for managing coral reefs.

However, uncertainty about the strength of population

connectivity between individual reefs and NTMRs through

larval dispersal remains a major obstacle to effective net-

work design. In this study, larval dispersal among NTMRs

and fishing grounds in the Philippines was inferred by

conducting genetic parentage analysis on a coral-reef fish

(Chaetodon vagabundus). Adult and juvenile fish were

sampled intensively in an area encompassing approxi-

mately 90 km of coastline. Thirty-seven true parent-off-

spring pairs were accepted after screening 1978 juveniles

against 1387 adults. The data showed all types of dispersal

connections that may occur in NTMR networks, with

assignments suggesting connectivity among NTMRs and

fishing grounds (n = 35) far outnumbering those indicating

self-recruitment (n = 2). Critically, half (51%) of the

inferred occurrences of larval dispersal linked reefs man-

aged by separate, independent municipalities and con-

stituent villages, emphasising the need for nested

collaborative management arrangements across manage-

ment units to sustain NTMR networks. Larval dispersal

appeared to be influenced by wind-driven seasonal rever-

sals in the direction of surface currents. The best-fit larval

dispersal kernel estimated from the parentage data pre-

dicted that 50% of larvae originating from a population

would attempt to settle within 33 km, and 95% within

83 km. Mean larval dispersal distance was estimated to be

36.5 km. These results suggest that creating a network of

closely spaced (less than a few tens of km apart) NTMRs

can enhance recruitment for protected and fished popula-

tions throughout the NTMR network. The findings under-

score major challenges for regional coral-reef management

initiatives that must be addressed with priority: (1)

strengthening management of NTMR networks across
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political or customary boundaries; and (2) achieving ade-

quate population connectivity via larval dispersal to sustain

reef-fish populations within these networks.

Keywords Community fisheries � Coral Triangle � Marine

protected areas � Network persistence � Recruitment

subsidy

Introduction

Networks of no-take marine reserves (NTMRs) are systems

of sea areas closed to fishing that have become a cornerstone

of strategies to reverse declines in biodiversity and fisheries

on coral reefs (McCook et al. 2009; Gaines et al. 2010). A

fundamental ecological motivation for planning NTMRs as

networks is connectivity, defined here as the linking of local

populations through the dispersal of individuals during their

pelagic larval phase and subsequent recruitment to recipient

populations as juveniles and eventually as adults (Sale et al.

2005). In theory, connectivity among NTMRs and fishing

grounds can promote synergistic population recovery and

enhance fisheries by boosting recruitment to both protected

and fished populations within a network (Gaines et al. 2010;

Grorud-Colvert et al. 2014). However, the recruitment sub-

sidy effect of NTMRs is still open to question (Pelc et al.

2010; Grorud-Colvert et al. 2014). The spatial and temporal

variability of larval dispersal remain a considerable source of

uncertainty in designing NTMR networks (Botsford et al.

2001; White et al. 2010; Burgess et al. 2014). To date, few

studies have demonstrated both spatial and temporal patterns

of larval dispersal within NTMR networks (e.g. Berumen

et al. 2012; Cook et al. 2014).

Coral-reef fish are a rapidly diminishing source of food

and livelihood for tens of millions of people living mostly

in developing countries (Newton et al. 2007), and there is

global interest in implementing NTMR networks on coral

reefs (Mora et al. 2006; McCook et al. 2009). Conse-

quently, reef fish are a major focus of research to define

larval dispersal kernels (the probability of larvae settling at

different distances from a source population) (Jones et al.

2009; Green et al. 2015). Research in the past two decades

suggests that reef-fish larvae have a high probability of

returning to their natal reef and that local populations are

likely to be strongly linked by larval dispersal occurring

within a few tens of km (Jones et al. 2009; Pinsky et al.

2010; Harrison et al. 2012; D’Aloia et al. 2015). Larvae

recruiting back to their natal population and shorter-range

larval dispersal may therefore be important in sustaining

reef-fish populations (Steneck et al. 2009). In contrast, the

demographic contribution of longer-range larval dispersal

(hundreds of km) is less understood (Williamson et al.

2016). However, the relative importance of local larval

production versus connectivity in sustaining populations

will depend on the size and spacing of habitats and their

relationship with the spatial extent of larval dispersal

(Botsford et al. 2001; Pinsky et al. 2012). For example,

population replenishment may be dominated by connec-

tivity as opposed to self-seeding (i.e. populations are more

open than closed) in regions where the size of reefs and the

distances between them are small relative to potential lar-

val dispersal (Saenz-Agudelo et al. 2011; Pinsky et al.

2012). On the other hand, much less rigorous information

is available showing how agents of larval transport or

retention, such as wind, directional currents and eddies,

influence reef-fish larval dispersal and therefore the

potential distribution of recruitment subsidies from

NTMRs (Saenz-Agudelo et al. 2012; Pusack et al. 2014).

There is growing international advocacy to create large-

scale NTMR networks in developing nations, particularly

in the highly threatened Coral Triangle region (Weeks et al.

2014; White et al. 2014). However, knowledge on how to

design NTMR networks that are appropriate to the context

of these countries is still at a nascent stage (McCook et al.

2009; Ban et al. 2011). Developing nations have charac-

teristic social and geographic conditions that may limit the

applicability of NTMR network design principles that

mostly originate from the developed world (Ban et al.

2011; Green et al. 2015). Governance, customary tenure

systems and protective management of coral reefs in

developing countries can be finely structured at spatial

scales smaller than the probable extent of ecologically

relevant larval dispersal in reef fish (Weeks et al. 2010;

Almany et al. 2013). While the distinctive setting of

developing coral-reef nations already suggests that NTMR

networks will require cooperation across political or cus-

tomary stewardship boundaries (Green et al. 2009; Horigue

et al. 2012), empirical studies on larval dispersal in this

setting are lacking but essential to provide an ecological

justification for cooperation, verify emerging network

design principles and elucidate how recruitment subsidies

(and therefore the costs and benefits of management deci-

sions) may be distributed among network stakeholders.

Here, spatial and seasonal patterns of reef-fish larval

dispersal were determined in a region of the central

Philippines where numerous small-scale NTMRs have

been established by coastal communities. Reef habitats in

this region tend to be small and closely spaced, and

transport of larvae may be considerable due to a strong

surface current and prevailing winds. Larval dispersal was

inferred by conducting large-scale sampling and genetic

parentage analysis on one species of reef fish (Chaetodon

vagabundus). The study focused on three questions. (1)

Would parentage assignments be dominated by inferred

incidences of larval dispersal suggesting connectivity

among village-based NTMRs and fishing grounds in
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separate municipalities, or dominated by inferred inci-

dences of self-recruitment occurring at the scale of indi-

vidual NTMRs or reefs? (2) How would larval dispersal

differ seasonally given wind-driven shifts in the direction

of surface currents? (3) What is the shape of the potential

larval dispersal kernel?

Materials and methods

Geographic setting

The study area encompassed the reef surrounding the Apo

Island marine protected area (a national MPA) and 25

inshore fringing reefs (0.3–3.5 km long) situated along the

southern coast of Negros Island (Fig. 1a). Jurisdiction over

these reefs is divided among eight municipalities (Siaton,

Zamboanguita, Dauin, Bacong, Dumaguete, Sibulan, San

Jose and Amlan; Fig. 1a). The mean (±SD) nearest-

neighbour (centroid–centroid) distance between reefs was

3.9 ± 3.0 km (range 1.4–11.5 km). A strong current, the

Bohol Jet, flows year-round towards the west/southwest in

the vicinity of Apo and southern Negros (Gordon et al.

2011) (Fig. 1b). The general direction of surface currents

in the area can be affected by the seasonal reversal of

prevailing winds in response to tropical heating (Wang

et al. 2012), which are known in Southeast Asia as the

southwest monsoon (southwesterly, usually from June to

September) and the northeast monsoon (northeasterly,

usually from November to March) (Wyrtki 1961). Mon-

soon-driven flow reversals were partially confirmed by

obtaining vertical profiles of currents (surface to 100 m

deep) in the study area using a 300 kHz acoustic Doppler

current profiler mounted on the side of a boat (Electronic

Supplementary Material, ESM Fig. S1). Currents were

surveyed during two monsoon transition periods (May

2012 and May–June 2013) when weaker easterly winds

prevailed, and once during the southwest monsoon (late

September–early October 2012). Surveys could not be

conducted during the northeast monsoon due to inclement

weather.

Management setting

Reef-fish stocks in the central Philippines are subject to

heavy fishing pressure due to high human population

density and weak adoption or enforcement of more con-

ventional fisheries management measures such as effort

and catch restrictions (Nañola et al. 2011). However,

NTMRs have become a socially accepted approach to reef

management in this region and the idea of ‘scaling up’ to

NTMR networks is gaining traction (Alcala and Russ 2006;

Lowry et al. 2009). Within the study area, 23 NTMRs (22

along the Negros coast and one within the Apo MPA) have

been established at different times since 1982 by fishing

communities (villages or barangay) without the intention

of creating an inter-municipal network (Fig. 1a). The lar-

gest of these NTMRs has an area of 0.76 km2
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Fig. 1 Study area (a) showing the location of NTMRs (numbered 1–23), the 26 sampled reefs and the sample sizes of adult and juvenile

Chaetodon vagabundus per reef; greater study region (b) showing reefs (black) within a radius of 150 km (encircled) from the study area
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(mean ± SD: 0.10 ± 0.15 km2). The mean nearest-neigh-

bour distance between NTMRs was 3.0 ± 2.7 km (range

0.6–11.6 km), while the farthest in-water distance between

two NTMRs was approximately 75 km. Collectively, the

NTMRs protect\1% of total reef area. Day-to-day man-

agement of the NTMRs in Negros is implemented at the

village level with support from the local municipality. The

NTMR and greater fished MPA at Apo are co-managed by

the resident community, the municipality of Dauin and the

Department of Environment and Natural Resources. Apo

NTMR has been strictly protected since 1982 and has

shown a steady build-up of target fish biomass over dec-

ades (Russ and Alcala 2010).

Study species

Chaetodon vagabundus (vagabond butterflyfish, Family

Chaetodontidae) has a pelagic larval duration (PLD) of

about 3–4 weeks (Leahy et al. 2015), similar to a wide

range of reef-fish species in the Indo-Pacific (Lester and

Ruttenberg 2005). Adults of the species are territorial mid-

water spawners that form strong pair bonds (Tanaka 1992).

The juveniles recruit in intertidal and shallow reef habitats

before migrating to deeper reef habitats as they mature

(Pratchett et al. 2008). These general reproductive and

ontogenetic characteristics are more similar to larger reef-

fish taxa that are common targets of fisheries (e.g. snappers,

parrotfishes) than to smaller and more site-attached species

(e.g. damselfishes) (Thresher 1984; Honda et al. 2013).

However, C. vagabundus is not a major fishery species,

which may be disadvantageous for demonstrating the

potential effects of NTMRs on fisheries but could be

advantageous for gaining insights into patterns of larval

dispersal that are less affected by fishing (through the

alteration of demographic structure, reproductive beha-

viour, etc.). The use of exploited fish species for this study

was less feasible because they tend to be rare outside

NTMRs due to heavy fishing pressure.

Large-scale sampling

Adults and juveniles of C. vagabundus were sampled

intensively but unevenly in 26 sites that spanned approxi-

mately 90 km of coastline: the reef surrounding Apo Island

and the 25 inshore reefs along the Negros coast (Fig. 1a).

Adult population size in the study area was approximated

by estimating mean (±SD) adult density from transect

surveys and extrapolating over the approximate total reef

area (ESM Table S1). Researchers and local fishers cap-

tured 1478 adults and 2071 juveniles using nets and spears

and recorded the dates and sites of capture (see ESM

Supplementary methods). A small tissue sample (dorsal fin

clip *1 cm2) was obtained from each fish. Tissue samples

were preserved in 95% ethanol and brought to the labora-

tory for genetic analysis (see below). Most juvenile fish

were euthanised and collected for extraction and exami-

nation of sagittal otoliths to estimate PLD and date of

spawning to infer seasonal larval dispersal patterns (see

below). Very few samples were collected in the three

northernmost sampling sites (Fig. 1a) because fish there

were less abundant and very evasive. Sampling was not

done inside NTMRs as this could cause misunderstanding

with some stakeholders despite an extensive information

and education campaign prior to sampling and municipal

councils approving the research. The only justifiable way to

deal with this limitation was to sample as close as possible

to the boundaries of NTMRs, usually within tens of metres.

A parentage assignment was considered to indicate larval

dispersal between two NTMRs or between an NTMR and a

fished area if the parent/s and/or offspring were sampled

not more than 0.6 km from the NTMR/s in question, on the

same reef as the NTMR/s. This distance is equivalent to the

greatest linear dimension of the NTMRs. On the other

hand, a parentage assignment would indicate self-recruit-

ment if an assigned juvenile was sampled on the same reef

as its parent/s. Sampling was conducted from September

2011 to November 2012.

Genetic parentage analysis

DNA was extracted from each tissue sample and genotyped

with a panel of 20 polymorphic microsatellite loci (ESM

Table S2). About 95% of the samples (1387 adults and

1978 juveniles) were successfully amplified by PCR for at

least 17 of the 20 loci. One of the 20 loci (locus D8)

showed significant departures from Hardy–Weinberg

equilibrium and had to be excluded to avoid violating the

assumptions of the parentage assignment method. None of

the locus pairwise comparisons showed evidence of sig-

nificant linkage disequilibrium.

Parent-offspring relationships were determined based on

a maximum likelihood approach in the software FAMOZ

(Gerber et al. 2003). FAMOZ provides results similar to

other parentage assignment methods when 20 or more

microsatellites are used (Harrison et al. 2013). The cumu-

lative exclusion probabilities were 0.99999 and 1.0 for

single parents and parent couples, respectively, when 19

loci (locus D8 excluded) were used. In turn, cumulative

probabilities of identity (i.e. two individuals share the same

genotype by chance) were low: 3.6 9 10-27 for unrelated

individuals and 3.1 9 10-9 for sibs. FAMOZ computes log

of the odds ratio (LOD) scores for parent–offspring rela-

tionships and constructs statistical tests for parentage

assignments. These tests are based on the simulation of

offspring from genotyped parents (true pairs) and from

allele frequencies estimated from the genetic dataset (false
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pairs). Ten thousand offspring were simulated from true

and false pairs. An error rate of 0.01% was incorporated to

the simulation to take into account genotyping error while

minimising statistical errors associated with parentage

tests. Genotyping error per locus ranged from 0 to 2.6%.

Genotyping error across all loci was 0.016% (ESM

Table S2). Minimum LOD score thresholds for accepting

single-parent and two-parent assignments as being true

were defined as the intersection between the two distribu-

tions of LOD scores from simulated offspring (true vs.

false pairs). LOD score threshold values were 5.1 for sin-

gle-parent assignments and 18.0 for two-parent assign-

ments. This parameter set was evaluated using the

‘parentage test simulation’ option in FAMOZ to estimate

the probability of excluding a true parent knowing that it

was in the sample (type I error) and the probability of

assigning a false parent knowing that the true parent was

not sampled (type II error). Type I and II errors for

accepting parent-offspring assignments as being true with

an LOD score threshold of 5.1 and an LOD error rate of

0.01% were estimated to be 0.02 and 1.64%, respectively.

Despite the high exclusion probabilities and low type I

and II errors, type II error (assigning a parent when the

true parent was not sampled) was more likely than type I

error because the percentage of potential parents sampled

was relatively low (19.6%, see Results) and the sampling

of juveniles was not exhaustive. As a conservative mea-

sure to reduce false assignments associated with type II

error, 35 single-parent assignments that had LOD scores

higher than 5.1 but had confirmed mismatches (samples

were re-scored and re-genotyped) between the genotype

of the offspring and the genotype of the assigned parents

at more than two loci were excluded. Larval dispersal

distance was estimated for every accepted parent-off-

spring match by measuring the shortest in-water distance

between the sites of capture of the parent fish and the

offspring fish.

Analysis of otoliths

Transverse cross sections of the left sagittal otoliths of

juvenile fish in the accepted parentage assignments were

prepared and interpreted as per Leahy et al. (2015). PLD

was estimated by counting the daily rings between the

centrum and the settlement mark and adding 1 d to

approximate the duration of the egg stage in butterflyfish

(Leis 1989). Post-settlement age was estimated by counting

the daily rings between the settlement mark and the outer

edge of the otolith. The probable date of spawning was

back-calculated by subtracting the total age (PLD ? post-

settlement age) of the juvenile fish from the date when the

fish was collected. Date of settlement was estimated by

adding PLD to the back-calculated spawning date.

Dispersal kernel estimation

A larval dispersal kernel is a statistical relationship qi d; kð Þ
that measures the strength of dispersal occurring between

two reefs based on the kernel’s functional form i, param-

eterisation k and the distance d between two reefs. Dis-

persal strength (and therefore the probability of dispersal)

was expressed as larval density in proportion to the

strength of local retention. Maximum likelihood methods

were used to identify the best-fit parameter sets for a series

of candidate dispersal kernels: Laplacian, Gaussian, Rib-

bens and Cauchy functions (the latter is a fat-tailed kernel

while the rest are thin-tailed exponential functions) (see

ESM Supplementary methods). The best shape and optimal

parameterisation of these kernels were estimated using

both those juveniles in the accepted parentage assignments

and the remaining unassigned juveniles. Each kernel and

parameterisation combination predicts a relative juvenile

composition on each reef comprised by: (1) assignable

juveniles from sampled adults; and (2) unassignable juve-

niles from the unsampled proportion of adults on sampled

reefs and all adults from nearby unsampled reefs (i.e.

within a radius of 150 km from the study area) (Fig. 1b).

These expected proportions can be used to construct the

likelihood of creating the observed sample of juveniles at

each sampled reef. The process requires population esti-

mates at all reefs in the system, which were extrapolated

from transect survey data on sampled reefs, and by

assuming that the typical density of the species on sampled

reefs is reflected on the unsampled reefs (see Bode et al.

2016; ESM Supplementary methods).

Results

Parentage assignments

From 1978 genotyped juveniles, only 790 had a matching

parent in the putative parents sample that complied with

the error rate allowed and had positive LOD scores. From

the 790, only 72 had a LOD score higher than the threshold

(5.1) to accept them as true offspring-parent pairs. From

these 72 parentage assignments, only 37 juveniles were

accepted as being the true offspring of the parents to which

they were assigned. Thirty-five of these were assigned to a

single parent (mean LOD score of 9.44 ± 4.68; range

5.15–31.60), while two were each assigned to a parent

couple (couple LOD scores of 34.03 and 40.73). The most

likely parents were the only assigned parents. The best

estimate of total adult population size was 7071 individuals

with a high and low estimate of 10,124 and 4018 adults,

respectively (ESM Table S1). The best estimate indicated

that 19.6% (1387/7071) of potential parents were sampled.
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This proportion ranged from 13.7 to 34.5% if the high and

low adult population estimates were used.

Spatial patterns of dispersal

Thirty-five of the accepted parentage assignments indi-

cated larval dispersal among reefs in Negros Island and

between Apo and Negros islands (Fig. 2). Eight of these

suggested linkages were among seven NTMRs

9.0–41.2 km apart (Fig. 2a). These included probable

larval dispersal from the highly successful Apo NTMR to

a much younger NTMR in Negros. Eleven assignments

suggested that three NTMRs in Negros, the Apo NTMR

and the well-managed Apo MPA can supply recruits to

fished areas 1.2–46.2 km away. Seven assignments indi-

cated import of larvae from municipal fishing grounds to

four NTMRs 11.7–47.9 km away (Fig. 2b). Nine assign-

ments indicated larval dispersal between municipal fish-

ing grounds that were 3.0–33.1 km apart. About half (18/

35 or 51%) of these inferred occurrences of larval dis-

persal linked municipalities. Inferred incidences of larval

dispersal between municipalities that shared a common

border were equally as frequent as those between

municipalities that were not adjacent to each other. Only

two parentage assignments indicated self-recruitment.

These occurred near headlands in Negros (Siaton Pt and

Bonbonon Pt) and had inferred dispersal distances of 0.2

and 0.6 km (Fig. 2b).

Juvenile life history and seasonal patterns

of dispersal

Sagittal otoliths were available for 35 juveniles in the

accepted parentage assignments. The mean PLD of this

sample was 25.6 ± 2.3 d (range 20–30 d). This PLD

value is shorter than the larval duration of C. vagabundus

in other geographic locations, which may be indicative of

local adaptation to maximise settlement in a region where

reefs are closely spaced (see Leahy et al. 2015 and ref-

erences therein). Post-settlement life span ranged from 29

to 147 d. Back-calculated spawning dates suggested that

spawning and settlement occurred during the two mon-

soons and two monsoon transition periods between 21

July 2011 and 16 October 2012. Ten out of 11 fish that

were spawned during the southwest monsoon had east-

ward/northeastward inferred dispersal trajectories, which

suggested downwind drift (Fig. 3a). Downwind larval

transport was also indicated by the inferred westward

dispersal of 16 out of 20 fish that were spawned during the

northeast monsoon (Fig. 3b). Three of the four fish that

were spawned during monsoon transition periods had

westward dispersal trajectories, suggesting advection by

the Bohol Jet (Fig. 3c).

Estimated potential dispersal kernel

The Ribbens kernel offered the best fit to the parentage data

(Table 1; Fig. 4; ESM Fig. S2). This kernel predicts that

50% of larvae would settle within 33 km, or 95% within

83 km of parents (if habitat were available). The mean

larval dispersal distance calculated from this kernel was

36.5 km, while the standard deviation was estimated to be

44.2 km. Note, however, that these values do not differ

considerably from those of the Laplacian and Gaussian

kernels (Table 1), suggesting that the specific shape of the

dispersal kernel does not alter conclusions about the

average distance travelled by larvae.

Discussion

This study revealed patterns of reef-fish larval dispersal in

a region where NTMR networks could play a crucial role in

coral-reef conservation and fisheries management over

large spatial scales. Most of the accepted parentage

Between NTMRs
NTMR/MPA to fished area

Fished area to NTMR
Between fished areas
Self-recruitment (within a fished area)

a

b

10 km

N

Fig. 2 Inferred patterns of larval dispersal from NTMRs (a) and from
fished areas (b)
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assignments suggested larval dispersal among NTMRs and

fishing grounds with about half of these connecting the

reefs of independent local government units. On the other

hand, inferred occurrences of self-recruitment were rare.

Seasonal variations in larval dispersal appeared to be

related to monsoon-induced surface current reversals

notwithstanding the presence of a strongly unidirectional

current. The estimated larval dispersal kernel predicts that

most larvae could settle within several tens of km from

their parents, which indicates that any of the 23 NTMRs

has a reasonable chance of supplying recruits to a good

number of NTMRs and fishing grounds within the study

area.

The study suffers from three weaknesses. First is the

small number of parentage assignments that were detected,

despite an intensive sampling effort over a large scale. This

was probably due to sampling a low proportion of parents

within the study area. However, considerable immigration

of recruits from populations outside this area is also plau-

sible given the scale of the estimated larval dispersal kernel

(Figs. 1, 4). Second is the lack of temporal replication.

Larval dispersal patterns were inferred for about one year

only. The results should therefore be treated with some

caution. Repeated sampling and parentage analysis to

determine inter-annual variability were not feasible due to

financial constraints. Third, the study does not provide any

prevailing
current direction

prevailing
wind direction

prevailing
wind direction

a

c

b

10 km

N

N

N

N

Fig. 3 Inferred patterns of larval dispersal for juvenile fish that were

spawned during the southwest monsoon (a), the northeast monsoon

(b) and the monsoon transition periods (c). The angle histogram on

the lower right of each panel summarises the directions of inferred
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Table 1 Model fit parameters for four candidate larval dispersal kernels [ln(k)]

Dispersal kernel Best-fit kernel parameter Likelihood of the best-fit parameter Mean dispersal distance (km) SD (km)

Ribbens -12.8 285.3 36.5 44.2

Gaussian -8.3 285.9 34.8 43.7

Laplacian -3.5 289.8 32.4 45.8

Cauchy 3.1 295.9 n/a n/a
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intervals of the fit. Dispersal strength (and therefore the likelihood of
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reef if suitable habitat were available. The histogram shows the

frequency of dispersal distances (in 2 km intervals) of the 37

juveniles in accepted parentage assignments (right y-axis)

Coral Reefs (2017) 36:791–801 797

123



insights into population connectivity beyond the first few

months of the juvenile stage (i.e. up to adulthood). The

fates of recruits are likely to vary across sites given local

ecological conditions (Leahy et al. 2015), thus modifying

the strength of population connections suggested by larval

dispersal. However, determining patterns of full demo-

graphic connectivity was beyond the scope of this study.

Despite these deficiencies, several aspects of this work

improve the understanding of natural patterns of larval

dispersal in reef fish and consequently probable connec-

tivity patterns and their implications for implementing

NTMR networks. First, the results contribute to growing

evidence showing that mutual replenishment among

NTMRs and enhanced larval supply to fished populations

may occur within a system of replicated and closely spaced

NTMRs encompassing a moderate spatial scale (several

tens of km). This evidence further substantiates existing

recommendations to space NTMRs less than a few tens of

km apart to enhance the recruitment subsidy effect

(McCook et al. 2009; Fernandes et al. 2012; Green et al.

2015). For example, Green et al. (2015) recommended

spacing NTMRs no more than 15 km apart as a general

guideline for designing NTMR networks for reef fish. They

further advised spacing NTMRs much less than this dis-

tance in countries where NTMRs tend to be small (\1 km2)

for the simple reason that small NTMRs would have less

larval output than larger ones. Presently, there is very

limited empirical evidence for close spacing between

NTMRs enhancing the recruitment subsidy effect (Grorud-

Colvert et al. 2014), but it is worth pointing out that in

heavily fished regions, the enhanced recruitment subsidy

effect of NTMRs could be crucial if spawning biomass is

too low in surrounding fished areas (Pelc et al. 2010; Russ

and Alcala 2010).

Second, the result suggesting that the reef-fish popula-

tions are more open than closed (i.e. incidences of dispersal

showing potential connectivity far outnumbered self-re-

cruitment) seems to agree with predictions about how lar-

val dispersal and habitat patchiness can influence

population openness. Modelling studies by Pinsky et al.

(2012) indicate that populations will tend to be more open

if habitat spacing is less than twice the standard deviation

of the larval dispersal kernel. In the present study, the mean

nearest-neighbour distance between reefs and between the

NTMRs was one order of magnitude smaller than the

standard deviation of the dispersal kernel. High levels of

population openness imply that the sustainability of reef-

fish populations within the small NTMRs will strongly

depend upon connectivity with other NTMRs and fished

populations that are close enough (Botsford et al. 2001;

White et al. 2010). Furthermore, the typical size (longest

dimension) of the NTMRs was up to two orders of mag-

nitude smaller than the estimated mean larval dispersal

distance of the study species or any Indo-Pacific reef-fish

species studied to date (reviewed by Green et al. 2015),

indicating that the NTMRs are unlikely to sustain them-

selves through self-seeding (Botsford et al. 2001; White

et al. 2010). These inferences further underscore the

importance of sufficiently close spacing between small

NTMRs. However, theoretical studies also suggest that if

small NTMRs only protect a very limited proportion (e.g.

much less than 20–30%) of the total fish population and

fishing pressure remains unabated, their populations cannot

be sustained because of inadequate replenishment through

connectivity (Botsford et al. 2001; White et al. 2010; Hopf

et al. 2016).

Third, the study documents a direct correlation between

seasonal trends in larval dispersal and current reversals

driven by the monsoons. Monsoon wind forcing could be

an important driver of reef-fish connectivity patterns in

regions closer to the equator, affecting not only larval

dispersal but also survival (Abesamis and Russ 2010).

However, empirical evidence for monsoon impacts on

larval dispersal is rare (Cowen 2006; Pineda et al. 2007).

For instance, Saenz-Agudelo et al. (2012) did not detect a

relationship between larval dispersal in the damselfish

Amphiprion polymnus (a benthic spawner with a PLD of

*12 d) and monsoon-driven current reversals in a

parentage study in Papua New Guinea. They attributed this

result mainly to the small spatial scale of their study

(*35 km), arguing that larval behaviour could have had a

stronger influence on dispersal than current directionality at

this scale. In the present study, the detection of seasonal

dispersal trends may have been facilitated by sampling at a

larger scale and the mid-water spawning mode and longer

larval life of the study species. The seasonal patterns

documented here suggest that for some species with rela-

tively long PLDs, recruitment subsidies from NTMRs in

monsoonal regions may be more homogenously distributed

over large areas on an annual basis, thus potentially ben-

efitting stakeholders more evenly in a network. This pos-

sibility is more likely for reef-fish species that spawn

throughout most of the year at lower latitudes (Claydon

et al. 2014; Abesamis et al. 2015) than for those with

shorter spawning seasons that may or may not coincide

with the monsoons (Hamilton et al. 2011).

Fourth, the results indicate that in some situations, the

fisheries management measures implemented by one

coastal community (a village or a municipality) may have

a greater impact on reef-fish populations outside, as

opposed to within, their jurisdiction (also see Almany

et al. 2013). That is, returns or feedback in terms of larval

supply may be less at smaller scales of management

compared to external recruitment subsidies. Here, feed-

back is likely to be much weaker at the scale of individual

NTMRs managed by villages compared to management at
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the municipal level. On the other hand, feedback could be

weaker within a single municipality compared to collab-

orative management between two or more adjacent

municipalities. Weaker feedback emphasises the impor-

tance of nested management and cooperation among

ecologically connected, but politically separate, manage-

ment units to harness the recruitment subsidy effect of

individual NTMRs more effectively. Collaboration among

independent management units is one strategy by which

local-scale actions subject to socio-economic constraints

can be scaled up to address regional objectives (Mills

et al. 2010; Weeks et al. 2014). This strategy has had

some success in forming NTMR networks within a

broader ecosystem management framework in situations

where fisheries management has been delegated to more

local levels (Lowry et al. 2009; Horigue et al. 2012, 2016;

Weeks et al. 2014). However, weak institutional support

at the network level remains a major hurdle (White et al.

2014).

In conclusion, this study validated an integral process in

the ecological basis for NTMR networks. The results

underscored the importance of, and provide justification

for, close spacing between small NTMRs to form a dense

and mutually replenishing network. This is especially

important in regions where large NTMRs are less feasible.

The study also highlighted significant challenges for the

creation of large-scale NTMR networks in coral-reef

countries: (1) strengthening coordinated management

across political or customary boundaries; and (2) ensuring

adequate population connectivity to sustain reef-fish pop-

ulations. The first is necessitated by a high likelihood of

larval dispersal at spatial scales that can encompass inde-

pendent management units but in the archipelagic setting of

many coral-reef countries may also mean dependence of a

network on management units outside of this network. The

second will require protecting a relatively large fraction of

reefs within NTMRs and significantly reducing fishing

pressure. These challenges should be addressed with high

priority as advocacy for NTMR networks in the developing

world continues to grow.
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