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a b s t r a c t

Resource management and conservation require the definition of planning units (PUs), i.e., the spatial
domain where management decisions are applied. PUs are either pre-established in size and shape
following management constraints or are data driven (DDPUs) by overlay of multidisciplinary data layers.
The trade-offs between these two approaches have not been investigated previously for small tropical
islands and their characteristics. Here, we use resource density, fishing pressure and susceptibility to
mortality for a giant clam fishery in a small French Polynesia atoll to discuss the suitability and impact of
the two approaches in conservation management. Aggregation to pre-established PU grids highly
affected data even for PU as small as 2500 m2, with higher loss of spatial information for density and
fishing effort. By contrast, DDPU rendered well small scale patterns of interest but reduced redundancy.
Our results stress the importance of considering the initial patterns of data in the definition of planning
units, and we suggest a 3 steps process to identify adequate trade-offs between PU size, PU redundancy
and data loss to properly draw practical recommendations for small islands.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Spatially explicit conservation plans are useful decision support
tools for managers (Pelletier and Mah�evas, 2005). In particular,
these plans require the definition of a network of spatial planning
units (PUs). Once the network is established, relevant properties
are considered homogenous inside each PU, and they may be,
individually or as clusters, the object of specific management ac-
tions (Moilanen et al., 2009). Their shape can be regular (square or
polygonal) or irregular if they follow administrative and environ-
mental boundaries and units of ownership or tenure (e.g., Pressey
and Nicholls, 1989; Hermoso and Kennard, 2012; Ma et al., 2012a).

The use of PUs extended during the past decade with the
development of spatially explicit models. These models benefit, for
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example, systematic conservation planning (Ball et al., 2009;
Moilanen et al., 2009; Deas et al., 2014), population, and fishery
studies (Pelletier and Mah�evas, 2005), and usually combine biolog-
ical and sociocultural data (L�eopold et al., 2014). Often, the shape and
size of PUs are defined according to planning objectives and man-
agement capacities (e.g., surveillance logistical capacities, (Moilanen
et al., 2009)). However, the consequences of such ad hoc choices
remain unclear in terms of data and model quality as discussed for
freshwater systems by Hermoso and Kennard (2012). Indeed, rele-
vant spatial patterns visible in initial data but smaller than PU size
may be missed when data is degraded to fit the pre-established size
and shape of PUs. Conversely, when PUs are small relative to the
initial data variation, some configurations may be over-represented
in a network. A predefined, arbitrary, PU network may thus
notably influence models output and management decisions
(Pressey and Logan, 1998; Ferrier and Wintle, 2009; Nhancale and
Smith, 2011). When the grain size of important data (e.g., resource
stocks, fishing locations) is small like for Pacific island fisheries
(Hamel and Andr�efou€et, 2010; Hamel et al., 2013; L�eopold et al.,
2014), it seems that defining a PU network according to data

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:simon.vanwynsberge@gmail.com
mailto:serge.andrefouet@ird.fr
mailto:serge.andrefouet@ird.fr
mailto:nabila.gaertner-mazouni@upf.pf
mailto:georges.remoissenet@drm.gov.pf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ocecoaman.2015.06.031&domain=pdf
www.sciencedirect.com/science/journal/09645691
http://www.elsevier.com/locate/ocecoaman
http://dx.doi.org/10.1016/j.ocecoaman.2015.06.031
http://dx.doi.org/10.1016/j.ocecoaman.2015.06.031
http://dx.doi.org/10.1016/j.ocecoaman.2015.06.031


S. Van Wynsberge et al. / Ocean & Coastal Management 116 (2015) 37e4338
accuracy and spatial patternwould be amore sensible approach than
defining PUs on the basis of management possibilities only.

To understand how arbitrary PUs may alter management deci-
sion in the context of tropical island small fisheries, we compare the
influence of geometry and design of PUs on data loss and redun-
dancy. Data redundancy is defined here as the proportion of PUs
sharing the same combination of data values. For this, we used data
layers that are currently judged critical for the sustainability of a
small giant clam fishery in a remote atoll of French Polynesia to 1)
assess how aggregation for different PU sizes affect data values and
spatial patterns; 2) compare redundancy for two PU designs: a
systematic grid and a data driven network (DDPU). Trade-offs be-
tween PU grid size, PU redundancy and data loss is examined to
draw recommendations for conservation andmanagement of small
islands.
2. Methods

2.1. Study sites

French Polynesia is located in the Central Pacific Ocean and in-
cludes 118 islands distributed in five archipelagos. This study fo-
cuses on Tatakoto, an isolated and semi-closed atoll located in the
eastern Tuamotu Archipelago (Fig. 1). Very high stock and densities
were reported for the small giant clam Tridacna maxima in this
lagoon in 2004 (up to 544 ind m�2; Gilbert et al., 2005) although
the stock is not even, with patchy densities found throughout the
lagoon depending on habitat types, depth and location (Gilbert
et al., 2006). Highest densities and stocks were found on the
patch reefs of the eastern lagoon (Fig. 2). Patch reef size is typically
on the order of few tens of meters (see Fig. 6 in Gilbert et al., 2006).

Only 287 inhabitants live on Tatakoto, all aggregated in the
western end of the atoll (Tumukuru village). However, T. maxima
stock is subjected to a significant exploitation with up to 20 tons of
flesh sent annually toward the French Polynesia main island, Tahiti
(in 2007, DRMM data). Less significant, but growing, exploitation
also includes the temporary collection of live specimen for the
aquarium trade. Fishing grounds are known to be different
depending on the type of fisher activity, with professional-like
fishers traveling greater distances than others (Gilbert et al., 2007).

The significant extraction of giant clam and the fairly small
lagoon size (17.7 km2), promoted the decision in 2004 by the
Fig. 1. A: Location map of Tatakoto atoll in French Polynesia; and B: satellite image of
Tatakoto atoll (Quickbird imagery, 2.4 m spatial resolution).
Service de la Pêche (Fishery Services of French Polynesia) and in
agreement with the local population, to create a 0.5 km2 No Take
Area (NTA) in the eastern sector of the lagoon (Gilbert et al., 2005).
However, this conservation and management actionwas offset by a
massive mortality that likely occurred in 2009, probably triggered
by unusual weather conditions and temperature (Andr�efou€et et al.,
2013, Andr�efou€et et al., 2015). The entire lagoon was affected but
Andr�efou€et et al. (2013) reported higher mortality rates in the NTA
compared to other areas. This shallow enclosed part of the lagoon
with poor water renewal could be more vulnerable to warm pe-
riods of low wind and low swell (Andr�efou€et et al., 2015).

The combination of spatially structured stock per habitats, dif-
ferential susceptibility to mass mortality from west to east, and
differential level of fishing pressure according to fisher range of
behavior suggests that the lagoon is likely a tight mosaic of small
areas with different exposure to fishing and mortality risk. As such,
Tatakoto lagoon represents well the situation that occur in small
islands where subsistence and fishing put resources at risk, and
where climate-induced threats are an additional complication to
design spatially explicit management plans (Bell et al., 2011).

2.2. Spatial data acquisition

Resource status was characterized by measuring in situ giant
clam density at habitat scale (63 stations) and extrapolating to the
entire lagoon using habitat maps. Densities were measured in 2004
and reported by Gilbert et al. (2006). The extensive survey imple-
mented at Tatakoto atoll and methodological baselines are
described by Gilbert et al. (2006).

Susceptibility to massive mortality was considered as the main
driver of giant clam density in the past decade at Tatakoto
(Andr�efou€et et al., 2013). Spatial data on susceptibility to mass
mortality was directly issued from Andr�efou€et et al. (2013), who
reported 91% mortality inside the enclosed shallow NTA and 59%
outside, both values are an order of magnitude higher compared to
other isolated islands (Apte and Dutta, 2010). Vulnerability is thus
expressed as a percentage of change of density between 2004 and
2012.

We characterized the spatial distribution of fishing efforts by
conducting interviews of local inhabitants in July and October 2013.
Two interviews were specifically dedicated to the behavior of the
most active fishers known from the local authorities. Then,
seventeen interviews targeted randomly chosen households (one
person interviewed by household) to map the range of fishing
behavior and the associated range of fishing pressure. Interviewed
people ranged from 15 to 80 years old and represented 7% of the
population, but their answers were usually relevant to their entire
household (spouse, children and parents), and likely represented
well the population. During each interview, the questions aimed to
clarify 1) the targeted size of fished giant clam; 2) depth of fishing;
3) fishing gears and tools used to collect, extract flesh from shells,
and clean up giant clam flesh; 4) frequency of fishing trips; 5) catch
weight; and 6) destination for catch (export to Tahiti, local con-
sumption, etc.). For each of these 6 questions, a semi-quantitative
index was defined using the key legend given in Table 1, and was
attributed to each surveyed household. Euclidean distances and
classification tree (group average method) were then established
using Primer® 6.1.10 to provide a typology of fisher behavior.

Spatial maps of fishing effort were issued for each surveyed
fisher. For fishers that swim, the fishing ground was defined arbi-
trary as the 100-m buffer around the mooring points, as fishers
usually do not swim long distances without moving their boat
(personal observation). Maps of fishing ground were compiled
using the GIS Esri® ArcMap 10.1 software for each type of fishers
found in the cluster. Spatial repartition of fishing effort was finally



Fig. 2. Spatial data for the eastern part of Tatakoto atoll. A: density (from Gilbert et al., 2006); B: Susceptibility to mass mortality (from Andr�efou€et et al., 2013); C, D and E: fishing
effort for the three clusters of fishers, 1, 2 and 3 respectively. A 100 m buffer around boat mooring points was used to define the fishing ground for swimming fishers; F: the DDPU
map resulting from the overlay of the previous data maps. Each color represents a different planning unit. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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expressed in proportion of fishers visiting an area.
All data (i.e., giant clam density, susceptibility to mass mortality,

and fishing pressure) were habitat-dependent, and all maps were
therefore established using a habitat map for baseline (Andr�efou€et
et al., 2005; Gilbert et al., 2006; Andr�efou€et et al., 2013). The spatial
resolution (i.e., pixels' size) of the Quickbird satellite image used to
map habitats was 2.4 m (Fig. 1B). However, reflectance values for
one pixel can “spill over” to the adjacent ones (Bainbridge and
Reichelt, 1988), we thus considered the minimum discernable
unit, sensu Bainbridge and Reichelt (1988), to be 25 m2.
2.3. Defining PUs

Two contrasted approaches were used to define PUs. First, maps
of giant clam density, susceptibility to mass mortality, and fishing
pressure established above were superimposed using the “Inter-
section” tool of GIS Esri® ArcMap 10.1 software, in order to obtain
one single map. This “map overlay” approach provided irregular



Table 1
Semi-quantitative index value and corresponding meaning used during interviews to define a typology of fishers.

Description Index value

Targeted size for giant clams
Shorter than 12 cm 1
Between 12 and 15 cm 2
Longer than 15 cm 3

Depth of fishing
Stay within foothold areas (less than a meter deep) 1
Occasionally swimming 2
Always swimming 3

Tools used for fishing
Using knife and bag only 1
Additionally using fishing gloves 2
Additionally using a motorized boat or snorkeling gear 3
Additionally using a motorized boat and snorkeling gear 4
Additionally using rakes to sweep corals covering giant clams 5

Frequency of fishing trips
Less than once a year 1
Less than once a month 2
More than once a month 3
More than once a week 4
Several times a week 5

Catch weight
Less than 1 kg of cleaned flesh per month 1
Between 1 and 10 kg of cleaned flesh per month 2
Between 10 and 50 kg of cleaned flesh per month 3
Between 50 and 200 kg of cleaned flesh per month 4
More than 200 kg of cleaned flesh per month 5

Destination of catch
Subsidence consumption of flesh only 1
Subsidence consumption of flesh and local gift 2
Subsidence consumption of flesh and gift (local and toward Tahiti) 3
Commercial activity (local or toward Tahiti) 4
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PUs whose shape is directly driven by the distribution of each
spatial data layer (DDPU, Fig. 2).

Second, a series of PU networks was defined following a regular
square grid, with grid sizes of 25, 2500, 10,000; 40,000; and
160,000 m2. Data where aggregated to fit the shape and scale of
these pre-established PUs (Fig. 3), by computing the mean of data
values falling inside each PU, weighted by the surface area covered
by each value.

2.4. Assessing the relevance of PUs

The PU networks were compared using two criteria. First, the
proportion of PUs sharing exactly the same combination of values
for giant clam density, susceptibility to mass mortality and fishing
pressure was calculated. This provided the level of redundancy of
the network. Then, taking the smallest size of squared PU as
reference (25 m2), a data approximation term induced by the ag-
gregation of data for PUs larger than 25 m2 was calculated by eq.
(1):

d ¼ 1
n

X

n

���Vref � Vx

���
Vref

(1)

where n is the number of 25 m2 squares; and Vref and Vx are the
values of variable V for the 25 m2 PUs and for the x m2 PU
respectively.

3. Results

3.1. Fishing pressure

The 19 interviews conducted with Tatakoto inhabitants identi-
fied 3 clusters of fisher behavior, respectively represented by eight
(cluster 1&2), and three (cluster 3) interviewed fishers (Fig. 4A). All
persons interviewed where potential fishers as they declared col-
lecting giant clams, but some more occasionally than others.

Cluster 1 refers to professional fishers who collect giant clams
regularly, usually searching for the largest giant clams, deep, and
with enhanced fishing tools (Table 1, Fig. 4B). In particular, they use
motorized boats for fishing (whether their own or borrowed to
relatives), with enough power to cross the entire lagoon in less than
an hour. Crop weights are high, and catches are usually for sell,
whether for local islanders or for Tahiti's market.

The second cluster included less active fishers who are usually
engaged in another activity (e.g., coconut farming, administrative
employment) and for whom giant clam fishing therefore does not
provide a significant income. They do not systematically target
large clams, nor deep ones, use basic tools, and always catch small
quantities. Catches are for sell and gifts, whether locally or toward
Tahiti's market (Fig. 4B).

Cluster 3 included fishers who glean small giant clams in
shallow areas (<1 m deep) with basic tools and only for occasional
personal consumption.

The maps of fishing pressure were contrasted between the three
clusters of fishers. Thewestern area, close to the villagewas used by
the three groups, but Cluster 1 of fishers also regularly visited by
boat the patch reefs in the eastern and southern part of the lagoon.
Conversely, Cluster 2 fishers preferentially visited the northern part
of the atoll, where fishing grounds are accessible by road. Fishers
that make the cluster 3 also occasionally visited by boat the
southern areas next to small islands during week-ends, but col-
lecting giant clams was not the main reason of their presence in
these areas.



Fig. 3. Effect of data aggregation for different pre-established square grids. The figure
illustrates the case for T. maxima density only, but similar processes are performed for
susceptibility to mass mortality and fishing pressure as well. A: initial data; B:
50 m*50 m grid; C: 100 m*100 m grid; D: 200 m*200 m grid; and E: 400 m*400 grid.

Fig. 4. A. Classification tree of fishers, based on the semi-quantitative indices in
Table 1. Cluster 1 refers to professional fishers, while clusters 2 and 3 refer to non-
professional and occasional fishers respectively. B: Mean ± SD of semi-quantitative
index for depth and size of collected clams, catch weight, tools used for collecting,
and destination of catch. C1, C2 and C3 refer to three clusters of fishers, Cluster 1,
Cluster 2, and Cluster 3 respectively.
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3.2. Assessing the relevance of PUs

The overlay of spatial data yielded 23 DDPU (Fig. 2F) ranging in
size from 956 m2 to 2,106,591 m2 (median: 38,819 m2). Each DDPU
is characterized by a unique combination of density, susceptibility
to massive mortality, and fishing pressure. By contrast, the number
of regular PUs was an increasing function of PU size (Fig. 5A),
reaching 6096 and 286,134 PUs for cell sizes of 2500 m2 and 25 m2

respectively. Regularly gridded PUs always yielded redundant PUs,
from 93% redundancy with 25 m2 PUs down to 5% redundancy for
160,000 m2 PUs.

Approximation induced by data aggregation from the initial
data resolution (i.e., 25 m2) to the smallest PU size (2500 m2) was
high for giant clam density (d ¼ 215%) and fishing effort (d ¼ 18.7%,
29.1% and 76.1% for fishing effort of cluster 1, 2 and 3 respectively).
By contrast, the data approximation term d remained negligible for
susceptibility to mass mortality events (d <0.03%). For all variables,
data approximation quickly reached asymptotic values when PU
size increased (Table 2; Fig. 5B).
4. Discussion

4.1. PU, DDPU and data loss

The spatial aggregation of data usually leads to substantial
change in data coverage and information content (Bian and Butler,
1999; Saura, 2004; Mora et al., 2008; Hermoso and Kennard, 2012;
Andr�efou€et and Hamel, 2014). For the simple fishery of Tatakoto
atoll, we also found aggregation to rapidly affect data values, even
for small PU sizes (2500 m2). As expected, the loss of spatial in-
formation was more pronounced for patchy distributed variables.
This was especially true for giant clam density, since measured
densities could vary by two orders of magnitude in close proximity
depending on habitat distribution along the lagoon shore and patch
reefs.

The degradation of spatial data to fit arbitrary PU size is likely to
affect conservation plans and decision outcomes (Pressey and
Logan, 1998; Nhancale and Smith, 2011; Hamel et al., 2013). For
instance, the size of the planning unit was one of the most
important criteria to optimize the trade-off between habitat con-
servation and fishing ground when designing MPA networks for
small Pacific Islands (Hamel et al., 2013). Smaller units led to more
satisfying trade-offs.

Data aggregation can have significant implications for modeling.
Processes need to be modeled at the same resolution as the PU grid
size. For instance, spawning success could be parameterized for
each PU as a function of density. Here, a 215% mean underestima-
tion of density was induced when aggregating data from 25 m2 to
2500m2 PUs. This suggests that populationmodeling at this scale is
unlikely to be fine enough to realistically predict for instance pat-
terns of recruitment, density variations, and stock. This conclusion
is certainly valid for most sessile organism fishery models in small
islands.



Fig. 5. A: PU number (solid line and solid circles) and PU redundancy (dashed line, open circles) obtained for the tested PU area. Redundancy is the amount of PUs which shares
exactly the same combination of giant clam density, susceptibility to mass mortality and fishing effort. Note the logarithmic scales. B: Effect of PU sizes on data approximation term d

for density, vulnerability to massive mortality, and fishing efforts. C1, C2, and C3 refer to the three clusters of fishers.
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In terms of data loss, the DDPU approach is attractive to create a
baseline to model small scale processes since it avoids data ag-
gregation and preserves the initial data resolution. Map overlay
techniques have been widely used in spatial studies (e.g., Hopkins,
1977; Cowling and Heijnis, 2001; Rowlands et al., 2012), and
sometime criticized for their inaccuracy and underlying assump-
tion especially for data at different resolutions (Bailey, 1988).
However, in our case, map overlay is suitable because all integrated
variables were by-products of the same habitat map and therefore
were consistent in their initial spatial resolution (25 m2).

4.2. PU versus DDPU: which approach for which purpose?

Both gridded and unstructured PU network have their advan-
tages and drawbacks for tropical island management. The DDPU
approach saves the accurate spatial distribution of data. It avoids
both degradation of spatial data and redundant PUs. Redundant
PUs have identical combination of values and unnecessarily in-
crease the computing time required for calculation of population
models. A DDPU approach is therefore of particular interest when
spatial patterns of data and computing time is an issue, like for
spatially integrated fishery models in small tropical islands (Van
Wynsberge et al., 2013), and for complex and integrated ecolog-
ical models (e.g., Ma et al., 2012b; Zhang et al., 2012). In terms of
management, the network of DDPUs provides the most accurate
view of the diversity of data configurations within the lagoon; an
ideal monitoring protocol should look at replication across the 23
identified DDPUs, with adaptive strategy on the long run. The wide
panel of DDPUs size (>104 m2 or < 102 m2), however, is not
necessarily coherent with the scale at which decisions are typically
made (PU around 103 m2) in Pacific Island countries (Gilbert et al.,
2005; Hamel et al., 2013). The lack of redundancy and wide range of
PU sizes provided by the DDPU approach may also complicate
management decisions and limit options for systematic conserva-
tion planning. A small number of non-redundant PUs (23 DDPU for
Tatakoto) offers limited options when there are conflicts of
Table 2
Effect of PU sizes on data aggregation and PU redundancy. The data approximation term d

and C3 refer to the three clusters of fishers issued from the hierarchical classification tre

PU area (m2) Number of PU PU redundancy (%) Density (%) Vulnerabi

25 286,134 92.8 0 0
2500 6096 47.7 215 2.97 � 10
10,000 1867 33.5 221 8.94 � 10
40,000 537 14.9 213 1.31 � 10
160,000 151 5.3 191 1.70 � 10
interests and ambitious conservation goals (Hamel et al., 2013). A
gridded PU network has the advantage of offering far more options,
albeit at a cost of high number of PU and data degradation (Table 2).
In that case, smaller conservation units should be favored since
they allow for a more exact data representation and fewer objec-
tives get over-achieved (see for tropical islands Mills et al., 2010;
Hamel et al., 2013; see for land systems Pressey and Logan, 1995,
1998).

Choosing between one approach or the other is purpose-
dependent and is a trade-off between spatial unit size, data
redundancy, and spatial information loss. The PU approach allows
exploring systematically conservation scenarios for decision-
making, whereas the DDPU is more suitable to preserve data and
for accurate fishery modeling. In practice, this is not a trivial binary
choice and in many instances some intermediate solution could be
required. A relevant example of a mix approach is the conservation
GAP analysis achieved in the US for land systems (Jennings, 2000).
Habitat maps, habitat suitability modeling, and administrative
boundaries defining different management zones converge to draw
practical conservation recommendations. However, to our knowl-
edge, this approach has never been proposed tomanage fisheries in
tropical islands.

We hereafter suggest a three-step method to decide for DDPU,
PU or an intermediate solution.We illustrate this protocol using the
giant clam fishery model, but similar guidelines could be extended
to any other models provided some adaptation.

Step 1: Map data relevant for key processes. For fishery, this
means a minima mapping the giant clam density and fishing
pressure. Other natural processes affecting resource dynamic can
also be integrated (e.g., susceptibility to mass mortality, growth,
connectivity and recruitment, reproduction efficiency, Van Wyns-
berge et al., unpublished data). Such effort is not trivial and it is
costly (Ferrier, 2002), and although proxies and surrogates could be
used (Weeks et al., 2010), this is not recommended (Deas et al.,
2014; Hermoso and Kennard, 2012).

Step 2: Designing intermediate DDPU by overlay of the spatial
for density, vulnerability to massive mortality and fishing efforts are shown. C1, C2,
e.

lity (%) Fishing effort C1 (%) Fishing effort C2 (%) Fishing effort C3 (%)

0 0 0
�2 18.7 29.1 76.1
�2 26.1 36.8 80.1
�1 32.6 40.7 84.5
�1 38.7 44.2 84.5
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data identified and mapped in step 1. Step 2 creates a map of DDPU
on the basis of input data only, each DDPU pointing to a unique
combination of data values.

Step 3: Designing final PU according to conservation objectives and
a priori management capacities. This approach is typically used in
the conservation biology literature; but we suggest the process can
be dependent on DDPU established in step 2, with for instance
smaller PU designed for areas of high spatial complexity where
aggregation processes highly affect data values.

5. Conclusion

In this study we compared the relevance of two approaches (i.e.,
regular planning units versus data driven planning units) for con-
servation planning in small tropical islands. We highlighted that
planning unit configurations have a tremendous importance for
fishery modeling and systematic conservation planning, even in
simple biological and socioeconomic systems. This is in agreement
with other recent studies that also focused on tropical islands (e.g.,
Hamel et al., 2013; Deas et al., 2014; L�eopold et al., 2014). In
particular, aggregation to pre-established planning units grids
highly affected data even for planning units as small as 2500 m2,
while data driven planning units rendered well small scale patterns
of interest but reduced redundancy. We stress the importance of
collecting accurate data, conduct sensitivity analysis to data and
management options, and carefully assess trade-offs to draw
practical recommendations for tropical islands management and
conservation.
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