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Macroalgal blooms are increasing on the Belize Barrier Reef (BBR) as scleractinian coral cover declines. Although
some have attributed this to reduced grazing, the role of land-based nutrient pollution has not been assessed.
Nutrient enrichment was quantified through macroalgal tissue analysis from Belize City to the offshore fore reef
and at several central BBR lagoon sites. These recent data were compared to baseline data from the 1980s.
Significant nearshore-to-offshore gradients of %N, %P and 5'C in macroalgae all indicated land-based sources of
these nutrients. Macroalgal 5'°N values were generally enriched in nearshore waters where values matched those

reported for human sewage. Notably, the N:P ratios of recent macroalgae measurements were elevated at all
sites, more than two-fold higher than values from the 1980s (~30: 1 to 70:1). These results support the hy-
pothesis that nitrogen enrichment from land-based sources has increased phosphorus limitation driving mac-
roalgal blooms and coral stress on the BBR.

1. Introduction

Human activities have greatly altered global carbon (C), nitrogen (N)
and phosphorus (P) cycles with increases in algal blooms in recent de-
cades related to global increases in N inputs that are now considered
above a safe planetary boundary (Glibert, 2017; Steffen et al., 2015).
These altered nutrient fluxes, particularly N, are increasingly affecting
the health of marine ecosystems through nutrient enrichment and
altered stoichiometry of C, N, and P (Hillebrand and Lehmpfuhl, 2011;
NRC, 2000; Steffen et al., 2015). Such alterations are often associated
with nutrients from land-based freshwater runoff that reflect broader
changes in land use, urbanization and agricultural practices across wa-
tersheds and airsheds as the human population grows and the demand
for crops, livestock, housing and manufacturing facilities increases
(Calizza et al., 2020; Rey-Villiers et al., 2020; Thorburn et al., 2013).
Nutrient enrichment generally results in increased primary production
of algae, including phytoplankton, benthic macroalgae and algal turfs,
as overall biodiversity is reduced (Bell et al., 2014; D'Angelo and Wie-
denmann, 2014; Duarte, 1995; Foster and Schiel, 2010; Prouty et al.,
2017; Tewfik et al., 2007). Unlike some phytoplankton blooms, such as
toxic “red tides”, macroalgal blooms generally lack direct chemical
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toxicity but can still result in harmful environmental effects including
changes in habitat, oxygen depletion, production of hydrogen sulfide,
alteration of biogeochemical cycles, increased grazing, and die-off of
seagrasses and coral reefs (Anderson, 2007; ECOHAB, 1995; Lapointe
and Bedford, 2007; McGlathery, 1995). Nutrients from a variety of
sources including large river systems (Mississippi, Amazon, Orinoco,
Congo) in the Atlantic basin have contributed to increasing macroalgal
blooms, most notably the “golden tides” of Sargassum spp. from the
newly formed Great Atlantic Sargassum Belt (GASB); this new feature of
the tropical Atlantic Ocean illustrates the varying nature and large scale
impact of nutrient enrichment and resulting harmful macroalgal blooms
(HAB) that have emerged in recent decades (Anderson, 2007; Lapointe,
1995; Lapointe et al., 2021; Oviatt et al., 2019; Wang et al., 2019).
Coral reefs support much of the world's marine biodiversity, provide
significant livelihoods (e.g. fisheries, tourism) as well as coastal pro-
tection, but have been in significant decline since the 1970s due to a
growing number of recognized stressors (Bellwood et al., 2004; Gardner
et al., 2003; Hughes et al., 2003; Wear and Thurber, 2015). They are
now considered one of the most threatened ecosystems on our planet
(Birkeland, 2004; Hughes et al., 2017) with significant losses of scler-
actinian (i.e. hard) coral cover having been observed even along the
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iconic Great Barrier Reef, Australia (Bellwood et al., 2004; De'ath et al.,
2012; Ortiz et al., 2018). Scleractinian corals have evolved to thrive in
oligotrophic waters of the tropics through a polytrophic feeding capacity
including a critical exchange of benefits with symbiotic Symbiodinium (i.
e. zooxanthellae) algae, traditional heterotrophy and various mecha-
nisms to assimilate, sequester and recycle nutrients, especially N, from
dissolved compounds in pulsed oceanic upwellings and local sources
such as fish excretion (Muscatine and Porter, 1977; Shantz and Burke-
pile, 2014; Trench, 1974). However, in watersheds impacted by
increasing urbanization and expanding agricultural lands, associated
anthropogenic nutrient enrichment has been shown to alter freshwater
food webs and effect overall ecological integrity of lakes, rivers, and
springs (Anderson and Cabana, 2005; Cabana and Rasmussen, 1996;
Winemiller et al., 2011). Marine ecosystems, including coral reefs, also
show significant alterations including greater susceptibility to bleach-
ing, diseases, and mortality at an ever-increasing scale (Burkepile et al.,
2020; D'Angelo and Wiedenmann, 2014; Geeraert et al., 2020; Lapointe
et al., 2019; Lapointe et al., 2010; Oviatt et al., 2019; Tomascik and
Sander, 1987) in addition to ongoing impacts from overfishing, tourism
development and climate change (Baker et al., 2013; Gardner et al.,
2003; Norstrom et al., 2016; Ortiz et al., 2018; Roberts, 1995).

In the Caribbean basin, scleractinian coral cover has declined from
~50% to ~10% over the last 50 years with increasing dominance by
macroalgae and turf algae (Gardner et al., 2003; Jackson et al., 2014;
Lapointe et al., 2019). While early studies on scleractinian coral losses
focused largely on the effects and management of land based nutrient
pollution and eutrophication (Banner, 1974; Smith et al., 1981; Tom-
ascik and Sander, 1987), more recent work has focused on top-down
explanations for the coral-algae phase shifts (Hughes, 1994; Jackson,
1997; McClanahan et al,, 2011; Mumby et al., 2012). However,
mounting evidence indicates that the coral-algae phase shift is not
driven simply by declines in herbivores, which have been increasing or
stable given the use of marine protected areas and fishing bans, but due
to human development on land and resulting elevated nutrient enrich-
ment in coastal waters (Arias-Gonzalez et al., 2017; Gonzalez-De Zayas
et al., 2020; Lapointe et al., 2019; Suchley et al., 2016; Tewfik et al.,
2017). As nutrient availability increases to coral reefs and associated
coastal ecosystems beyond thresholds (i.e. tipping point), a positive
feedback loop may be established that make the altered, damaged and
simplified conditions persistent and difficult to reverse without
addressing the driving nutrient source (El-Khaled et al., 2021; Lapointe,
1997; Scheffer and Carpenter, 2003; Tewfik et al., 2005).

In Belize, Central America, increases in human population (6-fold in
the last 70 years, 58,000 to 404,000) and environmental impacts
(deforestation, overfishing, algal overgrowth, and coral bleaching) have
followed and sometimes exceeded global trends (Babcock et al., 2018;
Cherrington et al., 2012; Jackson et al., 2014). This includes unsus-
tainable development activities along rivers (e.g., deforestation, range-
land expansion, water extraction), within and adjacent to the Belize
Barrier Reef (BBR) lagoon and offshore atolls (e.g. coral dredging,
mangrove cutting, aquaculture, tourism infrastructure) resulting in
losses of ecosystem services (Auil-Gomez, 2014; Boles and Requena,
2011; Byron and Osipova, 2013; Ledwin, 2010). The GASB has also
caused the influx of tons of Sargassum biomass to Caribbean coastal
waters and beaches, including those of Belize, which adds to the nega-
tive impacts on nearshore environments through reduced sunlight,
decay, nutrient release and hypoxia/anoxia (Lapointe et al., 2021; Wang
et al., 2019). Live scleractinian coral cover within the South Water Caye
Marine Reserve (SWCMR) and Glover's Reef Marine Reserve (GRMR),
parts of a UNESCO World Heritage Site (Byron and Osipova, 2013), has
been reduced from >80% in the 1970s (Wallace and Scheferman, 1977)
to ~5% on patch reefs and ~17% on fore reefs, while algae of various
morphologies constitute >45% of total benthic cover on both reef types
(Tewfik, 2020).

The Belize River is the largest river in Belize and part of a bi-national
freshwater system reaching from the eastern Peten District of Guatemala
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to the eastern Caribbean coast of Belize (Fig. 1a). It is fed by the Greater
Mopan/Belize River Catchment (GMBRC), which spans the breadth of
Belize with about 40% of its total area extending into Guatemala (i.e. the
Mopan River sub-basin). A 17.8% decline in overall forest cover has
occurred across the Belizean portion of the watershed over the past three
decades (Boles and Requena, 2011; Cherrington et al., 2012). This
watershed is one of 16 in Belize and the largest in the country (Fig. 1a),
draining 25% of Belize, containing 45% of the human population and
experiencing considerable pressure from unsustainable logging, agri-
culture and urban development resulting in deforestation, land degra-
dation and pollution (Auil-Gomez, 2014; Karper and Boles, 2004).

Together, C, N and P are major elements supporting primary pro-
duction in the oceans and are present in the relative molar proportions of
106:16:1 (“Redfield Ratio”) (Redfield, 1958), which is remarkably
consistent across shallow waters (<500 m) of ocean basins (Fanning,
1992; Redfield, 1958). An extensive analysis of nutrient contents within
aquatic plants has shown a greater degree of variation in nutrient lim-
itation of growth and C:N:P ratios for coastal macroalgae populations,
rather than an intrinsic difference in their chemical composition relative
to that of phytoplankton (Duarte, 1992). Accordingly, elemental anal-
ysis of macroalgal tissue for %C, %N and %P is commonly used to assess
availability and growth limitation by N and/or P through determination
of C:N, C:P, and N:P molar ratios (Atkinson and Smith, 1983; Lapointe
et al.,, 1992b). As C:N ratios in macroalgae increase above 13:1, N be-
comes increasingly important as a growth-limiting nutrient (Lapointe
and Bedford, 2010; Lapointe et al., 1987; Ochoa-Izaguirre and Soto-
Jimenez, 2015). Similarly, increases in the C:P ratio above 350:1 are
indicative of increasing P limitation (Atkinson and Smith, 1983;
Lapointe et al., 1992b). The N:P ratio is particularly useful in gauging
the relative growth limitation by N vs. P, where N:P ratios >30:1 in-
dicates P-limitation and lower values N-limitation (Atkinson and Smith,
1983; Lapointe et al., 1992b).

Stable isotope analysis of macroalgal tissue for C (6'3C) and N (5'°N)
is an established technique to identify the origin and source(s) of these
elements (Abaya et al., 2018; Fry, 2006; Lachs et al., 2019; Lapointe
et al., 2010). The 8'3C values can help determine where the algae and
associated habitat lies across a terrestrial to oceanic influenced gradient
(Fry, 2006; Peterson and Fry, 1987). This is based on differences in the
assimilation of CO2 in C3 and C4 plant photosynthetic pathways, where
C3 plants dominate most terrestrial ecosystems and have a much lighter
(i.e. more negative) 53¢ signature than C4 plants (Peterson and Fry,
1987; Philp, 2007). The 5!°N values are especially useful because N is
generally the primary limiting nutrient in marine waters (Howarth and
Marino, 2006; Ryther and Dunstan, 1971), including coral reef ecosys-
tems (Lapointe et al., 2019). The 5'°N method is based on the fact that
organisms are enriched in 5'°N relative to their sources of nitrogen (e.g.
food, dissolved constituents) and therefore various natural (N fixation)
and anthropogenic (sewage, fertilizers) N sources have distinct 5!°N
values that allow for discrimination of the N source supporting algal
growth (Fry, 2006; Risk et al., 2008). Enrichment (i.e. increased) of
natural 3'°N indicates input of human/animal derived sewage and fer-
tilizers and low or depleted (i.e. decreased) 515N values indicate syn-
thetic agricultural fertilizers (Haber-Bosch process), atmospheric N
deposition, Ny fixation, or secondary bacterial metabolism and frac-
tionation (Lapointe et al., 2005; McClelland et al., 1997; Ochoa-Iza-
guirre and Soto-Jimenez, 2015).

The global significance of the BBR ecosystem, the core of the longest
coral reef system in the western hemisphere (i.e. Mesoamerican Reef),
has been formally recognized through a UNESCO World Heritage Site
designation (Belize Barrier Reef Reserve System including SWCMR and
GRMR) in 1996 (Byron and Osipova, 2013). However, assessing the
level of nutrient enrichment and eutrophication in the coastal waters of
the BBR due to human impacts on watersheds and subsequent man-
agement of these nutrients has received inadequate attention despite the
availability of some early baseline work in the central lagoon (Lapointe
et al., 1987, 1992a; Tomasko and Lapointe, 1991). The lack of effective
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Fig. 1. Study area and sampling sites (Tables 1 and 2): (a) outlines of all 16 watersheds in Belize and the Greater Mopan/Belize River Catchment (GMBRC) (blue
shade) straddling the border between Guatemala and Belize, Central America (red rectangle = area of image c, pink polygon = area of South Water Caye Marine
Reserve (SWCMR), yellow square = area of image b); (b) North-eastern section of SWCMR and locations of Tobacco Reef, Twin Cayes and Curlew Caye sampled in the
1980s and 2017; (c) Belize City, the Belize River (thick blue line), Haulover Creek (dashed blue line), major canals (thin blue lines), area of the Swallow Caye Wildlife
Sanctuary (SCWS, aqua polygon) and out to the barrier reef, March 2019. Note brown sediment plume surrounding the peninsula of Belize City. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

ecosystem monitoring or a focused ridge-to-reef conservation strategy
and specific concerns over nutrient enrichment and sedimentation
resulting in declining water quality and impacted habitats have also
been highlighted as ongoing issues on the BBR (Fig. 2¢, d) (Auil-Gomez,
2014; Byron and Osipova, 2013; Murry, 2020; Winemiller et al., 2011).

For this study, we hypothesized that patterns of land-based nutrient
runoff from rivers (i.e. Belize River) and urban centres (i.e. Belize City)
would be evident in macroalgal tissue nutrient content across adjacent
areas of the BBR. To test this hypothesis, we examined the relationships
between the C, N, P contents, stoichiometry (C:N:P) and stable isotopes
of C and N (i.e. 613C, 8!°N) found within the tissue of a variety of
common macroalgae species sampled in the lower riverine, estuarine
and shallow marine environments from around Belize City to the
offshore fore reef habitats of the BBR (Figs. 1a, 2a, b). This information
was used to determine the source (s) and relative levels of nutrient
enrichment and potential alterations, specifically in the N:P ratio that
can directly stress and ultimately cause die-off of scleractinian corals
(Lapointe et al., 2019; Rosset et al., 2017). We also compared our Belize

City transect data from 2019 to similar elemental content (N, P) and
stoichiometry data collected from macroalgae in the SWCMR in 2017
and during the 1980s. This provided both an expanded geographic scope
of potential nutrient impact while also using a unique and local histor-
ical baseline to gauge the change in nutrient availability across the BBR
over the past four decades.

2. Methods

To assess cross-shelf patterns in % C, %N, %P, C:N:P molar ratios and
513C and 8!°N values in macroalgal tissue within the BBR ecosystem,
populations of macroalgae were sampled at ten sites along a transect
extending offshore from Belize City (population: 61,000+), the largest
human settlement in the country (Fig. 1b). This included the lower
reaches and estuary of the Belize River, which runs through the largest
watershed in the country, as well as Haulover Creek, a modified tidal
channel that runs from a junction with the Belize River near its outfall,
through mangroves and the commercial centre of Belize City (Figs. 1c,
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Fig. 2. (a) Lower reaches and mouth of Belize River (sites 3, 4, 5) with mangroves and bridge/northern highway (March 2019); (b) Downtown Belize City at mouth
of Haulover Creek (near site 10) with ferry docks and moored fishing sloops that supply two major seafood processing facilities on Haulover Creek (May 2019); (c)
bloom of the green filamentous macroalga Chaetomorpha sp. on reef flats near Curlew Caye, South Water Caye Marine Reserve (SWCMR), April 2018; (d) lower
reaches of the New River, Northern Belize with signs of hyper-eutrophication (May 2021); Photos: B. Lapointe (a), A. Tewfik (b, c), J. Maaz/WCS (d). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2a, b). The lower portion of Haulover Creek is the mooring area for fleets
of coastal ferries and small-scale commercial fishing vessels (Fig. 2b).
The outfall of Haulover Creek is also the location of a tourist village
servicing passengers from as many as four visiting cruise ships per day
moored southeast of the city within the BBR lagoon and the potential
source of prop-driven re-suspended sediments and illegally dumped
pollutants (Diedrich, 2010). Two seafood processing facilities, Northern
and National Fishermen Cooperatives, which handle most of the coun-
try's queen conch (Lobatus gigas) and spiny lobster (Panulirus argus) ex-
ports, operate on the banks of Haulover Creek <500 m from its outfall
(Fig. 2b). Sampling sites included dock and bridge pilings, seawalls,
submerged tree logs, mangrove prop roots, seagrass/algae soft sedi-
ments and hard bottom coral reefs along the mainland, around unin-
habited and populated mid-shelf cayes and the shallow fore reef outside
of the reef crest and main lagoon spanning a distance of approximately
22 km (Fig. 1c). Sampling also occurred within the Swallow Caye
Wildlife Sanctuary (SCWS), declared in 2002 as a 36 km? protected area
primarily for the endangered West Indian manatee, Trichechus manutus,
and foraging grounds for a discrete population of bottlenose dolphin
(Tursiops truncatus) lying just 3 km directly east of Belize City (Garcia
et al., 2017) (Fig. 1). All macroalgae field collections were performed
from a small boat on March 25, 2019 (dry season) with a team from the
Belize office of the Wildlife Conservation Society. The sampling was
performed by wading or snorkelling with whole macroalgae plants
initially collected into nylon mesh bags and returned to the boat. The
macroalgae were gently cleaned of sediment and debris by washing with

seawater in a plastic colander, then placed in plastic Whirl-Pak baggies
in a dark cooler for transport back to land for identification and initial
processing.

Upon return to the field laboratory in Belize City, the macroalgae
were rinsed briefly in deionized water to remove any remaining surface
debris and salt and identified to species (Littler and Littler, 2000). The
cleaned, composite macroalgae samples were dried in aluminum dishes
in a lab oven at 60 °C for 48 h and then placed in new Whirl-Pak baggies.
After transport back to the United States, the dried macroalgae were
randomly separated into two replicate samples per species from each site
and subsequently powdered using a mortar and pestle. The dried sam-
ples were stored in plastic screw-top scintillation vials until shipment to
the University of Georgia's Center for Applied Isotope Studies Stable
Isotope Ecology Laboratory (UGA-SIEL) for analysis. At UGA-SIEL,
samples were analyzed for 513C and §!°N (%o), as well as %C and %N
(based on dry weight) on a Thermo Delta V IRMS coupled to a Carlo Erba
NA1500 CHN-Combustion Analyzer via a Thermo Conflo III Interface
(see http://sisbl.uga.edu/ratio.html#top;) %o (ThermoScientific, 2007).
National Institute of Standards and Technology reference materials
8549, 8558, 8568, and 8569 were used to routinely calibrate working
standards prepared in the laboratory. QA/QC results were incorporated
into the raw data reports received by UGA-SIEL. Each sample was also
analyzed for %P (based on dry weight), where approximately 2 mg of
dried tissue was weighed into crucibles, ashed at 500 °C for 4 h, and
extracted with 0.2 mL of Aqua Regia acid. The acid extracts were then
diluted 41:1 with deionized water for TP (as PO4-P) analysis on an
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Alpkem 300 series analyzer. The resulting, %C, %N, %P, C:N:P, 53¢,
and 5'°N molar ratio data of the macroalgae were used to make in-
ferences regarding nutrient sources and availability.

Identical techniques from above samplings were used for the
collection and analysis of N and P contents and molar ratios in macro-
algae at three sites in the SWCMR in June 2017, which included two
patch reefs (Curlew Caye, Tobacco Reef) and a mangrove island (Twin
Cayes) (Figs. 1b, 2¢) (Lapointe and Tewfik, 2018). These sites are
positioned approximately 70 km south of our Belize City transect, be-
tween 16.5 and 21 km east of the outfall of the Sittee River and provide a
good mix of lagoon habitats (mangroves, coral reefs) similar to those of
the Belize City samples (Fig. 1). The SWCMR sites are identical to those
where macroalgae N and P contents and molar ratios are available from
the 1980s (Lapointe et al., 1987, 1992a) (Fig. 1c), which provide a
unique baseline for assessing changes in nutrient status in the BBR that
could have occurred over the last 35 years.

Salinity measurements were collected in May 2019, November 2019
and May 2020 using a calibrated YSI ProPlus multi-parameter meter
adjacent to macroalgae sampling sites extending from Belize City and
the Belize River to the offshore fore reef (Fig. 1c). All measurements
were taken at the surface (0.5-1.0 m depth) to assess the offshore extent
of the buoyant freshwater plume of the Belize River and associated
waterways along the sampling transect.

All statistical analyses were performed using routines with Sigmaplot
13.0 (SYSTAT, 2014). These analyses used means (+/-SE) of paired
replicates (N = 21) of macroalgae species for the Belize City transect
(Table 1) and one to three replicates for the 2017 collections at SWCMR
(Table 2). Analyses included One-Way Analysis of Variance and
regression. Comparisons to patterns from the 1980s at SWCMR were
based on published results (Lapointe et al., 1987, 1992a). Effects of
statistical tests were considered significant when P-values were equal to
or <5% for all procedures (P < 0.05). Non-parametric approaches were
used with failures of normality or equal variance (SYSTAT, 2014).

3. Results
3.1. Macroalgal tissue analysis

The mean tissue values (+/— SE) for %N, %P, C:N:P ratios, 5'°C and
8'°N from the analysis of 42 macroalgae samples across 10 sites of the

Table 1

Table 2
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Elemental contents (%N, %P) and molar ratios (N:P) of macroalgae (n = sam-
ples, mean (SE)) collected at 3 sites within the South Water Caye Marine Reserve
(SWCMR), Curlew Caye, Twin Cayes, Tobacco Reef (Fig. 1b), June 2017.

Species Site n %N %P N:P
Acanthophora Curlew Caye,
spicifera SWCMR, Belize 1 0.88 0.031 63.4
Dictyota Curlew Caye, 0.98 0.048 44.9
menstrualis SWCMR, Belize 3 (0.15) (0.003) (4.9)
Curlew Caye, 0.05 0.02 54.8
Halimeda opuntia SWCMR, Belize 3 (0.022) (0.004) (7.1)
Acanthophora Twin Cayes, 1.67 0.04 88.5
spicifera SWCMR, Belize 2 (0.018) (0.001) (43.2)
Dictyota Twin Cayes, 1.42 0.07 45.3
menstrualis SWCMR, Belize 3 (0.008) (0.002) (21.7)
Twin Cayes, 0.60 0.06 27.6
Halimeda opuntia SWCMR, Belize 3 (0.017) (0.019) (11.9)
Acanthophora Tobacco Reef, 1.07 0.05 52.9
spicifera SWCMR, Belize 2 (0.27) (0.007) 6.7)
Dictyota Tobacco Reef, 1.30 0.08 36.1
menstrualis SWCMR, Belize 2 (0.006) (0.002) 1.3)
Lobophora Tobacco Reef, 0.81 0.03 71.2
variagata SWCMR, Belize 2 (0.001) (0.001) 1.4)
1.00 0.048 51.4
Mean (SE) (0.08) (0.005) (4.24)

Belize City transect are summarized by species collected at each site in
Table 1. Sites are grouped as nearshore (0-0.7 km) located within the
dry season “brown” plume of the Belize River and Haulover Creek (sites
1, 2, 3, 4, 5, 10) and offshore sites (2.8-22.0 km) in relatively “clear”
water (sites 6, 7, 8, 9) (Figs. 1c, 2). Mean (+/— SE) tissue values for %N,
%P and N:P ratios collected at the 3 sites (Curlew, Tobacco, Twin) in
SWCMR during 2017 are presented in Table 2 and provide an additional
set of information for an indication of the current broader impact of
nutrient enrichment on the BBR.

3.2. Elemental composition and stoichiometry

The %C, %N and %P contents of macroalgae were generally higher at
the nearshore sites for the Belize City transect compared to the offshore
sites and consistent with closer proximity to land-based nutrient sources

Stable isotopes (613C, 615N), elemental contents (%C, %N, %P) and molar ratios (C:N, C:P, N:P) of macroalgae collected at 10 sites (see Fig. 1). Nearshore sites are
within Haulover Creek or the Belize River plume (Fig. 1). All values represent means (n = 2).

Species Site Site description di3c d15N %C %N %P CN C:p N:P

Gelidiopsis sp. 1 City dock/seawall -19.6 5.8 28.8 3.3 0.19 10.1 392.6 39.0
Acanthophora spicifera 1 City dock/seawall -16.4 5.6 30.6 4.1 0.06 8.8 1394.4 158.8
Hypnea musciformis 1 City dock/seawall -16.7 7.4 28.2 3.3 0.13 10.1 577.6 57.7
Bostrychia moritziana 2 Moho caye —25.4 1.9 27.6 3.3 0.09 9.8 828.5 84.4
Acetabularia crenulata 2 Moho caye -13.2 3.1 22.3 0.7 0.06 54.0 1115.9 23.2
Bostrychia moritziana 3 Estuary/stump -29.8 2.8 21.9 2.4 0.11 10.5 523.7 50.1
Bostrychia moritziana 4 Belize river bridge -33.9 8.0 26.9 2.7 0.12 11.8 556.6 47.3
Bostrychia moritziana 5 mangrove/river mouth —32.0 7.1 24.4 2.0 0.11 14.3 563.8 39.5
Laurencia filiformis 6 Riders caye -15.4 6.4 23.7 1.1 0.03 26.4 1879.0 71.3
Hypnea spinella 6 Riders caye —185 2.8 23.0 1.2 0.03 23.0 2273.8 99.0
Acanthophora spicifera 7 St. George's Caye —15.0 4.9 23.2 1.6 0.05 16.6 1242.1 74.9
Laurencia intricata 7 St. George's Caye -13.8 4.2 22.2 1.1 0.04 23.5 1287.1 54.8
Gracilaria ferox 7 St. George's Caye -15.7 4.9 25.7 2.0 0.08 15.2 818.6 53.8
Dictyota cervicornis 8 Shallow forereef -12.7 2.1 25.3 0.9 0.04 33.4 1815.0 54.3
Turbinaria turbinata 8 Shallow forereef -14.3 2.3 24.6 0.7 0.03 39.3 1943.2 49.6
Sargassum polyceratium 8 Shallow forereef -11.6 1.7 26.7 1.0 0.04 325 1577.6 48.8
Hypnea spinella 9 Swallow caye —21.1 4.5 24.4 2.5 0.05 11.3 1210.1 107.4
Laurencia filiformis 9 Swallow caye —15.5 4.3 20.2 1.5 0.05 16.3 1069.9 65.9
Gracilaria tikvahiae 10 Haulover seawall -20.3 -4.4 27.9 2.4 0.05 13.8 1578.7 114.5
Ulva chaetomorphoides 10 Haulover seawall -18.7 -7.0 24.6 1.7 0.06 16.8 1068.7 63.8
Acanthophora spicifera 10 Haulover seawall —18.0 —-2.2 26.6 3.0 0.07 10.4 1036.8 99.8
Mean —18.9 3.2 25.2 2.0 0.07 19.4 1178.7 69.4
Standard error 1.38 0.82 0.57 0.22 0.01 2.58 114.8 6.9
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(Table 1). The %C ranged from a maximum mean value of 30.6 in the red
macroalga Acanthophora spicifera at the Belize City fishing dock (site 1)
to a minimum value of 20.2 in Laurencia filiformis at SCWS (site 9). For %
N, the maximum value of 4.1 was in the red macroalga A. spicifera at the
Belize City fishing dock, with the minimum value of 0.70 in the green
alga Acetabularia crenulata at Moho Caye (site 2) (Fig. 3a). A regression
analysis of %N values across the shelf indicated a significant decline (R
=0.375, P =0.003) out to the shallow fore reef 22 km offshore (Fig. 4a).
For %P, the maximum mean value of 0.19 was in the red macroalga
Gelidiopsis sp. at the Belize City fishing dock (site 1) with the minimum
value of 0.03 in the brown macroalga Turbinaria turbinata at the offshore
shallow fore reef (site 8) (Fig. 3b). A regression analysis of %P values
across the shelf indicated a significant decline (R? = 0.226, P = 0.03) in
levels of phosphorus out to the shallow fore reef 22 km offshore
(Fig. 4b).

The resulting molar C:N:P ratios of macroalgae along the Belize City
transect were elevated above the Redfield Ratio (106:16:1), indicating
high levels of nutrient limitation, especially P. The overall mean C:N
ratio was 19.4 with the minimum mean value of 8.8 found in the red
macroalga Acanthophora spicifera at the Belize City fishing dock (site 1)
and the maximum value of 54.0 in the green calcified macroalga Ace-
tabularia crenulata at Moho Caye (site 2; Table 1). A Mann-Whitney Rank
Sum test (U Statistic = 56.000, T = 227.000, P < 0.001), normality test
(Shapiro-Wilk) failure, revealed a significantly lower C:N ratio (mean
+/— SE) at nearshore sites (15.5 +/— 2.8) versus offshore sites (23.8
+/— 2.0). The overall mean for the C:P ratio was 1179 with the mini-
mum mean value of 393 in Gelidiopsis sp. at the Belize City fishing dock
(site 1), with the maximum value of 2274 in the red macroalga Hypnea
spinella at Riders Caye (site 6) (Table 1). A t-test (t = —3.914, 40 df, Two-
tailed P < 0.001), both normality and equal variance tests passed,
revealed a significantly lower C:P ratio at nearshore sites (876 +/— 83)
versus offshore sites (1511 +/— 102).

In contrast to the C:N and C:P ratios, a Mann-Whitney test (U Sta-
tistic = 205.000, T = 376.000,P = 0.790), run due to failure of
normality, revealed no significant differences in N:P ratios (mean +/—
SE) between nearshore (70.7 +/— 8.6) and offshore (68.0 +/— 4.6) sites
for the Belize City data (Fig. 3c). The overall mean N:P ratio across the
transect was 69.4 (+/— 7.0) with a minimum value of 23.2 in the green
macroalga Acetabularia crenulata at Moho Caye (site 2) and the
maximum value of 158.8 in the red macroalga Acanthophora spicifera at
the Belize City fishing dock (site 1) (Table 1). Macroalgae at site 9,
within the SCWS, had very high N:P values ranging from 61.1 to 109.2
(Table 1). A regression analysis of N:P values across the shelf from Belize
City indicated a non-significant trend R? = 0.061, P = 0.696) and de-
scribes elevated N:P ratios compared to the Redfield Ratio of 16:1 and
historical data from SWCMR (29.3:1), and hence N enrichment relative
to P, out to the shallow fore reef 22 km offshore (Fig. 5). Almost all N:P
values along the Belize City transect (Fig. 5) exceed the mean N:P ratio
found at the SWCMR in the 1980s (29.2 £9.8, Table 2). The mean N:P

Marine Pollution Bulletin 171 (2021) 112686

ratio along the Belize City transect (69.4 +6.9) is 138% higher than the
mean N:P ratio at SWCMR in the 1980s (Table 1, Fig. 6). Mann-Whitney
U Statistics reveal no significant differences in %N (P = 0.075) or %P (P
= 0.336) at SWCMR between the 1980s and 2017, however, the N:P
ratio has increased significantly (P < 0.001) (Fig. 6). With the
perspective of the unique historical baseline in the area of SWCMR from
the 1980s (Lapointe et al., 1987, 1992a), the %N and %P at SWCMR in
2017 have increased by 40% and 32%, respectively, while the N:P ratio
has increased by 76% over approximately 30 years (Table 2, Fig. 6).

3.3. Stable isotopes

The 5'3C data for the Belize City transect ranged from depleted
values of —33.9%o in the red macroalga Bostrichia moritziana at the Belize
River bridge (site 4, group 1) to the most enriched value of —11.6%o in
the brown macroalga Sargassum polyceratium on the offshore shallow
fore reef (site 8, group 2) (Fig. 7a, Table 1). The general relationship of
§13C across the lagoon to the shallow fore reef (22 km) indicated
significantly increasing enriched (i.e. less negative) and decreasing
terrestrial origins of C with the most depleted (i.e. terrestrial) signatures
occurring at the outlet of the Belize River (Fig. 7a). The 513C values at
site 10 (Haulover Creek, group 3) were separated given the considerably
different 5'°N data for that site and a desire for consistency in the pre-
sentation of overall stable isotope results in Fig. 8. When data were
grouped by distance from the mainland, significant differences in mean
513C values were only detected between nearshore sites, groups 1 and 3
(#1-5, 10) and offshore sites, group 2 (#6-9) (Fig. 8a). Failure of
normality test (Shapiro-Wilk) required the use of the Kruskal-Wallis
One-Way Analysis of Variance on Ranks (H = 16.201 with 2 degrees
of freedom, P < 0.001) followed by pairwise multiple comparison pro-
cedures (Dunn's Method) for §'3C: 1 vs. 2 (P < 0.001), 2 vs. 3 (P =
0.083), 1 vs. 3 (P = 1). (Fig. 8a).

The spatial pattern of 5'°N indicated generally enriched (>+2%o)
values with no significant trend across the shelf with a mean value of 3.2
+/— 0.82%0 (Fig. 7b). However, exceptionally depleted values were
detected in the most urban setting at the outlet of Haulover Creek (site
10, mean (SE), —4.5 +/— 0.86%o), which included Ulva chaetomor-
phoides at —7.0%o (Figs. 7b, 8b Table 1). With the exception of values at
the outlet of Haulover Creek (site 10) in Belize City, an opposite
terrestrial/oceanic trend compared to 5'3C values was revealed in the
macroalgae 5'°N data. Enriched values, ranging up to +8.0%o in the red
macroalga Bostrichia moritziana, were found at the Belize River bridge (i.
e. mouth/estuary) with lower values at the shallow fore reef (+2.0 +/—
0.16) 22 km offshore. Significant differences occurred between the
nearshore site group (#1-5), offshore site group (#6-9), and the site at
Haulover Creek (#10) using a One-Way Analysis of Variance (F = 83.1
with 2 degrees of freedom, P < 0.001), data passing tests of normality
(Shapiro-Wilk) and equal variance (Brown-Forsythe), followed by
pairwise multiple comparison procedures (Holm-Sidak method) 5!°N: 1
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Fig. 3. (a) Contents of nitrogen (%N), (b) phosphorus (%P) and (c) molar ratio (N:P) for macroalgae at Belize City and adjacent shelf and shallow fore reef for
nearshore (1) and offshore (2) site groups. Fine dashed horizontal lines indicate mean values for the 1980s at SWCMR (Fig. 6). (a) %N: t = 5.377 with 40 degrees of
freedom, Two-tailed P-value < 0.001; (b) % P: Mann-Whitney U Statistic = 41.000, T = 251.000 n (small) = 20 n (big) = 22 (P < 0.001); (c) N:P ratio: Mann-Whitney

U Statistic = 189.000, T = 461.000 n (small) = 20 n (big) = 22 (P = 0.442).
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Fig. 4. Regression of mean (+/— SE) (a) percent nitrogen (%N = 2.471 - (0.0757 * Dist)) and (b) phosphorus (%P = 0.0850 - (0.00239 * Dist)) for macroalgae species
tissue (n = 2) at 10 sites (Table 1) across the shelf (22 km) from Belize City to the fore reef. %N: R? = 0.375, P = 0.003, %P: R?> = 0.226, P = 0.03. Fine dashed
horizontal lines indicate mean values for %N (0.71) and %P (0.037) detected at SWCMR in the 1980s (Fig. 6).
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Fig. 5. Regression of the molar nitrogen to phosphorous ratio (N:P = 75.188 -
(0.964 * Dist)) for macroalgae tissue (n = 2) at 10 sites (Table 1) across the shelf
(22 km) from Belize City to the fore reef. Fine dashed horizontal line indicates
mean N:P ratio (30:1) observed at South Water Caye Marine Reserve in the
1980s (Fig. 6). R? = 0.061 (heavy dashed line), P = 0.696. Error = SE.

vs. 2 (P < 0.001), 2 vs. 3 (P < 0.001), 1 vs. 3 (P < 0.001) (Fig. 8b).

3.4. Salinity

All distances for the Belize City transect sample sites of salinity and
macroalgae were taken from the closest point of mainland and where a
depth of 2 m was encountered so the salinity probe did not touch bot-
tom. A distance of zero kilometers was used for sites 4 and 10, which are
at the two main freshwater discharge points (Belize River, Haulover
Creek), and site 1 located at a public dock along a seawall (Fig. 1). Low
salinity (1.36 to 6.84 ppt) surface waters (0.5-1.0 m) measured in May
and November 2019 and May 2020 at the lower reaches of the Belize
River (sites 3, 4, 5) (Fig. 1c) indicated significant discharges of fresh-
water coming from the broader watershed into the estuary and lagoon
(Fig. 9). These freshwater discharges also appeared to carry sediments
that were visible as a brown plume around the peninsula of Belize City
(Fig. 1c). All other sites indicated salinities between 30.7 and 40.2 ppt
consistent with coastal marine waters out to the fore reef (Fig. 9), even
as some sites (1, 2, 10) were found within the nearshore sediment plume
(Fig. 1c) and grouped with nearshore sites. Values measured in
November 2019 (“wet season”) were very consistent with the patterns
observed in May 2019 and 2020 (“dry season”) with potential differ-
ences in salinity only evident immediately following heavy rain events
associated with severe weather or stalled meteorological systems.

1.8 0.10 100
164 (@) . (b) ¢ (c) g
1 T 0.08 T 80 T
1.2 0.06 60 %

.§ 1.0 === | [EEET % T ——————— ; P ——————
0.8 0044 L 40
0 =

. + 0.02 1 ‘l‘ 20 : 7
04 .
0.2 . . 0.00 : 0
1985 2017 1985 2017 1988 2017

Year

Year

Year

Fig. 6. (a) Contents of nitrogen (%N), (b) phosphorus (%P) and (c) molar ratio (N:P) for macroalgae at 3 offshore sites in South Water Caye Marine Reserve
(SWCMR) assessed in the 1980s (Lapointe et al., 1987, 1992a) and 2017 (Lapointe and Tewfik, 2018) (Table 2). Dashed line in box plot is the mean value, solid line is
median, box represents 25% and 75% percentile, caps are 10% and 90% percentile, points indicate all outliers. (a) %N: Mann-Whitney U Statistic = 32.000, T =
53.000 n(small) = 6 n (big) = 21 (P = 0.075); (b) %P: Mann-Whitney U Statistic = 46.000, T = 67.000 n(small) = 6 n (big) = 21 (P = 0.336); (c) N:P ratio: Mann-
Whitney U Statistic = 77.000, T = 658.000 n (small) = 21 n (big) = 24 (P < 0.001).
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Fig. 7. Regression of mean (+/— SE) (a) §!3C (613C = —21.551 + (0.437 * Dist)) and (b) §!°N (§'°N = 3.114 + (0.00696 * Dist)) for macroalgae tissue (N = 2) at ten
sites (Table 1) across the shelf (22 km) from Belize City to the fore reef. §'C: R = 0.312, P = 0.008, §!°N: R? = 0.0002, P = 0.949. Ellipses highlight groups of data at
the outlet of the (a) Belize River (site 3, 4, 5) and (b) Haulover Creek (site 10) which indicate noteworthy terrestrial carbon and bacterial fractionation signatures
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Fig. 8. Stable isotopes of (a) 5'3C and (b) 8'°N for macroalgae in nearshore (1), offshore (2) and Haulover Creek (3) sites. Ellipse (a) indicates range of signatures at
the outlet of the Belize river. Dashed line in box plot is the mean value, solid line is median, box represents 25% and 75% percentile, caps are 10% and 90%
percentile, points indicate all outliers. §'3C Kruskal-Wallis One-Way Analysis of Variance on Ranks, H = 16.201 with 2 degrees of freedom (P < 0.001). Pairwise
Multiple Comparison Procedures (Dunn's Method) for 5'3C: 1 vs. 2 (P < 0.001), 2 vs. 3 (P =0.083), 1 vs. 3 (P =1). 8'°N One-Way Analysis of Variance, F = 83.1 with
2 degrees of freedom, (P < 0.001). Pairwise Multiple Comparison Procedures (Holm-Sidak method) 51°N: 1 vs. 2 (P < 0.001), 2 vs. 3 (P < 0.001), 1 vs. 3 (P < 0.001).

4. Discussion

Several lines of evidence from this study support the hypothesis that
increasing nutrients, especially N, from the Belize River and Haulover
Creek, sustain macroalgal blooms from nearshore to offshore waters of
the BBR. First, significant offshore gradients of 513C, %N, and %P in
macroalgae all indicated land-based sources of these key nutrients.
Second, C:N and C:P ratios of macroalgae were lower in nearshore wa-
ters with lower salinity values, pointing to freshwater runoff as the
source of nutrient enrichment. Third, §'°N values of macroalgae were
overall enriched well above values for N; fixation, especially in near-
shore waters, where values matched those reported for sewage pollu-
tion. Last, the N:P ratios of macroalgae were elevated across the entire
nearshore-to-offshore gradient to values of ~70:1, some four-fold
higher than the Redfield Ratio (16:1) for oceanic waters and more
than two-fold higher than values for macroalgae on the BBR in the mid-
1980s (~30:1) (Lapointe et al., 1992a). This indicates widespread N-
enrichment, increasing N:P ratios and a strengthening of P-limitation,
which is consistent with pelagic Sargassum across large areas of the
Atlantic basin and Caribbean Sea (Lapointe et al., 2021).

The wide range in macroalgae 5'3C values in the study represents a

gradient of terrestrial to oceanic influence, with more depleted values
typical of terrestrial dissolved inorganic carbon (DIC) from watersheds
in the lower salinity water (<5 ppt). The more enriched values across the
transect to the offshore fore reef are typical of higher salinity (>34 ppt)
and marine DIC (Olsen et al., 2010). The opposite trend of enriched
macroalgal §'°N values in nearshore urbanized areas to more depleted
values in offshore waters has been widely reported for sewage-stressed
coral reefs in the Caribbean region, including southeast Florida
(Lapointe et al., 2005; Lapointe and Bedford, 2010), Florida Keys
(Lapointe et al., 2004), Tobago (Lapointe et al., 2010), Jamaica
(Lapointe et al., 2011) and the Bahamas (Barile and Lapointe, 2005).
The more enriched 8'°N values > +3%o in the nearshore macroalgae
reflect the more processed N from sewage, manure effluent and animal
processing waste whereas values < +3%o reflect more depleted N
sources such as Ny fixation (0%o), atmospheric deposition (—3.0 to
+1.0%o0), and synthetic fertilizers (0 to +3%o) (Lapointe and Bedford,
2007). While we were unable to evaluate the details of the pattern of
freshwater discharge and flow from the Belize River and Haulover Creek
into the nearshore and broader BBR lagoon, a number of approaches
(hydrodynamic modelling, remote sensing) have recently been used to
assess freshwater flows and associated impacts of land-based pollution
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Fig. 9. Mean (+/— standard error) salinity values (ppt) in surface waters
(0.5-1.0 m depth) at ten sampling sites (see Table 1) from around Belize City,
the Belize River outfall and to the offshore reef 22 km east. Measurements were
collected between May 2019, November 2019 and May 2020 in close proximity
to macroalgae sample collections in March 2019. Dotted vertical line indicates
division between sites grouped as nearshore (0-0.7 km) located within the dry
season “brown” plume of the Belize River and Haulover Creek, sites 1, 2, 3, 4, 5,
10, and offshore (2.8-22.0 km) in “clear” water, sites 6, 7, 8, 9 (Fig. 1c).

on coral reef systems elsewhere (Alvarez-Romero et al., 2013; Wolff
et al., 2018). These could be applied to our study sites and the broader
BBR in future work.

The mouth of Haulover Creek was clearly the most polluted site
examined in the study, as it drains directly through the commercial
center of the Belize City watershed that is heavily impacted by untreated
sewage (Fig. 1¢). In addition, the impact of seafood processing effluents
from the Northern and National Fishermen's Cooperatives, which are
responsible for most of the country's hundreds of metric tonnes of queen
conch and Caribbean spiny lobster exports annually (Huitric, 2005),
cannot be ignored. The high organic pollutant loads associated with
untreated discharge of decaying animal matter would result in
ammonium-rich anoxic/hypoxic waters. The macroalgae collected at
this site included the red macroalgae Gracilaria tikvahiae and Acantho-
phora spicifera, as well as the green macroalga Ulva chaetomorphoides, all
of which are well-known nutrient pollution indicator species (Lapointe
and Bedford, 2011; Whitehouse and Lapointe, 2015). In such nutrient
polluted surface waters where these algae were collected (seawall,
intertidal zone), high rates of bacterial nitrification convert ammonium
to nitrite and nitrate under aerobic conditions. This microbial processing
can result in isotopic fractionation and depletion of macroalgae 5'°N
values by —6 to —9%o (Ochoa-Izaguirre and Soto-Jimenez, 2015). More
specifically, given the average 8!°N signature that we observed in all
other sites (enriched, +4.4%o), depletion by —6 to —9%o as described
above could result in 5'°N values from —2.4 to —5.4%,, where the mean
5!°N value at site 10 (Haulover Creek) was —4.5%o (+/—0.87). In
addition, the average natural 5'°N signature of the majority of product
processed at local seafood facilities on Haulover Creek (both <500 m
from site 10), queen conch (L. gigas) and Caribbean spiny lobster
(P. argus), is approximately +4.6%o (Tilley et al., 2013) and could be
depleted by microbial fractionation at this site to signatures we detected.
Unfortunately, the processing of the two most important fisheries
products in Belize (conch and lobster) (Tewfik et al., 2019; Tewfik et al.,
2020) is negatively impacting the water quality where these species live
and are harvested from. Depleted 5'°N source values from atmospheric
deposition of N could also contribute to these low isotope values at this
site.

The macroalgal C:N ratios revealed spatial patterns of land-based N
enrichment from the combined runoff of Haulover Creek and the Belize
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River. The low C:N ratios (8.8-10.1) in macroalgae at the Belize City
dock (site 1, Table 1) reflect the high concentrations and availability of
dissolved inorganic nitrogen (DIN = ammonium + nitrate + nitrite)
typical of sewage polluted urban environments (Lapointe et al., 2010;
Lapointe et al., 2011). The lower salinity values (<5 ppt) observed at the
discharge of the Belize River sites are indicative of freshwater runoff into
the coastal zone, which can carry high DIN concentrations that support
macroalgal blooms (Lapointe et al., 1987; Whitehouse and Lapointe,
2015). Several abundant red and green macroalgae species collected at
these inshore sites, including Hypnea musciformis, Acanthophora spicifera,
Gracilaria tikvahiae, and Ulva chaetomorphoides, are well known nutrient
indicator species that form widespread blooms in sewage polluted, DIN
enriched waters of Florida's Indian River Lagoon (Lapointe et al., 2015),
Buccoo Reef Complex, Tobago (Lapointe et al., 2010), and Hawaii
(Dailer et al., 2010; Lapointe and Bedford, 2011). Experimental lab
studies show how the growth rate of bloom-forming red algae Gracillaria
foliifera becomes saturated at low DIN concentrations of <1 uM and at
higher concentrations initiates rapid uptake kinetics to sequester DIN to
support future growth demands (Deboer et al., 1978; Delia and Deboer,
1978). Higher C:N values (32.5-39.3) in the brown macroalgae
Sargassum polyceratium, Dictyota cervicornis, and Turbinaria turbinata at
the offshore fore reef site reflected lower DIN concentrations and less
eutrophic conditions.

It is not widely understood that the human alteration of the global N
and P cycles (Steffen et al., 2015) has resulted in global patterns of N
enrichment and widespread increases in the N:P ratio well above the
Redfield Ratio of 16:1 (Lapointe et al., 2021). However, the very high N:
P ratios in macroalgae (mean ~70:1) across the entire Belize City shelf
transect (Figs. 3c, 5) provides evidence that cumulative land-based
runoff has impacted the N:P stoichiometry well above the historical
levels (mean ~30:1) from relatively clean waters, indicating strength-
ening P-limitation out to the fore reef 22 km offshore (Fig. 5). The high
N:P values detected within the SCWS, declared primarily for the pro-
tection of the endangered West Indian manatee, are similar to those
detected in the N-enriched northern Indian River Lagoon, Florida in
2012 (N:P = 56:1), where harmful algal blooms and catastrophic sea-
grass die-off led to an Unusual Mortality Event (UME) of the endangered
Florida manatee Trichechus manatus latirostris in 2013 (Capper et al.,
2013; Lapointe et al., 2015) and more recently in the winter of 2021
(Chesnes, 2021). In comparison, mean N:P ratios in a broad sampling of
macroalgae from across the SWCMR, Belize (Fig. 1) from 1987 to 1990
were all <36:1, with macroalgae on patch coral reefs at Curlew Caye and
Tobacco Reef averaging 22.1 and 27.1, respectively (Lapointe et al.,
1992a). This suggests that N:P ratios have tripled over the past three
decades within the main BBR lagoon, remarkably similar to the three-
fold increases in N:P of macroalgae at Looe Key reef in the lower Flor-
ida Keys since the 1980s (Lapointe et al., 2019). This dramatic increase
in the N:P at Looe Key followed increased flows of freshwater from the
Everglades watershed (N:P = 260:1), which begins at the urban center of
Orlando, Florida, discharging into Florida Bay and flowing south
through the Florida Keys region (Lapointe et al., 2019). While symbiotic
scleractinians are adapted to N-limitation and low N:P ratios (Muscatine
and Porter, 1977), the currently high N:P ratios and strong P-limitation
at Looe Key and the BBR are well known to cause metabolic stress in
scleractinian corals through P starvation that exacerbates coral diseases,
bleaching, and die-off (D'Angelo and Wiedenmann, 2014; Lapointe
et al., 2019; Rosset et al., 2017; Wiedenmann et al., 2013; Wooldridge,
2009). This nutritional imbalance was apparent in Negril, Jamaica, a
major tourist destination, when N:P ratios of macroalgae on shallow
fringing reefs averaged ~65:1 in 1998 during a period of catastrophic
scleractinian coral decline from diseases, bleaching, and overgrowth by
macroalgae (Lapointe et al., 2011). However, others concluded that such
phase-shifts from coral to macroalgae was simply due to overfishing of
herbivores and reduced grazing (Hughes, 1994). Unfortunately, nutrient
data were not collected and it was assumed that Negril and other
fringing reef monitoring sites in Jamaica, including the nearby urban
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center of Montego Bay with a population of almost half a million, were
not affected by land-based nutrient pollution (Hughes, 1994).

The current study did not include measurement of dissolved nutrient
concentrations in seawater, which requires rigorous protocols for
collection, handling, filtration, storage, and appropriate methods for
analysis, specifically low Method Detection Limits (MDLs) (D'Elia et al.,
1989). Because the measurement of dissolved nutrients on coral reefs is
often poorly done using methods not designed for low MDLs (e.g. HACH
kits) (Lapointe, 2004; McClanahan et al., 2002), its' usefulness in
assessing levels of nutrient enrichment is limited. This is also due to the
rapid uptake, short-lived nature, and high variability of these biologi-
cally reactive chemical constituents (DIN; soluble reactive phosphorus,
SRP) in naturally oligotrophic waters around coral reefs, which may
nevertheless have significant impacts on coral reefs even at low levels
(Bell, 1992; Lapointe, 1997; Lapointe et al., 1992a). The problems
associated with poor quantification of dissolved nutrients may have
substantively contributed to the arguments that “bottom-up” effects of
nutrients are unimportant compared to “top-down” effects of reduced
grazing as a cause of macroalgal blooms and decline in scleractinian
coral cover and functional loss (Hughes, 1994; McClanahan et al., 2002;
McClanahan et al., 2003; Mumby et al., 2006). On DIN-enriched
Caribbean coral reefs with macroalgal blooms and high tissue N:P ra-
tios like the BBR, SRP is strongly growth-limiting and concentrations are
very low, for example 0.03 to 0.07 pM in the Florida Keys (Lapointe
etal., 2004) and 0.01 to 0.07 pM on the north coast of Jamaica (Lapointe
et al., 2011). These low SRP concentrations can exacerbate coral dis-
eases, bleaching and die-off in DIN-enriched systems due to high N:P
ratios and associated P starvation in scleractinian corals (Lapointe et al.,
2019; Rosset et al., 2017), so accurate measurement of both DIN and SRP
are critical to understanding coral stress and decline, if they are to be
used. However, common macroalgae species, functioning as bio-
indicators, are relatively easily collected, processed and analyzed for %
N, %P, and N:P ratio as well as §'3C and 5'°N. They present a much more
practical and cost-effective approach to detecting sources of nutrient
contamination and targets for long-term monitoring of changes in
nutrient regimes across large spatial scales, especially where resources
and analytical facilities are limited.

In summary, this study, using benthic macroalgae as cumulative
bioindicators of nutrient enrichment, is the first to suggest that nutrient
stress caused by N enrichment and elevated N:P ratios is a primary
mechanism by which human activities within watersheds and coastal
environments of Belize (Auil-Gomez, 2014; Boles and Requena, 2011;
Cherrington et al., 2012) are negatively impacting the BBR. This is
perhaps most acute for the health and biodiversity of scleractinian corals
that are the critical ecosystem engineers of tropical reefs. Specific con-
cerns over the impacts of agriculture, sewage, increasing numbers and
capacity of cruise ships and tourism infrastructure, effluent from large-
scale aquaculture production (e.g. shrimp), and large amounts of
nutrient-rich ash from forest fires in the region have also been high-
lighted as contributing to examples of declining water quality and
hyper-eutrophication in areas such as the Placencia Lagoon and the New
River, Belize (Fig. 2d) (Auil-Gomez, 2014; Diedrich, 2010; Garcia et al.,
2017; Ledwin, 2010). This coincides with concerns over the impacts of
poor water quality across the Belize Barrier Reef Reserve System
UNESCO World Heritage Site and a potentially premature removal of the
site from the ‘In Danger’ list (Byron and Osipova, 2013; Murry, 2020).
Such nutrient stress contributes significantly to the coral-algae phase
shift and loss of biodiversity even in the presence of reasonably pro-
tected and healthy herbivore communities (Arias-Gonzalez et al., 2017;
Suchley et al., 2016; Tewfik et al., 2017). The science supporting the
need for a proactive approach to nutrient management for the health
and protection of coral reefs is sound (D'Angelo and Wiedenmann, 2014;
El-Khaled et al., 2021; Lapointe et al., 2019; Rosset et al., 2017).

To manage the adverse effects of nutrient over-enrichment, nutrient
thresholds (i.e. nutrient criteria, nutrient standards) have been adopted
in Florida's oligotrophic Everglades (Florida Public Law 62-302.540)
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and coastal waters that include coral reefs in South Florida (Florida
Public Law Chapter 62-302.532). The United States Environmental
Protection Agency has also established a DIN maximum target value of
0.75 pM for coral reefs in the Florida Keys National Marine Sanctuary
(Lapointe et al., 2019). Nutrient enrichment and eutrophication have
long been an environmental concern on the Great Barrier Reef, with
similar management efforts as in Florida having been instituted in
Australia to protect the GBR from nutrient impacts, especially focused
on reductions in DIN (Alluvium, 2019; Bell, 1992; Brodie et al., 2011).
Although development of similar nutrient criteria may not be immedi-
ately practical for Belize, a number of actions could be taken that include
the promotion of Best Management Practices (BMPs) and Basin Man-
agement Action Plans (BMAPs) to reduce nutrient loading from urban
effluents and agricultural areas to improve water quality and restore the
shallow coastal ecosystems of the BBR. The practicality of such actions
are complicated by the ongoing dispute over territorial boundaries with
Guatemala who share the area of several watersheds including that of
the Belize River (Perez et al., 2009). Positive change will be facilitated
by continuing efforts in standardizing appropriate MDLs and water
quality monitoring protocols, compiling ecological assessments of im-
pacts, adopting a focused ridge-to-reef conservation strategy and
increasing awareness of nutrient contamination among the general
public and political bodies (Boles, 2018; Boles and Requena, 2011;
D'Elia et al., 1989; Winemiller et al., 2011). Coral reefs and associated
seagrass ecosystems provide significant livelihoods (fishing, tourism)
and other critical ecological services (coastal protection) to the growing
population of Belize (Auil-Gomez, 2014). Furthermore, they represent a
globally significant natural ecosystem complex and as such must be
protected from ongoing impacts of unsustainable development in upland
watersheds and the coastal environment.

CRediT authorship contribution statement

Brian E. Lapointe: Conceptualization, Methodology, Validation,
Formal analysis, Investigation, Resources, Data curation, Writing —
original draft, Writing — review & editing, Visualization, Supervision,
Project administration, Funding acquisition. Alexander Tewfik:
Conceptualization, Methodology, Validation, Formal analysis, Investi-
gation, Resources, Data curation, Writing — original draft, Writing —
review & editing, Visualization, Supervision, Project administration,
Funding acquisition. Myles Phillips: Investigation, Resources, Writing —
review & editing, Visualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This research was supported by NASA's Biological Diversity and
Ecological  Forecasting Program under contract number
80NSSC19K0200 (Climate-influenced Nutrient Flows and Threats to the
Biodiversity of the Belize Barrier Reef Reserve System), Coastal Asso-
ciation of Science and Technology (COAST) and Florida Atlantic Uni-
versity-Harbor Branch Oceanographic Institute. The staff of Wildlife
Conservation Society, Belize aided with all field logistics, initial sample
preparations and project support. The authors thank Tom Maddox at the
University of Georgia for nutrient and isotope analysis of macroalgae
samples. This is contribution number 2300 from Florida Atlantic
University-Harbor Branch Oceanographic Institute.



B.E. Lapointe et al.
References

Abaya, L.M., Wiegner, T.N., Beets, J.P., Colbert, S.L., Carlson, K.M., Kramer, K.L., 2018.
Spatial distribution of sewage pollution on a Hawaiian coral reef. Mar. Pollut. Bull.
130, 335-347.

Alluvium, 2019. Effective and Efficient Pathways for Investment in Improved Water
Quality in the Great Barrier Reef: Final Report. Great Barrier Reef Foundation,
Brisbane.

Alvarez-Romero, J.G., Devlin, M., da Silva, E.T., Petus, C., Ban, N.C., Pressey, R.L.,
Kool, J., Roberts, J.J., Cerdeira-Estrada, S., Wenger, A.S., Brodie, J., 2013. A novel
approach to model exposure of coastal-marine ecosystems to riverine flood plumes
based on remote sensing techniques. J. Environ. Manag. 119, 194-207.

Anderson, D.M., 2007. The Ecology and Oceanography of Harmful Algal Blooms:
Multidisciplinary Approaches to Research and Management, UNESCO: I0C
Technical Series 74. France, Paris.

Anderson, C., Cabana, G., 2005. Delta N-15 in riverine food webs: effects of N inputs
from agricultural watersheds. Can. J. Fish. Aquat. Sci. 62, 333-340.

Arias-Gonzélez, J.E., Fung, T., Seymour, R.M., Garza-Pérez, J.R., Acosta-Gonzalez, G.,
Bozec, Y.-M., Johnson, C.R., 2017. A coral-algal phase shift in Mesoamerica not
driven by changes in herbivorous fish abundance. PLoS ONE 12, e0174855.

Atkinson, M.J., Smith, S.V., 1983. C:N:P ratios of benthic marine plants. Limnol.
Oceanogr. 28, 568-574.

Auil-Gomez, N., 2014. State of the Belize Coastal Zone Report 2003-2013. Coastal Zone
Management Authority & Insitute (CZMAI), Belize City, Belize.

Babcock, E.A., Tewfik, A., Burns-Perez, V., 2018. Fish community and single-species
indicators provide evidence of unsustainable practices in a multi-gear reef fishery.
Fish. Res. 208, 70-85.

Baker, D.M., Rodriguez-Martinez, R.E., Fogel, M.L., 2013. Tourism's nitrogen footprint
on a Mesoamerican coral reef. Coral Reefs 32, 691-699.

Banner, A.H., 1974. Kaneohe Bay, Hawaii; Urban pollution and a coral reefs ecosystem.
Proceedings of the second international coral reef symposium, pp. 685-702.

Barile, P.J., Lapointe, B.E., 2005. Atmospheric nitrogen deposition from a remote source
enriches macroalgae in a coral reef ecosystem at Green Turtle Cay, Abacos, Bahamas.
Mar. Pollut. Bull. 50, 1262-1272.

Bell, P.R.F., 1992. Eutrophication and coral reefs some examples in the great-barrier-reef
lagoon. Water Res. 26, 553-568.

Bell, P.R.F., Elmetri, 1., Lapointe, B.E., 2014. Evidence of large-scale chronic
eutrophication in the great barrier reef: quantification of chlorophyll a thresholds for
sustaining coral reef communities. Ambio 43, 361-376.

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

Birkeland, C., 2004. Ratcheting down the coral reefs. Bioscience 54, 1021-1027.

Boles, E., 2018. Stocktake and Mapping of Water Quality Monitoring Programs and
Protocols within Belize—A Preliminary Step in the Standardization Process. UNDP’s
Japan -Caribbean Climate Change Partnership and the Government of Belize, Belize
City, p. 52.

Boles, E., Requena, E.L., 2011. Human impact mapping of the Belize river watershed -
Branch Mouth to the Coastline. Mesoamericana 15, 9-20.

Brodie, J.E., Devlin, M., Haynes, D., Waterhouse, J., 2011. Assessment of the
eutrophication status of the Great Barrier Reef lagoon (Australia). Biogeochemistry
106, 281-302.

Burkepile, D.E., Shantz, A.A., Adam, T.C., Munsterman, K.S., Speare, K.E., Ladd, M.C.,
Rice, M.M., Ezzat, L., Mcllroy, S., Wong, J.C.Y., Baker, D.M., Brooks, A.J., Schmitt, R.
J., Holbrook, S.J., 2020. Nitrogen identity drives differential impacts of nutrients on
coral bleaching and mortality. Ecosystems 23, 798-811.

Byron, G., Osipova, E., 2013. Report on the Mission to Belize Barrier Reef Reserve
System. United Nations Educational, Scientific and Cultural Organization (UNESCO),
Phnom Penh, Cambodia.

Cabana, G., Rasmussen, J.B., 1996. Comparison of aquatic food chains using nitrogen
isotopes. Proc. Natl. Acad. Sci. U.S.A. 93, 10844-10847.

Calizza, E., Favero, F., Rossi, D., Careddu, G., Fiorentino, F., Caputi, S.S., Rossi, L.,
Costantini, M.L., 2020. Isotopic biomonitoring of N pollution in rivers embedded in
complex human landscapes. Sci. Total Environ. 706, 9.

Capper, A., Flewelling, L.J., Arthur, K., 2013. Dietary exposure to harmful algal bloom
(HAB) toxins in the endangered manatee (Trichechus manatus latirostris) and green
sea turtle (Chelonia mydas) in Florida, USA. Harmful Algae 28, 1-9.

Cherrington, E.A., Cho, P.P., Waight, 1., 2012. Forest Cover and Deforestation in Belize.
Water Center for the Humid Tropics of Latin America and the Caribbean
(CATHALAC), Panama, p. 6.

Chesnes, M., 2021. More Florida Manatees Have Died This Year Than All of 2020, Most
in Indian River Lagoon, TCPalm - USA Today Network. In: Gannett, Port St. USA,
Lucie, Florida.

Dailer, M.L., Knox, R.S., Smith, J.E., Napier, M., Smith, C.M., 2010. Using d15N values in
algal tissue to map locations and potential sources of anthropogenic nutrient inputs
on the island of Maui, Hawaii, USA. Mar. Pollut. Bull. 60, 655-671.

D'Angelo, C., Wiedenmann, J., 2014. Impacts of nutrient enrichment on coral reefs: new
perspectives and implications for coastal management and reef survival. Curr. Opin.
Environ. Sustain. 7, 82-93.

De'ath, G., Fabricius, K.E., Sweatman, H., Puotinen, M., 2012. The 27-year decline of
coral cover on the Great Barrier Reef and its causes. Proc. Natl. Acad. Sci. U. S. A.
109, 17995-17999.

Deboer, J.A., Guigli, H.J., Israel, T.L., Delia, C.F., 1978. Nutritional studies of 2 red algae.
1. Growth-rate as a function of nitrogen-source and concentration. J. Phycol. 14,
261-266.

Delia, C.F., Deboer, J.A., 1978. Nutritional studies of 2 red algae. 2. Kinetics of
ammonium and nitrate uptake. J. Phycol. 14, 266-272.

11

Marine Pollution Bulletin 171 (2021) 112686

D’Elia, C.F., Sanders, J.G., Capone, D.G., 1989. Analytical chemistry for environmental
sciences. Environ. Sci. Technol. 23, 768-774.

Diedrich, A., 2010. Cruise ship tourism in Belize: the implications of developing cruise
ship tourism in an ecotourism destination. Ocean Coast. Manag. 53, 234-244.

Duarte, C.M., 1992. Nutrient concentration of aquatic plants - patterns across species.
Limnol. Oceanogr. 37, 882-889.

Duarte, C.M., 1995. Submerged aquatic vegetation in relation to different nutrient
regimes. Ophelia 41, 87-112.

ECOHAB, 1995. A national research agenda. In: Anderson, D.M. (Ed.), The Ecology and
Oceanography of Harmful Algal Blooms. WHOI, Woods Hole, MA.

El-Khaled, Y.C., Roth, R., Radecker, N., Tilstra, A., Karcher, D.B., Kiirten, B., Jones, B.H.,
Voolstra, C.R., Wild, C., 2021. Nitrogen fixation and denitrification activity differ
between coral and algae dominated Red Sea reefs. Sci. Rep. 11, 11820.

Fanning, K.A., 1992. Nutrient provinces in the sea - concentration ratios, reaction-rate
ratios, and ideal covariation. J. Geophys. Res. Oceans 97, 5693-5712.

Foster, M.S., Schiel, D.R., 2010. Loss of predators and the collapse of southern California
kelp forests (?): alternatives, explanations and generalizations. J. Exp. Mar. Biol.
Ecol. 393, 59-70.

Fry, B., 2006. Stable Isotope Ecology, 3rd ed. Springer, New York.

Garcia, J., Self-Sullivan, C., Funicelli, N.A., 2017. Changes in bottlenose dolphin
(Tursiops truncutus) distribution and behavior in the Drowned Cayes, Belize, and
correlation to human impacts. Aquat. Mamm. 43, 661-672.

Gardner, T.A., Cote, M., Gill, J.A., Grant, A., Watkinson, A.R., 2003. Long-term region-
wide declines in Caribbean corals. Science 301, 958-960.

Geeraert, N., Duprey, N.N., Mcllroy, S.E., Thompson, P.D., Goldstein, B.R., LaRoche, C.,
Kim, K., Raymundo, L.J., Baker, D.M., 2020. The anthropogenic nitrogen footprint of
a tropical lagoon: spatial variability in Padina sp. 515N values. Pac. Sci. 74, 19-29.

Glibert, P.M., 2017. Eutrophication, harmful algae and biodiversity - challenging
paradigms in a world of complex nutrient changes. Mar. Pollut. Bull. 124, 591-606.

Gonzalez-De Zayas, R., Rossi, S., Hernandez-Fernandez, L., Velazquez-Ochoa, R.,
Soares, M., Merino-Ibarra, M., Castillo-Sandoval, F.S., Soto-Jimenez, M.F., 2020.
Stable isotopes used to assess pollution impacts on coastal and marine ecosystems of
Cuba and Mexico. Reg. Stud. Mar. Sci. 39, 13.

Hillebrand, H., Lehmpfuhl, V., 2011. Resource stoichiometry and consumers control the
biodiversity-productivity relationship in pelagic metacommunities. Am. Nat. 178,
171-181.

Howarth, R.W., Marino, R., 2006. Nitrogen as the limiting nutrient for eutrophication in
coastal marine ecosystems: evolving views over three decades. Limnol. Oceanogr.
51, 364-376.

Hughes, T., 1994. Catastrophes, phase shifts, and large-scale degredation of Caribbean
coral reefs. Science 265, 1547-1551.

Hughes, T.P., Baird, A.H., Bellwood, D.R., Card, M., Connolly, S.R., Folke, C.,
Grosberg, R., Hoegh-Guldberg, O., Jackson, J.B.C., Kleypas, J., Lough, J.M.,
Marshall, P., Nystrom, M., Palumbi, S.R., Pandolfi, J.M., Rosen, B., Roughgarden, J.,
2003. Climate change, human impacts, and the resilience of coral reefs. Science 301,
929-933.

Hughes, T.P., Kerry, J.T., Alvarez-Noriega, M., Alvarez-Romero, J.G., Anderson, K.D.,
Baird, A.H., Babcock, R.C., Beger, M., Bellwood, D.R., Berkelmans, R., Bridge, T.C.,
Butler, L.R., Byrne, M., Cantin, N.E., Comeau, S., Connolly, S.R., Cumming, G.S.,
Dalton, S.J., Diaz-Pulido, G., Eakin, C.M., Figueira, W.F., Gilmour, J.P., Harrison, H.
B., Heron, S.F., Hoey, A.S., Hobbs, J.P.A., Hoogenboom, M.O., Kennedy, E.V.,

Kuo, C.Y., Lough, J.M., Lowe, R.J., Liu, G., Cculloch, M.T.M., Malcolm, H.A.,
McWilliam, M.J., Pandolfi, J.M., Pears, R.J., Pratchett, M.S., Schoepf, V.,

Simpson, T., Skirving, W.J., Sommer, B., Torda, G., Wachenfeld, D.R., Willis, B.L.,
Wilson, S.K., 2017. Global warming and recurrent mass bleaching of corals. Nature
543, 373-377.

Huitric, M., 2005. Lobster and conch fisheries of Belize: a history of sequential
exploitation. Ecol. Soc. 10.

Jackson, J.B.C., 1997. Reefs since Columbus. Coral Reefs 16, S23-S32.

Jackson, J.B.C., Donovan, M.K., Cramer, K.L., Lam, V.V., 2014. Status and Trends of
Caribbean Coral Reefs: 1970-2012. Global Coral Reef Monitoring Network, Gland,
Switzerland., p. 304.

Karper, J., Boles, E., 2004. Human impact mapping of the Mopan and Chiquibul Rivers
within Guatemala and Belize. Belize Stud. 28, 1-18.

Lachs, L., Johari, N.A.M., Le, D.Q., Safuan, C.D.M., Duprey, N.N., Tanaka, K., Hong, T.C.,
Ory, N.C., Bachok, Z., Baker, D.M., Kochzius, M., Shirai, K., 2019. Effects of tourism-
derived sewage on coral reefs: isotopic assessments identify effective bioindicators.
Mar. Pollut. Bull. 148, 85-96.

Lapointe, B.E., 1995. A comparison of nutrient-limited productivity in Sargassum natans
from neritic vs oceanic waters of the western north-Atlantic ocean. Limnol.
Oceanogr. 40, 625-633.

Lapointe, B.E., 1997. Nutrient thresholds for bottom-up control of macroalgal blooms on
coral reefs in Jamaica and southeast Florida. Limnol. Oceanogr. 42, 1119-1131.

Lapointe, B.E., 2004. Phosphorus-rich waters at Glovers Reef, Belize? Mar. Pollut. Bull.
48, 193-195.

Lapointe, B.E., Bedford, B.J., 2007. Drift rhodophyte blooms emerge in Lee County,
Florida, USA: evidence of escalating coastal eutrophication. Harmful Algae 6,
421-437.

Lapointe, B.E., Bedford, B.J., 2010. Ecology and nutrition of invasive Caulerpa brachypus
blooms on coral reefs off southeast Florida. Harmful Algae 9, 1-12.

Lapointe, B.E., Bedford, B.J., 2011. Stormwater nutrient inputs favor growth of non-
native macroalgae (Rhodophyta) on O'ahu, Hawaiian Islands. Harmful Algae 10,
310-318.

Lapointe, B.E., Tewfik, A., 2018. Nutrient enrichment as a factor driving macroalgal
blooms on the Belize Barrier Reef complex, Proceedings of the 71st Annual Gulf and
Caribbean Fisheries Institute. GCFI, San Andres, Columbia, pp. 280-281.


http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0005
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0005
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0005
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0010
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0010
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0010
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0015
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0015
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0015
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0015
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0020
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0020
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0020
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0025
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0025
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0030
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0030
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0030
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0035
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0035
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0040
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0040
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0040
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0045
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0045
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0050
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0050
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0050
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0055
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0055
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0060
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0060
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0060
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0065
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0065
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0070
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0075
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0075
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0075
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0075
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0080
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0080
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0085
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0085
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0085
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0090
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0090
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0090
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0090
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0095
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0095
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0095
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0100
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0100
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0105
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0105
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0105
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0110
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0110
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0110
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0115
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0115
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0115
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0120
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0120
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0120
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0125
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0125
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0125
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0130
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0130
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0130
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0135
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0135
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0140
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0140
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0145
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0145
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0150
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0150
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0155
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0155
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0160
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0160
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0160
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0165
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0165
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0170
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0170
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0170
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0175
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0180
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0180
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0180
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0185
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0185
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0190
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0190
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0190
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0195
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0195
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0200
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0200
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0200
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0200
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0205
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0205
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0205
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0210
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0210
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0210
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0215
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0215
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0220
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0220
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0220
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0220
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0220
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0225
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0230
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0230
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0235
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0240
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0240
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0245
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0245
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0245
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0245
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0250
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0250
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0250
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0255
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0255
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0260
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0260
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0265
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0265
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0265
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0270
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0270
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0275
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0275
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0275
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0280
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0280
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0280

B.E. Lapointe et al.

Lapointe, B.E., Littler, M., Littler, D., 1987. A comparision of nutrient-limited
productivity in macroalage from a Caribbean barrier reef and a mangrove ecosystem.
Aquat. Bot. 28, 243-255.

Lapointe, B.E., Littler, M., Littler, D., 1992a. Modification of benthic community
structure by natural eutrophication: the Belize Barrier Reef., Proceedings of the 7th
International Coral Reef Symposium, Guam pp. 323-334.

Lapointe, B.E., Littler, M.M., Littler, D.S., 1992b. Nutrient availability to marine
macroalgae in siliciclastic versus carbonate-rich coastal waters. Estuaries 15, 75-82.

Lapointe, B.E., Matzie, W.R., Barile, P.J., 2004. Anthropogenic nutrient enrichment of
seagrass and coral reef communities in the Lower Florida Keys: discrimination of
local versus regional nitrogen sources. J. Exp. Mar. Biol. Ecol. 308, 23-58.

Lapointe, B.E., Barile, P.J., Littler, M.M., Littler, D.S., 2005. Macroalgal blooms on
southeast Florida coral reefs: II. Cross-shelf discrimination of nitrogen sources
indicates widespread assimilation of sewage nitrogen. Harmful Algae 4, 1106-1122.

Lapointe, B.E., Langton, R., Bedford, B.J., Potts, A.C., Day, O., Hu, C., 2010. Land-based
nutrient enrichment of the Buccoo Reef Complex and fringing coral reefs of Tobago,
West Indies. Mar. Pollut. Bull. 60, 334-343.

Lapointe, B.E., Thacker, K., Hanson, C., Getten, L., 2011. Sewage pollution in Negril,
Jamaica: effects on nutrition and ecology of coral reef macroalgae. Chin. J. Oceanol.
Limnol. 29, 775-789.

Lapointe, B.E., Herren, L.W., Debortoli, D.D., Vogel, M.A., 2015. Evidence of sewage-
driven eutrophication and harmful algal blooms in Florida’s Indian River Lagoon.
Harmful Algae. https://doi.org/10.1016/j.hal.2015.01.004.

Lapointe, B.E., Brewton, R.A., Herren, L.W., Porter, J.W., Hu, C., 2019. Nitrogen
enrichment, altered stoichiometry, and coral reef decline at Looe Key, Florida Keys,
USA: a three-decade study. Mar. Biol. 166, 108.

Lapointe, B.E., Brewton, R.A., Herren, L.W., Wang, M., Hu, C., Jr., D.J.M,, Lindell, S.,
Hernandez, F.J., Morton, P.L., 2021. Nutrient content and stoichiometry of pelagic
Sargassum reflects increasing nitrogen availability in the Atlantic Basin. Nat.
Commun., doi:https://doi.org/10.1038/s41467-41021-23135-41467.

Ledwin, S., 2010. Assessment of the Ecological Impacts of Two Shrimp Farms in Southern
Belize, School of Natural Resources and Environment. University of Michigan, Ann
Arbor, USA.

Littler, D.S., Littler, M.M., 2000. Caribbean Reef Plants. Offshore Graphics, Washington,
D.C., USA.

McClanahan, T.R., Cokos, B.A., Sala, E., 2002. Algal growth and species composition
under experimental control of herbivory, phosphorus, and coral abundance at
Glovers Reef, Belize. Mar. Pollut. Bull. 44, 441-451.

McClanahan, T.R., Sala, E., Stickels, P.A., Cokos, B.A., Baker, A.C., Starger, C.J., Jones, S.
H., 2003. Interaction between nutrients and herbivory in controlling algal
communities and coral condition on Glover’s Reef, Belize. Mar. Ecol. Prog. Ser. 261,
135-147.

McClanahan, T.R., Muthiga, N.A., Coleman, R.A., 2011. Testing for top-down control:
can post-disturbance fisheries closures reverse algal dominance? Aquat. Conserv.
Mar. Freshw. Ecosyst. 21, 658-675.

McClelland, J.W., Valiela, I., Michener, R.H., 1997. Nitrogen-stable isotope signatures in
esturine food webs: a record of increasing urbanization in coastal watersheds.
Limnol. Oceanogr. 42, 930-937.

McGlathery, K.J., 1995. Nutrient and grazing influences on a subtropical seagrass
community. Mar. Ecol. Prog. Ser. 122, 239-252.

Mumby, P.J., Hedley, J.D., Zychaluk, K., Harborne, A.R., Blackwell, P.G., 2006.
Revisiting the catastrophic die-off of the urchin Diadema antillarum on Caribbean
coral reefs: fresh insights on resilience from a simulation model. Ecol. Model. 196,
131-148.

Mumby, P.J., Steneck, R.S., Edwards, A.J., Ferrari, R., Coleman, R., Harborne, A.R.,
Gibson, J.P., 2012. Fishing down a Caribbean food web relaxes trophic cascades.
Mar. Ecol. Prog. Ser. 445, 13-24.

Murry, R., 2020. A governance analysis of three MPAs in Belize: conservation objectives
compromised by tourism development priorities? Mar. Policy XXX, XXX-XXX.

Muscatine, L., Porter, J.W., 1977. Reef corals - mutualistic symbioses adapted to
nutrient-poor environments. Bioscience 27, 454-460.

Norstrom, A.V., Nystrom, M., Jouffray, J.B., Folke, C., Graham, N.A.J., Moberg, F.,
Olsson, P., Williams, G.J., 2016. Guiding coral reef futures in the Anthropocene.
Front. Ecol. Environ. 14, 490-498.

NRC, 2000. Clean Coastal Waters: Understanding and Reducing the Effects of Nutrient
Pollution. Ocean Studies Board, Water Science and Technology Board., Washington
DC, National Research Council.

Ochoa-Izaguirre, M.J., Soto-Jimenez, M., 2015. Variability in nitrogen stable isotope
ratios of macroalgae: consequences for the identification of nitrogen sources.

J. Phycol. 51, 46-65.

Olsen, Y.S., Fox, S.E., Kinney, E.L., Teichberg, M., Valiela, I., 2010. Differences in
urbanization and degree of marine influence are reflected in d13C and d15N of
producers and consumers in seagrass habitats of Puerto Rico. Mar. Environ. Res. xx,
XXX-XXX.

Ortiz, J.C., Wolff, N.H., Anthony, K.R.N., Devlin, M., Lewis, S., Mumby, P.J., 2018.
Impaired recovery of the Great Barrier Reef under cumulative stress. Sci. Adv. 4, 8.

Oviatt, C.A., Huizenga, K., Rogers, C.S., Miller, W.J., 2019. What nutrient sources
support anomalous growth and the recent sargassum mass stranding on Caribbean
beaches? A review. Mar. Pollut. Bull. 145, 517-525.

Perez, A., Chin-Ta, C., Afero, F., 2009. Belize-Guatemala territorial dispute and its
implications for conservation. Trop. Conserv. Sci. 2, 11-24.

Peterson, B.J., Fry, B., 1987. Stable isotopes in ecosystem studies. Annu. Rev. Ecol. Evol.
Syst. 18, 293-320.

Philp, R.P., 2007. The emergence of stable isotopes in environmental and forensic
geochemistry studies: a review. Environ. Chem. Lett. 5, 57-66.

12

Marine Pollution Bulletin 171 (2021) 112686

Prouty, N.G., Cohen, A., Yates, K.K., Storlazzi, C.D., Swarzenski, P.W., White, D., 2017.
Vulnerability of coral reefs to bioerosion from land-based sources of pollution.

J. Geophys. Res. Oceans 122, 9319-9331.

Redfield, A.C., 1958. The biological control of chemical factors in the environment. Am.
Sci. 46, 230A-221.

Rey-Villiers, N., Sanchez, A., Gonzalez-Diaz, P., 2020. Stable nitrogen isotopes in
octocorals as an indicator of water quality decline from the northwestern region of
Cuba. Environ. Sci. Pollut. Res. https://doi.org/10.1007/511356-020-09956-x.

Risk, M.J., Lapointe, B.E., Sherwood, O.A., Bedford, B.J., 2008. The use of d15N in
assessing sewage stress on coral reefs. Mar. Pollut. Bull. 58, 793-802.

Roberts, C.M., 1995. Effects of fishing on the ecosystem structure of coral reefs. Conserv.
Biol. 9, 988-995.

Rosset, S., Wiedenmann, J., Reed, A.J., D’Angelo, C., 2017. Phosphate deficiency
promotes coral bleaching and is reflected by the ultrastructure of symbiotic
dinoflagellates. Mar. Pollut. Bull. 118, 180-187.

Ryther, J.H., Dunstan, W.M., 1971. Nitrogen, phosphorus, and eutrophication in the
coastal marine environment. Science 171, 1008-1013.

Scheffer, M., Carpenter, S., 2003. Catostrophic regime shifts in ecosystems: linking
theory to observation. Trends Ecol. Evol. 18, 648-656.

Shantz, A.A., Burkepile, D.E., 2014. Context-dependent effects of nutrient loading on the
coral-algal mutualism. Ecology 95, 1995-2005.

Smith, S.V., Kimmerer, W.J., Laws, E.A., Brock, R.E., Walsh, T.W., 1981. Kaneohe Bay
sewage diversion experiment: perspectives on ecosystem responses to nutritional
perturbation. Pac. Sci. 35, 279-395.

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, 1., Bennett, E.M.,
Biggs, R., Carpenter, S.R., de Vries, W., de Wit, C.A., Folke, C., Gerten, D., Heinke, J.,
Mace, G.M., Persson, L.M., Ramanathan, V., Reyers, B., Sorlin, S., 2015. Planetary
boundaries: guiding human development on a changing planet. Science 347, 11.

Suchley, A., McField, M.D., Alverez-Filip, L., 2016. Rapidly increasing macroalgal cover
not related to herbivorous fishes on Mesoamerican reefs. PeerJ. https://doi.org/
10.7717/peerj.2084.

SYSTAT, 2014. SigmaPlot for Windows version 13.0, 13.0 ed. SYSTAT Software Inc.,
Richmond, California, USA.

Tewfik, A., 2020. Review of Benthic Community Composition at South Water Caye and
Glover’s Reef Marine Reserves. Belize. Wildlife Conservation Society, Belize City,
p. 37.

Tewfik, A., Rasmussen, J.B., McCann, K.S., 2005. Anthropogenic enrichment alters a
marine benthic food web. Ecology 86, 2726-2736.

Tewfik, A., Rasmussen, J.B., McCann, K.S., 2007. Simplification of seagrass food webs
across a gradient of nutrient enrichment. Can. J. Fish. Aquat. Sci. 64, 956-967.
Tewfik, A., Babcock, E.A., Gibson, J., Burns Perez, V.R., Strindberg, S., 2017. Benefits of
a replenishment zone revealed through trends in focal species at Glover’s Atoll,

Belize. Mar. Ecol. Prog. Ser. 580, 37-56.

Tewfik, A., Babcock, E.A., Appeldoorn, R., Gibson, J., 2019. Declining size of adults and
juvenile harvest threatens sustainability of a tropical gastropod, Lobatus gigas,
fishery. Aquat. Conserv. Mar. Freshwat. Ecosyst. https://doi.org/10.1002/aqc.3147.

Tewfik, A., Babcock, E.A., Phillips, M., 2020. Spiny lobster fisheries status across time
and a mosaic of spatial management regimes. ICES J. Mar. Sci. 77, 1002-1016.

ThermoScientific, 2007. Conflo IV Operating Manual. Revision A-122 4730.

Thorburn, P.J., Wilkinson, S.N., Silburn, D.M., 2013. Water quality in agricultural lands
draining to the Great Barrier Reef: a review of causes, management and priorities.
Agric. Ecosyst. Environ. 180, 4-20.

Tilley, A., Lopez-Angarita, J., Turner, J.R., 2013. Diet reconstruction and resource
partitioning of a Caribbean marine mesopredator using stable isotope Bayesian
modelling. PLoS One 8.

Tomascik, T., Sander, F., 1987. Effects of eutrophication on reef-building corals. 2.
Structure of scleractinian coral communities on fringing reefs, Barbados, West-
Indies. Mar. Biol. 94, 53-75.

Tomasko, D.A., Lapointe, B.E., 1991. Productivity and biomass of Thalassia testudinum
as related to water column nutrient availability and epiphyte levels: field
obervations and experimenta; studies. Mar. Ecol. Prog. Ser. 75, 9-17.

Trench, R.K., 1974. Nutritional potentials in Zoanthus-sociathus (Coelenterata,
Anthozoa). Helgolander Wiss. Meeresun. 26, 174-216.

Wallace, R.J., Scheferman, S.D., 1977. Patch-reef Ecology and Sedimentology of Glovers
Reef Atoll, Belize: Modern and Ancient Reefs. Ecology and Sedimentology. AAPG,
Reefs and Related Carbonates, pp. 37-52.

Wang, M.Q., Hu, C.M., Barnes, B.B., Mitchum, G., Lapointe, B., Montoya, J.P., 2019. The
great Atlantic Sargassum belt. Science 365, 83-+.

Wear, S.L., Thurber, R.V., 2015. Sewage pollution: mitigation is key for coral reef
stewardship, in: Power, A.G., Ostfeld, R.S. (Eds.), Year in Ecology and Conservation
Biology, pp. 15-30.

Whitehouse, L.N.A., Lapointe, B.E., 2015. Comparative ecophysiology of bloom-forming
macroalgae in the Indian River Lagoon. J. Exp. Mar. Biol. Ecol. 471, 208-216.

Wiedenmann, J., D’Angelo, C., Smith, E.G., Hunt, A.N., Legiret, F.E., Postle, A.D.,
Achterberg, E.P., 2013. Nutrient enrichment can increase the susceptibility of reef
corals to bleaching. Nat. Clim. Chang. 3, 160-164.

Winemiller, K.O., Hoeinghaus, D.J., Pease, A.A., Esselman, P.C., Honeycutt, R.L.,
Gbanaador, D., Carrera, E., Payne, J., 2011. Stable isotope analysis reveals food web


http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0285
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0285
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0285
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0290
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0290
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0295
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0295
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0295
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0300
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0300
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0300
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0305
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0305
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0305
https://doi.org/10.1016/j.hal.2015.01.004
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0315
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0315
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0315
https://doi.org/10.1038/s41467-41021-23135-41467
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0320
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0320
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0320
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0325
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0325
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0330
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0330
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0330
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0335
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0335
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0335
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0335
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0340
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0340
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0340
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0345
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0345
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0345
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0350
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0350
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0355
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0355
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0355
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0355
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0360
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0360
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0360
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0365
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0365
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0370
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0370
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0370
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0375
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0375
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0375
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0380
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0380
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0380
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0385
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0385
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0390
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0390
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0390
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0395
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0395
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0400
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0400
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0405
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0405
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0410
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0410
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0410
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0415
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0415
https://doi.org/10.1007/s11356-020-09956-x
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0425
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0425
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0430
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0430
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0435
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0435
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0435
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0440
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0440
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0445
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0445
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0450
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0450
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0455
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0455
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0455
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0460
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0460
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0460
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0460
https://doi.org/10.7717/peerj.2084
https://doi.org/10.7717/peerj.2084
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0470
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0470
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0470
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0475
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0475
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0480
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0480
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0485
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0485
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0485
https://doi.org/10.1002/aqc.3147
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0495
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0495
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0500
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0500
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0500
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0505
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0505
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0505
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0510
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0510
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0510
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0515
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0515
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0520
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0520
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0520
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0525
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0525
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0530
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0530
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0530
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0535
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0535

B.E. Lapointe et al. Marine Pollution Bulletin 171 (2021) 112686

structure and watershed impacts along the fluvial gradient of a mesoamerican Reef nitrogen exposure with implications for management prioritization. Mar.
coastal river. River Res. Appl. 27, 791-803. Pollut. Bull. 133, 30-43.
Wolff, N.H., da Silva, E.T., Devlin, M., Anthony, K.R.N., Lewis, S., Tonin, H., Wooldridge, S.A., 2009. Water quality and coral bleaching thresholds: formalising the
Brinkman, R., Mumby, P.J., 2018. Contribution of individual rivers to Great Barrier linkage for the inshore reefs of the Great Barrier Reef, Australia. Mar. Pollut. Bull.
58, 745-751.

13


http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0535
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0535
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0540
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0540
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0540
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0540
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0545
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0545
http://refhub.elsevier.com/S0025-326X(21)00720-7/rf0545

	Macroalgae reveal nitrogen enrichment and elevated N:P ratios on the Belize Barrier Reef
	1 Introduction
	2 Methods
	3 Results
	3.1 Macroalgal tissue analysis
	3.2 Elemental composition and stoichiometry
	3.3 Stable isotopes
	3.4 Salinity

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


