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Developing a multi-stressor gradient model for coral reefs of Puerto
Rico

Leah M. Oliver, Deborah L. Santavy, Patricia Bradley

Abstract Coral reefs worldwide are threatened by multiple anthropogenic stressors, yet
understanding reef responses to multiple stressor gradients is complicated by interactive stressor
effects, co-occurrence of some stressors, and inconsistent data availability. Indirect protection of
aquatic life under the US Clean Water Act (CWA) may occur through requirements for effluent
discharge permits and provisions for setting chemical and physical criteria based on designated
waterbody uses for humans. Biological water quality criteria or “biocriteria” established under
the CWA offers a direct means to protect corals. Biocriteria are quantitative thresholds or
narrative descriptions of coral reef ecosystem attributes needed to maintain biological integrity.
Biocriteria development involves defining the biological community associated with a wide
range of ecosystem conditions ranging from a pristine, undisturbed state to severe disturbance by
human activities. As part of this process for Puerto Rico, Caribbean coral reef ecosystem experts
prioritized anthropogenic stressors to coral reef ecosystems as land-based sources of pollution,
fishing pressure, and global climate change-related thermal anomalies. Spatial data representing
these stressors were mapped, showing some areas where all three stressors were high and also
areas where the magnitude of stressors contrasted. In northeast Puerto Rico, urban development
around San Juan resulted in the island’s highest watershed development index, which co-
occurred with high fishing pressure. In contrast, southwest Puerto Rico had high fishing pressure
but low watershed development and ocean temperatures compared to other coastal areas.
Narrative descriptions were also developed to incorporate stressors for which spatial data is
absent or limited. Future expert workshops will refine this model by developing stressor
weighting factors and by considering interactive effects. This conceptual framework will
contribute to developing a multi-stressor gradient model for the coral reefs of Puerto Rico,
identify data needs, stimulate addition of new spatial data, and generate testable hypotheses to
calibrate the stressor-response model.

Keywords: coral reefs, land-based pollution, temperature anomalies, fishing pressure, stressor
gradient
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Introduction

Coral reefs are often found near coasts where multiple anthropogenic stressors co-occur at areas
of high human disturbance. Stressors range in scale of influence and relative manageability from
point source discharges and unrestrained coastal development to thermal anomalies and ocean
acidification stemming from global climate change (Hughes and Connell 1999; Kleypas et al.
1999; Ban et al. 2014). Understanding which human-induced stressors influence important coral
reef attributes is critical to effect management actions that maximize benefits to reefs and the
valuable ecosystem services they provide. The US Clean Water Act (CWA\) establishes a
framework for regulating water quality and directs the EPA to set wastewater standards for
industry, issue permits for industrial and municipal discharges, and coordinate with state and
territorial governments to adopt water quality criteria to protect against harmful effects of
pollutants. Chemical and physical criteria are routinely established, yet the CWA also contains a
provision for states and territories to set biocriteria, which are desired states of biological
resources linked to designated uses (Bradley et al. 2009). Designated uses are the formally
promulgated uses for a given waterbody such as drinking water, fishing and fish consumption,
swimming, and supporting aquatic life. The CWA requires that water quality be able to support
the designated use(s) for a given waterbody. Based on the designated use(s), desired resource
conditions may be customized, for example, biocriteria for lower quality “Class C” waters with
heavy human impact may allow for some loss of ecosystem structure and function while those
for higher quality “Class A” waters could require full ecosystem integrity on par with an
undisturbed, undeveloped, and possibly historic condition indicative of a natural or non-degraded
state (US EPA 2016). Although it is not necessary to quantify all stressors which impact

biological resources, biocriteria development requires development of relevant indicators for
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both stressors and biological condition and a relationship established between reduced resource
condition and increasing human disturbance (Karr and Chu 1997; Fore et al. 2009).

Quantitative relationships between anthropogenic stress and coral reef health have been
demonstrated in the Caribbean (Fisher et al. 2008; Oliver et al. 2011; Ennis et al. 2016), Hawaii
(Rodgers et al. 2012), and Indonesia (Golbuu et al. 2008), employing biological measures of
coral size, taxa richness, and coral cover, and stressor estimates such as distance to disturbance
and land-use based watershed indices. These studies establish stressor-response relationships for
corals and set the stage for integrated stressor approaches. A conceptual model developed for
wetland and stream ecosystems relating biological condition to increasing anthropogenic
stressors (Fig. 1) was the basis for engaging Caribbean coral reef ecosystem experts to develop a
biological condition gradient (BCG), defining attributes of coral reef ecosystems associated with
conditions ranging from pristine to severely altered (Davies and Jackson 2006; Bradley et al.
2014; Santavy et al. 2016). During a structured process to assign biological attributes to

different levels of the BCG, discussions included which stressors the experts believed were the

Natural '] Native or natural condition

2 Minimal loss of species; some
density changes may occur

Some replacement of
sensitive-rare species;
functions fully 3

maintained Some sensitive species

4 maintained but notable
replacement by more-tolerant

taxa; altered distributions;

functions largely maintained

Biological condition

Tolerant species show increasing
dominance; sensitive species are  §
rare; functions altered

Degraded Severe alteration of
structure and function 6

Low Stressor gradient ~ High

Fig. 1 Conceptual biological condition and stressor gradient model, showing general changes in
ecosystem in response to increasing anthropogenic stress. Reprinted from Davies, SP and
Jackson SK (2006), The biological condition gradient: a descriptive model for interpreting
change in aquatic ecosystems. Ecological Applications, 16: 1251-1266. doi:10.1890/1051-
0761(2006)016[1251: TBCGAD]2.0.CO;2, with permission of the Ecological Society of America
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most critical for coral reef ecosystems in Puerto Rico and the Caribbean. Experts identified high
sea temperatures and land-based pollution as primary stressors for corals, and fishing pressure
and land-based pollution for fishes. As part of the BCG development process in which
anthropogenic stressor gradients are characterized and associated with different BCG levels, we
sought to develop a conceptual framework for an integrated stressor gradient for Puerto Rico’s

coral reef ecosystems, incorporating both quantitative data and narrative descriptions.

Materials and methods

Land-Based Sources of Pollution (LBSP)

A Landscape Development Intensity Index (LDI) was calculated as a measure of land-based
pollution using the method of Brown and Vivas (2005). The LDI method integrates human
impact associated with specific land use/land cover (LULC) types, proportional to cumulative
inputs of nonrenewable energy (Emergy). In brief, a 30m-resolution LULC dataset (Homer et al.
2007) was reclassified to Emergy coefficients (Odum 1996) blended from Brown and Vivas
(2005) and Florida land use cover and classification systems (Janicki 2013) (see Table 2 in
Oliver et al. 2011). LDI values were calculated for coastal Hydrologic Unit Code (HUC)-12
watersheds, and weighted for % LULC. Coastal watershed LDI values were extended into
adjacent coastal segments or sea-sheds, by drawing cardinal lines from watershed borders in a
10-km offshore buffer using ArcMap v10. To address dilution of pollutants with increased
distance from shore, LDI values were assigned unadjusted to coastal segments 0-2 km from
shore, reduced by 50% in adjacent coastal segments 2-7 km from shore, and reduced by 70% in
segments 7-10 km from shore.

Thermal anomalies

Satellite-derived, sea-surface temperature anomaly (SSTA) data was obtained from NOAA’s
Coral Reef Watch website
(http://www.coralreefwatch.noaa.gov/satellite/bleachingSkm/index.php). Annual composite, 5-
km resolution SSTA files included all currently available data from 2014 — present day 2016.
Files in NetCDF format were downloaded and converted to raster in ArcMap v10.3. Rasters

were cropped to the geographic extent of Puerto Rico and a mean SSTA raster was calculated.
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SSTA represents positive or negative deviations from average monthly climatology, which is
based on historical records of mean monthly night-time SST values (Liu 2014).

Fishing pressure

Geospatial layers of fishing intensity were obtained from Manoj Shivlani (Shivlani and Koeneke
2011), who estimated commercial Puerto Rico fishing effort based on interviews with fishers.
Participants were asked to map fishing areas they used, and the number of trips to each. Total
fishing effort is the maximum potential number of trips to grid cells of approximate area of 3.3
km? for all gears including nets, lines, traps and dive gears (dive gears include spear guns and
hand gathering by skin diving or scuba).

Integrated stressor index

Stressor estimates were combined by first converting the LDI and fishing effort polygon layers
into rasters. Raster layers for LDI, fishing and SSTA were re-scaled from 0-1 using a linear
function with the lowest values corresponding to 0 and the highest values to 1. Rasters were
added using the raster calculator tool in ArcMap v10.3, Spatial Analyst toolbox.

Narrative stressor descriptions

Narrative stressor descriptions were developed for undisturbed (pristine), moderately stressed,
and severely degraded states of LBSP, thermal anomalies, and fishing pressure. For LBSP these
included land use characteristics for low, medium and high LDI watersheds, other conditions
which were not represented by LDI such as runoff-related impaired water quality and sediment
resuspension, and land conditions which exacerbate pollutant transport such as soil type and
slope. Fishing pressure was described in terms of both the fishing activity and also the resulting

change in fish populations which is relevant to the health of associated reef-building corals.

Results

Coastal LDI watershed values ranged from 1.2 — 5.7, with the highest values in North East
Puerto Rico watersheds including the city of San Juan, the West coast near Mayaguez, and the
South coast near Ponce, Santa Isabel, Salinas and Guayama (Fig. 2a). High LDI values in
Northern receiving sea-sheds were driven by adjacent land areas containing dense human
population and those in Western and Southern sea-sheds were driven by a combination of

population and row crop agriculture.
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Mean SSTA (2014 — 2016) for Puerto Rico ranged from 0.29 — 0.87°C, and a pattern of
lowest SSTA on the West and South West coasts was observed (Fig. 2b).

Commercial fishing effort was highest on the West coast, Southwest near La Parguera, Cabo
Rojo, and Puerto Real; and also around the central North coastal area (Fig. 2c).

Summed, rescaled stressor indices reflected high LDI and fishing pressure near San Juan on
the North and South-central coasts, high fishing pressure on Southwest coast and Vieques (Fig.
2d). The West coastal area was intermediate for integrated stressor index but fishing pressure

was high in the region.
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Fig. 2 a. Hydrologic Unit Code (HUC12) watersheds of Puerto Rico and associated LDI values.
Offshore buffer zones show attenuated LDI value with increased distance from shore. b. NOAA
Sea Surface Temperature Anomaly (SSTA), mean of monthly composites from 2014-2016. c.

Total fishing effort modeled as maximum possible trips to each grid cell (Shivlani and Koeneke
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Narrative stressor descriptions are presented in Table 1. For LBPS, soil and terrain
characteristics which tend to accelerate runoff and increase sediment and pollutant transport to
benthic habitats were included. Since the LDI is based on LULC, to avoid redundancy only
those additional anthropogenic influences which are not LULC - related were included. Elevated
temperature thresholds associated with coral bleaching were derived from literature accounts
correlating bleaching with both the magnitude and duration of exposure to elevated sea surface
temperature (Eakin et al. 2010; Heron et al., 2016). Fishing pressure was articulated in terms of
relative fishing effort which pressures fishery sustainability, and also the resulting fish

2011). d. Integrated stressor index was calculated by re-scaling all three stressors (0-1) and
summing for a maximum possible value of 3 community expected under varying fishing

pressures in order to illustrate the indirect stress to associated corals.
Discussion

Three anthropogenic stressors (land-based sources of pollution, thermal anomalies, and fishing
pressure were assembled in a spatially-explicit framework for Puerto Rico coral reef and not
fisheries ecosystems, an initial step to support development of biocriteria to protect these unique
and important habitats (Fore et al. 2009). Our expectation is that these stressor estimates will be
fine-tuned and augmented as additional data becomes available. The LDI index was chosen as a
proxy for LBSP, in part due to previous associations with coral condition in St. Croix (Oliver et
al. 2011) and with wetland condition in Florida (Brown and Vivas 2005) and Ohio (Mack 2006).
However our narrative description for LBSP highlights land-based stressors which are
represented in the LDI. For example, the presence of a wastewater treatment plant or coastal
industry is represented in the LDI as a LULC class receiving a high LDI coefficient, but effluents
originating from these facilities are not incorporated in LDI. Elevated nutrients are important
coral stressors which have been associated with decline of reefs in relatively close proximity to
developed coasts (Ennis et al. 2016). The LDI is based on 30-m resolution LULC data circa
2001, but 1-m resolution LULC imagery for Puerto Rico is anticipated in 2016 from the NOAA
Coastal Change Analysis Program, allowing finer resolution and more current land cover for new
LDI calculations, and possible application of land use changes as an indicator. In the future
assumptions regarding the sea-shed transport of land-based pollutants should be refined by

adjusting for ocean currents and river flow which affect distance and direction of offshore
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Table 1 Narrative descriptions for three stressors representing undisturbed, moderately disturbed and
severely disturbed states. For fishing pressure, both fishing activities and resulting fish community are
presented. WWTP: Waste water treatment plant, BMP: best management practices

Stressor Land-Based Sources of Pollution Thermal Fishing Pressure
Level Anomalies
Undisturbed | Natural landscape conditions present in Natural Fishing by humans is absent
coastal watersheds. Coastal vegetation such as | temperature
mangroves and riparian vegetation is intact. regime for the
Human development absent: no impervious area, no Fish Community: Undisturbed. High
surfaces or facilities such as WWTPs, significant diversity in taxa, balanced fish community

industries, ports or associated shipping
activity. Sediment entry to coastal waters is
attenuated by absorbant soil types, presence of
coastal vegetation, or both. Area could be
Marine Protected Area or Reserve. LDI <1

departures from
normal
climatology.
DHW remains
less than 4°C

in terms of size and abundance such that
natural trophic interactions are sustained.

Moderately | Low to medium density development, coastal Departures from | Fishing activities include a blend of

Disturbed | industries and/or WWTPs may be present but | normal commercial and recreational fishing at levels
if so, are compliant with discharge permits, temperature which are non-threatening to sustainable
have advanced levels of waste water regime production. Effective fishing management,
treatment, and may incorporate biological occasionally enforcement or some combination prevents
filtration such as coastal wetlands. exceed 4°C- significant loss of ecosystem functional
Impervious surfaces near the coast are DHW but attributes.
considerable, and along with steep terrain and | remain below
soils dominated by clays, result in frequent 8°C-DHW
pulses of moderately elevated sediment levels Fish Community: Evident changes in
to coastal benthic habitats. Agriculture structure due to loss of some rare native
activity may be broad pasture areas or taxa; shifts in relative abundance of taxa but
moderate row crop areas, and BMPs are not sensitive-ubiquitous taxa are common and
universally employed to limit sediment / abundant; ecosystem functions are fully
pollutant transport to marine environment. maintained through redundant attributes of
LDI=2.01-3.0 the system.

Severely Degraded landscape conditions include high Sustained Intense commercial and recreational fishing

Disturbed | percent impervious surface and high-density, elevated pressure of reef fish species and pelagic
near-coastal human development. Near- temperature species. Regulations to sustain fishery may
coastal row crop agriculture lacks BMPs. relative to be lacking or ignored; enforcement is

Sedimentation is severe due to degraded
coastal and riparian vegetation and
unmitigated land clearing practices, and
sediment contains entrained nutrients and
other chemical pollutants. Coastal WWTPs
lack secondary treatment, and along with
industrial discharges, 303(d)* listings of
impaired water bodies under the CWA are
common. Other human influences may
include boat traffic in the form of shipping
vessels, cruise ships, or recreational vessels
which result in sediment resuspension in
coastal benthic habitat areas. LDI >5

normal, periods
exceeding 8°C-
DHW

nonexistent and illegal fishing is common.
Gears used include fish traps or others with
high bycatch mortality.

Fish Community: Low species richness,
diversity and abundance compared to other
levels. Extremely high densities of tolerant
opportunistic species may characterize these
systems. Herbivores and apex predators are
absent.

1Section 303(d) of the US Clean Water Act requires states and territories to submit lists of
impaired waters which do not meet water quality standards.
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influence, and incorporating shelf bathymetry which affects dispersal of runoff-transported
sediment and other pollutants originating on land. Here, we applied simple assumptions of
graded influence decay at 2, 7 and 10 km offshore which represent only a coarse estimate.

This analysis used 5-km resolution SSTA data, currently available as annual average
composites from 2014 on, pending NOAA’s release of additional blended satellite products
which will increase retrospective spatial data presented in several ways on NOAA’s Coral Reef
Watch website. Although SSTA values may be positive or negative, NOAA presents positive
deviations or HotSpot values, calculated by subtracting the maximum of monthly mean
climatology, and a measure of “Degree Heating Weeks” (DHW) which is the sum of HotSpot
values exceeding 1°C for a preceding 12 week period. We demonstrate the potential for SSTA at
5-km resolution to integrate with land-based pollution and fishing data on a reef scale during a
time period when thermal-anomaly related coral bleaching was not widespread in Puerto Rico.

If the cooler SST values seen in western Puerto Rico (Fig. 2b) persist during a bleaching event, it
is possible that corals in those areas might be afforded some degree of protection. Narrative
descriptions for thermal anomalies were informed by Eakin et al. (2010) and Heron et al. (2016)
who demonstrated threshold DHW values associated with coral bleaching and related mortality,
and also the potential for cumulative temperature stress over time to predict coral bleaching
susceptibility.

Recreational fishing pressure is thought to be at least as important as commercial landings.
We show spatial variation in commercial fishing effort that will be informed by new data when
the recreational component of Puerto Rico’s fishing law is implemented. In the interim,
narrative stressor descriptions were developed for both commercial and recreational fishing
activity, including regulatory effectiveness and enforcement capability (Table 1). Indirect effects
of fishing pressure on corals were also presented in terms of the associated fish community
because with the exception of damage to the reef from fishing gear such as anchors or fishing
line, fishing activities do not impact reef corals directly yet lead to ecological dysfunction from
overall fishery decline, herbivore reduction and associated algal proliferation on the reef (Hughes
et al. 2007). Similarly, model development needs to include indirect effects of climate change-
associated anomalies on fish communities, related to bleaching-related coral mortality and loss
of reef habitat upon which fish depend for recruitment, refugia, and feeding (Coker et al. 2012;
Ainsworth and Mumby 2015).
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Simple assumptions (Davies and Jackson 2006) that ecosystem structure and function
gradually falter with increased anthropogenic stress represent an accepted general pattern of
ecosystem response which can generate testable hypotheses to refine single and cumulative-
stressor effects (Hughes and Connell 1999; Ban et al. 2014). An approach to integrate world-
scale reef stressors (Halpern et al. 2008; Burke et al. 2011) was used here by summing re-scaled
stressor values (Fig. 2d), but future model development needs to consider more complex stressor
interactions including weighting, synergistic or antagonistic effects. Observed contrasts in
stressor patterns included South West Puerto Rico with low LDI and SSTA, yet high fishing
pressure (Fig. 2a, 2b, 2c) A large proportion of Puerto Rico’s coral reefs are found in the South
West and establishing a no-take reserve has been suggested.

Further development of this multi-stressor model will render it useful to develop biological
attributes for BCG levels (US EPA 2016; Santavy et al. in review), inform management
decisions, prioritize collection of reef condition data and stressor information, and support
stressor-response research studies. Recent guidance for BCG development (US EPA 2016)
includes approaches and challenges to defining a generalized multi-stressor axis (x-axis of the
BCG, Fig. 1) to represent the cumulative impact of anthropogenic stressors to reef ecosystems
ranging from a pristine state to severely disturbed by human activities. Publically available
spatial datasets may be employed to represent additional stressors as has been done for the Great
Lakes Environmental Indicators project (Danz et al. 2005). Quantitative information on
ecosystem condition and anthropogenic stressors for Puerto Rico coral reefs is limited by
comparison, but initial steps can be taken. The U.S. Virgin Islands government has identified
coral reefs and reef functions as designated uses under the CWA and defined biological integrity
in a narrative context (USVI 2010). The foundation exists for Puerto Rico to take similar actions
for setting condition thresholds or biocriteria, to protect its valuable coral reefs.
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