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Abstract:

Variation in water quality can directly affect the composition of benthic assemblages on coral reefs.
Yet, few studies have directly quantified nutrient and suspended particulate matter (SPM) to examine
their potential impacts on benthic community structure, especially around high oceanic islands. We
assessed the spatio-temporal variation of nutrients and SPM across six sites in American Samoa over
a 12-month period and used exploratory path analysis to relate dissolved inorganic nutrients, land
use, and natural and anthropogenic drivers to benthic assemblages on adjacent shallow reefs.
Multivariate analyses showed clear gradients in nutrient concentrations, sediment accumulation and
composition, and benthic structure across watersheds. Instream nutrients and land uses positively
influenced reef flat nutrient concentrations, while benthic assemblages were best predicted by wave
exposure, runoff, stream phosphate and dissolved inorganic nitrogen loads. Identifying locality-
specific drivers of water quality and benthic condition can support targeted management in American
Samoa and in other high islands.
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1 | INTRODUCTION

Growing human populations in tropical coastal areas and the associated coastal development and
changes in land use have caused declines in water quality (increased nutrients and suspended
sediments) in nearshore environments, with these declines in water quality being linked to changes
in benthic communities on nearshore coral reefs (Brodie et al., 2012; Brown et al., 2019; Fabricius et
al., 2012; Oliver et al., 2011). Increased dissolved nutrients, such as inorganic and organic forms of
nitrogen and phosphorus from agriculture, can result in increases in turf and macroalgae abundance
and/or benthic hetetrotrophic filter feeding taxa (Fabricius, 2005; Littler et al., 2006; Szmant, 2002).
Additionally, increased inputs of suspended particulate matter (SPM) can reduce light penetration and
hence photosynthetic efficiency of corals and algae, while increases in fine terrigenous sediments (<
20 um) can smother corals and inhibit coral settlement, leading to changes in the assemblage
structure, composition, and cover of coral assemblages (Bainbridge et al., 2018; Weber et al., 2006).
Declining water quality, together with increasing seawater temperatures, is one of the most significant
stressors affecting the health and functions of coastal reef ecosystems, and provisioning of ecosystem
services (Burke et al., 2011; De'ath and Fabricius, 2010; Wooldridge, 2009). There is a clear need to
identify the key pollutants that impact water quality at localized coral reef sites so they can be better

managed.

Across tropical Pacific island countries, growing coastal populations, agriculture, coastal
development, and varying land uses have led to substantial and sustained declines in water quality
flowing into coastal marine environments (Falkland, 1999). Indeed, coastal development has been
estimated to threaten about 20% of reefs in the region, with another 25% of reefs being impacted by
watershed-based pollution (Burke et al., 2011). Given the tight coupling of watershed condition,
nearshore water quality, and coral reef health, a growing number of studies have focused on
integrated ridge-to-reef approaches to simultaneously address and manage upstream activities and
downstream ecological conditions (Adam et al., 2020; Comeros-Raynal et al., 2019; Delevaux et al.,
2018; Houk et al., 2020; Rodgers et al., 2012; Rude et al., 2016; Wenger et al., 2020). Despite
improved understanding of the effects of declining water quality on reef condition in the Pacific region,
our understanding of the relative effects of enriched nutrients and suspended particulate matter in
influencing the composition of benthic assemblages on nearshore reefs, particularly in high islands,
remains limited. Despite catchments on high islands being generally smaller than those found on
continents (Jupiter et al., 2017; Ruddle et al., 1992), high volcanic islands are especially vulnerable
to land use and land cover modifications due to their lithology (erosive andesite soils) and steep
topography (Verbist et al., 2010). The strong land-sea connection and intrinsic vulnerability of high

volcanic islands warrants expansion of research efforts in island communities (Carlson et al., 2019).
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Tropical high islands present an opportunity to examine the effects of increasing nutrients and
sediment loads on the composition of benthic assemblages on nearshore reefs due to a combination
of complex geomorphology, strong seasonal precipitation patterns, coastline configuration comprising
replicate bays and fringing reef systems, and the varied distribution of human populations and land
use activities. Moreover, many high islands, such as Tutuila, American Samoa, are large enough to
provide a series of spatially distinct sampling sites, and are nested within similar oceanographic and
meteorological regimes. Concentrated human populations in the coastal plains, and associated soil
erosion from disturbance to vegetation highlight the predisposed vulnerabilities of nearshore coral
reefs to the negative impacts of human land uses in watersheds (Holst Rice et al., 2016; Houk et al.,
2010; Messina and Biggs, 2016; Shuler et al., 2019; Vargas-Angel and Huntington, 2020; Whitall et
al., 2019). Tutuila is located in the South Pacific Convergence Zone where there is abundant rainfall
(Kennedy, 1987; Shuler and El-Kady, 2017) potentially leading to higher transport rates of nutrients

and sediments to nearby coral reefs from watersheds with highly modified landscapes.

Here, we quantified water quality across six watersheds spanning a gradient in anthropogenic impact
on Tutuila, and relate this to variation in benthic assemblages on adjacent shallow coral reefs.
Specifically, we quantified total and dissolved nutrient concentrations from streams and adjacent reef
flats, and the accumulation rate, composition, and particle size of sediments captured in sediment
traps at 3-monthly intervals for one year. We examined the spatial groupings of nutrients and
sediments, and the composition of the benthos to determine if clustering followed local watershed
classifications. Lastly, we used exploratory path analyses to simultaneously examine the relationships
between natural (e.g., surface runoff, wave exposure), and anthropogenic drivers (intensive land use,
DIN load, stream and reef flat nutrients) and benthic cover. Monitoring terrestrial run-off and relating
its influence on benthic condition at sampling units relevant to management can help support
integrated scientific and management approaches in American Samoa and potentially can be adapted

to other oceanic high islands where ridge-to-reef approaches are implemented.

2 | METHODS
2.1 | Study Location

American Samoa has five main volcanic high islands (Tutuila, Aunu’u, Ofu, Olosega, and Ta’u) and
two atolls (Rose and Swains), and is the southernmost U.S. Territory in the South Pacific at 14.27°S,
170.13°W. Our study was conducted on Tutuila, the largest of the main high islands in American
Samoa with an area of 138 km? and the most populous with a population of 55,000 (US Census
Bureau, 2014). Tutuila is an extensively eroded volcanic island comprised of a central ridge of steep
mountains which lead sharply to a narrow coastline (Atkinson and Medeiros, 2005; Craig et al., 2010).

Tutuila has a tropical climate with uniform temperatures between 26 and 28 °C and high humidity

3
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throughout the year. The mean annual rainfall on Tutuila is 3,810 mm/year with peak rainfall during
the wet season from October to April and lower rainfall occurring in the dry season from May to
September (Izuka et al., 2005; Wong, 1996). Precipitation on the islands generally increases with
elevation and ranges from 2,388 mm/year at the shorelines to 6,350 mm/year at ~480 m above sea

level elevation (Meyer et al., 2017).

Land Use and Land Cover

Over 65% of Tutuila is natural forest while agriculture and development combined covers 24% of the
island and is concentrated on the south-western coast (Meyer et al., 2017). From 2004 to 2010, there
has been a 4.8% increase in developed land and a 6.8% rise of impervious surfaces, while agriculture
has increased by 17% (NOAA, 2020).
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hexagon: intermediate; green circle: pristine. (b) Satellite images of the six sites showing the

approximate location of data collection sites for water quality, sediments, and benthic surveys.

2.2 | Study design

Water quality and benthic assemblage data were collected from six sites that spanned a gradient of
anthropogenic impact in the adjacent watersheds (Fig. 1). Specifically, we selected two sites within
each of three watershed classifications (pristine, intermediate, and extensive) characterized by the
American Samoa Environmental Protection Agency (DiDonato, 2004; Tuitele et al., 2016). For clarity,
the term ‘disturbed’ is used hereafter when referring to extensive watersheds, and is classified as
having a human population density of >290 individuals km-. Disturbed watersheds (Nu'uuli and
Faga’alu) had large watershed areas (i.e., >2.33 km) and were characterized by greater proportions
of disturbed land (28% and 13% of the total watershed area, respectively). Similarly, intermediate
watersheds (Fagasa and Vatia) had large watershed areas and low to moderate proportions of
disturbed land (7% and 5%, respectively). Pristine watersheds (Fagatele and Tafeu) had the smallest
watershed sizes (i.e., <1.55 km2) and low human population density of <0.38 individuals km-.
However, the Fagatele watershed includes the major landfill on Tutuila, and had the highest agroforest

and cultivated land percent cover (Table 1).

2.4 | Biological surveys

Benthic composition was quantified along four replicate 50 m point-intercept transects within each of
two habitats, the reef flat (1 — 4 m depth) and reef slope (5 — 9 m depth), at each of the six sites in
May 2019. The substratum directly under the transect tape was recorded at 50cm intervals along
each transect (n=101 points per transect). Benthic categories were recorded as crustose coralline
algae (CCA), turf algae (primarily filamentous algae <10mm in height), macroalgae (>10 mm in
height), and hard coral. Hard coral and macroalgae were identified to genus. Transects were laid

along the reef profile with a minimum of 10 m between adjacent transects.
2.3 | Environmental data

To evaluate the relationships of terrestrial run-off on nearshore shallow reef habitats, water quality
data were collected at 3-monthly intervals for 12 months across the six watersheds to account for
baseflow conditions and storm events over the two rainfall seasons in American Samoa: rom June
through September representing the drier winter season, and from October through May, representing
the wetter summer season (Izuka et al., 2005). The major streams in each watershed were sampled,
with a single stream sampled in Faga’alu, Fagatele, Nu’uuli and Tafeu, and two streams in Vatia

(Gaoa and Faatafe) and Fagasa (Leele and Agasii). Water samples were collected every 3 months

6
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from August 2018 — May 2019, and included two sampling periods in the wetter summer months:
November 2018 and February 2019; and in the drier winter months: August 2018 and May 2019.
Water samples were collected from the mouth of each stream at approximately 1 m above sea level
during low tide to minimize mixing of coastal water during each sampling period. Upstream land use
distance to stream mouth varied, with some point-source/cleared areas within 1 km of the sampling
site. Stream mouth distance to the reef flat and reef slope sampling sites varied across sites (50-550
m) due to inherent differences in reef geomorphology and stream locations across sites. Sediment
samples were collected using SediSampler® patented traps deployed on the reef slope at depths of
5-7m.

Water samples were taken from the surface waters of the stream and reef flat by rinsing 500 ml and
60 ml polyethylene bottles three times with sample water prior to filling. Samples were placed on ice
after collection and returned to the laboratory. Samples in 60 ml bottles were immediately frozen
(unfiltered samples for total nitrogen and total phosphorus analysis), and the samples in 500 ml bottles
were filtered using 0.7 um GF/F Whatman filters, and the filtrate stored frozen until analysis. Filtration
was conducted to remove most bacteria and other microorganisms that could affect the stability of

filtered nutrient constituents.

The frozen water samples were then sent to the University of Hawaii's SOEST Laboratory for
Analytical Biogeochemistry (S-LAB) for analysis of dissolved nutrients: sum of nitrate and nitrite (N+N;
and ammonium (NH#**), hereafter referred to as dissolved inorganic nitrogen (DIN)), ammonium
(NH#*), phosphate (PO4%), silicate (SiO4*); and Total Nitrogen (TN), and Total Phosphorus (TP)
(Armstrong et al., 1967; Grasshoff et al., 1983; Kérouel and Aminot, 1997; Murphy and Riley, 1962).
Subsequent analysis of stable isotope of dissolved nitrate was conducted by the Biogeochemical
Stable Isotope Facility at the University of Hawaii using the denitrifier method on a Thermo Finnigan
MAT 252 Mass Spectrometer using a continuous flow GC-interface with a Triplus autosampler
(Mcllvin and Casciotti, 2010; Sigman et al., 2001).

Suspended particulate matter

To quantify suspended particulate matter (SPM) matter (i.e. sediments and associated particulate
matter), we deployed three SediSampler® patented traps (Integral Aqua Pty Ltd) on the reef slope at
each site in 5-7 m depth (Figure 1b). Each trap was attached to a steel bar driven into the substratum
so that the mouth of the trap was positioned approximately 1 m above the substratum (refer to Lewis
et al. 2020). The sediment traps were deployed at the time of the water sampling (i.e., November
2018, February 2019, May 2019, and September 2019) and collected after ~3 months. An additional
three SediSampler® traps were placed at the mouth of the stream in Faga’alu to account for the
previously reported differences in the spatial distribution of sediments at this site (Holst Rice et al.,

2016; Messina, 2016; Messina and Biggs, 2016). After three months deployment on the reef, the 1 L
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sample bottles were carefully removed from the SediSampler® traps and the bottles capped
underwater to avoid loss of sediments. The sample bottles were placed on ice within 10 minutes of

collection and transferred to a refrigerator until sample processing.

In the laboratory, each 1 L sediment trap sample bottle from each site was transferred to individual
containers that had been pre-rinsed with distilled water, and the samples were well mixed for two
minutes to ensure even distribution of particles prior to subsampling. 21 aliquots (each 30 ml) were
collected from each sample for Total Suspended Solids (TSS) analysis (APHA et al., 2012). The 21
aliquots for TSS analysis were then placed in a refrigerator and the remaining sample (~370 ml)
prepared for salt removal. Similar to SPM, TSS includes both terrestrially-derived and marine-derived
organic matter and mineral sediment. Thus, we refer to TSS as SPM from here on. The remaining
wet sediment samples from each sediment trap were transferred to individual 1 L plastic beakers, and
left for 24-48 hours to allow sediment particles to settle. The supernatant was then decanted, taking
care to ensure sediment particles were not lost. Distilled water (900 ml) was then added to each
sample, agitated for two minutes to ensure mixing, allowed to settle for 24 hours and the supernatant
carefully decanted as described above. This process of rinsing in distilled water, settling, and
decanting was repeated until salinity was < 200 ps/cm (i.e., 3-4 rinses). The three sediment trap
samples from each site were then combined in a pre-rinsed container and agitated for 2 minutes.

Seven 30ml aliquots were collected from the combined sample for particle size analysis.

The remaining bulk sample from the combined trap sediment samples were left to settle for 24 hours,
decanted, and transferred to a 1 L beaker. Samples were then dried in an oven at 60°C for 24-48
hours with approximately 7 individual bags per deployment for sediment composition analysis. A total
of 28 wet samples (30 ml tubes) and 7 dried samples from each deployment were then transported
to Australia and analyzed at the TropWATER Laboratory, James Cook University (JCU) for
Suspended Particulate Matter and Loss on Ignition (LOI), and the School of Earth and Environmental

Science laboratory, JCU for particle size analysis.

The Loss on Ignition method was used to determine proportions of mineral, organic, and carbonate
content by consecutively weighing the dried sediment samples after heating at suitable temperatures
(Heiri et al., 2001). Sample organic matter content was determined using Standard Method 2540E
(APHA et al., 2012). Briefly, a crucible containing a pre-weighed quantity of each sediment trap
sample (dried at 105°C to remove moisture) was ignited in a Carbolite (AAF1100) ashing furnace at
550°C for 4 to 5 hours, and reweighed. The weight lost during ignition represents the total volatile
solids, an approximation of the organic matter content of each sample (weight % LOI, 550°C)
(Bainbridge et al., 2012). To determine marine sediment trap carbonate content, the sample crucibles
were returned to the ashing furnace and heated at 950°C for at 2 hours, with the weight lost on ignition
representing carbon dioxide released from calcium carbonate (Bainbridge et al., In review).
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The TSS method was used to measure the sediment accumulation within each sediment trap (n=21
per deployment). Briefly, we pipetted 1ml of wet sample from each sediment trap with-salt aliquot,
into a filtering manifold which was prefilled with 250 ml of RO water, and filtered the measured volume
through a pre-weighed Whatman GF/C (1.2 pm pore size) filter paper (Lewis et al., 2020). The filter
paper was then dried for ~24 hours at 105°C and weighed again to measure the weight of total
suspended solids (mg/L). This concentration was then converted to accumulation rate per day per
cm? using the length of each deployment and the internal cross-sectional area (21.52 cm?) of the
sediment trap head (i.e. mg/cm?/day).

Particle size distributions from salt removed wet samples were determined using the Malvern
Mastersizer 3000, a laser diffraction particle-size analyzer following the parameterization method of
Sperazza et al. (2004) and Bainbridge et al. (2012). This analysis was conducted on a sub-sample
of collected trap material, and includes mineral, organic and carbonate components. Particle sizes
were reported as percentage distributions D10, D50, and D90. For example, D50 refers to median

size particles, where the diameter of a sphere at which 50% of the particles in the sample is smaller.
Environmental and land use variables

We quantified land use, environmental (i.e., rainfall and wave energy), and anthropogenic (surface
runoff, and Dissolved Inorganic Nitrogen (DIN) load) factors for each of the six sites. We used ArcMap
10.4 to calculate percent cover of land that was forest, agroforest, cultivated, developed and other
land-use types using high resolution and LIDAR remote sensing habitat maps produced by the
American Samoa Department of Marine and Wildlife Resources (Meyer et al., 2017). Monthly
modeled average discharge rates (rainfall and surface runoff) for each of the six watersheds were
estimated using an open-source water budget model for Tutuila (Shuler et al., 2021). Wave energy
for each site was calculated using 10-year average wind speeds for Tutuila using the Wave Energy
tool in ArcGIS (Jenness and Houk, 2014). DIN loads exported from each watershed were taken from
Shuler and Comeros-Raynal (2020).

2.5 | Data analysis

We used principal component analyses (PCA) to visualize variation in (i) benthic assemblages, (ii)
nutrient concentrations, and (iii) suspended sediment characteristics among sampling locations. PCA
were conducted using the “vegan” package (Oksanen et al., 2019) in R version 4.0.2. Analysis of
benthic assemblages were based on the correlation matrix of the transect level data of each of the
benthic categories, for water quality data based on quarterly collections, and for suspended sediments
based on 3-month trap deployments. Separate PCA were performed for each of the two habitats
(reef flat and reef slope) for benthic assemblages, and each of two sampling locations (stream and

reef flat) for water quality.
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We used path analysis to explore the potential influences of both natural and anthropogenic variables
relating to the catchment and wave exposure and dissolved nutrient concentrations on benthic cover
in shallow coastal reef flats. Natural variables comprised of wave energy, watershed size and
discharge rates, while anthropogenic variables included percent cover disturbed land area (% cover
of developed, cultivated and agroforest land uses), and a proxy of human population density from DIN
loads of onsite disposal systems and piggeries (kg.day'). Of the water quality parameters quantified,
DIN and phosphate concentrations were used as explanatory variables as they are highly bioavailable
and are known indicators of anthropogenic nutrient loading on shallow reef systems. Benthic cover
was partitioned into two groups: turf and macroalgae, and hard coral and CCA as we expected that
responses to nutrient enrichment will vary between these different benthic components. Importantly,
hard corals together with CCA play key roles in CaCO3 accretion into the reef matrix, and form
desirable reef health indicators from a management perspective (Houk et al., 2015; Littler and Littler,
2007).

Path analysis is a multivariate technique which uses a series of structured linear regression equations
to test the specified relationships between measured variables (Pedhazur, 1997). The relationships
are displayed in a path diagram where variables are linked by straight arrows indicating the direction
of the relationship between the variables (Streiner, 2005). In a path diagram, variables are
represented as rectangles and are either exogenous or endogenous (Lleras, 2005). The direct effects
of an independent variable on a dependent variable are expressed as path coefficients. Coefficients
are positive where an increase in the independent variable causes an increase in the dependent
variable when other causal variables are held constant, or negative where an increase in the causal
variables decreases the dependent variable. Model fit was assessed using four tests: X?, Comparative
Fit Index (CFl), Root Mean Square Error of Approximation (RMSEA) and Standardized Root Mean
Square Residual (S)RMR (Kline, 1998; Lleras, 2005). Assumptions of the linear models were
validated using the gvima package (Pefa and Slate, 2006). All linear regressions performed met

model assumptions.
3 | RESULTS

The PCA of both reef flat and reef slope benthic assemblages revealed a clear partitioning among
watershed types. For the reef flat, the first two principal components explained 41.1% and 33.5% of
the total variation, respectively, with sites within pristine watersheds being separated from
intermediate and disturbed watersheds along PC1, and intermediate and disturbed watersheds being
differentiated along PC2 (Figure 2a). Reef flat benthic assemblages within pristine watersheds were
represented by a relatively high percent cover of live coral, CCA, and turf algae, whereas those in
intermediate and disturbed watersheds were represented by a higher percent cover of macroalgae

and rubble, respectively (Figures 2a, S1). For the reef slope, the first two principal components

10



1  explained 58% and 18% of the total variation, respectively, with sites within pristine watersheds being
2 represented by relatively high cover of hard coral cover and CCA and separated from intermediate
3 watersheds that were represented by a high cover of macroalgae and rubble along PC1 (Figures 2b,
4  S1). There were considerable variations in reef slope benthic assemblages between the two
5 disturbed sites with Fagaalu being characterized by a relatively high cover of macroalgae and rubble,
6  while Nu'uuli was defined by a high cover of CCA (Fig 2b).
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Fig 2. Principal Component Analysis (PCA) showing variation in benthic assemblages on (a) the reef
flat, and (b) the reef slope among watershed types (pristine, intermediate, disturbed), and six reef
sites around Tutuila, American Samoa. Analyses are based on the cover of benthic categories along
four 50 m point-intercept transects within each habitat at each site. Vector lengths are proportional to

correlation strengths with the primary PCA axes.

3.1 | Water quality

Nutrients

The PCA’s of nutrient concentrations from stream and reef flat samples revealed a clear partitioning

between pristine and intermediate watersheds (Figure 3). Nutrient concentrations exhibited spatial

structure across watershed types with higher concentrations found in the intermediate and disturbed

watersheds (Fig. S2) and a general trend of higher nutrient concentrations during the drier winter

(August 2018) season (Fig. S3). For example, DIN stream concentrations were more variable across

sites compared to reef flat DIN but in general had the highest average concentrations in disturbed

watersheds, Nu'uuli and Faga’alu, in streams from 7.8 to 8.5 ymol/L and reef flats from 4.0 to 6.7
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umol/L, respectively. From the stream samples, the first two principal components explained 36.1%
and 23.2% of the total variation, respectively, with samples from pristine watersheds being
differentiated from intermediate watershed samples along PC2 due to lower concentrations of total

DIN and, ammonium, and lower values of 3N (Figure 3a).

For nutrients on reef flats, the first two principal components explained 59.9% and 12.8% of the total
variation, respectively. Samples from pristine watersheds were largely differentiated from disturbed
watersheds along PC1, with samples from disturbed sites characterized by higher concentrations of
all nutrients than those from pristine sites (Figure 3b). Samples from intermediate watersheds were

separated from pristine watersheds along PC2, and were characterized by a higher DIN load than

10  pristine sites.
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14  Figure 3. Principal Component Analysis (PCA) showing variation in nutrient concentration on (a) the
15 stream, and (b) the reef flat among watershed types (pristine, intermediate, disturbed), and eight
16  stream sites around Tutuila, American Samoa. The two major streams in Vatia (Gaoa and Faatafe)
17 and Fagasa (Leele and Agasii) were sampled. Analyses are based on nutrient concentrations
18  collected from quarterly sampling within each habitat at each site. Vector lengths are proportional to
19  correlation strengths with the primary PCA axes.
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Sediments

For suspended particulate matter, the first two principal components explained 51.4% and 23% of the
total variation, respectively (Figure 4). The pristine watershed samples were closely clustered and
characterized by a larger median particle size (means: 48 — 70 um), and greater carbonate content
(79%) than samples from intermediate or disturbed watersheds (Figure 4; Table 2). There was greater
variability in sediment characteristics among samples from the intermediate and disturbed watershed
sites, with the intermediate sites having higher sediment trap accumulation rates (i.e. >18
mg/cm?/day), and with DIN load, DIN and mineral composition being generally higher in disturbed

samples (Figure 4).

Sediments
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Figure 4. Principal Component Analysis (PCA) showing variation in sediment accumulation rate,
carbonate, mineral, and organic content, DIN concentrations and DIN load (kg.d') among

watershed types (pristine, intermediate, disturbed), and seven sediment traps sites around Tutuila,
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American Samoa. Analyses are based on samples collected from quarterly sampling at each site.

Vector lengths are proportional to correlation strengths with the primary PCA axes.

Sediment trap accumulation rates varied seasonally with higher rates during the wet deployments
(Nov-18 — Feb-19; Feb-19 — May-19) and lower accumulation during the dry season (May-19 — Sep-
19; Sep-19 - Nov-19) (Fig. 4a). Both intermediate watersheds and Tafeu had the highest sediment
accumulation rates during the first wet season deployment (Nov-18 — Feb-19). Disturbed watersheds
had more uniform sediment accumulation rates across sites and across deployments. In pristine
watersheds, sediment accumulation was higher in Tafeu during the two wet season deployments
(Nov-18 — Feb-19; Feb-19 — May-19) compared to Fagatele. Trap sediments were comprised
predominantly of carbonate material (Fig. S4), comprising 34 to 79% of the total sample across all
sites and deployments. The organic and mineral composition varied across deployments, with the
highest (terrigenous) mineral component measured in the two wet season deployments (Fig. 4b).
Average particle size range was largest for the pristine sites (8.1 to 298 ym and 10.5 to 349 um,
respectively for Fagatele and Tafeu) and disturbed site Nu’uuli (7.2 to 552 um) (Table 2). Relatively
uniform percentile rank grain size distribution was measured across the remaining intermediate and
disturbed watersheds. Median particle size (i.e. D50) varied across sites but was smaller in the
disturbed watersheds (Table 2).
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Figure 4. Trap accumulation rate (mg.cm?.d") by watershed type. (a) Total trap accumulation rates
(unit) by seasonal deployments. Error bars represent total trap accumulation standard error. (b) The
terrigenous composition of each sample (organic and mineral sediment) is represented within each
bar. D1 and D2 represent wet season deployments (Nov-18 — Feb-19; Feb-19 — May-19); D3 and D4
represent dry season deployments (May-19 — Sep-19; Sep-19—Nov-19).
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3.3 | Path Analysis
Path analysis revealed a direct and positive link between stream DIN and intensive land use with reef

flat DIN, and positive links between stream phosphate, reef phosphate and reef DIN (Fig. 5; Table 3).

Macroalgal cover on the reef flat was best predicted by wave energy and surface runoff, both having
a significant negative effect on macroalgal cover (Figure 5a). Interestingly, there was little evidence
to support any effect of nutrients, intensive land uses, or DIN loads from piggeries and On-Site
Disposal Systems on macroalgal cover, while the cover of turf algae was negatively associated to

stream phosphate concentrations (Fig 5a; Table 3).

Hard coral cover was positively related to surface runoff and DIN load from On-Site Disposal Systems
and piggeries (path coefficient 0.28 and 0.32, respectively) (Fig Sb; Table 3). Nutrient concentrations
in the stream and reef flat, wave energy, and intensive land uses did not have direct significant effects

on hard coral cover. CCA cover was positively influenced mainly by surface runoff.
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Fig. 5. Path analysis showing pathways through nutrients, wave, runoff, intensive land uses and DIN
loads affect (a) macroalgal and turf, and (b) hard coral and CCA cover on the reef flat. The two models
represent the two groupings of benthic assemblages (see Methods for more details). Arrows in red
and green with grey text boxes represent negative and positive path coefficients respectively. The
bold straight line arrows represent significant (p-value < 0.05) path coefficients, broken lines represent
non-significant path coefficients.

4 | DISCUSSION

Water quality parameters and the composition of shallow water benthic reef communities exhibited
distinct differences among watershed types on Tutuila, American Samoa, with sites adjacent to
pristine watersheds generally characterized by lower nutrient concentrations and sediment
accumulation rate, and higher cover of hard coral and CCA cover. In contrast, sites adjacent to
intermediate and disturbed watersheds had higher nutrient concentrations and sedimentation, and
higher cover of macroalgae, turf algae, and rubble. These findings are largely consistent with previous
studies linking patterns of land use and water quality to benthic composition on coral reefs (Brodie
and Pearson, 2016; Brown et al., 2017; Ennis et al., 2016; Oliver et al., 2011; Rodgers et al., 2012;
Wenger et al., 2020). Further, the exploratory path analyses highlighted the linkage between land use
and water quality which showed positive associations between intensive land uses and DIN
concentrations in both stream and reef flat waters, the analyses also revealed some unexpected
findings. The positive relationships between surface runoff and DIN load with hard coral cover was

unexpected because these drivers are generally thought to be detrimental to coral condition.
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Conversely, factors generally thought to contribute to macroalgal growth and/or cover (i.e., nutrients)
were negatively correlated or absent in the path analysis, rather, incident wave energy was identified
as the most important driver of macroalgal cover. The results of the path analysis, although
exploratory, highlight the potential complexities of the processes shaping benthic communities on
coral reefs, and the need to consider multiple factors (including nutrient concentrations,

sedimentation, light, space availability and physical forces) simultaneously.
4.1 | Drivers of algal cover

The positive effects of nutrient availability on macroalgal growth and cover are widely accepted, with
numerous studies reporting correlations between nutrients and macroalgal cover (De'ath and
Fabricius, 2010; Fabricius et al., 2012) and elevated growth of macroalgae following nutrient-
enrichment (Lapointe, 1997; Larned, 1998; Littler et al., 1991). While the highest macroalgal cover in
the present study was at sites with the highest DIN and &'°N, the path analysis suggested that
macroalgal cover was primarily influenced by wave exposure and surface runoff. Macroalgal
responses to nutrient enrichment can vary among taxa. For example, the species cover and richness
of red and green macroalgae (i.e., Rhodophyta and Chlorophyta, respectively) on inshore reefs of the
Great Barrier Reef, Australia was shown to have a negative relationship with good water quality, yet
the cover and richness of brown macroalgae (i.e., Phaeophyceae) showed no relationship to water
quality (Fabricius, 2005; Fabricius and De'ath, 2004). While increased discharge rates can lead to
higher nutrient concentrations and increased macroalgae growth and cover, reduced salinity from
freshwater discharge and increased sedimentation can also potentially negatively affect macroalgae
photosynthesis and respiration, recruitment, growth, and survival (Kirst, 1990; Umar et al., 1998). The
negative relationship between wave exposure and percent cover of macroalgae in our study contrasts
with findings from inshore reefs within the Great Barrier Reef Marine Park, which showed a positive
effect of wave exposure on macroalgal cover (Ceccarelli et al., 2020), and in Palau where wave
exposure was attributed to macroalgal growth and dominance following disturbance from a super
typhoon (Roff et al., 2015). However, multiple factors influence the abundance and growth of
macroalgae including nutrient availability, light, surface availability and physical forces, and these
drivers can interact with each other leading to site-specific composition and abundance patterns
(Besterman et al., 2020). Further, wave exposure can enhance macroalgal productivity in shallow
environments (Leigh et al., 1987) but high exposures can also cause disturbance and inhibit
macroalgal stabilization and accumulation (Williams et al., 2013). While wave energy has been shown
to be a major predictor of benthic assemblage structure across regional (Jouffray et al., 2019) and
local scales (Ceccarelli et al., 2020), the strong influence of wave energy and its potential interaction
with terrestrial run-off warrants further consideration. For instance, higher wave energy can flush
terrestrial run-off away from sites exposed to strong waves and currents which can reduce the

vulnerability of exposed sites to terrestrial run-off (Rodgers et al., 2012), while low wave energy can
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lead to retention of nutrients and sediments, increasing residence time and exposure to watershed-
derived materials (Storlazzi et al., 2018). The potential decoupling of watershed drivers (e.g.,
nutrients) and macroalgal cover in the present study could relate to the influence of localized water

movement in the transport of, and exposure to, terrestrial run-off.

The highest cover of turf algae around Tutuila was at sites adjacent to intermediate and pristine
watersheds on the northern aspect of the island (Tafeu, Vatia and Fagasa). Although these sites had
relatively high DIN and &'SN concentrations, the path analysis suggested the cover of turf algae was
negatively related to phosphate concentration in stream waters. The lack of a positive relationship
between nutrients and turf algae cover is perhaps not surprising as numerous studies have linked the
cover of algal turfs with the spatial availability on the reef benthos, and in particular, recent coral
mortality (e.g., (Diaz-Pulido and McCook, 2002; Hughes et al., 2018), whereas the productivity and
biomass of turf algae may be more closely linked to nutrients (den Haan et al., 2016; Karcher et al.,
2020; Lapointe et al., 2019).

4.2 | Drivers of hard coral and CCA cover

The cover of CCA and hard coral was generally highest at the two sites adjacent to the pristine
watersheds (i.e., Fagatele and Tafua), and is consistent with previous studies on Tutuila (Birkeland
et al., 2003; Green, 1996; Green et al., 1999; Sudek and Lawrence, 2016). While such patterns of
higher coral and CCA cover adjacent to pristine watersheds may be interpreted as a positive effect of
higher water quality, the path analysis suggested hard coral and CCA cover were positively related
to surface runoff. Somewhat similar results were recently reported for the U.S. Virgin Islands where
coral diversity and reef rugosity were positively related to sedimentation (Oliver et al., 2018).
Terrestrially-derived organic matter in the SPM can comprise both light fraction particulate organic
matter, comprised of animal material and plants, and heavy-fraction organic matter, attached to
mineral sediment particles. The different fraction compositions likely interact with surface water
nutrient concentrations and influence bioavailable nutrient loads (Bainbridge et al., 2018). While
sediment accumulation rate was not included in the analysis due to potential interactions with nutrient
concentrations, the analysis was able to examine the direct effects of natural and anthropogenic
drivers on benthic cover. Runoff is one of a suite of factors affecting the transport of sediment and
nutrients into nearshore reef areas and is used as a proxy for potential sources of pollutants and
contaminants from the watersheds. However, terrestrial run-off is influenced by the changes in the
frequency, duration, and intensity of discharges via stream, river or groundwater into coastal
environments (Alvarez-Romero et al., 2013; Bainbridge et al., 2018; Messina and Biggs, 2016; Oliver
et al., 2011; Rodgers et al., 2012). Water flow can modulate the delivery of nutrients and sediment to
the reef, and as such further investigations on how discharge rates interact with tidal and wave forcing

are needed to better understand the effects of surface runoff on hard coral and CCA cover. Another
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unexpected finding was the significant and positive effect of DIN load (kg/day) from piggeries and On-
Site Disposal Systems on hard coral cover, a surprising finding also shared between coral diversity
and proximity to impaired water quality sites in the US Virgin Islands (Oliver et al., 2018). Although
increased nutrients negatively affect corals for the most part, positive correlations does not always
necessarily infer causality. Elevated dissolved inorganic nutrients have also been attributed to

increased zooxanthellae density and photosynthetic rates (Fabricius, 2005).

4.3 | Links between land use, stream nutrients and reef nutrients, and suspended particulate matter

The spatial pattern of nutrient concentrations followed local watershed classifications, where higher
nutrient concentrations characterized intermediate and disturbed sites while lower concentrations
characterized pristine watersheds (Fig. S2). Path analysis further supports this relationship between
intensified land uses and stream DIN concentrations and the strong positive influence of stream
nutrient concentrations on reef flat nutrients. Disturbed sites had higher average concentrations of
reef flat nutrients, while pristine sites had lower average nutrient concentrations. Though there was
more spatial variability in the streams, disturbed sites also had higher average nutrient concentrations
(Fig. S2). For instance, phosphate concentrations (which dominated total phosphorus) were much
higher for disturbed sites. The higher nutrient concentrations in sites adjacent to disturbed watersheds
were similar to spatial patterns of DIN quantified at monthly intervals across 26 watersheds in Tutuila
(Comeros-Raynal et al. 2019), and broadly comparable to a baseline study of nutrient concentrations
around Vanuatu, another South Pacific high island (Devlin et al., 2020). Interestingly, the DIN
concentrations in stream waters for the pristine site, Fagatele, in the present study were higher than
those reported by Comeros-Raynal et al. (2019). This discrepancy could be attributed to the difference
in precipitation at the time of sampling, or potentially higher groundwater discharge in streams as

baseflow during sample collection.

Together with the spatial variation in nutrient concentrations, nutrient concentrations were generally
greater during the drier winter season (Fig. S3).Concordant with our findings, temporal patterns from
Comeros-Raynal et al. (2019) showed that DIN concentrations were higher during the drier winter
months (July — September), and were lowest during months with relatively low rainfall. We note that
four sampling points taken over a period of one year may not fully capture the temporal pattern in
nutrient concentrations, given other potential sources of variation. For instance, nutrient
concentrations may vary based on streamflow quantity and the hydrograph stage of sample collection.
Integrated, event-based sampling approaches that can account for the particular point in time when
the sample is taken from the hydrograph, is desirable because the timing of sampling, at the beginning

of a storm after a dry period as opposed to sampling as the storm progresses, will affect nutrient
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concentrations. Further, nutrient concentrations can be impacted by varying stream flow rates or
submarine groundwater discharge (SGD), and thus, our sampling regime may not characterize the
true impact of terrestrial discharge into nearshore reef environments (Shuler and Comeros-Raynal,
2020). Nutrient loading, estimated by multiplying nutrient concentration and water discharge rate, ,
can potentially be a more effective indicator of nutrient impacts on coastal waters. However, local
water quality standards in surface waters are typically reported as nutrient concentrations, thus our
results can be directly compared to American Samoa’s water quality standards for nitrogen and
phosphorus concentrations in freshwaters (e.g., streams) and embayments (e.g., reef flats), and can
be used to help establish nutrient thresholds (Houk et al., 2020).

Suspended Particulate Matter

Multiple factors affect the transport of sediments into nearshore reef environments including
precipitation patterns, land uses, topography, soil type, watershed size, shape, river network pattern,
and discharge rates (Devlin and Brodie, 2005; Lewis et al., 2020; Messina and Biggs, 2016). Higher
sediment accumulation rates recorded during the wet season (October to April) followed a temporal
trend for intermediate watersheds, Vatia and Fagasa. The pristine watershed, Tafeu, also had a
higher sediment accumulation rate at 6.9 mg.cm?.d' during the wet season (Fig S4). In addition to
high rainfall events, northern winds typical of the wet season from October to April could have
influenced the resuspension of large volumes of sediments at these three sites. The pattern of higher
sediment accumulation rates in the traps from flood events was similarly observed in inshore areas
of the Great Barrier Reef (Lewis et al., 2020) suggesting the important role of discharge in driving
increased suspended particulate matter on nearshore reefs. The reverse temporal trend, however,
was observed in the disturbed watershed, Faga’alu with the highest sediment trap accumulation rate
recorded during the dry season (May 2019 deployment).The high mountains in Faga’alu obstruct the
northerly winds from October to April during the wet season, and is instead exposed to dry season
south-easterly trade winds from May to September (Craig, 2009). The calm conditions during the wet
season coinciding with high rainfall events transporting sediments, nutrients and contaminants can
increase exposure of corals to contaminants and elevate their vulnerability to terrestrial run-off
(Storlazzi et al., 2018).

Sediment type in the traps was dominated by carbonate across all deployments and across all sites.
The islands of American Samoa are comprised mostly of basalt without carbonate rocks (Birkeland
et al., 2008), therefore, the predominance of carbonate sediment point to a marine provenance. Grain
size analysis from Messina (2016) of larger-sized particles comprised mostly of carbonate material in
more exposed reef sites support our findings. Terrigenous sediments (terrestrially-derived particulate
organic matter and mineral) comprised a smaller component of total sediment composition. However,

percent mineral content was higher than organic content across all sites and deployments. The higher
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mineral and organic composition in Faga’alu Matafao compared to Faga’alu Reef support previous
work in Faga’alu that showed higher terrigenous sediment on the inner reef attributed to calmer
hydrodynamic conditions compared to the more exposed southern reef site (Messina, 2016). Although
the sediment composition at our six sites contrasts with sediment types at seven inshore sites in the
Great Barrier Reef, with higher proportions of mineral content (Lewis et al., 2020), the difference in
composition is not surprising because oceanic island lithology differs from continental shelves.
Further, land uses, catchment sizes, topography, and seasonal and hydrodynamic patters vary

among the two locations.

Sediment particle size affects rates of sedimentation and water clarity, and can also determine
responses of the benthic biota to sedimentation. Finer-grained sediments (<63 um) are more an issue
for corals because these sediments are easily resuspended and can remain in the water column
longer, reducing the light essential for photosynthesis in zooxanthellate corals (Storlazzi et al., 2015).
Land uses can significantly influence the fractions of organic matter. For instance, forested watershed
often have higher fractions of light fraction particulate matter, while intensive land uses such as
agriculture can affect the proportions of terrestrially-derived particulate organic matter transported
from streams (Bainbridge et al., 2018). Across sites, Tafeu had the highest percent cover of forested
area (90%) while Nu'uuli had the lowest at 52% (Table 1). Fagatele, a pristine watershed, had 58%
forest cover and the highest percent cover of cultivated land and agroforest, 11% and 10%,
respectively. The larger sediment grain size measured in sediment traps at both pristine and one
disturbed (Nu’uuli) watershed sites potentially reflect the variability in space and time in the amount
of organic material delivered to streams (Table 1). Future work that can characterize and determine
the origin of particulate organic matter will improve our understanding of SPM properties and its

consequent impacts on nearshore reef environments.
4.4 | Limitations of the study

In fringing reefs adjacent to steep watersheds, tidal, wind, and wave forcing, and geomorphic controls
act in concert to influence the speed and, direction of currents, and residence times over the reef flats
influencing exposure of benthic assemblages to terrestrial run-off (Messina, 2016). Thus, our
exploratory path analysis provides at best, a simplified approximation of the ridge-to-reef continuum,
and should be interpreted with caution. The unexpected associations between surface runoff and hard
coral and CCA cover, in particular, warrant further examination because of the important role of
discharge in driving increased suspended particulate matter on nearshore reefs. Corals’ response to
increased sedimentation is dependent on sediment transport and the level of exposure to this
stressor. Critical threshold values for deposited and suspended sediment on coral reefs range
between 10 and 300 mg/cm?/d or mg/I (Erftemeijer et al., 2012). However, adverse effects, including

mortality, can occur at lower sediment concentrations; 1 mg/cm?/d for deposited sediment and as low
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as 3.2 mg/L for suspended sediment concentrations (Tuttle and Donahue, 2020). Sediment trap
accumulation rates of below 10 mg/cm2/d across all sites, could potentially negatively affect coral
growth and abundance. Future research efforts should be expanded to include sedimentation rates
in path analysis or similar analysis examining causal relationships. Further, additional sites along the
wave exposure gradients should be considered to examine variation due to inherent environmental
exposure and from anthropogenic influence, and the interactions between these drivers. Laboratory
and field experiments which quantify sedimentation rates, sediment type, grain size, and coral
responses should be expanded and locality-specific environmental regimes and taxa predisposed to
sedimentation stress should be considered as well as additive/synergistic effects from nutrient
enrichment. Because coral percent cover is the most widely used indicator of coral reef health and is
commonly available, our results can be used to compare to other sites that use integrated ridge-to-
reef management approaches. However, coral cover may be more sensitive to disturbances
compared to coral metrics such as evenness, heterogeneity, skewness, and size-class distribution.
Integrating terrestrial run-off information with coral demography data from local and national-level
coral reef monitoring programs in American Samoa could potentially help further understand the
impacts of terrestrial runoff in nearshore reef environments. While the exploratory path analysis
focused on direct effects and did not include indirect effects, it highlighted connection strengths
between land condition and drivers of benthic cover; and while exploratory, is expandable to emerging
datasets (e.g., precipitation projections, future % change of land use, fish recruitment, etc.), thus, can

be used as baseline for future ridge-to-reef investigations.

5| Conclusions

The tight coupling between land and sea is an important factor in the health and functioning of
nearshore reef habitats. The quantification of nutrient concentrations and suspended particulate
matter across an environmental gradient, is the first study on Tutuila, American Samoa to
simultaneously examine the relative effects of two major contributors of terrestrial run-off on adjacent
reefs, and is also among the first in the South Pacific to use specifically-designed traps
(SediSampler®) to quantify SPM. Our findings build on a growing body of ridge-to-reef literature that
have linked patterns in land use to water quality and biological communities on adjacent shallow water
reefs (Delevaux et al., 2018; Oliver et al., 2011; Rodgers et al., 2012), and contributes to the baseline
for volcanic high island communities in the South Pacific. The increased coverage in islands can
potentially enable comparisons of water quality thresholds, compare benthic responses to increased
nutrients and sediments, and provide opportunities to scale up locality-driven findings to similar island

configurations in the Pacific region.
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Table 1. Site attributes including watershed area, percent land use,

System units and pigs.

number of On-Site Disposal

Natural Land Use

Intensive Land Use

% All

Total
other number
land use of Onsite
Total % % (barren Disposal | No
Site Watershed % 7 Agro- Cultiva | Develop land, System of .
Forest forest shrub/scr : .
Area (sqm) ted Land units pigs
ub land, (cesspoo
grass/her | .
baceous S, septic
land) tanks)
Fagatele | 1,917,759 58% 10% 11% 5% 15% 0 0
Tafeu 1,669,015 90% 0% 0% 0% 10% 0 0
Fagasa | 3,483,148 78% 5% 5% 7% 6% 117 | 118
Vatia 3,574,377 79% 4% 3% 5% 9% 100 | 152
Nu'uuli | 17,170,233 52% 5% 8% 28% 7% 65| 221
Fagaalu | 2,476,211 71% 4% 2% 13% 11% 124 | 132
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Site
Fagatele
Tafeu
Vatia
Fagasa

Fagaalu Matafao

Fagaalu Reef
Nu'uuli

Watershed Type

Pristine
Pristine
Intermediate

Intermediate
Disturbed

Disturbed
Disturbed

for each site across all seasonal deployments.

Table 2. Mean percentile rank of grain size distribution (in um) of suspended particulate matter (SPM)

D10 (mean *1 SD) D50 (mean 1 SD) D90 (mean *1 SD)

8.15+1.5
10517
6.00 +0.75
6.94 + 0.50
6.32 +0.88

6.64 £ 0.99
7.17 £0.92

48.4+10.4
69.6 £ 15.9
32.7+4.9
40.1+6.6
28.0+5.2

34.3+9.8
36.4+5.5

208 + 94
349 £ 109
138 + 19
188 + 19
114 5

195 + 80
552 £ 773
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Table 3. Path analysis model outputs. We used the default estimator in the lavaan package, maximum

likelihood. Standard error (SE) is based on the expected information matrix, and the z-value

represents the ratio of the parameter to the standard error. P-value <0.05 represents significant

parameters. Path coefficients are standardized versions of linear regression weights. R-squared

values reflect the proportion of variance in the dependent variables accounted for by the equation.

Macroalgae
Reef Flat ~
Wave

Reef flat DIN ~
Stream DIN
Intensive land use
Reef flat PO4
Reef flat PO4~
Stream PO,
Intensive land use
Reef Flat DIN

Macroalgae
Reef Flat ~
Stream DIN

Reef flat PO4
Runoff

Intensive land use
Turf reef Flat ~
Stream DIN
Stream POy
Reef Flat DIN
Reef flat PO4
Intensive land use
Wave energy
Runoff

Reef Flat DIN ~
Stream DIN
Intensive land use
Reef flat PO4
Reef flat PO4~
Stream PO,
Intensive land use
Reef flat DIN

Hard coral
reef flat ~
Stream DIN

Stream POy

Estimate

-0.01

0.15
0.73
1.01

0.55
0.44
0.17

-0.04
0.08
-0.10
0.29

0.05
-0.16
-0.06
-0.11
-0.07

0.00

0.02

0.15
0.73
1.01

0.55
0.44
0.17

-0.04
-0.07

Std.Err

0.00

0.06
0.32
0.18

0.14
0.26
0.12

0.03
0.05
0.04
0.15

0.02
0.06
0.05
0.08
0.12
0.00
0.03

0.06
0.32
0.18

0.14
0.26
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Supplementary Information:

Table S1. Ridge and Reef site attributes

Ridge Reef
Human Average Average Mean .
. Watershed population monthly monthly DIN wave Sediment
Site - . load trap
type density rainfall runoff (kg/day) exposure . h (m)
(pop/km?) (m3/day) (m3/day) giday (joules/m?) P
Fagatele | Pristine 0 2264.57 344 0.34 19.3 5-7
Tafeu | Pristine 0 4840.26 | 1322.57 0.33 100.34 5-7
Fagasa | Intermediate 831 372496 | 1079.06 3.3 230.63 5-7
Vatia | Intermediate 640 4670.99 | 1159.68 2.65 220.35 5-7
Nu'uuli | Extensive 3955 17375.57 | 3856.21 0.68 985.63 5-7
Faga‘alu | Extensive 910 2616.27 761 6.71 1663.78 5-7
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Figure S1. Percent cover of benthos across reef locations with black lines showing median values,

boxes showing 25" and 75t percentile, and line showing 5" and 95" percentile of the data.
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Figure S2. Nutrient concentrations (umol/l) across all deployments by sampling location, with black

lines showing median values, boxes showing 25" and 75" percentile, and line showing 5" and 95

percentile of the data.
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