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Abstract

Both natural and anthropogenic stressors are increasing on coral reefs,
resulting in large-scale loss of coral and potential shifts from coral- to
macroalgae-dominated community states. Two factors implicated in shifts to
macroalgae are nutrient enrichment and fishing of reef herbivores. Although
either of these factors alone could facilitate establishment of macroalgae, reefs
may be particularly vulnerable to coral-to-algae phase shifts in which strong
bottom-up forcing from nutrient enrichment is accompanied by a weakening
of herbivore control of macroalgae via intense fishing. We explored spatial het-
erogeneity and covariance in these drivers on reefs in the lagoons of Moorea,
French Polynesia, where the local fishery heavily targets herbivorous fishes
and there are spatially variable inputs of nutrients from agricultural fertilizers
and wastewater systems. Spatial patterns of fishing and nutrient enrichment
were not correlated at the two landscape scales we examined: among the
11 interconnected lagoons around the island or among major habitats (fringing
reef, mid-lagoon, back reef) within a lagoon. This decoupling at the landscape
scale resulted from patterns of covariation between enrichment and fishing
that differed qualitatively between cross-shore and long-shore directions. At
the cross-shore scale, nutrient enrichment declined but fishing increased from
shore to the crest of the barrier reef. By contrast, nutrient enrichment and fish-
ing were positively correlated in the long-shore direction, with both increasing
with proximity to a pass in the barrier reef. Contrary to widespread assump-
tions in the scientific literature that human coastal population density corre-
lates with impact on marine ecosystems and that fishing effort declines
linearly with distance from the shore, these local stressors produced a complex
spatial mosaic of reef vulnerabilities. Our findings support spatially explicit
management involving the control of anthropogenic nutrients and strategic
reductions in fishing pressure on herbivores by highlighting specific areas to
target for management actions.
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INTRODUCTION

Both natural and anthropogenic stressors are increasing
on coral reefs, resulting in large-scale loss of coral and
potential shifts from coral-dominated to macroalgae-
dominated community states. Nutrient enrichment of
nearshore waters and overfishing of herbivorous fishes
both have been identified as key local drivers that can
influence the proliferation of macroalgae (Gilby
et al., 2015; Graham et al., 2013; McCook, 1999; Rasher
et al., 2012). Chronic anthropogenic nutrient loading of
nitrogen from sewage or agricultural runoff can accelerate
the growth of benthic algae, leading to persistent blooms
(Adam et al., 2021; Lapointe et al., 2005; Naim, 1993;
Smith et al., 2010). Reductions in the abundance or bio-
mass of herbivorous fishes can decrease herbivory and
reduce top-down control of algae (Adam et al, 2011;
Holbrook et al., 2016, 2018; Schmitt et al., 2019). Although
either of these factors alone could facilitate macroalgae
cover, reefs where both operate together could be particu-
larly vulnerable to shifts to macroalgal dominance, espe-
cially following loss of coral cover from other disturbances
(e.g., bleaching, cyclones). Knowledge of the patterns of
spatial covariation in levels of nutrient enrichment and
intensity of fishing for herbivores could contribute to local
management strategies for coral reefs by identifying the
reef areas to target for tailored management actions.
Nutrient inputs and fishing pressure can vary greatly
in space in both tropical and temperate coastal zones
(Walsh, 2011). Nutrient enrichment has been especially
well studied in this regard at both regional and local spa-
tial scales. At regional scales of tens to hundreds of square
kilometers, declining nutrient enrichment has been docu-
mented with increasing distance from population centers
(Duran et al., 2018; Lapointe et al., 2010; Reopanichkul
et al.,, 2010) and from inshore to offshore as terrestrial
inputs disperse and are diluted (Cooper et al., 2007,
Fabricius et al, 2005; Jupiter et al, 2008; Lirman &
Fong, 2007). For example, water quality varied across the
Great Barrier Reef, with particulate nutrients declining
from nearshore reefs in the coastal zone to offshore islands
(Cooper et al., 2007). Similar cross-shelf gradients in nutri-
ent enrichment have been observed in the Florida Reef
Tract (Lirman & Fong, 2007). Nutrient enrichment gradi-
ents have also been identified at smaller spatial scales of a
few kilometers or less (Adam et al, 2021; Knee
et al., 2016; Lapointe et al., 2004; Lin & Fong, 2008). These

gradients can arise from a variety of activities such as
mariculture farms (Garren et al., 2008; Lin & Fong, 2008),
waste disposal and wastewater outflows (Costa et al., 2008;
Costa 2007; Reopanichkul et al., 2010) or terrestrial agri-
culture (Costa 2007, Costa et al. 2008). Spatial patterns can
be shaped by processes such as submarine groundwater
discharge (Knee et al., 2016; Street et al., 2008) and river
inputs to bays that carry agricultural runoff or sewage
(Fabricius et al., 2005).

Spatial patterns of fishing can be complex and affected
by many social, economic, and ecological factors. The spa-
tial behavior of fishers has generally received the most
research attention in temperate commercial fisheries
(Branch et al., 2006; Daw et al., 2011), for which the richest
data are often available. Some studies have revealed that
fishing effort measured at spatial scales of many square
kilometers in nearshore systems declines with increasing
distance from port or shore (Boenish & Chen, 2018; Cinner
et al., 2018; Harborne et al., 2018; Saul & Die, 2016; Zellmer
et al., 2018). For example, Stewart-Smith et al. (2008) tested
the perception that commercial and recreational fishing on
temperate reefs generates spatial impacts that diminish
with distance from fisher access points and found greater
fishing impacts at more accessible sites along the Tasma-
nian coastline. Small-scale tropical fisheries have received
far less attention in this regard (Aswani, 1998; Daw
et al., 2011; Teh et al., 2012; Walsh, 2011). In the small-scale
fishery of Sabah, Malaysia, fishers in most villages had pref-
erences for fishing grounds closest to the location of their
village, although other factors such as safety and ocean con-
ditions also influenced their choices (Teh et al., 2012). By
contrast, in the western Solomon Islands fishers focused
more on habitat type than travel distance and their prefer-
ences shifted seasonally from inner lagoon habitats to fore
reef sites (Aswani, 1998). Despite the variety of factors that
shape spatial patterns of fishing, bio-economic models used
to explore alternative options for nearshore management
often assume that effort and impact of fishing are correlated
with coastal human population density and decline at loca-
tions that are farther from port or shore (e.g., Rassweiler
et al, 2012; Sampson, 2018), as do spatial analyses
predicting fishing-associated impacts and vulnerability
(Thiault et al., 2017).

The fact that both nutrient enrichment and fishing
intensity vary spatially suggests that certain reef areas could
potentially experience chronic high levels of both stressors,
and, for coral reefs, heightened risk of proliferation of
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macroalgae. Conversely, some reefs could persistently expe-
rience low levels of both stressors, providing more resilience
of the coral state or acting as refuges in the face of larger
scale impacts. However, the degree to which nutrient
enrichment and fishing intensity covary across space, and
at what spatial scales, has not been well studied, particu-
larly in a coral reef context. We examined spatial covaria-
tion of the two stressors for an oceanic island—Moorea,
French Polynesia—that has a thriving small-scale lagoon
fishery that heavily targets herbivorous fishes (Leenhardt
et al., 2016; Rassweiler et al., 2020; Thiault et al., 2017) and
whose lagoon patch reefs are vulnerable to coral to macro-
algae phase shifts (Schmitt et al., 2019).

Moorea is a high volcanic island surrounded by a bar-
rier reef that encloses 11 lagoons. Because its inhabitants
are not evenly distributed around the island, levels of
nutrient enrichment and fishing pressure on herbivores
could vary around the island as a function of the size of
local communities adjacent to each lagoon. This motivated
us to first assess whether the two stressors were positively
correlated at the relatively coarse, island-wide spatial scale
of Moorea’s 11 interconnected lagoons. We then explored
covariation in the stressors at a finer spatial scale, that is,
among the major lagoon habitats ranging from the fring-
ing reefs adjacent to the shore to the back reefs located just
inshore of the reef crest. In Moorea, lagoons are ~1 km
wide from shore to reef crest, and fringing reefs might be
expected to be more heavily impacted by anthropogenic
stressors than reefs further from shore. Moorea’s inhabi-
tants live on a narrow coastal strip and, as both nutrients
and fishers enter the lagoons along the coast, their impacts
have been assumed to be concentrated on these more
accessible fringing reefs and decline further out into the
lagoon. Our analyses enabled us to explore which reef
areas were likely to be most and least vulnerable at the
two landscape scales (among lagoons, and across habitats/
zones within lagoons). Our study tested widespread
assumptions that anthropogenic stressors to nearshore
marine ecosystems covaried and were positively correlated
with coastal human population density, and that fishing
intensity declined linearly with distance from shore. Fur-
thermore, our findings have substantial implications for
the development of spatially explicit management actions,
particularly in coral reef settings.

METHODS
Ecological and social context
Moorea, French Polynesia (17°30'S, 149°50'W) is a small

(~135 km?) volcanic island located near the island of Tahiti
in the central South Pacific. The island is surrounded by a

barrier reef located ~1 km offshore that is interrupted by
11 major reef passes that connect the 11 shallow (generally
<3 m depth) protected lagoons inside the barrier reef with
the open ocean (Appendix S1: Figure S1). Shoreward of the
reef crest is a distinct back reef habitat that is dominated by
patch reefs separated by sand, coral rubble, and reef pave-
ment. Moving toward the shore, back reef habitats are grad-
ually replaced by a more open, mid-lagoon zone,
characterized by sandy areas containing numerous patch
reefs. Directly adjacent to land are shallow fringing reefs, in
some cases separated from the mid-lagoon zone by a deeper
channel. Water flow within the lagoons is wave driven with
waves forcing water over the crest, through the lagoons and
out the deep passes (Leichter et al., 2013).

Moorea has over 17,000 inhabitants (ISPF, French
Polynesian Population Census 2017) residing in five com-
munes associées or districts: Afareaitu, Haapiti, Paopao,
Papetoai, and Teavaro (Appendix S1: Figure S1) sub-
divided into 20 villages. As a result of the steep topogra-
phy, residents tend to live along the island’s 60 km-long
perimeter road, with additional population centers located
in several large valleys. Moorea has undergone substantial
economic development in recent decades, including inten-
sification of commercial agriculture (e.g., pineapple planta-
tions) and the development of tourist facilities (including
hotels) that have contributed to anthropogenic nutrient
enrichment in the lagoon (Loiseau et al., 2021). However,
fishing remains a widespread activity (Leenhardt
et al., 2016; Rassweiler et al., 2020; Thiault et al., 2017,
2019). Nearly two-thirds of households reported fishing
activity using hook and line, spearguns, or nets
(Leenhardt et al., 2016; Rassweiler et al., 2020), and ~20%
of the adult population practice fishing as a cash-earning
occupation (whether primary or secondary) (Appendix S1:
Table S1). Fish are caught for household consumption,
sharing in the community, and for sales at small stands
along the perimeter road (Leenhardt et al, 2016,
Rassweiler et al., 2020). Our previous analyses of fish sold
at the roadside stands revealed that at least 60 genera of
fishes are represented in the catch, the bulk of which is
caught by free-diving spearfishers. However, six genera of
herbivorous fishes (Naso, Scarus, Siganus, Chlorurus,
Acanthurus, Calotomus) together comprise almost 60% of
the abundance and biomass of the catch (Rassweiler
et al., 2020). These herbivorous fishes are critical to the
resilience of the reefs because of their potential to prevent
proliferation of macroalgae (Han et al., 2016).

Spatial scales of study

We explored the relationships between nutrient enrich-
ment in the lagoons and the intensity of fishing for
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herbivorous fish at two spatial scales. The first involved
comparisons among the 11 lagoons around the island
(Appendix S1: Figure S1). The goal of investigating this
landscape scale was to delineate island-wide patterns in
the two drivers and identify potentially vulnerable areas
around the island where the stressors were both ele-
vated. The second spatial scale that we investigated
involved comparisons of fishing intensity and nutrient
enrichment at smaller reef habitat scales, both across
the major lagoon habitats at different distances from
shore—fringing reef, mid-lagoon, and back reef—and
alongshore, comparing habitats at different distances
from the reef passes. To address these within-lagoon
spatial scales, we selected study areas in three districts
(Haapiti, Afareaitu, Papetoai; Appendix S1: Figure S1),
one on each side of the island, where we obtained
detailed data about fishing practices and locations
through household surveys, informal interviews, and
participant observation.

Bathymetry, habitat classification, and
lagoon geometry

We mapped the inner edge of the reef crest, the shore
line and openings to each of the 11 passes on Moorea
based on LiDAR-based digital elevation maps produced
from an airborne LiDAR campaign conducted in 2015
(Collin et al., 2018). Furthermore, we created a spatial
habitat layer that classified areas of the lagoon 3 m or
shallower into three habitats: fringing reef, mid-lagoon,
and back reef. Areas closest to shore were classified as
fringing reef, with the edge typically delineated by a
deeper channel. In lagoons lacking a channel, the
boundary between fringing reef and mid-lagoon was
chosen based on the depth profile (e.g., set at the
deepest point) and coral cover (e.g., drawing the
boundary through areas with little reef). Back reef hab-
itats were defined as areas within 200 m of the reef
crest on the shoreward side. Shallow areas (0-3 m)
located between the fringing reefs and back reefs were
classified as mid-lagoon. In addition to these habitat
classifications, any location in the lagoon was
described by its distance to the nearest pass and its rel-
ative distance to shore. The relative distance to shore
was calculated as the distance to the nearest point on
the shore as a fraction of the total distance from the
shore to the reef crest passing through that point, such
that locations on the shore have a value of 0 and loca-
tions at the reef crest have a value of 1. Finally, depth
for any location within lagoons was assigned based on
LiDAR data (Collin et al., 2018), averaged within each
25 x 25 m grid cell.

Spatial patterns of fishing

Several types of information, including census data, house-
hold surveys, fish-seller surveys, and ethnographic partici-
pant observation, allowed us to gain an understanding of
fishing practices and spatial variation in fishing at both
spatial scales. At the among-lagoon scale, we used data
from the 2017 French Polynesian Population Census (ISPF
2017) to calculate an estimate of overall fisher density for
each lagoon based on population size and number of adults
(here considered as over 15 years of age) engaged in fishing
(Appendix S1: Table S1). Along with demographic data,
French Polynesian census data cover employment and
occupation information, including engagement in the fish-
ery as a primary or secondary cash-earning occupation.

Information about spatial variation in fishing across the
different reef habitats (within-lagoon scale) was derived from
data gathered in 2014-2015 through an extensive household
survey of 351 households (Rassweiler et al., 2020). This sur-
vey utilized convenience and reputational sampling methods
and aimed to achieve an even distribution across each dis-
trict’s designated survey area. During these interviews we
gathered detailed information about fishing practices from
households with at least one active fisher (N = 222). Inter-
viewed fishers enumerated the gears they used and, for each
gear, the three main taxa they targeted. Most interviewed
fishers also agreed to participate in a mapping exercise in
which they drew their fishing grounds for each mentioned
gear on a laminated satellite image of Moorea’s lagoons
(N = 173; Afareaitu N = 65, Haapiti N = 55, Papetoai
N = 53). From these maps, in total, 330 spatial polygons
were digitized, which together with the specific locations of
each household, enabled us to estimate the average distance
fishers traveled from their home to their fishing grounds.
Fish-seller surveys conducted at roadside stands provided
additional insight into the location of the catch relative to
the fisher’s residence (Rassweiler et al., 2020).

Patterns of N enrichment in the lagoons

We used data from a previous study (Adam et al., 2021) to
delineate spatial patterns of nutrient enrichment in the
lagoons. To obtain estimates of nutrient enrichment, tissue
samples of the brown alga Turbinaria ornata were ana-
lyzed for nitrogen (N) content. Turbinaria responds to N
pulses by storing surplus N (Schaffelke, 1999) and there-
fore N tissue content can provide a time-integrated mea-
sure of N availability (Atkinson & Smith, 1983; Fong
et al., 1994; Shantz et al., 2015). On Moorea, spatial varia-
tion in Turbinaria N content is explained by the proximity
from known anthropogenic nutrient sources (primarily
sewage) (Adam et al., 2021). Samples of Turbinaria were
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collected at 0.5-2 m depth at 171 sites around the island,
at least 0.5 km apart and situated to cover major reef habi-
tats, including fringing reefs, mid-lagoon, back reef, reef
passes, and bays. At each site we collected thalli from
10 different random individuals of Turbinaria within an
area of ~500 m> and averaged the N values from the
10 individuals. Here we considered only samples collected
in May 2016, at the end of the rainy season. This time
point followed several months when nutrient delivery to
the lagoons from anthropogenic sources was likely to be
the highest due to runoff from agricultural areas and
inputs of groundwater. Total N content was determined
via elemental analysis using a CHN Carlo-Erba elemental
analyzer (NA1500) at the University of Georgia, Center for
Applied Isotope Studies.

Island-scale (among-lagoon) patterns of
fishing intensity and nutrient enrichment

A lagoon-scale metric of fisher density was calculated
using census data (ISPF, French Polynesian Population
Census 2017). The number of adults (>15 years) engaging
in the fishery as a cash-earning occupation was retrieved
from the census data for each land unit adjacent to
Moorea’s 11 lagoons. To standardize fisher density across
lagoons and land units of varying sizes, we calculated
densities by normalizing the number of fishers by the
extent of the adjacent shallow lagoon area (<3 m), a
depth range that provides a good proxy for the extent of
the most desirable fishing grounds.

To calculate variation among lagoons in nutrient enrich-
ment, we estimated the mean percentage N in Turbinaria
tissue for each lagoon. N enrichment varies among reef hab-
itats (i.e., from shore to the reef crest), and these habitats are
unequally represented among the different lagoons. There-
fore, we obtained estimates of enrichment for each lagoon
from a mixed effects model with habitat type modeled as a
random effect using the R packages “nlme” (Pinheiro
et al., 2020) and “emmeans” (Lenth, 2020). For this analysis,
we only used data from back reef, mid-lagoon, and fringing
reef sites, as these habitats were sampled in every lagoon.
Sample sizes are listed in Appendix S1: Table S1. Further
details regarding spatial patterns of nutrient enrichment are
found in Adam et al. (2021).

Reef habitat scale (within-lagoon) patterns
of fishing intensity and nutrient
enrichment

Using the spatial data from the household survey map-
ping exercise we were able to quantify spatial patterns of

fishing intensity and explore its variation across habitats
within the study areas. As we were interested in analyz-
ing how fishing might reduce top-down control of algae,
we excluded from our household survey dataset line and
net fishers who did not report any herbivorous species
(i.e., Acanthuridae, Kyphosidae, Siganidae, and Scaridae)
as one of their top-three targeted species. However, we
retained all fishing grounds reported by spearfishers—
regardless of the target species they mentioned—as we
have learned through participant observation and analy-
sis of catch data that spearfishers who seek out carnivo-
rous species also opportunistically shoot herbivores. The
filtering process reduced the number of fishing ground
maps in our sample from 173 to 136.

To depict spatial patterns of fishing and nutrient
enrichment, we created heat maps for each of our three
study areas (Haapiti, Afareaitu, Papetoai; Appendix SI:
Figure S1). We divided the adjacent lagoon into a
25 x 25m grid, extending from shore to the reef crest
and cropped at the boundaries of the study areas (shore,
barrier reef crest). For each grid cell we estimated fishing
intensity by counting the number of fishers who included
or intersected the given grid cell when mapping their
fishing grounds. To standardize these fishing intensity
values for comparison across study areas, we calculated a
ratio by dividing each grid cell’s value (i.e., absolute num-
ber of fishers identifying it as an area they target) by the
total number of fishers who participated in the mapping
exercise in that study area. To visualize fine-scale spatial
heterogeneity in nutrient enrichment within the lagoons,
we interpolated patterns of N enrichment from
our lagoon-wide sampling of Turbinaria for each of the
three study areas. Interpolations were generated via ordi-
nary kriging with a spherical variogram model as
implemented in the R package “kriging” (Olmedo, 2014).

For statistical analysis of the relationships between
fishing intensity and nutrient enrichment, we overlaid
the nutrient data (sampling locations) on the fishing
intensity heat maps. Using ArcGIS, we extracted the pixel
value of fishing intensity for each point where nutrients
had been sampled. This resulted in 64 total points
(Afareaitu: 19; Haapiti: 20; Papetoai: 25) with both nutri-
ent and fishing intensity values. These points were
assigned habitats (fringing reef: 29; mid-lagoon: 17; back
reef: 18), depth, and distance to the nearest pass and rela-
tive distance from shore as described above. Points were
then plotted as scatterplots, and Pearson’s R correlations
calculated.

To explore the distribution of fishing intensity within
each habitat type, a random distribution of 10,000 points
spaced at least 10 m apart was overlaid onto the lagoon
habitat spatial layer. To remain consistent with the nutri-
ent data depth range, we removed points that were not
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between 0-3 m depth. Finally, only the random points
overlapping with the fishing intensity heat maps of our
three study areas were retained in the analysis. This
resulted in 516 points in Afareaitu (fringing reef: 31; mid-
lagoon: 199; back reef: 286), 1019 points in Haapiti (fring-
ing reef: 236; mid-lagoon: 351; back reef: 432), and
632 points in Papetoai (fringing reef: 227; mid-lagoon:
175; back reef: 230).

For both the nutrient data and fishing intensity data,
we explored associations with variables characterizing
their position within the lagoon (relative distance from
shore and distance from pass) using linear mixed effects
models (LMERs) with the R package “Ime4” (Bates
et al., 2015). We assumed a Gaussian family normal dis-
tribution for both response variables. Diagnostics were
run on model outputs to confirm model assumptions
were met. For the model using fishing intensity as the
response variable, we used all 2167 random fisher inten-
sity points described above. We treated distance to reef
pass and relative distance to shore as continuous fixed
effects and location (study area) as a categorical random
effect. For the linear model with nutrient values as the
response variable, we used all 171 nutrient data points
sampled in May 2016, using points from all around the

island (not just within the three study areas). We treated
distance to reef pass and relative distance to shore as con-
tinuous fixed effects. Using the R package “sjPlot”
(Liidecke, 2020), we plotted the relationships estimated
by these regression models.

RESULTS

Island-scale (among-lagoon) patterns of
fishing and nutrient enrichment

Both fisher density and nutrient enrichment varied
among the 11 lagoons (Figure 1). Not surprisingly, two of
the three lagoons with the highest values for nutrient
enrichment (N2 and N3) were situated on either side of
Paopao’s bay adjacent to the island’s main population
centers and to a major watershed where pineapple farm-
ing occurs. However, other lagoons with high nutrient
enrichment values (e.g.,, W1 and W2) were located in
sparsely populated areas, and there was no significant
correlation between nutrient enrichment and population
size at the island scale (Pearson’s r = 0.25, p = 0.46).
Lagoons with high fisher density were located on both

17.48°S 1
Fisher density
150
100
17.52°8 1
50
N enrichment
0.55
17.56°S 0.52
0.49
0.46
17.60°S 1
4 km
149.90°W 149.85°W 149.80°W 149.75°W
FIGURE 1 Spatial patterns of nutrient enrichment (percentage N) and fisher density (fishers per km?) in the 11 lagoons around

Moorea. Lagoons are delineated as areas located between two passes and have been coded according to their location running clockwise

around the island. Fisher density is expressed as number of fishers per km?” of estimated fishable lagoon habitat (depth <3 m) and is
represented by the line along the coast. Levels of nutrient enrichment (percentage of nitrogen found in Turbinaria ornata) are indicated by

the color coding of the lagoons
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FIGURE 2 The relationship between the values of nutrient

enrichment and fisher density depicted in Figure 1. Nutrient
enrichment represents the percentage of nitrogen found in
Turbinaria ornata samples, while fisher density represents the
number of fishers per km? of estimated fishable lagoon habitat. The
11 lagoons are indicated by their geographic position on the island
(triangles, North shore; circles, East; diamond, South; squares, West)

the north and east sides. While the absolute number of
fishers living adjacent to each lagoon did covary posi-
tively with population size (Pearson’s r = 0.64, p = 0.03),
there was no relationship between population size and
our metric of fisher density (Pearson’s r = 0.1, p = 0.77).
This is because the extent of desirable fishing grounds
(i.e., shallow lagoon area) was independent of the popu-
lation size adjacent to each lagoon (Pearson’s r = —0.05,
p = 0.88). For example, the extent of shallow lagoon
available across the island’s major population center on
the north shore (N3) was relatively small; conversely, the
second largest lagoon was located across one of the least
populated sectors of the island (W3).

When considering the relationship between fisher
density and nutrient enrichment, there was no correla-
tion at the among-lagoon scale (Pearson’s r = 0, p = 0.99;
Figure 2), and there were no marked geographic patterns
or gradients of covariation.

Our measure of spatial variation in fisher density
among the 11 lagoons used census data that quantified
population sizes and fishing activity, relative to the
amount of fishable area in each lagoon. This approach
assumed that fishing mainly occurred close to where the
fisher lives, that is, in the lagoon adjacent to their resi-
dence. Data from both our roadside market surveys and

our household surveys supported this assumption. Inter-
views with sellers during the roadside surveys indicated
that more than 75% of fishing occurred near the fishers’
villages of residence or in fishing areas offshore of their
neighboring villages (Figure 3). During household sur-
veys, fishers delineated their fishing grounds on maps;
and, on average, fishing grounds were less than 2 km
from fishers’ households (N = 173, mean = 1.8 km,
SD = 1.3 km) (Table 1).

Reef habitat scale (within-lagoon) patterns
of fishing intensity and nutrient
enrichment

Based on household survey data from three study areas
(Afareaitu, Haapiti, Papetoai), one on each side of the
island (Appendix S1: Figure S1), fishing intensity for her-
bivores varied among different habitats and zones, and
the patterns were largely similar in all three study areas
(Figure 4). Fringing reefs had generally low levels of fish-
ing, while the back reef, mid-lagoon, and the edges of
passes had variable—but often high—fishing intensity
(Figure 4). The heat maps of nutrient enrichment rev-
ealed patterns of spatial variation characterized by the
highest levels on nearshore fringing reefs and adjacent to
reef passes (Figure 4).

Similar to our findings for the among-lagoon spatial
scale (Figure 2), when examined at the finer spatial scale,
levels of fishing intensity and nutrient enrichment were
not significantly correlated (Pearson’s r = —0.11,
p = 0.38; Figure 5). The heterogeneity in the data moti-
vated further exploration of spatial patterns of fishing
intensity and nutrient enrichment among habitat types
and with distance from shore (cross-shore direction) and
from reef passes (long-shore direction).

The spatial pattern of fishing intensity varied among
the major lagoon habitats but shared consistent features
across the three focal study areas (Figure 6). The fringing
reef was less heavily fished than the mid-lagoon or back
reef habitats, which were characterized by a much wider
range of fishing intensity, including the highest levels of
fishing intensity (Figure 6). As a result of this consistency
across the study areas, we pooled the data from all three
in a linear mixed effects regression (LMER) model, which
revealed that fishing intensity was higher in areas close
to reef passes (p = 0.006) and in areas of lagoons rela-
tively farther from the shore (i.e., closer to the barrier reef
crest, p < 0.001; Figure 7). Results of the analysis for
nutrient enrichment revealed similar alongshore pat-
terns, with nutrient enrichment greater near reef passes
(p < 0.001; Figure 7). However, in contrast with the pat-
tern for fishing, nutrient enrichment declined with
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TABLE 1 Average distances (km) traveled to fishing grounds
estimated from fishing maps drawn by 173 fishers

District N Mean (SD)
Afareaitu 65 1.93 (1.43)
Haapiti 55 1.62 (1.28)
Papetoai 53 1.85(1.24)
All Districts 173 1.83 (1.32)

Note: Data (mean [SD]) are given for study areas in three districts, one on
each side of the island.

increasing distance from shore (p < 0.001). While both
models were highly significant, they explained only 23%
of the spatial variation in fishing, and 22% of the varia-
tion in nutrient enrichment (Appendix S1: Table S2).
Collectively, these qualitatively different cross-shore
and long-shore relationships resulted in weak and vari-
able correlations between fishing intensity and nutrient
enrichment within each of the three main lagoon habi-
tats (Figure 8). Fringing reefs experienced generally low

fishing intensity but highly variable nutrient enrichment,
with some nearshore reefs having the highest levels of
nutrients that we measured in this study (Figure 8).
There was also a trend for a negative relationship
between fishing intensity and nutrient input on fringing
reefs (Pearson’s r —0.33, p = 0.08). These results
refuted our expectation that the fringing reef would have
many locations experiencing both intense fishing and
high nutrient enrichment. Compared with the fringing
reef, the mid-lagoon and back reef habitats were some-
what less variable in the degree of nutrient enrichment,
but experienced a wide range of fishing intensity. In the
mid-lagoon, fishing intensity and nutrient enrichment
were weakly positively correlated (Pearson’s r = 0.43,
p = 0.05), while there was no significant relationship
between the two variables on the back reef (Pearson’s
r=0.03,p = 0.91).

We also explored the relationships between intensity
of fishing and nutrient enrichment among the three
study areas (Appendix S1: Figure S2). The three areas
showed generally similar patterns in the range of nutrient
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Papetoai, Afareaitu, and South Haapiti districts of Moorea. The areas where household (HH) surveys were conducted to estimate fishing
intensity are indicated by the colored area in each map inset. Dots on the nutrient heat maps indicate locations (N = 64) where the alga

Turbinaria ornata was sampled for estimation of nutrient enrichment

enrichment and intensity of fishing, and none of the rela-
tionships between the two variables was statistically
significant.

DISCUSSION

Many coral reef systems worldwide are experiencing
population growth, coastal development, and agricul-
tural intensification that increase nutrient inputs to
reefs, with simultaneously increasing fishing pressure

on herbivorous fish populations. These chronic, local
drivers can affect the proliferation of macroalgae and
promote shifts from a coral-dominated to an algae-
dominated state. This is particularly the case following
disturbances that result in landscape-scale loss of coral
cover, which is increasing due to climate change. Spatial
patterns of variation in nutrient enrichment or in fish-
ing have been quantified in some nearshore systems.
However, knowledge of how and at what spatial scales
these two factors covary on coral reefs is much more
limited, and spatial data on fishing intensity are
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particularly limited for small-scale reef fisheries.
Moorea is an ideal setting for studying the spatial pat-
terns and covariance of nutrients and fishing, because
increasing population growth and changes in land use
have fostered nutrient enrichment in some areas of the
lagoon (Adam et al., 2021), and because herbivorous
species are selectively targeted by the local fishery
(Rassweiler et al., 2020). Understanding whether the
intensities of these stressors are spatially correlated, and
at what scales, could enable more effective management
strategies targeted at areas of highest or least concern.
The degree to which locations with intense fishing
and high nutrient inputs are particularly vulnerable to
overgrowth by macroalgae is not well understood. It has
long been argued that responses of coral reefs to distur-
bance can only be understood by considering multiple
stressors (Hughes & Connell, 1999). While experiments
have demonstrated that changing nutrients and fishing
simultaneously could have greater effects than altering
either alone (e.g., Gil et al., 2016; Zaneveld et al., 2016),
the degree to which the combined effects might be

FIGURE 6 Distribution of fishing intensity among the three
main lagoon habitats (fringing reef, mid-lagoon, back reef) for
three study areas (in Afareaitu, Haapiti, and Papetoai districts).
Fishing intensity is the proportion of fishers in that study area that
included that location within one of their reported fishing areas.
Histograms are based on fishing intensity at a set of randomly
selected points in the study area (Afareaitu N = 799; Haapiti

N = 1476; Papetoai N = 1191). Each plot represents the percentage
of the set of randomly selected points that fell into the
corresponding binned values of fishing intensity

synergistic, as opposed to simply additive, is exceptionally
difficult to predict (Ban et al., 2014). Nevertheless, even
additive (noninteracting) effects can have dire conse-
quences if they increase the probability of a phase shift
into  persistent macroalgal dominance (Hughes
et al., 2017).

Our study revealed spatial variation in anthropogenic
stressors on Moorea. Among the 11 lagoons, combina-
tions of high and low values for nutrient enrichment and
fisher density were observed, with no marked geographic
gradients. It is not surprising that the lagoons varied in
nutrient enrichment, given the patchiness of human set-
tlement and the variation in land use and size of the
watersheds around the island, factors that have been
shown to drive nutrification in nearshore waters in other
systems. Adam et al. (2021) documented the highest
levels of nutrient enrichment near Moorea’s large water-
sheds on the north and west sides of the island where
inputs of nitrogen (N) from sewage and agriculture are
high. This pattern was seasonally persistent despite varia-
tion in rainfall and wave strength (which drives lagoon
circulation and delivery of nutrients), and isotopic
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signatures of N in high-enrichment areas were consistent
with terrigenous rather than oceanic sources of N (Dailer
et al.,, 2010; Lin & Fong, 2008; Page et al., 2013). Such
sources include fertilizers, waste from livestock and aqua-
culture, and sewage (Adam et al., 2021). Additionally,
time-series data indicated that lagoon areas close to
major watersheds on Moorea are likely to have experi-
enced nutrient enrichment for at least the past decade
(Adam et al., 2021). These lagoons contrast with areas
with sparser populations and less intense land-use activi-
ties on the northwest and southern tips of the island that
experience lower levels of nutrient enrichment (Figures 1
and 2).

Our island-scale metric for fisher density used the
number of adults who engaged in fishing as a cash-earning
occupation within the land adjacent to the lagoon,
adjusted for the area of shallow lagoon suitable for fishing.
Great variation in both lagoon size and the spatial distri-
bution of the population around Moorea resulted in sub-
stantial variation in fisher density (Figure 2). It was lowest
on the south and west portions of the island where
lagoons are large and populations sparse, compared with
the more densely populated north shore with its smaller
lagoons. Importantly, at the among-lagoon scale, the
intensity of fishing and levels of nutrient enrichment were
not correlated, suggesting that the predictive power of
broad measures of human impact such as population den-
sity or human gravity (e.g., Cinner et al., 2018) that aggre-
gate different kinds of human-induced stressors should be
approached with caution. In particular, while human
coastal population density may seem like a convenient
proxy for different types of human impacts to marine eco-
systems, and is commonly used as such in the scientific lit-
erature including as an indicator of fishing pressure
(Stallings, 2009; Thiault et al, 2017; Ward-Paige
et al., 2010), nutrient inputs (Smith et al., 2003), or generic
anthropogenic pressure (Feist & Levin, 2016; Welle
et al., 2017), our results suggested that these stressors may
often show more complex relationships with population
density.

The initial approach we used to quantify fishing effort
used census data, which revealed that on average, ~20%
of the adult population engaged in fishing as an occupa-
tion (Appendix S1: Table S1). However, data from our
household surveys in the three study areas revealed that
approximately two-thirds of households had at least one
person who engaged in fishing, and 93% of informants
had fished at some point in their lives. Similar to prac-
tices elsewhere in the Pacific (Cinner, 2014; Daks
et al., 2018), there is a wide continuum of engagement in
the reef fishery ranging from food security and income
generation to cultural practices. Results from our house-
hold survey added value to information from the census

data, as they enabled us to capture spatial patterns of
fishing for specific fish taxa and provided a more com-
plete assessment of fishing activity.

Fishing in the three study areas showed similar pat-
terns in the frequency of use of the major lagoon habitats,
with the fringing reef used less often for fishing for herbi-
vores than areas further offshore (the mid-lagoon and
back reef; Figure 6). The pattern also held when we
considered total fishing effort (for herbivorous and non-
herbivorous fish taxa). This finding refuted the expecta-
tion that the fringing reef would be most heavily fished,
because it is the most accessible and suggested that the
use of linear diffusion models that are often used for
nearshore marine ecosystems to approximate fishing
effort as a function of distance from shore could be prob-
lematic in the context of small-scale fisheries. Our market
surveys revealed that most of the catch originated from
areas close to fishers’ residences (Figure 3), and in house-
hold surveys fishers indicated that the distance from
home to their fishing spots was relatively small (averag-
ing ~1.8 km; Table 1; see also Thiault et al., 2017) com-
pared with the distance traveled in temperate
commercial fisheries. Nonetheless, these shorter travel
distances still allowed most fishers to potentially access
all three habitats within the relatively narrow lagoons. If
diffusion models were to be used to estimate fishing effort
in this context, it might be more appropriate for them to
be directional (describing probability of travel along the
coastline but not across the lagoon to the reef crest).

The inverse relationship between distance from shore
and fishing intensity may seem to conflict with previous
work suggesting that fishers prefer to target more accessi-
ble locations closer to their homes. However, much of
the existing work on distance effects has involved com-
paring patterns of fishing effort over tens to hundreds of
km (Cinner et al., 2018; Zellmer et al., 2018), in which
the costs involved in travel decisions are likely to be
much more significant than in coral reef fisheries, in con-
texts such as Moorea’s lagoons where the reef crest is
<2 km offshore. Even in systems that exhibit strong
declines in fishing effort with distance from port, this is
only one of many interacting socioeconomic and cultural
factors that influence fishing effort such as social status,
variation in skill, territoriality, knowledge transmission,
spatial management regulations, or marine tenure
(e.g., Boenish & Chen, 2018; Lauer & Aswani, 2009). It is
likely that fishers travel across smaller spatial scales in
many coral reef fisheries. In these cases, other environ-
mental factors such as habitat suitability, depth and fish
distributions, or cultural factors such as fish species pref-
erences attenuate distance effects and can result (as in
our case) in an inverse relationship between fishing and
distance from shore (Garcia-Quijano, 2009). More
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broadly, our findings suggested that generalizations
inferred from large-scale commercial fisheries such as the
relationship between distance to shore and fishing inten-
sity may not be applicable to small-scale coral reef
fisheries.

Fringing reefs experienced generally lower fishing pres-
sure than other lagoon habitats, but they often had high
levels of nutrient enrichment (Figure 8, Adam et al., 2021).
Indeed, fishing intensity and nutrient enrichment showed
opposite cross-shore trends (Figure 7). The observation of
reduced fishing intensity on the fringing reef could indicate
that this zone is less vulnerable because it does not have
high levels of both stressors. However, this pattern might be
the result of the combined long-term exposure of fringing
reefs to ever-increasing nutrient inputs, modification of the
habitat for coastal development (Madi Moussa et al., 2019),
and historically high intensity fishing, making these habi-
tats, in the present day, less suitable for fishes and therefore
poor attractors for fishers. This is consistent with observa-
tions made by older interviewed fishers who noted the
decreasing abundance of desirable fish near the shore and
the near disappearance of on-foot harpooning as a fishing
technique (Conte, 1999), driving a trend of fishing further
from home and in deeper areas.

In summary, we found that fishing pressure and
nutrient enrichment were spatially variable and not
strongly correlated with one another at the island
(among-lagoon) and among-habitat (within-lagoon)
scales around the island of Moorea. The low spatial
covariance at these two landscape scales arose from
opposing nutrient-fishing relationships between cross-
shore (inversely correlated) and long-shore (positively
correlated) directions, which resulted in a mosaic of vul-
nerabilities to coral-macroalgae phase shifts among
lagoon reefs. These results suggested that these two local
stressors that are known to facilitate shifts from coral to
macroalgal dominance are not simply a function of
human population density around the island. Further-
more, the lack of a spatial coherence has important man-
agement implications for this and potentially other coral
reef systems. Areas with high levels of both stressors at
either scale are likely to be more vulnerable to other dis-
turbances that may facilitate a transition to macroalgal
dominance (e.g., coral bleaching, storm or anchor dam-
age, crown-of-thorns sea star outbreak). By contrast,
areas with low levels of both stressors may be more resil-
ient to other disturbances and could serve as impor-
tant coral refuges. Importantly, different management
levers are required to reduce fishing on herbivores
(e.g., implementing potentially temporary or seasonal
protected areas; encouraging fishing of non-herbivorous
species through species regulations or gear restrictions)
and to reduce nutrient inputs (e.g., restricting certain

land-use activities; regulating coastal development and
sewage treatment). Understanding the spatial patterns of
these stressors can enable more efficient allocation of
management effort at scales that more appropriately
match site-specific social and ecological processes
(Hunter et al., 2018).

Translating our findings into specific management
actions depends in part on whether stakeholders prioritize
management to reduce stressors in high impact areas, or
to protect the most resilient or low impact areas. For
example, the two lagoons on the north shore that had high
levels of both stressors could be considered for efforts to
reduce fishing on herbivores and/or control nutrient
inputs. The lagoon on the west shore with low fishing and
low nutrients could be a high priority for protection via
conservation measures to maintain this low impact status
into the future. At the habitat scale, mid-lagoon and back
reef habitats had higher fishing but lower nutrient inputs.
If stakeholders wanted to reinforce this trend and prevent
increasing fishing pressure on fringing reefs in the future
that experience the highest nutrient loadings, they could
combine habitat-specific protected areas, targeting the
fringing reefs with increased subsidies and helping fishers
to acquire larger boats and motors. This would enable
them to reach the least vulnerable habitats to nutrient
inputs, even in inclement weather. Regardless, based on
our results and those previously reported (Adam
et al., 2021), there is a clear need to prioritize the reduction
of inputs of anthropogenically derived nutrients into the
lagoons of Moorea. In addition to management actions,
our results could inform where reef managers, scientists,
or community-based organizations should focus monitor-
ing effort to assess and better understand temporal trajec-
tories of fishing pressure, nutrient enrichment, and the
implications of these two factors for coral-to-algae phase
shifts, and a template for how to couple natural and social
science data to achieve such aims.
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