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Over 60% of the world’s reefs experience damage from local activities such as
overfishing, coastal development, and watershed pollution. Land-based sources of
pollution are a critical threat to coral reefs, and understanding “ridge-to-reef” changes
is urgently needed to improve management and coral survival in the Anthropocene.
We review existing literature on spatial-ecological connections between land use and
coral health, specifically examining vegetative, agricultural, urban, and other land-use
types. In general, forested land use is positively related to metrics of coral condition,
while anthropogenic land uses like urban development and agriculture drive a decline
in coral cover, diversity, colony size, and structural complexity. However, land-use and
land-cover impacts vary across time and space, and small portions of the landscape
(e.g., discrete segments of unpaved roads, grazed and scalded hillsides) may have
an outsized effect on reef pollution, presenting opportunities for targeted conservation.
Some coral species show resilience under land-use and land-cover change, and the
impact of land use on coral recovery from bleaching remains an active area of research.
Finally, a spatial bibliography of existing literature reveals that most ridge-to-reef studies
focus on a handful of regional hotspots, surface water, and watershed-scale dynamics;
more research is needed to address groundwater connectivity and to compare land-use
impacts across multiple regions and scales. Approaches from landscape ecology that
assess spatial patterns of, and synergies between, interlocking land cover may assist
conservation managers in designing more resilient reefscapes.

Keywords: land use, ridge-to-reef, coral reefs, nutrients, sediment, watersheds, groundwater, spatial planning

INTRODUCTION

Land-use planning is fundamental to coral protection in the Anthropocene. Coral reefs
downstream of land disturbance are often degraded by disease; low larval recruitment and survival;
low rates of calcification and photosynthesis; and mortality from hypoxia, tissue degradation, and
macroalgal competition (Fabricius, 2005; Weber et al., 2012; Amato et al., 2016). As a result, marine
regulations that do not integrate land-based controls can be prone to failure (Allison et al., 1998;
Alvarez-Romero et al., 2011; Halpern et al., 2013; Bégin et al., 2016).

The need to couple land-sea planning is widely acknowledged, however, executing ridge-to-
reef conservation is often complex. Historically, conservation managers have delineated marine
reserves based on static measures of site composition (e.g., hotspots for marine biodiversity)
rather than the time-variant dynamics that define land-sea processes, such as animal migration
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or contaminant flows (Stoms et al., 2005; Gonzalez et al.,
2017). An added complication is that the cost-effectiveness of
land conservation for marine protection varies by location: in
one study, one unit of forest conservation was roughly 500
times more cost effective than an equal conservation area in
a different, lower-impact watershed (Klein et al.,, 2012). It is
often difficult for managers to quantify the relative benefits of
different land-use scenarios, particularly in data-poor regions
with scarce technical resources (Roberts et al., 2017). In addition,
land conservation invites a new suite of socioeconomic interests
and stakeholder groups into the marine planning process, and
terrestrial and marine values may prioritize different spaces for
conservation (Klein et al., 2014). Nonetheless, in recent years,
a community of practice surrounding ridge-to-reef protection
has emerged, introducing new methods and advances to land-
sea planning (Beger et al., 2010; Alvarez-Romero et al., 2015;
Jupiter et al., 2017; Oleson et al., 2017; Saunders et al., 2017;
Delevaux et al., 2018a,b,c).

This review summarizes existing literature on how land use
affects coral health. Existing studies have addressed various
facets of ridge-to-reef impacts. Extensive research documents
coral physiology and community responses to land-based
pollutants (Fabricius, 2005; Erftemeijer et al, 2012), the
hydrologic fate and transport of pollutants from land to
reef (Brodie et al, 2010; Knee et al, 2016; Margvelashvili
et al,, 2018), and oceanographic processes affecting sediment
and nutrient dispersal (Storlazzi et al., 2004, 2009; Carter
et al, 2009; Fabricius et al, 2014). Applied conservation
research also addresses barriers to joint land-sea policymaking
(Jupiter et al., 2017), social-ecological systems underpinning
sustainable ridge-to-reef use (Delevaux et al, 2018c; Winter
et al, 2018), and, while this literature is still nascent,
quantitative tradeoff analyses to select conservation areas
across land and sea (Tallis et al., 2008; Makino et al,
2013; Alvarez-Romero et al., 2015; Oleson et al., 2017).
However, to date, no study has explicitly reviewed the state of
current knowledge on the relationship between land use and
coral condition.

To address this gap, we examine the major impacts of forest
vegetation, agriculture, urban, and other land-use types on coral
reefs. We define these land uses as follows:

e Forest vegetation: Conserved land use, i.e., non-cultivated
vegetated lands, including deciduous, coniferous,
herbaceous, and wetland land cover. Most ridge-to-
reef studies do not differentiate between vegetative cover
types, and we therefore refer to all vegetative lands
as “forest.”

o Agriculture: The commercial harvest of natural resources,
including pastureland and hay, and cultivated crops.
Common agriculture types include beef/cattle ranching,
sugarcane, bananas, horticulture, and oil palm.

e Urban: The anthropogenic built environment: impervious
urban cover, ports, residences, recreational development
(e.g., golf courses), and wastewater infrastructure like septic
tanks and sewage outfalls.

e Other: Diverse land use types not captured by the previous
categories. Includes extractive facilities like mines and
quarries, and rural roads.

While these categories are broad and may encompass
numerous classes of land cover (e.g., urban land use may
consist of both residential lawn and impervious cover), many
studies focus on human use events like the growth of a city
or agriculture expansion, and thus, we organize this review
by general use categories while addressing the biophysical
nuances of land cover where relevant. We start with background
information on vectors of land-reef connectivity, as informed by
the hydrological literature. We then review each land-use type,
and in turn, summarize existing literature on the relationship
between land-use change and coral health. We then present
a “spatial bibliography” comprised of (1) an overview of the
geographic distribution and breadth of current literature and
(2) a concise summary of spatial considerations in land-use and
land-cover research, including the role of scale, orientation, and
land-cover pattern (e.g., patch density) in land-reef interactions.
We conclude by identifying opportunities for further research.

We identified literature using a “Web of Science” v5.32
(Clarivate Analytics, 2019) search of the keywords “land
use + coral reef; “land cover + coral reef” and “ridge-to-
reef.” From the approximately 600 articles returned and their
references, we selected studies that explicitly measured variation
in both land use (or land cover) and coral condition. We
excluded laboratory experiments that did not measure land use
change, and sediment or nutrient budgets that did not measure
coral health, though we reviewed these studies for context. We
included studies that surveyed corals at increasing distances from
shore as a proxy for land-use pressure. In addition, we included
existing reviews on region-specific topics (e.g., sedimentation in
the Great Barrier Reef), and case studies that examine the long-
term effects of land use change on coral condition in places of
interest, such as major cities and bays. This review is focused on
coral species and we therefore do not comprehensively review
studies of fish, algae, bioeroders, and other organisms. However,
given the importance of these taxa to coral health, most sections
offer brief contextual background on their role in ridge-to-reef
processes. Where studies reference fish and algae as mediators of
coral outcomes, we note these details.

Background: Land-Reef Interactions
Land-use and land-cover change affects coral reefs through
several key ecological processes, in particular:

e Freshwater regulation: Land and reefs primarily interact
through hydrologic channels: either surface flow or
submarine groundwater discharge. Land cover modulates
the amount of freshwater that reaches coral reefs, which
can alter reef salinity and temperature (Prouty et al,
2009; Kroon et al., 2014; Tarya et al.,, 2018). Freshwater
particularly impacts corals’ early life history stages. For
example, a 20% decrease in salinity can cause an 86%
decrease in fertilization success during coral spawning
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and a 50% reduction in larval developmental success
(Richmond, 1995; Richmond et al., 2019).

e Contaminant retention: Land spaces may either serve as
sources or sinks for surface and groundwater contaminants,
particularly nutrients, sediment, herbicides like diuron and
atrazine, and novel pathogens like fecal bacteria (Jones
et al, 2003; McKergow et al, 2005; Dinsdale et al.,
2008; Goh et al., 2017). Terrigenous contaminants pose
a major threat to coral growth, reproduction, and post-
disturbance recovery (Wolanski et al., 2004; Fabricius,
2005) and, depending on ocean hydrodynamics, can persist
and undergo periodic resuspension on reefs for many years
(Tribble et al., 2015; Teneva et al., 2016).

e Land-sea biological exchange: Land-use and land-cover
change can increase the abundance of invasive species
on coral reefs (Lapointe and Bedford, 2011) and degrade
upstream habitat for native anadromous species, which
are more abundant in high tropical islands than larger
continents (Jenkins et al., 2010).

Table 1 summarizes how specific land-use and land-cover
regimes affect these processes. Strong similarities exist between
anthropogenic land covers: in general, developed and denuded
landscapes lead to heavy freshwater and contaminant flux at the
coast. Human-dominated land uses, however, differ in several
key respects. Agriculture maintains permeable soils that receive
intensive doses of nutrients and are thus prone to groundwater
leaching, whereas urban areas create impermeable surfaces (e.g.,
pavement) that funnel large volumes of water and contaminants
to discharge points (Han et al, 2017; Hall, 2018). Urban
pollutants reflect the influence of large groups of people, for
example, flame retardants, pharmaceuticals, detergents, personal
care products, heavy metals, and petroleum-based compounds
(Wear and Thurber, 2015; Breckwoldt et al., 2016; Takesue and
Storlazzi, 2017). Urbanization has also been specifically linked
to novel biota like fecal or fungal pathogens on reefs (Bonkosky
et al., 2009; Norat-Ramirez et al., 2019). Historically, however,
few studies have compared land uses directly: if diverse human
activities affect a common water body, it is difficult to isolate their
individual or unique contributions to the problem. Exceptions
include parcel-based sediment export models (Ramos-Scharron
and MacDonald, 2007), comparisons of watersheds with highly
dissimilar land-use regimes (Cox et al., 2006), and coral core or
algal tissue sampling where land uses have a distinct chemical
tracer (Fallon et al., 2002; Lewis et al., 2007; Umezawa et al.,
2012; Amato et al.,, 2016). A summary of methods for assessing
ridge-to-reef interactions can be found in Oleson et al. (2018).

Land-sea connectivity is particularly strong on high volcanic
islands due to several unique features of island ecology. First,
islands contain erosive andesite soils and small, steep watersheds,
where each unit of land-use change can heavily impact coastal
water quality (Verbist etal., 2010; Jupiter et al., 2017). In addition,
a temporal mismatch between tropical rainfall patterns and wave
dynamics can prevent sediment from dispersing offshore. For
example, in Hanalei Bay, Kaua‘i, heavy rains occurred during
multiple seasons (late winter, spring, and summer of 2006), yet
wave energy was highest in early winter, creating a time lag

between sediment deposition and ocean advection that increased
sediment time on reefs (Draut et al., 2009). Finally, marine species
of island ecosystems are uniquely sensitive to land-based change.
More fish and invertebrate species are diadromous on islands
compared to continental landmasses, perhaps as an adaptive
response to ephemeral streams, and therefore, island biodiversity
relies heavily on terrestrial habitats (Jenkins et al., 2010). In sum,
the unique properties of islands make them a high priority of
ongoing research.

IMPACTS OF LAND USE ON CORAL
REEFS

Forest or Vegetative Land Use

Vegetated landscapes generally affect coral reefs by (1) absorbing
rainfall and reducing freshwater inputs to marine habitats, (2)
stabilizing soils to reduce bankside erosion and sediment flux,
(3) absorbing and fixing soil nutrients and mineralizing heavy
metals in soils and groundwater, and (4) providing habitat for
anadromous fishes and other species connecting land and sea
(Hefting et al., 2005; Dosskey et al., 2010; Arthington et al., 2016).
Plant physiological traits and landscape features that amplify
these processes can have a strong effect on coastal environments
(see Table 1).

Studies consistently show that forest cover has a positive
relationship to metrics of coral condition. In Madagascar,
simulated forest loss of 25-50% increased predictions of sediment
export to coral reefs by up to 200%, and sediment loss projections
were most sensitive to change in wet, tropical forests on the
northern side of the island (Maina et al., 2013). Delevaux
et al. (2018a) used scenario-based models in Fiji to show that
573.8 ha of forest restoration across eight watersheds decreased
sediment delivery to the coast by 24.2 tons yr~!, resulting in
a 1.1% mean increase in coral cover across 577 ha of benthic
habitat, and 13.9 kg ha=! increase in fish biomass. Importantly,
this study defined restoration as the conversion of commercial
pine to native forest, underlining the relatively low capacity
of commercial forest for sediment retention (Delevaux et al.,
2018a). In the Caribbean island of Bonaire, mean percent
cover of vegetative land predicted a significant increase in deep
(>10 m) coral cover, but in the same study, plant biomass
showed a negative impact on coral cover, perhaps because
Bonaire’s deep-rooted trees are less effective than herbaceous
species at arresting shallow topsoil runoff in an arid climate
(Roberts et al.,, 2017). Overall, these studies indicate that
forest-reef interactions are mediated by the condition and
functional traits of vegetation as well as environmental factors
like climate and topography. Different forest types do not have
equivalent ecological and hydrologic roles, and therefore, future
research that compares forest genera, ecoregions, and scales
can help managers identify more specific opportunities for reef-
safe landscapes.

Case studies on deforestation show similar associations
between forest cover and coral health. At two sites in Guam
(Fouha Bay and coastline of the Asan-Piti watershed), declines
in coral growth rates, richness, and cover were linked to timelines
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TABLE 1 | Description of land use impacts on coral reefs through freshwater regulation, contaminant retention, and land-sea biological exchange. Processes are
categorized by impact on surface water and/or groundwater.

Type of land  Vector of land-reef connectivity Surface or groundwater Land-reef process References
use connectivity
Forest Reduces coastal runoff as plants intercept, evapotranspire, and ~ Surface and groundwater Freshwater regulation Pringle, 1989; Hughes
absorb rainwater. etal., 1991; Correll et al.,
Forest litter creates natural dams, slowing overland flows and Surface and groundwater Freshwater regulation 1992; Lyons et al., 2000;
increasing absorption. Nagelkerken et al., 2000;
Roots and burrowing animals improve soil porosity and Groundwater Freshwater regulation Eroois ot ?“’l 228?0
groundwater infiltration. oss ey e ‘? "2 10° ’
e Infiltration is typically higher under woody compared to Jen ms”et al., 2010;
. Erftemeijer et al., 2012
herbaceous vegetation.
Reduces erosion as roots improve soil structure, arrest topsoil Surface Contaminant retention
runoff, and stabilize riverbanks.
Mangroves and seagrass filter sediment. Surface Contaminant retention
e Sediment may be resuspended when mangroves are
cleared and fragmented.
Plants sequester heavy metals in tissues and Surface and groundwater Contaminant retention
transform/volatilize organic pesticides, selenium, and
organo-mercury compounds.
Plants reduce nitrogen through root uptake or microbe-assisted  Surface and groundwater Contaminant retention
denitrification.
e Some plant species increase groundwater nutrient flux
through nitrogen fixation (e.g., invasive Myrica faya in Hawaii).
Invasive vegetation can increase wildfire risk and sediment Surface Contaminant retention
runoff.
Deep-rooted species, wood substrate, and tussock grasses Surface Contaminant retention
buffer anthropogenic erosion.
Increased terrestrial habitat diversity, in-stream biodiversity and ~ Surface Biological exchange
diversity of anadromous species on high islands.
Mangroves and seagrass serve as nurseries for keystone reef Surface Biological exchange
species.
Agriculture Grazing increases soil compaction and infiltration, increasing Surface Freshwater regulation Holt et al., 1996; Quinn,
episodic surface water runoff. 2000; Bohlke, 2002;
e Ground cover must be > 75% to allow infiltration during Strayer et al., 2003; Allan,
large storms. 2004; Ash et al., 2011;
“Patchy” grazing or cropland leads to alluvial gullies and Surface Freshwater regulation Koshiba et al., 2013;
scalding, increasing freshwater flows. Bartley et al.,, 2014;
Aquifer recharge is highest under grazeland and cropland than Groundwater Freshwater regulation OtWL‘JO;g: Zl" 2016; Smith
many other land-use types. etal,
Fertilizer and manure increase leaching of nitrate and other Groundwater Contaminant retention
inorganics (e.g., arsenic) in groundwater.
Legume crops fix atmospheric nitrogen and increase Groundwater Contaminant retention
groundwater N flux.
H * and NO3 ~ ion exchange alters water-rock geochemistry, Groundwater Contaminant retention
impacting contaminant flux.
Groundwater overpumping for irrigation can release arsenic in Groundwater Contaminant retention
aquifers.
Increases the discharge of inorganic and organic contaminants ~ Surface Contaminant retention
into surface waters.
Increases frequency and intensity of erosion. Surface Contaminant retention
e If vegetative cover <40%, fine (<63 pm) and coarse
(>63 m) sediment fractions erode.
e Fine silt and clay (<63 wm) poses greatest risk to reef
health, especially when <4-16 pm.
e Livestock utilization of 25-30% can enable erosion control.
Certain types of agriculture like taro and rice paddy may help Surface Contaminant retention
retain sediment during the rainy season.
Pesticides, nutrients, and sediment decreases biodiversity of Surface Biological exchange
in-stream fish and insects.
e Grazing has lesser effect, than cropland.
(Continued)
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TABLE 1 | Continued

Type of land  Vector of land-reef connectivity Surface or groundwater Land-reef process References

use connectivity
Physically alters in-stream habitat and ocean migration routes Surface Biological exchange
for diadromous species.
e Reduces shading and increases stream temperature.
e Reduces habitat heterogeneity (livestock trampling,
sediments).
e Irrigation/drainage disrupts connectivity, can increase
shallow-water habitat.
Nutrients increase coastal algal production, hypoxia “dead Surface and groundwater Biological exchange
zones,” and toxic cyanobacteria.

Urban Impervious surfaces increase frequency and intensity of floods.  Surface Freshwater regulation Lerner, 1990, 2002;
Impervious surfaces reduce groundwater recharge. Groundwater Freshwater regulation Maragos, 1993;
Low aquifer flows prevent dilution of groundwater contaminants ~ Groundwater Freshwater regulation Zhimassm et ai)\,/ 1998;
and increases toxic concentrations at the coast. ckerman and Weisberg,

) . . . . 2003; Allan, 2004; Walsh

“First flush” effect: acute discharge of urban contaminants Surface Contaminant retention ot al.. 2005:
during early-season rainfall. Rothenberger et al.,
Increases frequency and intensity of erosion. Surface Contaminant retention 2008; Bonkosky et al.,
Untreated sewage/faulty septic tanks leak fecal coliform and Surface and groundwater Contaminant retention 2009; Delevaux et al.,
enterococci. 2018b; Knee et al.,
Associated with heavy metals, petroleum products, Surface and groundwater Contaminant retention 2010a,b; Lapointe and
pharmaceuticals, and synthetics, and many novel (unregulated) Bedford, 2011; Huang
contaminants. etal., 2013; Prouty et al.,
DIN " and phosphorus from septic tanks, injection wells, Surface and groundwater Contaminant retention 2?1 ‘7; gloirgt-Ramwez
cesspools, residential lawns, and golf courses. etal,
Alters in-stream habitat and ocean migration routes for Surface
diadromous species.
e Reduces shading and increases stream temperature.
e Increases flow variability Channelizes/physically damages Biological exchange
habitat.
Decreases biodiversity and increases dominance of flow- and Surface Biological exchange
sediment-tolerant species.
Introduces invasive species and pathogenic bacteria through Surface Biological exchange
ballast, urban imports.
Sewage is linked to growth in invasive macroalgae. Surface and groundwater Biological exchange

Other Roads increase frequency and intensity of surface runoff. Surface Freshwater regulation Fallon et al., 2002;

Mines directly discharge Y, La, Ce, Zn, Pb, other contaminants
onto corals. Acid mine drainage dissolves heavy metals from
tailings and waste rock into surface and groundwater.
Quarries increase suspended sediment concentrations and
yields.

Roads increase sediment production by four orders of
magnitude compared to undisturbed lands. Depends on
grading, hillslope, total precipitation.

Military ordnance and activity may denude landscapes leading
to sedimentation.

Dams/weirs stabilize freshwater flows and decrease coastal
sediment flux. However, dams may have little effect on TSS
and fine particles (<16 pm) driving reef contamination.
Dams/weirs disrupt habitats and decrease hydrologic
connectivity for diadromous fish.

Surface and groundwater

Surface

Surface

Surface

Surface

Surface

Contaminant retention

Contaminant retention

Contaminant retention

Contaminant retention

Freshwater regulation,
contaminant retention

Biological exchange

Ramos-Scharrén and
MacDonald, 2005;
Pandey et al., 2007;
Lewis et al., 2013; Prouty
et al., 2014; Haywood

et al., 2016; Messina and
Biggs, 2016;
Ramos-Scharrén and
LaFevor, 2016

*DIN, dissolved inorganic nitrogen; TSS, total suspended solids.

of forest loss by military activity in the Battle of Guam (Prouty
et al, 2014), and forest burning by pig and deer hunters
(Richmond et al,, 2007). In the Solomon Islands, extensive
logging led to a loss of reef habitat from 3528 to 1941 ha,
which decreased populations of inshore Acroporid corals and
associated parrotfish species (Hamilton et al., 2017), and led

to only 9.3% coral cover inshore in 2008, compared to 41.6%
in an offshore MPA (Albert et al., 2014). These trends are less
visible on Borneo, where the deforestation “hotspot” of Sarawak
retains 3% of its forest cover but shows healthy coral cover
of 23-39% and low coral disease, bleaching, and bioerosion
- though bioerosion increased fivefold during the 2017 wet
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season, and diversity is low relative to the coral triangle region
(Brown et al., 2018).

Mangroves are a specific class of forest cover that have received
considerable attention at the land-reef interface. Mangroves
thrive in inter-tidal, high-sediment environments, and thus serve
as frontline sediment filters along coral reefs of southeast Asia,
Australia, the Caribbean, and some Pacific Islands (Duke and
Wolanski, 2000). In central Java, fringing reefs near mangroves
experienced lower carbonate destruction (loss of 0.54 kg CaCOs3
m~2 yr~!) compared to sites farther from mangroves (maximum
loss of 8.77 kg CaCO3; kg m~2 yr~!), though coral growth
rates were lowest near mangroves (Edinger and Risk, 2000).
Corals located near fringing, sediment-trapping mangroves in
Moloka‘i exhibited higher growth rates (11.87 mm/year) than
unprotected sites (minimum rate of 8.37 mm/year), likely due
to mangroves serving as sediment reservoirs (Prouty et al,
2010). In two estuaries in Palau, mangroves covering 3.8%
of each catchment trapped 15-44% of fine sediment inflow;
nevertheless, mangroves in one estuary (Ngerikiil) that received
high sediment due to basin agriculture and construction
were unable to prevent large volumes of sediment (peak of
50 mg L™ from reaching coral reefs (Golbuu et al.,, 2003;
Victor et al, 2004). In Pohnpei, 40% of riverine sediment
settled in mangroves and 40% settled in a lagoon reef habitat
where residents attribute coral die-offs to sedimentation (Victor
et al,, 2006). In both Palau and Pohnpei, coral damage is
exacerbated by lack of swell exposure within a protected
bay and lagoon, where sediment settled quickly on substrate
without resuspension. Therefore, mangroves are critical but
occasionally insufficient barriers against coral sedimentation,
particularly where land uses like construction or agriculture drive
excessive erosion.

In a few emergent cases, mangroves serve as sanctuary
niches for corals themselves. For example, in the United States
Virgin Islands (USVI), Yates et al. (2014) observed 33 of the
region’s 40 scleractinian coral species growing on mangrove roots
after a bleaching event, an unusual phenomenon given coral
aversion to silty substrates and freshwater. Mangrove habitats
may offer variable water temperatures, which can increase coral
resilience to thermal stress (Oliver and Palumbi, 2011); shade
corals from excessive visible and ultraviolet radiation; and create
biochemical buffers against ocean acidification (Yates et al., 2014).
Nonetheless, examples of mangrove-coral refugia are rare, and
in some cases, mangroves proliferate under high sediment and
nutrient flows and can therefore foretell coral degradation (Duke
and Wolanski, 2000). Mangrove services vary across each river
basin: Ewel et al. (1998) developed a functional classification
of mangrove forests, pointing out that mangrove zonation—
whether mangroves are “fringe” (tide-dominated), “riverine”
(river-dominated), or “basin” (catchment interior) stands—
dictates plant productivity, nutrient cycling, sediment trapping,
and the export of organic matter. It is necessary to account for this
functional diversity when planning ridge-to-reef conservation.
In addition, much remains unknown about the biogeochemical
connectivity between mangroves and coral reefs, and further
research is needed to quantify nitrogen and phosphorus exchange
between these ecosystems (Davis et al., 2009), and to examine

mangrove-coral interactions in higher order watersheds with
high discharge and low residence times.

Examples of paired Terrestrial and Marine Protected Areas
also demonstrate forest-reef interactions. Locations where forest
and marine spaces are jointly protected may yield better
outcomes for coral health. A full review of land-sea protection
strategies is beyond the scope of this paper; however, several
examples are worth noting. Gilby et al. (2016) found in a
scenario-based simulation that sediment reduction through
catchment rehabilitation paired with Marine Protected Area
(MPA) expansion produced the most favorable outcomes for
coral health in Moreton Bay, Australia, while actions to reduce
fishing (limits on size or total catch per day) and sewage reduction
resulted in smaller effects. In Saint Lucia, an analysis of two
well-enforced MPAs showed that MPA status had no effect on
coral cover, though high-sediment sites exhibited lower coral
cover (Bégin et al., 2016). Likewise, MPA and fished sites in
a case study from the Solomon Islands showed no differences
in percent coral cover, likely due to excessive sedimentation at
MPAs from destructive logging practices (Halpern et al., 2013).
Analyses from Mexico and the Great Barrier Reef are more
equivocal: MPAs can create resilience to short-term flood events
(Olds et al., 2014), however, chronic or above-average flood
exposure and human development ultimately outweigh MPA
benefits, at times driving over 50% coral loss (Lamb et al,
2016; Wenger et al., 2016; Suchley and Alvarez-Filip, 2018). In
sum, MPAs without forest conservation may be ineffective, and
marrying vegetative land use with MPAs can improve cross-
ecosystem outcomes.

Agricultural Land Use

At least 25% of coral reefs worldwide are threatened by pollutants
from agriculture (Burke et al., 2011; Kroon et al., 2014). Intensive
agriculture is a highly erosive process that transmits sediment,
inorganic and organic nutrients (especially nitrogen), and other
contaminants to waterways, aquifers, and vulnerable reefs. On
an aquifer-dominated island in Japan, nutrient pollution due to
major increases in grazing lands (4-597%) between 1977 and
2005 corresponded to a ~10% decrease in coral cover (Dadhich
et al,, 2017). On the Great Barrier Reef and Fouha Bay, Guam,
a model for river plume and cyclone disturbances suggested
that, with agricultural expansion, corals show poor recovery as
heavy sedimentation prevents new larvae and propagates from
seeding damaged reefs, and deters herbivorous fish from grazing
down algal mats (Wolanski et al., 2004). On the island of Maui,
sugarcane and pineapple plantations were the most significant
drivers of coastal nitrogen flux from groundwater, contributing
more coastal nitrogen than any other land use including
developed areas with high densities of septic tanks and cesspools
(Bishop et al., 2017), though additional research also indicated
wastewater as a source of coastal nitrogen (Amato et al., 2016).

A large body of research focuses on agricultural impacts on
the Great Barrier Reef, where some watersheds are covered by
~95% agriculture (Fabricius et al., 2005; Hunter and Walton,
2008; Drewry et al., 2009; Brodie J. et al., 2012; Bartley et al., 2014;
Star et al., 2018). Studies across 35 river basins show that higher-
rainfall basins with intensive cropland (sugar cane, bananas, and
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horticulture) are primarily responsible for dissolved nutrient and
pesticide/herbicide runoft into the Great Barrier Reef, while drier
savanna/woodland catchments with heavy grazing contribute
the majority of sediment and particulate nutrients, though
sources vary by watershed (Lewis et al., 2009; Kroon et al,
2012; Waterhouse et al., 2012; Thorburn and Wilkinson, 2013;
Bainbridge et al., 2018).

Exposure to sediment and nutrients on the Great Barrier
Reef follows an inshore-offshore gradient (Wolff et al., 2018),
as nutrient-rich fine silt and clay (<16 pm) from hillside
pastures and gullies travel farther (3-54 km) than larger particles
(>63 pm), which typically settle close to river deltas but can
be resuspended with wave and tidal energy (Wilkinson et al.,
2013; Bartley et al., 2014). Dissolved nutrients can travel over 10-
200 km north from the river mouth over primarily inner shelf
reefs <20 km from coast, intensifying coral bleaching (Devlin
and Brodie, 2005; Wooldridge and Done, 2009) and contributing
to Crown-of-Thorns outbreaks (Wolanski and De’ath, 2005).
Importantly, some turbid, nearshore areas of the reef show
high diversity, cover, and growth rates and exhibit few signs
of bleaching, indicating possible refugia (Browne et al., 2010;
Browne, 2012; Perry et al., 2012; Morgan et al., 2016, 2017).
Many studies exist on the sources and distribution of sediment in
the Great Barrier Reef (Larcombe and Woolfe, 1999; McCulloch
etal., 2003; Bainbridge et al., 2009; Hughes et al., 2009; Brodie J. E.
et al.,, 2012; Liu et al., 2018), policy measures to curb pollution
(Carroll et al., 2012; Kroon et al., 2016; Reside et al., 2017),
and farm-based mitigation strategies (Thorburn and Wilkinson,
2013), and several reviews address agriculture in the Great
Barrier Reef (e.g., Brodie et al, 2011; Brodie J. et al., 2012;
Bartley et al., 2014).

Agricultural impacts vary significantly in space and time
based on soil erodibility, rainfall, oceanic resuspension, and other
biophysical factors. On the south coast of Moloka‘i, 50% of the
sediment on reefs originated from only 1% of a watershed, and
only 1-3 large storm events (or 8-10 h of flow) per year drove
overland runoff (Bothner et al., 2006; Stock et al., 2010, 2011;
Risk, 2014; Tribble et al., 2015). These findings are consistent
with those from the Great Barrier Reef, where nitrogen models
for 16 rivers indicated that the total area of reef exposed to
Dissolved Inorganic Nitrogen was more than four times greater
in a high-flooding year (2010-2011) than a drier year (2012-
2013), and a single watershed, the Burdekin, affected over half of
the reef area (Wolff et al., 2018). Agricultural risk factors noted
throughout the literature include landscape topography (slope
and surface roughness), heavy or drought-breaking rainfall,
size of catchment or watershed, aquifer heterogeneity and
geomorphology, erosive volcanic or basaltic soils, filtering by
mangroves and seagrass, land-use proximity to a water body,
and oceanographic conditions that resuspend legacy pollutants
(Schaffelke et al., 2012; Bartley et al., 2014; Gallo et al., 2015;
Chaplin-Kramer et al., 2016; Tulloch et al., 2016).

A small number of studies explore variation in the effects
of agriculture on reef ecosystems and options for sustainable
agriculture. Research on the Johnstone River in Australia
compared banana, sugar cane, beef, and dairy pastureland,
revealing that sugarcane was responsible for 60% of nitrate flux

in nearby waterways, even though this crop covered only 12% of
the landscape (Hunter and Walton, 2008). In Papua New Guinea,
researchers simulated coral reef response to three palm oil
expansion scenarios: (1) unchecked plantings, (2) plantings
following lower-impact Roundtable on Sustainable Palm Oil
(RSPO) guidelines, or (3) plantings following “enhanced”
RSPO measures (plantings limited to <15° slopes, prohibited
near the coast, increased riparian buffers). After 10 years of
simulated plantation growth, RSPO and “enhanced” RSPO
scenarios retained, respectively, ~33 and 60% of reefs in
good condition (>75% of current reef) (Tulloch et al., 2016).
Yamano and Watanabe (2016) suggest that rice paddies can
serve as sediment reservoirs, and conversion of paddies to
erosive sugarcane in Ishigaki Island, Japan in the 1980s
led to a decline in coral cover from 2.8 to 0.8 ha over
10 years. However, converting sugarcane to pasture can achieve
a sediment removal efficiency of 86.1%, while practices like
mulching and “spring planting” of seedlings after harvest
achieve 62.5-75% sediment removal upstream of coral reefs
(Sith et al,, 2019). Finally, Beher et al. (2016) evaluated
the cost-effectiveness of diverse agricultural projects aimed
at sediment reduction in two Australian watersheds (Fitzroy
and Mackay-Whitsunday). Among 123 managed grazing and
172 sugarcane projects, no single project type emerged as
universally cost effective for sediment reduction, but rather,
cost-effectiveness varied based on catchment, slope, plot size, and
other contextual factors.

With the exception of these studies and analyses of the Great
Barrier Reef, most ridge-to-reef research evaluates agriculture
as a general category. This is because most studies focus on
the watershed or local scale, where there is a limited portfolio
of agro-products. Future research may assess the potential
impacts of subsistence and intensive agriculture on reef systems,
and evaluate the prospective benefits of sustainable agriculture
strategies like rotational grazing, terraced cropland, low-till, cover
crops, and fertilizer reduction (Thorburn and Wilkinson, 2013)
across multiple regions.

Urban Land Use

Urban land use includes industrial hubs, residences, major
infrastructure such as ports, and other uses designed to support
concentrated human settlement. While these activities are
heterogeneous, they often spatially covary and are evaluated
together under proxies like Total Impervious Area or the
Landscape Development Intensity Index (Brabec et al., 2002;
Brown and Vivas, 2005; Dadhich et al., 2017). Urban land use
affects corals through a number of pathways, including (1) habitat
loss from nearshore earthmoving, (2) industrial pollution from
factories and power plants, (3) untreated sewage from both
sewer outfalls and underground storage tanks, (4) stormwater
runoff from impervious pavement, (5) marine debris and artificial
substrates, and (6) impacts of artificial light on reef organisms like
zooplankton, polychaete worms, and reef fish (Aubrecht et al,
2008; DeGeorges et al., 2010; Suchley and Alvarez-Filip, 2018).
Urbanization also affects reefs indirectly, i.e., by aggregating
human populations close to reefs, thereby concentrating ocean
uses like fishing and recreation in road-accessible locales.
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Numerous studies attribute a reduction in coral diversity,
cover, colony size, rugosity, and density to various types of urban
land use and land cover. In Hawai‘i, Delevaux et al. (2018b)
used land-cover analysis and groundwater modeling to identify
golf courses and residential areas as human nutrient sources
affecting two reefs. By combining groundwater monitoring data
with local maps of wastewater systems and fertilizer estimates,
these authors (1) identified golf courses, injection wells, and
residential cesspools as major nutrient sources in two aquifers,
and (2) linked land-based nutrients to lower fish biomass and
higher turf algae cover. Similarly, numerous spatial analyses of
urban reefs have shown that urban sewage, industrial waste,
seaside development, household litter, and/or heavy metals
reduce indicators of coral health along an inshore-offshore
gradient. These studies document nearshore decreases in coral
cover (Edinger et al, 2000; Cleary et al., 2006; Smith et al,
2008; Abaya et al., 2018), diversity (Cleary et al., 2016; Ennis
et al,, 2016), number of coral recruits, colony diameter (Dutra
et al., 2006), and structural complexity (Cleary et al., 2016), and
increases in coral bleaching (Nemeth and Nowlis, 2001) and
coral disease/growth anomalies (Becker et al., 2013; Redding
et al, 2013; Yoshioka et al, 2016). Exceptions exist where
water circulation clears pollutants from reefs close to shore
(Ledo and Kikuchi, 2005).

Findings may diverge based on metrics of coral health and
spatial extent of analysis: in Jakarta, Cleary et al. (2006) found
that coral cover increased but taxon richness did not vary along
an inshore-offshore gradient, while Rees et al. (1999) found
increases in both diversity and cover at sites further from Jakarta,
though the latter study used a smaller spatial extent of 72 km
offshore. In contrast, Baum et al. (2015) found that, while Jakarta
Bay showed heavy urban impact, some offshore sites in close
proximity varied widely in coral health and water quality as a
result of local drivers, such as nearby pollution. In a study of 13
sites across 5 regions in Indonesia, coral extension rate did not
differ between onshore/offshore sites near nutrient sources like
urban sewage and agriculture, but onshore sites showed lower
coral cover and diversity as well as higher cover by fleshy algae
and bioeroders (Edinger et al., 2000). These findings illustrate
the importance of reconciling spatial extent and coral health
indicators when comparing multiple studies of urban impact in
the same region.

On the island of St. Croix, USVI, two metrics of urban
cover showed different relationships to coral health. Impervious
surface was correlated with a decline in three-dimensional
(3D) stony coral cover (a measure of topographic complexity),
while the Landscape Development Index, which accounts
for both urban and agricultural classes of land cover, was
negatively related to 3D cover, colony density, taxa richness,
and colony size (Oliver et al., 2011). These findings perhaps
indicate the specific impacts of urban runoff on corals with
high complexity, and the additive effects of multiple land-
cover types in determining overall coral health. Finally, case
studies in Hawaii and Mexico describe how large built or
“gray” infrastructure—for example, navigation channels, levees,
breakwaters, marinas, and ports—deform reef habitats either
directly, or by dredging estuarine and dune ecosystems that

maintain the reef-sediment equilibrium, a dynamic process that
can be difficult to reverse (Wolanski et al., 2009; Martinez et al.,
2017). However, in certain locations, infrastructural retrofits like
sewage diversion allow corals to regrow (Birkeland et al., 2013;
Stimson, 2018). Kane‘ohe Bay, O‘ahu is the site of a phase-shift
reversal: sewage diversion in 1978 decreased sewage discharge
on the reef from 19,400 to 1,100 m® day~! (Smith et al., 1981),
driving long-term nitrate reduction and doubling coral cover
from 12% in 1971 to 26% in 1983 (Hunter and Evans, 1995;
Bahr et al.,, 2015).

Urban land use is also associated with spatial habitat
restriction. For example, in turbid reefs near Singapore, coral
abundance and post-bleaching recovery is highest in a narrow
depth band (3-4 m) due to the dual mechanisms of (1) light
limitations below 6 m (Guest et al., 2016) and (2) macroalgal
competition in upper reef flats (0-2 m) (Low, 2015; Heery et al,,
2018). Shallow corals (<5 m) may be particularly affected by
urban land use because urban areas are associated with boat
traffic, contact by snorkelers, and anchor damage that impact
shallow reefs more heavily (Roberts et al., 2017). Intuitively, depth
restriction depends on dominant urban activities: in Indonesia,
mechanical damage caused greater reduction in coral diversity
in shallow (3 m) water, but industrial and sewage effluent
reduced diversity at all depths (Edinger et al., 1998). Conversely,
urban land use may generate novel habitats through artificial
substrates like large debris, which are common near major ports
(Burt et al, 2009a,b; Ng et al, 2015) but may also serve as
rafts for exotic and invasive species (Hoeksema et al., 2012;
Santos and Reimer, 2018).

Other Land-Use Types

Additional land uses commonly found in the ridge-to-reef
literature include mines, quarries, and roads. These activities
are often aberrations on the landscape: they are surrounded by
rural or natural areas but exert unique impacts on the coast.
Roads have been particularly well studied in the Caribbean and
Hawai‘i (MacDonald et al., 1997, 2001; Ramos-Scharrén and
MacDonald, 2005, 2007; Ramos-Scharrén and LaFevor, 2016;
Oleson et al., 2017). On the island of Saint Lucia, coral core
analysis revealed that both terrigenous sediment and calcareous
sediment (indicating coral death) increased 2- to 3-fold over
the past ~50 years, and that unpaved roads were responsible
for 83-95% of terrigenous sediment export in 2010, while
agricultural (banana) expansion had negligible effects (Bégin
et al.,, 2014). Likewise, in the USVI, MacDonald et al. (1997)
showed that sediment export from watersheds across the island
have increased by 400% compared to historic levels due largely
to unpaved roads, which outweigh other anthropogenic factors
like plantation agriculture. Small road areas are responsible for
the majority of pollution: in Saint Lucia, <20% of the road
network contributed about 50% of estimated coastal sediment
yields (Bégin et al, 2014). Findings are similar for mines
and quarries: a quarry in the Faga'alu watershed of American
Samoa covered only 1.1% of the watershed, but contributed 36%
of event-based watershed sediment—49 times more sediment
than an upstream, forested catchment (Messina and Biggs,
2016). In Papua New Guinea, mines discharging heavy metals
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caused a decline in coral density, extension, calcification, and
tissue layer thickness (Barnes and Lough, 1999; Fallon et al.,
2002), and some metals like Zn and Pb remain in reefs many
years after mining ceases (Fallon et al., 2002). Nickel mining
in New Caledonia discharges heavy metals (Ni, Cr, Zn, and
Co), and is linked to low coral abundance close to shore
(Adjeroud et al, 2019). In sum, granular landscape features
like point sources can occupy small areas but have outsized
impacts on reefs and should thus be carefully identified during
landscape analysis.

Species-Specific Effects

While many ridge-to-reef studies estimate coral health using
general metrics like coral species richness or percent coral cover,
some research highlights species-specific effects. Coral species
differ in sediment tolerance, light requirements, and salinity
preferences and therefore react variably to land-based inputs
like freshwater and sediments (Erftemeijer et al., 2012). Coral
traits that affect sediment rejection include coral colony shape
(convexity) and orientation, calyx size, polyp extensibility, and
number of septa (Todd, 2008) as well as symbiont preference
(Innis et al., 2018).

Coral species assemblages shift under increasing sediment
exposure, e.g., from urban development over time. Reef surveys
within 20 km of eleven Asian cities revealed that many urban-
adjacent reefs harbor higher relative abundances of massive,
submassive, and encrusting species of merulinids, Porites, and
Montipora, and fewer branching corals like Acropora, leading
to lower habitat complexities that support fewer fish and
invertebrate taxa (Heery et al., 2018). Similarly, in the USVI,
coral communities near developed watersheds were dominated
by the “weedy” species Porites astreoides and Siderastrea siderea,
which are small and dispersive but provide less habitat complexity
than branching or massive corals (Shaish et al., 2010; Oliver
et al, 2018). Coral surveys in Hong Kong between 1980
and 1986 revealed that small-polyped species (e.g., Porites
lobata) decreased by 26% as the human urban population
increased by 0.5 million, perhaps because larger polyps are more
effective at removing sediment than small polyps (Scott, 1990).
Similarly, Todd et al. (2001) used a photographic technique
to measure polyp morphology in Favia speciosa off the coast
of Singapore, finding distinctly large polyps at a site with
heaviest sedimentation. Additional studies in Japan (West and
van Woesik, 2001), Panama (Aronson et al., 2014), Indonesia
(Edinger and Risk, 2000; Cleary et al., 2006; Baum et al., 2015),
Thailand (Reopanichkul et al., 2009), Malaysia (Brown et al,
2018), Hong Kong (Fabricius and McCorry, 2006), Jamaica
(Mallela et al., 2004), Zanzibar (Herran et al., 2017), Australia
(Fabricius et al., 2005; De’ath and Fabricius, 2010; Moustaka et al.,
2019), and the Solomon Islands (Brown and Hamilton, 2018)
document shifts in coral species at increasing distances from
urban and agricultural/logging lands.

Effects of land use on coral species assemblages may vary
between recruitment, juvenile, and adult stages. For example, van
Woesik et al. (1999) found that assemblages of coral recruits were
significantly different than adult species, suggesting that post-
settlement mortality near land was the primary structuring force

for adult communities. A study in Palau refined this perspective:
Acropora transplants (at least one year old) survived equally well
near and far from land, yet naturally occurring adult Acropora
were rare near land, suggesting that the first year of life may be
the most vulnerable for Acropora (Golbuu et al.,, 2011). Juvenile
assemblages differed but adults did not after high flooding in
the Great Barrier Reef (Thompson et al, 2014), while reefs
in Singapore demonstrate an opposite pattern (Dikou and van
Woesik, 2006). Additional research may reconcile these findings
and assist restoration efforts by suggesting species and life-
history stages when outplants are most likely to survive nearshore
(Ng et al., 2016).

Certain coral species can shift their trophic mode in low water
quality (Grottoli et al., 2006), feeding upon nutrient-rich organic
matter (Tomascik and Sander, 1985; Anthony, 2000; Edinger
et al., 2000). Turbid waters favor heterotrophic and mixotrophic
species, which maintain high diversity and cover when exposed
to land-based pollution (De’ath and Fabricius, 2010; Morgan
et al.,, 2016). For example, coral autotrophy/heterotrophy may
support unusually high coral cover and diversity in nearshore,
turbid waters of the Great Barrier Reef (coral cover of 38 & 24%
in Paluma Shoals compared to 12% average for the Reef)
(Morgan et al., 2016). Several other studies attribute high coral
cover, diversity, and growth rates nearshore to heterotrophic
feeding (Isdale, 1983; Lough and Barnes, 1992; Edinger et al,,
2000; Lirman and Fong, 2007; Loiola et al., 2019). Importantly,
this mechanism may help corals survive bleaching events by
increasing zooxanthellae density and chlorophyll concentration
through heterotrophy, while benefiting from UV attenuation by
sediment (Guest et al., 2016; Morgan et al., 2017).

Overall, coral species that are “generalists” and exhibit
massive and encrusting growth forms, low-light tolerance,
heterotrophy, and/or fast growth appear to dominate urban
or agricultural habitats. Species that appear to survive well
under land-use pressure include soft corals as well as Porites,
Merulina, Pectinia, Montipora, Turbinaria, and Echinopora
(Guest et al., 2016; Ng et al., 2016; Heery et al., 2018).
However, species assemblages differ by region and depend on
site-specific interactions between hydrodynamics, bathymetry,
and selective pressures like sediment stress and bleaching
(Darling et al, 2013; Wiedenmann et al, 2013; MacNeil
et al, 2019). Taxa like Acropora that may suffer under
pollution stress in regions like Palau and Singapore can thrive
in turbid areas of the Great Barrier Reef (Browne et al.,
2010; Morgan et al, 2017). Most research addresses species
composition at surface water outflows, in which nutrients,
sediment, and salinity levels covary. Research that disentangles
water quality stressors (e.g., in locations that experience
high groundwater flows with low concentrations of nutrients
and sediment) may reveal more specific mechanisms for
coral tolerance.

SPATIAL BIBLIOGRAPHY

Land-reef impacts depend not only on land-use and land-
cover change, but on geophysical factors like slope and
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elevation, lithology, climate, and ocean resuspension, the
influences of which vary by region (Gallo et al, 2015). It is
therefore necessary to acknowledge the geographic distribution
of existing ridge-to-reef studies in order to identify the
specific ecosystems and processes they represent. Figure 1
displays the regions covered by current ridge-to-reef literature.
This map highlights research explicitly linking land use and
coral health, and therefore excludes research that focuses
solely on land-based processes (e.g., sediment budgets in
high island states), or on coral response to ambient or
unsourced contaminants.

Several focus regions in the current literature include
Australia and certain Caribbean islands (Puerto Rico, St.
Croix, Saint Lucia), with increasing research emerging in
Hawai‘i and Fiji (e.g., Brown et al, 2017; Delevaux et al,
2018a,b,c). Areas that seldom appear in ridge-to-reef literature
include East Africa (with some exceptions in Kenya and
Madagascar, e.g., McClanahan and Obura, 1997; Maina et al.,
2012), several countries in Asia, and many small islands
across the Indo-Pacific, perhaps due to low technical resources
(Rude et al,, 2016; Brown et al, 2017). As noted, land-sea
connectivity is particularly strong on high volcanic islands,
and therefore expanding research in island communities
is particularly important. Numerous island communities in
Hawai‘i, Fiji, Palau, and the Solomon Islands have exercised
customary “ridge-to-reef” tenure systems for centuries (Clarke
and Jupiter, 2010; Winter et al., 2018), and local experts in
these systems offer valuable contributions and perspectives to
island research.

The majority of studies address surface water (overland
runoff and sedimentation) as the primary land-reef vector
and comparatively few researchers have explored groundwater
discharge, despite its importance to reefs worldwide (Paytan et al.,
2006; Sawyer et al., 2016; Prouty et al., 2017; Hafller et al., 2019;
Shuler et al., 2019). Existing study regions are primarily are
watersheds, evaluated at either catchment or watershed scales.
Additional research is needed to examine land-use impacts via
“aquifer sheds,” or recharge areas, and the relative impact of land
use, climate, and oceanographic variables at multiple spatial and
temporal scales.

Future research may also consider the influence of land-
cover pattern and orientation on coral ecosystems. Studies in
landscape ecology demonstrate that land-cover fragmentation
and hydrologic connectivity, and not simply percent cover,
mediates water quality. For example, in South Korea, urban
and forested lands with higher patch density and edge
density resulted in higher reservoir Biochemical Oxygen
Demand, Chemical Oxygen Demand, total nitrogen, and
total phosphorus (Lee et al., 2009). Gardner et al. (2011)
demonstrated that spatially diffuse point sources (e.g., septic
tanks) had a smaller influence on in-stream nitrate compared
to hydrologically connected, concentrated sources. Martinez-
Rendis et al. (2015) linked a 250% urban expansion and
forest fragmentation in coastal Mexico to a 50% decline
in coral area, as well as a decrease in coral connectivity
(patch density, edge density, and other metrics). Land cover
cannot be evaluated in isolation, but rather as a matrix of

interlocking features whose pattern, scale, and spatial structure
dictate energetic and particle flows across ecosystems. Further
research may consider, for example, how the urban form (e.g.,
concentrated versus diffuse impervious surface) affects coral
health, or include spatial fragmentation and connectivity as
future coral health metrics.

Furthermore, the scale of analysis may moderate the
relationship between land cover and reef health. Reefs may
respond differently to land-based inputs at colony, reef, and
regional scales (Prouty et al., 2008; Reopanichkul et al., 2009).
In the Great Barrier Reef, Fabricius et al. (2005) examined
the effect of water quality on coral richness at the region
and site (within-region) scales: taxonomic richness differed
significantly between regions (twice as high at a higher water
quality region), but within regions, richness was not significantly
related to water quality. In Okinawa, Japan, a study of reefs
at several distances from the mouth of the Hija River showed
distinct “spikes” in coral community structure up to 400 meters
offshore, and therefore an iterative, moving window analysis
was required to identify the appropriate scale for coral surveys
(West and van Woesik, 2001). Coral core analysis in Honduras
and Belize showed that, among 18 trace metals linked to land-
based activities, five metals varied at reef and colony scales while
five varied by region, highlighting the influence of both land-
use pressure and individual growth and metabolism (Prouty
et al, 2008). In the Fitzroy River Basin, cropland predicted
pollutant concentrations at basin and sub-catchment scales, but
grazelands—the dominant land use in the basin—contributed
to the majority of long-term annual pollutants (Packett et al.,
2009). Research that identifies the influence of scale on land-
sea processes can help conservationists in scoping new policies
and interventions.

CONCLUSION AND FUTURE
DIRECTIONS

Over 60% of reefs worldwide are threatened by local activities
like destructive land use practices and coastal population
growth (Burke et al, 2011), underscoring opportunities
to protect reefs through direct, local action. Traditional
conservation measures typically address marine and terrestrial
ecosystems in isolation, irrespective of the fundamental linkages
between land and sea. However, anthropogenic land uses
like intensive agriculture and urban development can drive
significant declines in coral cover, species richness, colony
size, and structural complexity while altering fundamental
ecological functions like disturbance response and depth-related
niche partitioning.

Land use and land cover can affect reefs through a
number of processes, including (1) regulating coastal freshwater
through surface flows and submarine groundwater discharge,
(2) providing sources or sinks for contaminants, and (3)
altering biological exchange between land and sea. Forests
are positively related to metrics of coral health, as plants
stabilize soils or create natural “dams” against erosion and can
absorb or sequester groundwater contaminants while providing

Frontiers in Marine Science | www.frontiersin.org

September 2019 | Volume 6 | Article 562


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Carlson et al.

Land Use Impacts on Coral Health

can be found in Supplementary Material.
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FIGURE 1 | A map of current ridge-to-reef studies delineated by primary land-reef vector: surface flow or groundwater discharge. References for mapped studies

. Groundwater focus
Ground/surface not specified
¢ All reef locations (ReefBase 2019)

habitat for anadromous species. Agriculture leads to marine
nutrient discharge through groundwater, particularly from high-
fertilizer crops like sugarcane, and grazeland is the dominant
source of sediment plumes on the Great Barrier Reef, though
only the fine sediment fraction (<16 pwm) affects wide reef
areas. Agriculture impacts vary across time and space, as
erosion can arise from small portions of the landscape and
occurs primarily during sporadic storms, which also resuspend
legacy sediment. Urban land cover is heterogeneous but is
linked to declines in coral health along inshore-offshore and
depth gradients, though certain species (e.g., large-polyp and
generalist species) show resilience to urban stress. Finally,
unpaved roads and point sources like mines and quarries
can rank among the most significant contributors to reef
sediment and heavy metals, despite their small signature
on the landscape.

A review of existing literature highlights several opportunities
for future research. Current studies focus on a handful of
study regions, such as the Great Barrier Reef, Fiji, and certain
Caribbean and Asian islands, and primarily assess surface water
contamination. Very few studies address groundwater discharge
or compare multiple regions, though land-reef interactions vary
by ecoregion (Maina et al., 2013) and groundwater is a critical
vector of nitrogen pollution in coral reefs around the world
(Paytan et al., 2006; Knee et al,, 2010a,b; Amato et al., 2016).
In addition, while most ridge-to-reef research is conducted
at a watershed scale, land-use and land-cover impacts may
be scale dependent (Tu, 2011; Huang et al., 2015; Shi et al,,
2017). Further research is needed to (1) assess groundwater-
driven relationships between land cover and coral health,

and (2) compare multiple regions and scales to better define
opportunities and limitations for land-based interventions.
This work may be assisted by advances in remote sensing,
which enables researchers to track land-cover change and
sediment plumes in high resolution (Chérubin etal.,2008;
Jupiter and Marion, 2008; Alvarez-Romero et al., 2013;
Restrepo et al, 2016), measure erosion rates on hillsides
(Stock et al.,, 2011), identify granular but problematic features
of the landscape (Zreda et al., 2012; Bartley et al, 2014),
and disentangle spatial relationships between multiple stressors
(Wedding et al., 2018).

Significant opportunities exist to explore ecological
interactions between land and reefs. For example, plant
species vary in their effectiveness at preventing erosion and
nutrient leaching (Dosskey et al., 2010), and future research
is needed to examine how various hydraulic and structural
traits in vegetation modulate coral condition. In addition, the
sporadic nature of land-sea pollution events in regions like the
Great Barrier Reef invites comparison of coral response to acute
versus chronic land-based disturbance (following, for example,
Castorani et al,, 2018). Terrigenous pollutants have specific
impacts on the early life histories of corals, and additional
research is needed to examine how land conservation may
bolster “enabling conditions” for reef recovery after bleaching.
Finally, corals display unique community responses to urban
activities, and further research may address the impacts of
artificial substrates and depth restriction on coral niche space
and inter-species interactions.

A broad examination of ridge-to-reef research offers several
insights into the state of existing literature. Many studies survey
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reefs along one or several “pour points” of pollution discharges
from a location of interest, therefore aggregating the effects of a
heterogeneous patchwork of land uses. However, strong advances
have been made in our ability to attribute in-water pollutants to
highly specific sources including septic tanks and land parcels,
model the fate and transport of contaminants within reef habitats,
and anticipate possible taxon-specific tolerances for pollution
loading. Integrating these approaches—coral health assessments,
sediment/pollution budgets, and source identification—would
help target incentives and policy measures (e.g., city planning
ordinances or Clean Water Act Section 319 funding for
agricultural Best Management Practices) toward areas of highest
conservation value.

Ridge-to-reef research is frequently led by marine researchers,
perhaps because corals are considered the “downstream”
endpoints of land-use byproducts. However, land-sea
connectivity is bidirectional, with reefs providing storm
protection and myriad social-economic benefits to coastal
communities. Customary management units like the Hawaiian
moku system, designed to protect highly coupled ecosystems,
can offer lessons for crafting sustainable rules of use. Research
into diverse stakeholder perspectives on land-sea conservation
(e.g., Ureta et al, 2016; Smith et al,, 2017) can be utilized
to build mutually beneficial partnerships across ecosystems.
Integrated research frameworks such as that proposed by
Yamano et al. (2015) can build dialogue between experts in
terrestrial, marine, and agricultural fields. Many studies treat
land uses as static categories (population centers, impervious
surface); however, the urban form varies by location and over
time, as do forest ecosystems and grazing/cropping practices.
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