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A B S T R A C T   

A ridge-to-reef framework was developed for 26 watersheds around Guam. Dissolved inorganic nitrogen (DIN) 
data were collected for one year at the base of streams while coral and fish surveys were conducted on adjacent 
reefs. Two independent analyses revealed a similar 0.10 mg/l DIN threshold beyond which negative impacts to 
water quality and coral reefs existed. The influence of DIN was next partitioned with respect to a second primary 
stressor, fishing pressure. While coral diversity was negatively influenced by DIN, the cover of some stress- 
tolerant corals increased, such as Porites rus, making coral cover alone a poor indicator of watershed pollu-
tion. Less intuitive, DIN predicted increased food-fish biomass that was accounted for by generalist herbivores/ 
detritivores, representing homogenized assemblages, while fishing pressure reduced biomass. Our DIN thresholds 
resonated with a similar study in American Samoa suggesting broader guidance for water quality legislation may 
be emerging.   

1. Introduction 

Two significant and ubiquitous forms of watershed pollution on coral 
reefs are sediments and nutrients (Lapointe et al., 2019; Tuttle et al., 
2020; Zhao et al., 2021). Sediments transported by rainfall events 
reduce sunlight, bury reef organisms, and deplete oxygen for corals and 
other substrates. Corals buried by only 2 to 3 mm of organic sediment for 
3 days showed significant mortality through several pathways related to 
respiration (Weber et al., 2012), and many attributes of sedimentation 
have been related to reductions in coral cover and diversity (Comeros- 
Raynal et al., 2021; Fabricius et al., 2012). Similarly, fishes exposed to 
high turbidity and sediments may have altered ecology (i.e., feeding and 
behavior) and physiology (i.e., gill structure and even larval develop-
ment), reducing and displacing their populations (Wenger et al., 2015). 
Clearly reefs adjacent to watershed discharge are exposed to direct 
sediment impacts and burial, yet the spatial and temporal impacts 
beyond the core discharge zone are variable and influenced by sediment 
characteristics and flocculation, oceanographic currents, winds, waves, 
and tides (Bainbridge et al., 2018; Bartley et al., 2014; Delandmeter 
et al., 2015). 

Dissolved nutrients are a second major form of watershed pollution 
that may or may not be associated with sediments. Dissolved nutrients 
such as nitrogen-nitrate quickly perpetuate through marine food webs 
given their rapid uptake by sessile organisms and phytoplankton that are 
exposed to freshwater-discharge plumes with varying amounts of sedi-
ment (Burkepile et al., 2020; Lapointe et al., 2019; Zhao et al., 2021). 
Thus, many studies have revealed predictable relationships between 
nutrient discharge concentrations and reef assemblages. For instance, 
dissolved inorganic nitrogen (DIN) concentrations were examined 
across one year at the base of 34 watershed around Tutuila, American 
Samoa, to examine potential impacts on adjacent coral reefs (Houk 
et al., 2020). Watersheds where DIN concentrations exceeded 0.1 
mg⋅l− 1, 20 % of the time or more within a year, were associated with 
diminished diversity and size structure of coral assemblages. The 20 % 
exceedance criteria resonated with both undesirable biological changes 
on the reefs and United States Environmental Protection Agency 
(USEPA) recommendations for developing water quality standards 
(EPA, 2001). A similar study from the Great Barrier Reef linked mea-
surements of marine water quality data with several attributes of reef 
assemblages but found weaker relationships with DIN that were 
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suggested to be an artifact of the rapid transformation and uptake DIN in 
marine environments where sampling occurred (Fabricius et al., 2012). 
Meanwhile, a long-term study in the Florida Keys revealed links between 
increasing groundwater DIN concentrations and the gradual loss of coral 
cover through many mechanisms over four decades (Lapointe et al., 
2019). 

Previous research between DIN, watershed pollution, and coral reefs 
makes DIN one good candidate for use within regulatory standards, 

management policies, and for further research (Houk et al., 2020; 
Lapointe et al., 2019; McCloskey et al., 2021). One pressing question is 
whether the relationships and thresholds revealed for any island or 
location are specific to localized geology, oceanography, and/or ecol-
ogy? Alternatively, are relationships similar across (some) tropical en-
vironments and could they offer generalized guidance for proactive 
management (Cooper et al., 2009; Fabricius et al., 2012; Houk et al., 
2020; Jameson et al., 2004)? A second pressing question is how to 
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Fig. 1. Map of Guam, Micronesia, highlighting the volcanic southern watersheds (numbers) where water quality (large black circles) and coral reef (small black 
circles) data were collected. Two watersheds had two perennial streams within each that were sampled (5–6 and 18–19) (Material and methods). 
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partition the influences of DIN versus other local stressors when exam-
ining biological assemblages? 

This study established a ridge-to-reef framework around Guam, 
Micronesia, to evaluate DIN concentrations within watersheds and 
evaluate impacts to coral, benthic, and fish assemblages. DIN was 
examined at the base of 26 freshwater streams to capture seasonality and 
evaluate thresholds using two independent approaches. Thresholds were 
first estimated based upon water quality exceedance criteria (i.e., the % 
of time that DIN exceeded a threshold concentration). Thresholds were 
also examined by partitioning the influences of DIN and fishing pressure, 
representing two priority stressors, on coral, benthic, and fish assem-
blages. The results posited broader guidance for managing water quality 
and DIN across the tropical Pacific and revealed specific ecological 
outcomes for each priority stressors at the site-and-island scale. 

2. Materials and methods 

Guam is a high island and urban center of Micronesia, in the tropical 
northwest Pacific Ocean (Fig. 1). The island is split geologically with 
raised limestone aquifers in the north and volcanic watersheds in the 
south. The most recent population estimate in 2020 was 168,783 people 
spread across 549 km2 of land. The Guam Environmental Protection 
Agency is responsible for protecting stream and coastal water quality 
and regularly revisits their permitting and discharge regulations to 
adapt and improve their regulatory oversight. We examined 26 streams 
that represented a gradient of low-to-high human influence around the 
volcanic watersheds of southern Guam. Our goals were to: 1) identify 
whether point versus non-point sources of pollution were major con-
tributors to DIN concentrations in each watershed, 2) decouple natural 
and human drivers of DIN to model annual DIN discharge and develop 
exceedance criteria, 3) partition the influence of DIN and fishing pres-
sure to understand their contributions to reef assemblages, and 4) 
compare DIN thresholds developed using USEPA exceedance criteria 
guidance versus DIN thresholds that caused negative impacts to reef 
assemblages. 

2.1. Water-quality data 

Water-quality data were collected monthly at the base of our 26 
study watershed streams between April 2020 to May 2021. Sampling 
was conducted during low tides associated with new and full moons to 
minimize salinity intrusion from adjacent ocean waters and focus our 
data collection on freshwater discharge. During each sampling event, all 
streams were sampled within the same 3-hour period by several teams of 
standardized observers using calibrated instruments. This sampling 
design aimed to control for extrinsic environmental variation across the 
watersheds, and best allow for comparisons, including our mixed- 
modeling statistical approach outlined below. Samples were collected 
by filtering 500 ml of water through 0.45 μm Cole-Palmer filters into 
polyethylene bottles. Samples were placed on ice and either processed 
immediately or frozen until analysis. Frozen samples were analyzed 
within 1-week of collection. DIN concentrations were analyzed using the 
QuikChem 8500 Flow Injection Analyzer developed by Lachat In-
struments. Dissolved inorganic nitrogen (DIN) was defined by the sum of 
nitrate, nitrite, and ammonium, however nitrite was negligible. In 
addition to DIN sampling, YSI Professional Plus hand-held instruments 
were used to collect temperature, conductivity, and dissolved oxygen. 
Salinity was calculated using temperature and conductivity data. Water 
quality data were provided in the Supplemental information (Table S1). 

2.2. Ecological data 

Coral, benthic, and fish assemblage data were collected on reefs 
adjacent to each watershed. Survey locations were similarly located at 
the southern edge of each channel associated with watershed discharge 
(Fig. 1). Five, 50 m transects were laid along the 8–10 m reef slope 

contour and field protocols followed previous studies designed to 
address statistical power needs for site-level resolution (Houk et al., 
2015; Houk and Van Woesik, 2013). Benthic substrates were evaluated 
using fifty photos taken at 1 m intervals along each transect line. The 
benthic substrates under five randomly allocated dots were evaluated 
within each photo (n = 250 data points per transect, and 1250 points per 
site). Corals, macroalgae, other common invertebrates, were identified 
to the genus-growthform level (i.e., Porites massive), while other sub-
strates were grouped into functional categories (crustose coralline algae, 
poorly-calcifying encrusting red and brown algae known to overgrow 
corals, turf, and sand) (Ballantine and Ruiz, 2011; Edmunds et al., 
2019). Coral-assemblage data were collected from sixteen, 0.25 m2 

quadrats placed along the transect lines at 15 m intervals. Coral colonies 
with centerpoints inside of the quadrat boundary were identified and 
measured for the maximum diameter (x), and for the diameter perpen-
dicular to the maximum (y). Surface area was calculated assuming 
colonies were elliptical. Food-fish assemblages were estimated from 12 
stationary-point counts (SPC) conducted at ~20 m intervals along the 
transect lines. During each SPC, the trained observer recorded the spe-
cies name and the size of all food-fish within a 5–6 m radius for a period 
of 3 min. Food-fish were defined as acanthurids, scarids, serranids, ca-
rangids, labrids, lethrinids, lutjanids, balistids, kyphosids, mullids, hol-
ocentrids, and sharks. Fish sizes were converted to biomass using 
coefficients from regional fishery-dependent data when available, or 
from FishBase (www.fishbase.org). Ecological data were deposited into 
the Micronesia Reef Monitoring online database that hosts data, pro-
vides data access, and offers collaborations with interested individuals 
and organizations (https://micronesiareefmonitoring.com/). 

2.3. Condition scores 

Latent variables associated with coral, benthic, and fish assemblages 
were derived from field surveys to generate condition scores that could 
be evaluated against DIN and other environmental and human factors 
that are described below. The condition scores were previously defined 
by a team of researchers for a regional conservation movement to 
represent desirable attributes related to reef processes, which combine 
to perform essential ecosystem functions (Houk et al., 2015). For 
example, the metric of fish size structure was related to grazing poten-
tial, which in turn facilitates recruitment and growth of corals. The 
combined metrics were considered condition scores. Coral condition 
metrics included: (i) Shannon-Weaver evenness, (ii) skewness, (iii) 
species richness, and (iv) assemblage heterogeneity defined by the 
multivariate dispersion associated with replicate quadrats. Heteroge-
neity was measured by multivariate Bray-Curtis dissimilarities, which 
were highest when species composition changed the most among 
replicate coral quadrats (Beals, 1984). Skewness provided information 
on the size structure of coral assemblages and was also a good indicator 
of coverage. Benthic condition metrics were derived from photo-quadrat 
surveys and included: (v) coral cover, (vi) macroalgal cover, (vii) coral 
evenness, and (viii) benthic-substrate ratio derived from the cover of 
crustose coralline algae divided by poorly-calcifying encrusting algae, 
turf algae, and macroalgae. Fish condition metrics included: (ix) 
assemblage heterogeneity, (x) mean size, (xi) overall biomass, and (xii) 
piscivore biomass. Individual metrics were all scaled in a low-to-high 
intuitive manner and then standardized. The mean was taken to repre-
sent a latent variable describing the coral, benthic, or fish assemblage. 
Analyses were first performed on the condition scores, but subsequently 
performed with individual metrics that were most influential. 

2.4. Environmental data to predict DIN 

Previous studies suggested rainfall, windspeed, and sea-surface 
temperatures (SST) were drivers of stream DIN variability in a Pacific 
island setting (Houk et al., 2020). Rainfall transports watershed pollu-
tion to the base of the study streams and was hypothesized to be the 
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primary predictor of stream DIN. Wind-driven waves have the potential 
to restrict flow out of river basins, or alternatively, improve flushing. 
Seasonal fluctuations in air temperature can change nitrogen minerali-
zation in watersheds thereby influencing streams, and seasonal fluctu-
ations in SST can change the background levels of DIN in marine waters 
(Eldredge, 1983; Jack Brookshire et al., 2011). SST served as a proxy for 
both. Rain and wind data were gathered from the airport weather station 
in Guam (NOAA climate data center, https://www.ncdc.noaa.gov/cd 
o-web/) while SST data were gathered from the oceanographic moni-
toring buoy off the east coast of Guam (National Data Buoy Center Buoy 
52200, https://www.ndbc.noaa.gov/). 

In contrast to these environmental factors that determine day-to-day 
variability in DIN concentrations, human factors were expected to in-
fluence mean annual DIN across the study watersheds. Numerous 
studies have revealed that watershed development and human popula-
tion were strong predictors of time-integrated DIN due to general non- 
point pollution sources such as septic systems, urban runoff, and agri-
culture. Meanwhile, watershed size and slope may represent influential 
covariates that influence the nature and rate of transport. Watershed 
metrics were calculated from geographic information system base layers 
served online through the University of Guam Water and Environmental 
Research Institute (http://south.hydroguam.net/gis_download.php). 
These layers provided i) estimates of human development defined by 
agriculture, barren, and urban areas, ii) estimates of human populations 
ultimately derived from census data, iii) watershed sizes, and iv) 
watershed slopes. 

2.5. Data analyses 

Three watersheds on the southeast had consistently high salinities 
due to topography and ocean influx and thus were removed from DIN 
analyses (sites 8 to 10). For all remaining watersheds, only 10 % of 
samples had high salinities due to ocean influxes, leaving 90 % of the 
data for analyses. Relationships between cumulative rainfall 2-days 
prior to sampling and DIN concentrations were first examined to char-
acterize the nature of watershed pollution. Watersheds with significant, 
least-squares regressions between DIN and rainfall had low DIN con-
centrations (below 0.10 mg/l) in the dry season but DIN increased, often 
tripling during the peak of the wet season (P < 0.05 and normal re-
siduals, Fig. S1). We hypothesized indiscriminate non-point sources of 
pollution from human presence within these watersheds that was 
transported by rainfall events (i.e., septic systems, agriculture, or 
confined animals). In contrast, watersheds with non-significant rainfall 
relationships had consistently high DIN across the year above 0.20 mg/l. 
Given that only one permitted point-source discharge existed within our 
study streams (site 14, artificial wetlands to treat sewage from ~4000 
people, DIN consistently below 0.20 mg/l suggesting compliance), we 
used these results to hypothesize the presence of unclassified point- 
sources of pollution. Our hypothesized classifications of point-versus- 
non-point pollution were further investigated in the second set of 
models that examined mean annual DIN concentrations with respect to 
human and watershed characteristics described above. Watershed size, 
slope, human population density, and development were examined for 
their individual, additive, and interactive ability to predict mean annual 
DIN. The best-fit model was considered based upon fit (R2), confidence 
(P-value), stability (Akaike Information Criterion, AIC scores), and re-
sidual normality. We expected that watersheds with point sources of 
pollution would have weak-or-no relationships with indiscriminate 
human presence, while non-point pollution would be associated with 
human presence variables noted above. 

Next, we used generalized linear mixed-effects modeling to predict 
daily DIN concentrations for each watershed. Rainfall, SST, and wind 
data represented fixed effects that were hypothesized to impact daily 
DIN similarly across all watersheds. These environmental data were 
examined for several time periods prior to sampling to search for best-fit 
models (1-day, 2-days, and 1-week). In contrast, watershed identities 

were represented by random effects (i.e., differing y-intercepts), which 
were hypothesized to be an artifact of differing human factors described 
above. Mixed modeling was performed using package lme4 in the R 
software platform using the maximum likelihood approach (Bates et al., 
2015). We first built a null model, and then compared subsequent 
models using analyses of variance (ANOVA) to test between the residual 
deviance estimates. The best-fit model was selected based upon a step-
wise comparison of both residual deviance and AIC scores. 

The mixed-modeling results provided predictions of daily DIN con-
centrations across 2021 that represented continuous hindcasts. Daily 
hindcasts were visualized against monthly sampling events and then 
used to establish DIN thresholds that were exceeded 10 %, 20 %, and 30 
% of the time. These exceedance criteria were based upon guidance 
provided by the United States Environmental Protection Agency 
(USEPA) (EPA, 2001). 

2.6. DIN, fishing pressure, and reef assemblages 

The conditions of coral, benthic, and fish assemblages were last 
examined with respect to several environmental variables, proxies to 
fishing pressure, and DIN. Predictor terms included wave energy, dis-
tance to nearest land-based fishing access, distance to nearest boat- 
based fishing access, distance to watershed discharge point, and DIN. 
Long-term wave energy data around Guam was previously developed 
based upon 10-year windspeed and wind direction data that were used 
to calculate energy incident upon each study reef (http://south.hy 
droguam.net/map-coast-wave-exposure.php). Least-squares regression 
modeling followed the same process described above. 

3. Results 

3.1. Watershed classifications 

Non-point source pollution was the hypothesized, primary contrib-
utor of DIN in 17 of the 23 watersheds where positive relationships 
existed with rainfall and sampling consistently occurred in low-salinity 
watershed discharge (Figs. 2, S1). DIN across these 17 watersheds 
ranged between 0.02 and 0.20 mg/l and human population density and 
disturbed land were predictors of mean annual DIN (R2 = 0.37, 0.36, 
and 0.41 with P-values<0.01 for regressions between mean annual DIN 
at each site and log human population, disturbed land, and log popu-
lation × disturbed land, Fig. 2b). In contrast, unclassified point-source 
pollution was the hypothesized, primary contributor of DIN in the 
remaining 6 watersheds where rainfall had non-significant relationships 
with DIN and concentrations were consistently ≥0.20 mg/l (Fig. 2). For 
these watersheds, mean annual DIN was not predicted by watershed 
characteristics or human factors (Fig. 2). 

3.2. Daily DIN modeling 

Mixed-effects regression modeling revealed that cumulative rainfall 
2-days prior to sampling was the strongest predictor of daily DIN values 
for all watersheds with hypothesized non-point source pollution (χ2 =

129.8, P < 0.001, ΔAIC = 127.8, ANOVA comparison against null 
model, n = 224 samples within 18 non-point watersheds). However, 
significant random effects existed whereby each watershed had a 
differing y-intercept that represented differing baseline DIN concentra-
tions. In support, the random y-intercept terms of the model were highly 
correlated with mean annual DIN (r = 0.94, Pearson’s correlation), 
which as noted above, was well predicted by human population and 
watershed development. Therefore, the modeling process partitioned 
natural factors (i.e., rainfall) as fixed effects that explained daily DIN 
variation, and human factors as random effects that led to differing y- 
intercepts, or differing baselines. 

Predictions from mixed-effects models were used to hindcast daily 
DIN for each non-point source watershed between 2020 and 2021 
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(Fig. 3). From these hindcasts, DIN concentrations associated with 10 %, 
20 %, and 30 % exceedances were derived for each site (Fig. 3b). 
Unpopulated watersheds with little barren and developed land had DIN 
concentrations between 0.05 and 0.08 mg/l within this range of ex-
ceedance criteria, while watersheds with moderate human population 
and developed land had concentrations between 0.08 and 0.18 mg/l. 
Therefore, conservative recommendations of DIN thresholds for water 
quality regulations were suggested by the transition between unpopu-
lated and moderately populated watersheds using the 20 % exceedance 
criteria, or at approximately 0.10 mg/l. 

3.3. DIN, fishing pressure, and reef assemblages 

Condition scores for both benthic substrates and coral assemblages 
were predicted by a similar suite of environmental variables, DIN, and 
fishing pressure proxies. When examining all reeftypes together, wave 
energy was the only significant, but weak, predictor of benthic and coral 
condition (Table 1, Appendix Figs. S2–S3). High wave energy was 
associated with higher condition, and there was a strong break between 
the eastern exposed reefs and the western leeward reefs that weakened 
residual normality. Predictions were much stronger when stratifying 
within eastern and western reefs. Coral condition was diminished by 
DIN and proximity to boat access (i.e., fishing pressure), and increased 
with distance from watershed discharge (i.e., dilution) (R2 = 0.84 and 
0.95, respectively for coral assemblages on the west and east, Table 1). 
Partial regression plots that isolated upon each predictor term while 
controlling for others revealed that negative impacts to the coral as-
semblages began when DIN exceeded 0.10 mg/l, providing a second 
independent estimate of a DIN threshold that resonated with the USEPA 
water quality exceedance criteria (Fig. 4). Benthic condition on the 
eastern reefs had the exact same predictors as coral condition, however, 
on the west coast, benthic condition was similarly low across all sites 
except for the marine protected areas (MPA), matching the trends with 
fish conditions. 

Fish condition scores across all reeftypes decreased with proximity to 
boat access, increased in marine protected areas (MPA), and increased 
with DIN and wave energy (Fig. 5, Table 1, Appendix Fig. S4). The less- 
intuitive increases with DIN and wave energy were driven by increased 
biomass of small-bodied herbivores and detritivores, and greater pres-
ence of a few large generalist herbivores that increased size structures (i. 

e., Kyphosus spp.) (Appendix Figs. S5–S6). Further stratification revealed 
that fish condition scores on the west were influenced by MPA, whereby 
the only MPA had significantly higher condition than other reefs. Fish 
condition on the east was predicted by proximity to boat/land access 
and the smaller gradient in wave energy among eastern reefs, but not 
significantly influenced by MPA status (Table 1). 

We last provided a summary of the correlation structure between 
individual condition metrics for fish, coral, and benthic assemblages to 
better understand contextual relationships between DIN, fishing pres-
sure, and individual reef attributes (Appendix Figs. S5–S6). Fish condi-
tion scores were driven most by biomass and size (r ~ 0.9, Pearson’s 
moment correlation between metric and overall score for both east and 
west reefs), moderately by heterogeneity and predator biomass for west 
reefs where rare but influential encounters with larger fish occurred (r 
~ 0.37), and uninformed by evenness (r ~ 0). Coral condition scores 
were driven most by evenness (r ~ 0.95) and skewness (r ~ 0.80 to 0.90, 
east and west reefs), heterogeneity on west reefs where rare but influ-
ential encounters with larger coral colonies existed (r ~ 0.85), and 
moderately by species richness on east reefs (r ~ 0.55). Benthic condi-
tion scores on the west were driven most by evenness and the benthic 
substrate ratio (r ~ 0.82 for both), with little influence from coral cover 
due to positive relationships between tolerant corals such as Porites rus 
and DIN, but negative relationships with other corals. However, benthic 
scores on the wave-exposed east were driven by evenness and coral 
cover that was comprised mainly of Merulinidae and Acroporidae corals 
(r ~ 0.42 and 0.79, respectively). Last, the overall condition scores for 
corals, fish, and benthic assemblages were positively correlated, espe-
cially benthic and fish scores, suggesting feedback loops existed between 
the assemblages which was furthered in the discussion (r ~ 0.35 to 0.50, 
Appendix Fig. S7). 

4. Discussion 

We developed a ‘ridge-to-reef’ framework to link sources of water-
shed pollution with stream DIN concentrations and specific attributes of 
coral-reef assemblages. Tangible outcomes included (i) identifying un-
classified point-sources of pollution in 6 watersheds that were not 
associated with any permitted point-source discharges, and (ii) recom-
mending a ~0.1 mg/l DIN threshold beyond which exceedances of DIN 
were limited to 20–30 % of the time and no negative impact to adjacent 

( )

Fig. 2. a–b. Relationships between human pop-
ulations, disturbed land, and the mean dissolved 
inorganic nitrogen (DIN) concentrations from samples 
collected across the study year. Numbers on the plot 
were scaled by DIN and identify individual water-
sheds in Fig. 1. Watersheds were classified as having 
point source DIN contributions if no relationship with 
rainfall existed and DIN was consistently above 0.20 
mg/l (a, dotted line), or were classified as having non- 
point source contributions if significant relationships 
with rainfall existed and DIN was variable with season 
(b). Note, axis scales differ.   
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coral and benthic assemblages were detected. Interestingly, studies from 
American Samoa reported a similar 0.1 to 0.15 mg/l stream DIN 
threshold was also associated with the 20 % DIN exceedance criteria and 
negative changes to the coral and benthic assemblages (Comeros-Raynal 
et al., 2021; Houk et al., 2020). Given consistencies between these two 
tropical islands that differed in watershed sizes, soils, geology, and 
slope, generalized guidance to benefit Pacific islands may be emerging. 
However, generalized guidance hinges upon key questions such as: 1) 
Do uninhabited watersheds from differing high islands process available 
DIN to similar extents and yield similar baseline stream discharge con-
centrations? 2) Are relationships and thresholds between human pop-
ulations, developed land, and DIN similar across islands? Currently, 
many Pacific islands lack infrastructure and resources to determine 
locally-relevant water quality standards and rely upon guidance from 
developed, often continental nations that may not be relevant as 
development permits continue to be issued. In these cases, our DIN 
thresholds could be implemented proactively until resources exist to 
conduct independent sampling. 

Beyond water quality legislation, our results provided further clarity 
into two primary local stressors and their impacts to coral-reef assem-
blages (Foo et al., 2021). We summarize that high DIN exposure: i) 
reduced evenness, richness, and heterogeneity of coral assemblages 
(Fabricius et al., 2012), however, ii) increased the biomass and size 

structure of generalist fish assemblages, and contextually, iii) increased 
the cover of the stress-tolerant corals such as Porites rus on several 
leeward reefs but reduced coral cover elsewhere (Darling et al., 2013), 
while lastly, iv) reduced the coverage of non-coral calcifying substrates 
on western reefs only where low wave energy and limited flushing 
existed (Lapointe et al., 2019) (Fig. 6). Broadly, this translated to a 
homogenization of many Guam reefs where lower diversity and less 
rugose reef assemblages benefit generalist herbivores and detritivores 
(Emslie and Pratchett, 2018; Taylor et al., 2015), with total food fish 
biomass dependent on wave energy and fishing access. This type of 
ecological homogenization has been seen in many other systems 
exposed to diverse stressors, with notable tradeoffs between increasing 
or maintaining production and yield despite diminishing ecosystem 
resilience and biodiversity (McKinney, 2006; Mori et al., 2015; 
Richardson et al., 2018; Riegl et al., 2012). 

At the individual reef scale, we highlighted significant interplay 
between wave energy, fishing pressure, and DIN concentrations. It was 
desirable to embrace the interplay between these factors and reef at-
tributes to provided higher-resolution management guidance pertaining 
to DIN and fishing pressure (Bradley et al., 2009; Comeros-Raynal et al., 
2021; Mumby et al., 2007; Van de Leemput et al., 2016). For instance, 
successful fisheries management policies are expected to have stronger 
benefits to coral, fish, and benthic assemblages given the ubiquitous, 

-2

Fig. 3. a–b. Predicted daily DIN concentrations for 
one representative watershed across the study year 
when stream sampling occurred (a) (site 4, black line, 
Fig. 1). Black dots indicate monthly sampled DIN 
concentrations used to build hindcast models. Similar 
hindcasts were created for each watershed and clip-
ped to cover a 1-year period. The percent of time each 
watershed exceeded specific DIN concentrations was 
then plotted (b, dashed horizontal lines show 10, 20, 
and 30 % exceedance times). Color gradient lines 
represents each watershed with colors scaled to 
human population.   
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negative relationships with boat/land access (i.e., fishing pressure 
proxies) compared to contextual relationships with DIN. However, 
fisheries policies alone would be most relevant where fisher preferences 
are driven by biomass and size, and not species selectivity which would 
require additional DIN pollution management. In contrast, watershed 
policies are expected to best protect coral and habitat diversity that are 
known to improve reef rugosity, accretion, and benefit recreational uses 
and tourism. While we appreciate that each watershed/reef system 
investigated has differing fishing pressure and DIN contributions, our 
results quantified their individual influences in each watershed to help 
prioritize management intervention. 

4.1. DIN concentration versus discharge volume 

It is important to consider the present study evaluated DIN concen-
trations but not discharge volumes. Our hypothesis was that watershed 
size or slope might be significant covariates in reef assemblage models 
because they help to scale DIN concentrations to discharge volumes (e. 
g., watershed size is a proxy of discharge volume). Yet, two factors may 
explain why watershed size and slope did not improve our predictions of 
reef condition. First, watershed sizes on the western, leeward side of the 
island were mainly similar and thus DIN concentrations would be the 
primary source of variability that determines discharge volumes (mean 
watershed size = 4.1 km2 ± 1.5 SD). Second, while watershed sizes 
differed substantially on eastern reefs (mean = 15.9 km2 ± 19.1 SD), 
there was a strong correlation between distance from watershed 
discharge and size (r = 0.77), and distance modulated the negative 
impacts to benthic and coral assemblages within best-fit regression 
models. 

5. Conclusions 

The present study used calibrated survey teams to simultaneously 
collect water quality data at the base of 26 Guam watersheds at monthly 
intervals for a full year to capture seasonal cycles. This design controlled 
for inherent variation that is known to influence water quality and 
facilitated the development of discharge models to predicted DIN. Both 
water-quality exceedance criteria and the responses of biological as-
semblages both concluded that 0.10 mg/l DIN represented a useful 
threshold to protect stream water quality and adjacent reef assemblages. 

Table 1 
Summary statistics of regression models between reef condition scores, dissolved 
inorganic nitrogen (DIN), fishing pressure proxies, and other environmental 
factors. Significant model terms included DIN, disch.dist representing distance 
from watershed discharge point, land or boat.access representing distances 
fishers must travel, MPA representing marine protected areas, wave representing 
wave energy (methods). The best-fit models presented here were based upon 
residual normality and Akaike Information Criterion scores, while controlling 
for any outliers that were >2 standard deviations above the mean. Numbers in 
parentheses of outlier sites refer to Fig. 1.  

Dependent 
variable 

Geography Model estimates R2 P-value Site 
omission 

Coral 
condition 

All (n =
20) 

0.41 ± 0.07 
wave 

0.61 <0.001 – 

West (n =
10) 

− 0.64 ± 0.15 
DIN 
0.05 ± 0.01 
land × boat. 
access 

0.84 <0.001 DIN > 2SD 
(25) c_score 
< 2SD (21) 

East (n =
7) 

− 0.36 ± 0.08 
DIN 
0.19 ± 0.04 
boat.access 
0.44 ± 0.05 DIN 
× disch.dist 

0.95 0.007 disch.dist >
2SD (12) 

Benthic 
condition 

All (n =
20) 

0.20 ± 0.10 
wave 

0.14 0.06 – 

West – – – – 
East (n =
7) 

− 0.20 ± 0.08 
DIN 
0.14 ± 0.04 
boat.access 
0.27 ± 0.05 DIN 
× disch.dist 

0.86 0.03 disch.dist >
2SD (12) 

Fish 
condition 

All (n =
23) 

0.21 ± 0.10 
boat.access, 0.65 
± 0.25 MPA, 
0.07 ± 0.03 DIN 
× wave 

0.44 0.002 – 

West (n =
12) 

1.60 ± 0.41 
MPA 

0.56 0.003 – 

East (n =
8) 

− 0.25 ± 0.09 
wave, 
0.12 ± 0.05 
land × boat. 
access 

0.72 0.02 –  

)b)a

Fig. 4. Added variable regression plots showing the 
individual influences of DIN concentrations (a) and 
fishing pressure proxies (b) on coral condition scores 
for western Guam watersheds (see Table 1 for full 
model details). The axes of added variable plots 
represent standardized values for each predictor after 
accounting for all others. Numbers correspond to 
Fig. 1 and numbers in (a) were scaled by mean annual 
DIN concentration (low-small and high-large, with a 
range of 0.035 to 0.22 mg/l). Notably, the 0.10 mg/l 
DIN threshold was crossed when moving between 
sites 13 and 24, where a negative effect on coral 
condition scores began to emerge. Similar findings 
existed for eastern Guam watersheds (Table 1, also see 
Appendix Fig. S2).   
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)b)a

Fig. 5. a–b. Regression plot (a) showing the positive, additive influences of distance from boat access, wave energy and DIN on fish condition scores for non-MPA 
reefs (see Table 1 for model details). This best-fit regression model was associated with a clear break in fish condition scores between the west (low) and east (high), 
and a less-pronounced, positive but contextual influence of marine protected area status (b). Numbers on the plot refer to sites in Fig. 1. 

macroalgae cover

SETARTSBUSCIHTNEBSEGALBMESSALAROCSEGALBMESSAHSIF

pollution proxies and DIN

DIN thresholds used 
to recommend

thresholds (legislation)

relationships used 
to identify areas

and priority metrics

Fig. 6. Visualization of modelled relationships between dissolved inorganic nitrogen (DIN), fishing pressure, and coral-reef assemblages. Arrow thickness was scaled 
to the predictive power of each term while accounting for all others (see Table 1 for model details), while colors indicate negative (red) or positive (green) effects. The 
individual metrics that comprised each reef assemblage scores are noted below the pictures and metrics in bold had the greatest correlation, or influence, with the 
overall reef assemblage scores (Appendix Fig. S6). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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While DIN was represented by nitrate and ammonia, nitrate was domi-
nant in our freshwater discharge samples (>85 % of DIN) and has the 
most significant consequences for coral-reef assemblages that regularly 
recycle ammonia, but are sensitive to nitrate addition (Burkepile et al., 
2020; Zhao et al., 2021). We last revealed contextual consequences of 
DIN discharge and fishing pressure to the nearshore reef assemblages 
that helped to link conservation and management objectives with ex-
pected, measurable outcomes. As studies continue to examine the suite 
of watershed pollution indictors such as nutrients, sedimentation, 
turbidity, and chlorophyll, our results suggested that thresholds for DIN 
concentrations may be similar across Pacific Islands warranting further 
investigation. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2022.114144. 
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Darling, E.S., McClanahan, T.R., Côté, I.M., 2013. Life histories predict coral community 
disassembly under multiple stressors. Glob. Chang. Biol. 19, 1930–1940. 

Delandmeter, P., Lewis, S.E., Lambrechts, J., Deleersnijder, E., Legat, V., Wolanski, E., 
2015. The transport and fate of riverine fine sediment exported to a semi-open 
system. Estuar. Coast. Shelf Sci. 167, 336–346. 

Edmunds, P.J., Zimmermann, S.A., Bramanti, L., 2019. A spatially aggressive 
peyssonnelid algal crust (PAC) threatens shallow coral reefs in St. JohnUS Virgin 
Islands. Coral Reefs 38, 1329–1341. 

Eldredge, L.G., 1983. Summary of environmental and fishing information on Guam and 
the commonwealth of the northern Mariana Islands: historical background, 
description of the islands, and review of the climate, oceanography, and submarine 
topography. In: NOAA Technical Report. 

Emslie, M.J., Pratchett, M.S., 2018. Differential vulnerabilities of parrotfishes to habitat 
degradation. In: Biology of Parrotfishes. CRC Press, pp. 355–382. 

EPA, U., 2001. Nutrient Criteria Technical Guidance Manual: Estuarine and Coastal 
Marine Waters. Office of Water, United States Environmental Protection Agency, 
Washington, DC.  

Fabricius, K.E., Cooper, T.F., Humphrey, C., Uthicke, S., De’ath, G., Davidson, J., 
LeGrand, H., Thompson, A., Schaffelke, B., 2012. A bioindicator system for water 
quality on inshore coral reefs of the Great Barrier Reef. Marine Pollution Bulletin 65, 
320–332. 

Foo, S.A., Walsh, W.J., Lecky, J., Marcoux, S., Asner, G.P., 2021. Impacts of pollution, 
fishing pressure, and reef rugosity on resource fish biomass in West Hawaii. Ecol. 
Appl. 31, e2213. 

Houk, P., Van Woesik, R., 2013. Progress and perspectives on question-driven coral-reef 
monitoring. Bioscience 63, 297–303. 

Houk, P., Camacho, R., Johnson, S., McLean, M., Maxin, S., Anson, J., Joseph, E., 
Nedlic, O., Luckymis, M., Adams, K., 2015. The Micronesia challenge: assessing the 
relative contribution of stressors on coral reefs to facilitate science-to-management 
feedback. PLoS ONE 10, e0130823. 

Houk, P., Comeros-Raynal, M., Lawrence, A., Sudek, M., Vaeoso, M., McGuire, K., 
Regis, J., 2020. Nutrient thresholds to protect water quality and coral reefs. Mar. 
Pollut. Bull. 159, 111451. 

Jack Brookshire, E., Gerber, S., Webster, J.R., Vose, J.M., Swank, W.T., 2011. Direct 
effects of temperature on forest nitrogen cycling revealed through analysis of long- 
term watershed records. Glob. Chang. Biol. 17, 297–308. 

Jameson, S.C., Kelty, R.A.J.H., Hawaï: EPA/NOAA/USGA/DOI, 2004. A review of 
indicators of land-based pollution stress on coral reefs. In: Technical Report EPA/ 
NOAA/USGA/DOI Honolulu, Hawaii. 

Lapointe, B.E., Brewton, R.A., Herren, L.W., Porter, J.W., Hu, C.J.M.B., 2019. Nitrogen 
enrichment, altered stoichiometry, and coral reef decline at Looe Key, Florida keys, 
USA: a 3-decade study. Mar. Biol. 166, 1–31. 

McCloskey, G., Baheerathan, R., Dougall, C., Ellis, R., Bennett, F., Waters, D., Darr, S., 
Fentie, B., Hateley, L., Askildsen, M., 2021. Modelled estimates of dissolved 
inorganic nitrogen exported to the great barrier reef lagoon. Mar. Pollut. Bull. 171, 
112655. 

McKinney, M.L., 2006. Urbanization as a major cause of biotic homogenization. Biol. 
Conserv. 127, 247–260. 

Mori, A.S., Ota, A.T., Fujii, S., Seino, T., Kabeya, D., Okamoto, T., Ito, M.T., Kaneko, N., 
Hasegawa, M., 2015. Biotic homogenization and differentiation of soil faunal 
communities in the production forest landscape: taxonomic and functional 
perspectives. Oecologia 177, 533–544. 

Mumby, P.J., Hastings, A., Edwards, H.J., 2007. Thresholds and the resilience of 
Caribbean coral reefs. Nature 450, 98–101. 

Richardson, L.E., Graham, N.A., Pratchett, M.S., Eurich, J.G., Hoey, A.S., 2018. Mass 
coral bleaching causes biotic homogenization of reef fish assemblages. Glob. Chang. 
Biol. 24, 3117–3129. 

Riegl, B.M., Bruckner, A.W., Rowlands, G.P., Purkis, S.J., Renaud, P., 2012. Red Sea coral 
reef trajectories over 2 decades suggest increasing community homogenization and 
decline in coral size. PLoS ONE 7, e38396. 

Taylor, B.M., Lindfield, S.J., Choat, J.H., 2015. Hierarchical and scale-dependent effects 
of fishing pressure and environment on the structure and size distribution of 
parrotfish communities. Ecography 38, 520–530. 

Tuttle, L.J., Johnson, C., Kolinski, S., Minton, D., Donahue, M.J.J.E.E., 2020. How does 
sediment exposure affect corals? A systematic review protocol. Environ. Evid. 9, 1–7. 

Van de Leemput, I.A., Hughes, T.P., van Nes, E.H., Scheffer, M., 2016. Multiple feedbacks 
and the prevalence of alternate stable states on coral reefs. Coral Reefs 35, 857–865. 

Weber, M., Beer, D.D., Lott, C., Polerecky, L., Kohls, K., Abed, R.M.M., Ferdelman, T.G., 
Fabricius, K.E., 2012. Mechanisms of damage to corals exposed to sedimentation. 
Proceedings of the National Academy of Sciences 109, E1558–E1567. 

Wenger, A.S., Fabricius, K.E., Jones, G.P., JE, B., 2015. 15 Effects of sedimentation, 
eutrophication, and chemical pollution on coral reef fishes. In: Ecology of Fishes on 
Coral Reefs, p. 145. 

Zhao, H., Yuan, M., Strokal, M., Wu, H.C., Liu, X., Murk, A., Kroeze, C., Osinga, R., 2021. 
Impacts of nitrogen pollution on corals in the context of global climate change and 
potential strategies to conserve coral reefs. Science of the Total Environment 774, 
145017. 

P. Houk et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.marpolbul.2022.114144
https://doi.org/10.1016/j.marpolbul.2022.114144
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160501556472
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160501556472
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160501556472
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160501556472
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160502314743
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160502314743
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160502374752
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160502374752
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160502374752
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160516196452
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160516196452
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160502587974
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160502587974
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521216245
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521216245
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521216245
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503232729
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503232729
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503232729
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503232729
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521227689
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521227689
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521227689
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521227689
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503320809
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503320809
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503320809
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521298173
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521298173
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503550287
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503550287
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160503550287
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160504204634
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160504204634
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160504204634
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160507422550
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160507422550
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160507422550
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160507422550
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160508174902
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160508174902
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512147806
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512147806
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512147806
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160517428449
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160517428449
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160517428449
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160517428449
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512408931
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512408931
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512408931
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160523004688
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160523004688
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512427174
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512427174
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512427174
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160512427174
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160522568802
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160522568802
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160522568802
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160513040294
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160513040294
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160513040294
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515032316
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515032316
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515032316
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515176480
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515176480
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515176480
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515212412
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515212412
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515212412
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515212412
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160524528514
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160524528514
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160525054653
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160525054653
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160525054653
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160525054653
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160525173821
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160525173821
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515262504
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515262504
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515262504
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160528226946
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160528226946
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160528226946
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160528272049
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160528272049
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160528272049
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515397880
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160515397880
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160529388484
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160529388484
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160518496107
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160518496107
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160518496107
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160520159017
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160520159017
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160520159017
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521043124
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521043124
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521043124
http://refhub.elsevier.com/S0025-326X(22)00826-8/rf202209160521043124

	Nutrient thresholds to protect water quality, coral reefs, and nearshore fisheries
	1 Introduction
	2 Materials and methods
	2.1 Water-quality data
	2.2 Ecological data
	2.3 Condition scores
	2.4 Environmental data to predict DIN
	2.5 Data analyses
	2.6 DIN, fishing pressure, and reef assemblages

	3 Results
	3.1 Watershed classifications
	3.2 Daily DIN modeling
	3.3 DIN, fishing pressure, and reef assemblages

	4 Discussion
	4.1 DIN concentration versus discharge volume

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


