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ABSTRACT

Terrigenous sediment dynamics in a small, tropical, fringing-reef embayment

by

Alex Thomas Messina

Anthropogenic watershed disturbance by industry, agriculture, deforestation, roads,
and urbanization alters the timing, composition, and mass of sediment loads to coral reefs,
causing enhanced sediment stress on corals near the outlets of impacted watersheds
(Syvitski et al., 2005; West and van Woesik, 2001). Few studies have developed an
integrated understanding of sediment sources, transport processes, and deposition in small,
reef-fringed embayments (Bartley et al., 2014; Draut et al., 2009; Wolanski et al., 2003) and
many are outside the scope of local environmental managers in remote islands like at the
study site, Tutuila, American Samoa. Ridge-to-Reef studies on sediment dynamics have
three general components, which are reflected in the three chapter structure of this
dissertation: watershed inputs, hydrodynamic circulation over the reef, and how they interact
to govern spatiotemporal distribution of sediment accumulation on the reef. This dissertation
provides an example of how a scientific, process-oriented Ridge to Reef study of sediment
dynamics can answer critical scientific questions about the source, transport, and fate of
sediment in the near-shore environment, and how answers to the scientific questions can

support local coral management.
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Data on suspended sediment yield (SSY) from small, steep, tropical watersheds is
limited, and assessments of sediment mitigation projects have been hindered by interannual
climatic and sediment source variability. Chapter 1 used an event-wise approach to compare
SSY from disturbed and undisturbed subwatersheds from storms of the same size, estimate
total SSY to Faga'alu Bay, and estimate annual SSY to compare to other watersheds. It was
unknown what the dominant sediment source was in Faga'alu watershed, and what potential
management solutions were available. The sediment budget developed in the first chapter of
this dissertation showed the quarry was a significant source, compared to natural
background, and so local managers focused on reducing sediment discharge from the quarry.
Continued monitoring presented in the third dissertation chapter showed SSY to the Bay was
significantly reduced following sediment mitigation at the quarry.

The fate of suspended sediment once it enters the marine environment is difficult to
predict, but is strongly controlled by hydrodynamic conditions and circulation patterns.
Computer models of hydrodynamic circulation require detailed forcing data, bathymetric
data, and computer resources that are often unavailable to local managers. Chapter 2 of the
dissertation used a simple approach combining Lagrangian GPS-logging drifters and
Eulerian acoustic current profilers to determine dominant water circulation patterns under
the most common conditions that characterize forcing in the Bay: calm, high onshore winds,
and high waves.

Measuring sediment accumulation on the reef is a contested area of research and the
most common method, using tube traps, has some weaknesses. Others argue flat surfaces
should be used to show net sediment accumulation. Chapter 3 presents results from both

tubular sediment traps and flat-surfaced sediment pods to show gross vs net monthly
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sediment accumulation over one year. While many studies deploy traps haphazardly, or just
below stream outlets, here sediment traps were arranged to observe spatial patterns between
the north and south sections of the reef, as a result of prevailing currents and distance from
the stream outlet.

Integrating SSY and water circulation from Chapters 1 and 2 with observations of
sediment accumulation in Chapter 3 showed that the predominant water circulation patterns
deflect the storm-supplied terrigenous sediment from the stream over the northern reef
where it caused enhanced sediment stress on corals. Temporal patterns of sedimentation
were complex, and only the site nearest the stream outlet correlated with monthly SSY from
the watershed, whereas nearly all sites showed increased carbonate sedimentation with
increased wave energy. Sediment accumulated in traps and on sediment pods was mostly
similar to surrounding benthic sediment, and correlated with wave energy, showing most
sediment transport over the reef was from wind and wave-forced resuspension of carbonate

sediment.
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Introduction

The majority of coral reefs around the world are in decline due to a combination of
human-induced stressors, including increased sediment stress (Brodie et al., 2012).
Anthropogenic watershed disturbance by deforestation, roads, and urbanization alters the
timing, composition, and mass of sediment yields to coral reefs, causing enhanced sediment
stress on corals near the outlets of impacted watersheds (Syvitski et al., 2005; West and van
Woesik, 2001). Anthropogenic sediment disturbance may be exacerbated on tropical islands
characterized by frequent rainfall, steep slopes, erodible soils, and naturally dense
vegetation, where land clearing alters the fraction of exposed soil much more than in regions
with sparse vegetation. Sediment can attenuate light for photosynthesis, prevent larval
recruitment, and stress or smother coral organisms (Erftemeijer et al., 2012; Fabricius, 2005;
Storlazzi et al., 2015). Deposited sediment can be resuspended due to wave action and
reworked over the reef, causing persistent negative effects to ecosystem health (Wolanski et
al., 2003), distributing impacts to larger areas (Presto et al., 2006), or reduce sediment stress
by flushing or preventing sediment transport over corals (Hoitink and Hoekstra, 2003). The
severity of sediment stress to coral organisms and ecosystems is determined by the
magnitude and duration of exposure, which are controlled by the interaction of sediment
loading from the watershed, sediment availability on the reef, and hydrodynamic processes
(Draut et al., 2009; Storlazzi et al., 2009). Many past studies focused on qualitative
descriptions of reef health decline and probable stressors, but Downs et al. (2005) argues we
need to shift from descriptive assessment to mechanistic description and focus assessments

on individual stressors to recommend coral conservation and restoration strategies to
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environmental managers. The “Ridge to Reef” framework provides an integrated
understanding of terrigenous sediment which is essential for identifying and mitigating
impacts on coral health.

Few studies have developed an integrated understanding of sediment sources, transport
processes, and deposition in small, reef-fringed embayments (Bartley et al., 2014; Draut et
al., 2009; Wolanski et al., 2003). Two integrated studies of Hanalei Bay in Kauai, HI, (Draut
et al., 2009; Storlazzi et al., 2009) demonstrated that in addition to total sediment loading
and water circulation, the temporal phasing of flood events and seasonal wave conditions are
key controls on sediment deposition and residence time. As opposed to temperate regions
where sediment deposition is limited because river floods and high wave energy are caused
by the same frontal system, sediment discharge and wave events can be decoupled in many
tropical regions.

Examples of Ridge to Reef studies of sediment dynamics related to watershed
management are even more rare, and many do not include hydrodynamic studies (Ramos
Scharrén et al., 2012) or measurements of sediment yield, and simply correlate sediment
accumulation on the reef with development in the watershed or precipitation (Gray et al.,
2012; Teneva et al., 2016). Coral reef environments are highly heterogeneous and
sedimentation impacts are not uniformly distributed in time or space, so simple correlations
are inadequate. By measuring sediment transport through the watershed we can make more
effective sediment management strategies, and by assessing deposition on the reef we can
focus on which areas are actually receiving sediment.

The USGS Ridge-to-Reef Program (see Field et al. (2008), and references therein) has

pursued integrated, process-oriented research in tropical, fringing reefs to provide scientific
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information on sediment sources and dynamics to resource managers (Atkinson and
Medeiros, 2006). Coral sediment dynamics studies like Ridge-to-Reef have three general
components, which are reflected in the three chapter structure of this dissertation: watershed
inputs, hydrodynamic circulation over the reef, and how they interact to govern
spatiotemporal distribution of sediment accumulation on the reef. In many reef areas there
have been multiple independent studies that evaluated individual aspects of the source,
delivery, and fate of sediment to the marine system but it is rare that these studies are linked
together to provide a complete understanding of sediment movement across the watershed-
to-marine continuum (Bartley et al., 2014). Each of the three components requires
significant expertise and specialized equipment, so many ridge-to-reef studies integrated
large-scale collaborative efforts among watershed scientists, oceanographers, and coral
ecologists. These large-scale collaborative efforts are important for integrating state-of-the-
art knowledge in each field and typically focus on important, but complex study sites
(Fabricius et al., 2012; Storlazzi et al., 2009), but are generally beyond the capabilities of
management-oriented investigations. While it is difficult for well-resourced groups to
conduct these studies, it is even more difficult for environmental managers on small islands
with fewer monetary and personnel resources. This dissertation was focused on using
methods that would be available for local managers to develop an integrated understanding
of the sediment dynamics from Ridge to Reef, recommend effective management solutions,
and provide baseline data to assess management efficacy in the future.

The objective of this dissertation was to document sediment sources in the watershed to
identify opportunities for mitigation, describe water circulation over the reef, and document

how sediment input and hydrodynamics control the spatial and temporal distribution of
3



sediment accumulation. This research is structured around three chapters that investigate
sediment dynamics in Faga'alu, American Samoa, which has been identified as a priority
reef for mitigation of sediment-related impacts on coral reefs (Burke et al., 2011; Holst-Rice
etal., 2016).

The dissertation is organized into three chapters, each of which is prepared as a separate
manuscript for submission to peer-reviewed journals. The first chapter, titled “Contributions
of human activities to suspended sediment yield during storm events from a small, steep,
tropical watershed” (Messina and Biggs, 2016), quantified suspended sediment yield (SSY)
from undisturbed forest and from human disturbed parts of Faga'alu watershed during both
baseflow and storm events. In situ measurements of precipitation, stream discharge and
suspended sediment concentration (SSC), collected over three field campaigns (2012-2014),
were used to calculate storm event suspended sediment yield (SSYEev). Maximum event
discharge (Qmax) was found to be a good predictor of SSYev from both the undisturbed,
upper watershed, and from the human-disturbed, total watershed. A Qmax-SSYev model
was developed to predict sediment input to the Bay during sediment trap measurements on
the reef, when SSC data was not available.

The second chapter, titled “Eulerian and Lagrangian measurements of water flow and
residence time in a fringing reef flat-lined embayment: Faga'alu Bay, American Samoa”
(Messina et al. in press), used a combination of Lagrangian (GPS-logging drifters) and
Eulerian methods (acoustic current profilers) to characterize water circulation patterns and
flow velocities over the reef, and their relationship to wave, wind, and tidal forcing. Flow
velocities were used to characterize spatially distributed residence time of water over the

reef, under calm conditions, high onshore winds, and high waves. This study was
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unprecedented in number of drifter deployments, range of forcing conditions sampled, and
spatial coverage in a fringing reef setting. The insights on water circulation patterns in the
Bay gained through this chapter were used to interpret the results of spatially distributed
sediment trap deployments, detailed in the third chapter.

The third chapter, “Watershed and oceanic controls on spatial and temporal patterns of
sediment accumulation in a fringing reef flat embayment”, used measured and modeled
SSYev data from Chapter One to calculate monthly terrigenous sediment input to the Bay.
Water circulation patterns from Chapter Two, and modeled wave data on significant wave
height were used to interpret spatial and temporal patterns in sediment accumulation on the
reef. This chapter presents one of the few studies where SSY inputs were measured
simultaneously with sediment accumulation in a near-shore environment, and one of the
very few studies where tubular sediment traps and flat-surfaced SedPods were deployed in
conjunction to observe patterns in gross and net sediment accumulation on a coral reef. The
results of this chapter showed gross and net sediment accumulation (terrigenous and total)
were higher on the northern portion of the reef flat in Faga'alu Bay. This spatial pattern was
due to higher benthic availability around the traps, and the configuration of wave-forced
flow across the southern reef flat and terrigenous sediment discharged from Faga'alu stream
into the northwest corner of the embayment. Carbonate sediment transported over the reef
by wave-driven resuspension accounted for the majority of sediment accumulation in traps,
and was significantly correlated with high wave conditions. Terrigenous sediment
accumulation only correlated with SSY from Faga'alu stream at the location nearest the

stream outlet, illustrating that sediment dynamics were highly modulated by hydrodynamic



conditions, and sediment accumulation and removal varied at time scales shorter than the
monthly resolution of measurements.

The dissertation concludes with a summary of the findings of the three chapters and
concludes with an examination of future research questions. In summary, the northern reef
and areas near the channel in Faga'alu Bay are more exposed to sediment stress due to the
natural configuration of the reef, the resulting clockwise pattern of wave-forced flow, and
increased terrigenous sediment input from Faga'alu stream due to anthropogenic watershed
disturbance in the quarry and village areas. This research guided sediment mitigation
strategies that have reduced sediment yield from the watershed and sediment stress on the

coral reef in Faga'alu Bay, which will be presented in forthcoming papers.



Chapter One:

Contributions of human activities to suspended sediment yield during

storm events from a small, steep, tropical watershed

ABSTRACT

Suspended sediment concentrations (SSC) and yields (SSY) were measured during storm
and non-storm periods from undisturbed and human-disturbed portions of a small (1.8 km?),
mountainous watershed that drains to a sediment-stressed coral reef. Event-wise SSY
(SSYev) was calculated for 142 storms from measurements of water discharge (Q), turbidity
(T), and SSC measured downstream of three key sediment sources: undisturbed forest, an
aggregate quarry, and a village. SSC and SSYEev were significantly higher downstream of
the quarry during both storm- and non-storm periods. The human-disturbed subwatershed
(10.1% disturbed) accounted for an average of 87% of SSYgv from the watershed. Observed
sediment yield (mass) to the coast, including human disturbed subwatersheds, was 3.9x the
natural background. Specific SSY (mass/area) from the disturbed quarry area was 49x
higher than from natural forest compared with 8x higher from the village area. Similar to
mountainous watersheds in semi-arid and temperate climates, SSYgv from both the
undisturbed and disturbed watersheds correlated closely with maximum event discharge
(Qmax), event total precipitation and event total Q, but not with the Erosivity Index. Best
estimates of annual SSY varied by method, from 45-143 tons/km?/yr from the undisturbed
subwatershed, 441-598 tons/km?#/yr from the human-disturbed subwatershed, and 241-368
tons/km?/yr from the total watershed. Sediment yield was very sensitive to disturbance; the

quarry covers 1.1% of the total watershed area, but contributed 36% of SSYEev. Given the
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limited access to gravel for infrastructure development, sediment disturbance from local
aggregate mining may be a critical sediment source on remote islands in the Pacific and
elsewhere. Identification of erosion hotspots like the quarry using rapid, event-wise
measures of suspended sediment yield will help efforts to mitigate sediment stress and

restore coral reefs.

1.1. Introduction

Human disturbances including deforestation, agriculture, roads, mining, and
urbanization alter the timing, composition, and amount of sediment loads to downstream
ecosystems (Syvitski et al., 2005). Increased sediment yields can stress aquatic ecosystems
downstream of impacted watersheds, including coral reefs, by decreasing light for
photosynthesis and increasing sediment accumulation rates (Fabricius, 2005; Storlazzi et al.,
2015). Anthropogenic sediment disturbance can be particularly high on volcanic islands in
the humid tropics, where erosion potential is high due to high rainfall and steep slopes
(Milliman and Syvitski, 1992). The steep topography and small floodplains on small
volcanic islands limits sediment storage and the buffering capacity of the watershed against
increased hillslope sediment supply (Walling, 1999). Such environments characterize many
volcanic islands in the South Pacific and elsewhere where many coral reefs are sediment-
stressed (Bégin et al., 2014; Fallon et al., 2002; Hettler et al., 1997; Rotmann and Thomas,
2012).

A large proportion of sediment yield can originate from disturbances that cover small
fractions of the watershed area, suggesting management should focus on erosion hotspots. In
the grazing-disturbed Kawela watershed on Molokai, Hawaii, most of the sediment
originated from less than 5% of the watershed area, and 50% of the sediment originated

8



from only 1% of the watershed (Risk, 2014; Stock et al., 2010). On St. John in the
Caribbean, unpaved roads covering 0.3-0.9% of the watershed were the dominant sediment
source, and increased sediment yield to the coast by 5-9x relative to undisturbed watersheds
(Ramos-Scharrén and Macdonald, 2007). In the U.S. Pacific Northwest, most road-
generated sediment originated from just a small fraction of unpaved roads (Gomi et al.,
2005; Henderson and Toews, 2001; Megahan et al., 2001; Wemple et al., 1996), and heavily
used roads yielded 130x as much sediment as abandoned roads (Reid and Dunne, 1984).
Sediment management requires linking changes in land use to changes in sediment
yields at the watershed outlet (Walling and Collins, 2008). A sediment budget quantifies
sediment movement from key sources like hillslope erosion, channel-bank erosion, and mass
movements, to its eventual exit from a watershed (Rapp, 1960). Walling (1999) used a
sediment budget to show that sediment yield from watersheds can be insensitive to both land
use change and erosion management due to high sediment storage capacity on hillslopes and
in the channel. Sediment yield from disturbed areas can also be large but relatively
unimportant compared to high yields from undisturbed areas. The sediment budget can be
simplified since most applications require only the order of magnitude or relative
importance of processes be known (Slaymaker, 2003). Reid and Dunne (1996) argue a
management-focused sediment budget can be developed quickly where the problem is
clearly defined and the management area can be divided into homogenous sub-units.
Knowledge of suspended sediment yield (SSY) under both natural and disturbed
conditions on most tropical, volcanic islands remains limited, due to the challenges of in situ
monitoring in remote environments. Existing erosion models are mainly designed for

agricultural landscapes, which are not well-calibrated to the physical geography of steep,



tropical islands, and ignore important processes like mass movements (Calhoun and
Fletcher, 1999; Ramos-Scharrén and Macdonald, 2005; Sadeghi et al., 2007). Models that
predict SSY from small, mountainous catchments would establish baselines for change-
detection, and improve regional-scale sediment yield models (Duvert et al., 2012).

Traditional approaches to quantifying human impact on sediment budgets include
comparison of total annual yields (Fahey et al., 2003) and sediment rating curves (Asselman,
2000; Walling, 1977). These approaches are complicated by interannual climatic variability
and hysteresis in the discharge-sediment concentration relationship (Ferguson et al., 1991,
Gray et al., 2014; Kostaschuk et al., 2002; Stock and Tribble, 2010). Sediment yield can be
highly variable over various time scales, even under natural conditions. At geologic time
scales, sediment yield from a disturbed watershed may decrease as it reaches steady-state, or
sediment contributions from subwatersheds may change with time (Ferrier et al., 2013;
Perroy et al., 2012). At decadal scales, cyclical climatic patterns like EI Nino-Southern
Oscillation events or Pacific Decadal Oscillation can significantly alter sediment yield from
undisturbed watersheds (Wulf et al., 2012).

SSY generated by storm events of the same magnitude can be used to compare the
contribution of subwatersheds to total SSY (Zimmermann et al., 2012), determine temporal
changes in SSY (Bonta, 2000), and relate SSY to various precipitation or discharge variables
("storm metrics™) (Basher et al., 2011; Duvert et al., 2012; Fahey et al., 2003; Hicks, 1990).
The relative anthropogenic impact on SSYev may vary by storm magnitude, as documented
in Pacific Northwest forests (Lewis et al., 2001). As storm magnitude increases, water yield
and/or SSYev from natural areas may increase relative to human-disturbed areas,

diminishing anthropogenic impact relative to the natural baseline. While large storms
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account for most SSY under undisturbed conditions, the disturbance ratio (DR) may be
highest for small storms, when background SSYev from the undisturbed forest is low and
erodible sediment from disturbed surfaces is the dominant source (Lewis et al., 2001). For
large storms, mass movements and bank erosion in undisturbed areas can increase the
natural background and reduce the DR for large events.

Event-wise SSY (SSYEev) may correlate with storm metrics such as total
precipitation, the Erosivity Index (El) (Kinnell, 2013), or total discharge, but the best
correlation has consistently been found with maximum event discharge (Qmax). The El
quantifies the erosive energy of rainfall. Several researchers have hypothesized that Qmax
integrates the hydrological response of a watershed, making it a good predictor of SSYEev in
diverse environments (Duvert et al., 2012; Rankl, 2004). High correlation between SSYev
and Qmax has been found in semi-arid, temperate, and sub-humid watersheds in Wyoming
(Rankl, 2004), Mexico, Italy, France (Duvert et al., 2012), and New Zealand (Basher et al.,
2011; Hicks, 1990), but this approach has not been attempted for steep, tropical watersheds
on volcanic islands.

This study uses in situ measurements of precipitation (P), water discharge (Q),
turbidity (T), and suspended sediment concentration (SSC) to accomplish three objectives
and answer the following research questions:

1) Quantify suspended sediment concentrations (SSC) and yields (SSY) at the
outlets of undisturbed and human-disturbed portions of Faga'alu watershed
during storm and non-storm periods. How does SSC vary between storm and
non-storm periods? How much has human disturbance increased SSY during

storm events? Which land uses dominate the anthropogenic contribution to SSY?
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2) Develop an empirical model to predict SSYev from easily-monitored discharge or
precipitation metrics. Which storm metric is the best predictor of SSYev? How
does human-disturbance to SSY vary with storm metric?

3) Estimate annual SSY using the measurements from Objective 1, and modeling
results from Objective 2. How does SSY at the field site compare to other

volcanic tropical islands and other disturbed watersheds?

1.2. Study Area

Faga'alu (Fong-uh ah-loo) watershed is located on Tutuila (14S, 170W), American
Samoa, which is comprised of steep, heavily forested mountains with villages and roads
mostly confined to the flat, coastal areas. The coral reef in Faga'alu Bay is highly degraded
by sediment (Fenner et al., 2008) and Faga'alu watershed was selected by the US Coral Reef
Task Force (USCRTF) as a Priority Watershed for conservation and remediation efforts
(Holst-Rice et al., 2016).

The administrative boundary of Faga'alu includes the watersheds of the main stream
(1.78 km?) and several small ephemeral streams that drain directly to the bay (0.63 km?)
(grey dotted boundary in Figure 1.1, “Admin.”). Faga'alu watershed is drained by the main
stream, which runs ~3 km from Matafao Mountain to Faga'alu Bay (area draining to FG3 in
Figure 1.1, “Total” watershed). The Total watershed can be divided into an undisturbed,
Upper watershed (area draining to FG1, “Upper”), and a human-disturbed, Lower watershed
(area draining to FG3, “Lower”). The Lower watershed can be further subdivided to isolate
the impacts of an aggregate quarry (area draining between FG1 and FG2, “Lower Quarry”)
and urbanized village area (area draining between FG2 and FG3, “Lower_Village”) (Figure
1.1).
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Figure 1.1. Faga'alu watershed showing the Upper (undisturbed) and Lower (human-
disturbed) subwatersheds. The Lower subwatershed drains areas between FG1 and FG3, and
is further subdivided into the Lower_Quarry containing the quarry (between FG1 and FG2)
and the Lower_Village containing the village areas (between FG2 and FG3). The Total
watershed includes all subwatersheds draining to FG3. The Administrative watershed
boundary for government jurisdiction is outlined by the dotted grey line. Blue pentagons in
the Upper watershed show the location of abandoned water supply reservoirs (see
Supplementary Material A for full description). Barometer locations at NSTP6 and TULA
are shown in top-right.
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Faga'alu occurs on intracaldera Pago Volcanics formed about 1.20 Mya (McDougall,
1985). Soil types in the steep uplands are rock outcrops (15% of the watershed area) and
well-drained Lithic Hapludolls ranging from silty clay to clay loams 20-150 cm deep
(Nakamura, 1984). Soils in the lowlands include a mix of deep (>150 cm), well drained very
stony silty clay loams, and poorly drained silty clay to fine sandy loam along valley bottoms.

The mean slope of Faga'alu watershed is 0.53 m/m and total relief is 653 m.

1.2.1 Climate

Annual precipitation in Faga'alu watershed is 6,350 mm at Matafao Mtn. (653 m
m.a.s.l.), 5,280 mm at Matafao Reservoir (249 m m.a.s.l.) and ~3,800 mm on the coastal
plain (Craig, 2009; Dames & Moore, 1981; Perreault, 2010; Tonkin & Taylor International
Ltd., 1989; Wong, 1996). There are two rainfall seasons: a drier winter from June through
September accounts for 25% of annual P, and a wetter summer from October through May
accounts for 75% of annual P (Craig, 2009; Perreault, 2010). P is lower in the drier season
but large storms still occur: at 11 stream gages around the island, 35% of annual peak flows

occurred during the drier season (1959-1990) (Wong, 1996).

1.2.2 Land Cover and Land Use

1.2.2.1 Vegetation, agriculture, and urban areas

The predominant land cover in Faga'alu watershed is undisturbed vegetation on the
steep hillsides (95%), including forest (86%) and scrub/shrub (9%) (Table 1.1). The Upper
watershed is dominated by undisturbed rainforest (82%) on steep hillslopes with no human
disturbance. The Lower subwatershed has steep, vegetated hillslopes and a relatively small

flat area in the valley bottom that is urbanized (6.4% "High Intensity Developed™ in Table
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1.1). A small portion of the watershed (1.8%) is developed open space, mainly landscaped
lawns and parks. Agricultural areas include small household gardens and small areas of
banana and taro on the steep hillsides, classified as grassland (0.3% GA, Table 1.1) due to
high fractional grass cover. Most unpaved roads are stabilized with compacted gravel and do

not appear to be a major sediment source (Horsley-Witten, 2012).

Table 1.1. Land use categories in Faga'alu subwatersheds (NOAA Ocean Service and Coastal
Services Center, 2010). Land cover percentages are of the subwatershed.

Cumulative Subwaters Land cover as % subwatershed area?
Area hed Area

Subwatershed km? % km? % B HI DOS GA F S Disturbed Undisturbed

Upper (FG1) 09 50 09 50 04 00 00 01 82 171 0.4° 100
Lower Quarry 12 66 027 16 57 07 01 05 92 09 6.5 94
(FG2)

Lower_Village 1.8 100 060 34 00 90 26 02 88 06 11.7 88
(FG3)

Lower (FG3) 18 100 088 50 18 64 18 03 89 0.7 10.1 90
Total (FG3) 1.8 100 1.78 100 1.1 32 09 02 86 9.0 5.2 95

a. B=Bare, HI=High Intensity Developed, DOS=Developed Open Space, GA=Grassland (agriculture),

F=Forest, S=Scrub/Shrub, Disturbed=B+HI+DOS+GA, Undisturbed=F+S
b. Disturbed area for Upper was from natural landslide. Undisturbed is 100% from rounding up.

1.2.2.2 Aggregate quarry and reservoirs

An aggregate quarry covering 1.6 ha has been in continuous operation since the
1960's (Latinis et al., 1996) and accounted for nearly all of the bare land in Faga'alu
watershed (1.1%) (Table 1.1). Sediment eroded from the quarry was discharged directly to
Faga'alu stream until 2011, when quarry operators installed silt fences and small settling
ponds (Horsley-Witten, 2011), which were inadequate to control the large amount of
sediment mobilized during storms (Horsley-Witten, 2012). During the study period (2012-
2014), additional sediment controls were installed and large piles of overburden were

overgrown by vegetation (Figure 1.2). In late 2014, after the monitoring reported here, large
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retention ponds were installed to capture sediment runoff. See Holst-Rice et al. (2016) for

description of sediment mitigation at the quarry.

b) 2014

Groundwater

diversion ~—_,

»
\

Figure 1.2. Photos of the aggregate quarry in Faga'alu in 2012, 2013, and 2014. Pictures a-b
show vegetation overgrowth during the period of study from 2012-2014, and the location of
the groundwater diversion that was installed in 2012. Pictures c-d show that haul roads were
covered in gravel in 2013. Photos: Messina

Three water impoundment structures were built in the early 1900s in the Upper
watershed for drinking water supply and hydropower, but none are in use and the reservoir
at FG1 is filled with coarse sediment. Other deep pools at the base of waterfalls in the upper

watershed have no fine sediment and we assume the other reservoirs are not retaining fine

suspended sediment. A full description of the reservoirs is in Supplementary Material A.

1.3. Methods

The field methods used to calculate event-wise suspended sediment yield (SSYev) are

described in section 1.3.1. The equations and analytical methods used to accomplish
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Objectives 1-3 are described in sections 1.3.2-1.3.4. Briefly, the in-stream suspended
sediment yield (SSY, tons) and specific suspended sediment yield (sSSY, tons/km?) (sensu
Walling and Webb (1996)) were calculated for individual storm events (SSYev, SSSYEev) at
three locations in Faga'alu watershed using calculated discharge (Q) and suspended sediment
concentration (SSC)(Figure 1.1) (Section 1.3.1). Q was calculated from continuously
recorded stage and a stage-discharge relationship calibrated with field measurements
(Section 1.3.1.2). SSC was measured directly from grab samples or modeled from
continuously monitored turbidity (T) and T-SSC relationships calibrated to in-stream SSC
(Section 1.3.1.3). Storm events were identified using automated hydrograph separation, and
SSYev calculated for each monitored location with the Q and SSC data (Section 1.3.2.1).
The subwatersheds were nested, so SSYev contributions from subwatersheds were
calculated by subtracting SSYEev at the upstream subwatershed from SSYEev at the given
downstream subwatershed. SSY from disturbed surfaces was calculated assuming a spatially
uniform SSY from forested parts of disturbed subwatersheds (Section 1.3.2.2). The
cumulative probable error (PE) of SSYev was calculated for each storm to incorporate errors
in Q and SSC, and different T-SSC relationships were tested for their impact on SSY
estimates (Section 1.3.2.3). Log-linear regression models were developed to predict SSYev
from storm metrics for the undisturbed and disturbed subwatersheds (Section 1.3.3). Annual
SSY was estimated from the regression models and the ratio of annual storm precipitation to
the precipitation during storms where SSYev was measured (Section 1.3.4).

Measurements of SSY at FG1, FG2, and FG3 quantify the in-stream suspended sediment
budget. Other components of sediment budgets not measured in this study include channel

erosion, channel deposition, and floodplain deposition (Walling and Collins, 2008). In
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Faga'alu, the channel bed is predominantly large volcanic cobbles and gravel, with no
significant deposits of fine sediment. Upstream of the village, the valley is very narrow with
no floodplain. In the Lower watershed the channel has been stabilized with cobble
reinforced by fencing, so overbank flows and sediment deposition on the floodplain are not
observed. We therefore assume that channel erosion and channel and floodplain deposition
are insignificant components of the sediment budget, and the measured sediment yields at

the three locations reflect differences in hillslope sediment supply.

1.3.1 Field Data Collection

Data on P, Q, SSC, and T were collected during four field campaigns: January-March
2012, February-July 2013, January-March 2014, and October-December 2014, and several
intervening periods of unattended monitoring by instruments with data loggers. Field
campaigns were scheduled to coincide with the period of most frequent storms in the

November-May wet season, though large storms were sampled throughout the year.

1.3.1.1 Precipitation (P)

P was measured in Faga'alu watershed from January, 2012, to December, 2014, using a
tipping-bucket rain gauge located at the quarry near the centroid of the watershed (RG1,;
20cm dia., 1-minute resolution) and a Vantage Pro Weather Station located at the stream
outlet to the ocean (Wx; 20cm dia. 15-minute resolution) (Figure 1.1). Data from a third rain
gauge (RG2), was recorded from January to March, 2012 to determine an orographic
precipitation relationship. Total event precipitation (Psum) was calculated using 1 min
interval data from RG1, with data gaps filled by 15-minute interval precipitation data from

WX.
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1.3.1.2 Water Discharge (Q)

Stream gaging sites were chosen to take advantage of an existing control structure (FG1)
and a stabilized stream cross section (FG3). At FG1 and FG3, Q was calculated from stream
stage recorded at 15-minute intervals using HOBO and Solinst pressure transducers (PT)
and a stage-Q rating curve calibrated to Q measurements. Q was measured manually in the
field over a range of flow conditions by the area-velocity method (AV) using a Marsh-
McBirney flowmeter (Harrelson et al., 1994; Turnipseed and Sauer, 2010). Q measurements
were not made at the highest stages recorded by the PTs, so the stage-Q rating curve at FG3
was extrapolated using Manning's equation, calibrating Manning's n (0.067) to the Q
measurements. At FG1, the flow control structure is a masonry spillway crest, so the HEC-
RAS model was used to create the stage-Q relationship and calibrated to Q measurements
(Brunner, 2010). See Supplementary Material B for further details on stream gaging at FG1
and FG3.

A suitable site for stream gaging was not present at the outlet of the Lower_Quarry
subwatershed (FG2), so water discharge at FG2 was calculated as the product of the specific
water discharge from FG1 (m3/km?) and the watershed area draining to FG2 (1.17 km?). The
specific water discharge at FG2 is assumed to be the same as above FGL1 since average
slopes, vegetation, and soils of the watersheds are similar. Discharge may be higher from the
quarry surface, which represents 5.7% of the Lower_Quarry subwatershed, so Q and SSY at
FG2 are conservative, lower-bound estimates, particularly during small events when specific
discharge from the Upper watershed was small relative to specific discharge from the
quarry. The quarry surface is continually being disturbed, sometimes with large pits

excavated and refilled in the course of weeks, as well as intentional water control structures
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implemented over time. Given the changes in the contributing area of the quarry, estimates
of water yield from the quarry were uncertain, so we assumed a uniform specific discharge

for the whole Lower_Quarry subwatershed.

1.3.1.3 Suspended Sediment Concentration (SSC)

SSC was estimated at 15 minute intervals from either 1) linear interpolation of stream
water samples, or 2) turbidity data (T) recorded at 15 minute intervals and a T-SSC
relationship calibrated to stream water samples. Stream water was collected by grab
sampling with 500 mL HDPE bottles at FG1, FG2, and FG3. At FG2, water samples were
also collected at 30 minute intervals during storm events by an ISCO 3700 Autosampler
triggered by a water level sensor. The Autosampler inlet tubing was oriented down-stream,
just below the water level sensor, approximately 30 cm above the stream bed, on rebar
positioned midstream. Samples were analyzed for SSC on-island using gravimetric methods
(Gray, 2014; Gray et al., 2000). Water samples were vacuum filtered on pre-weighed 47mm
diameter, 0.7 um Millipore AP40 glass fiber filters, oven dried at 100 C for one hour, cooled
and weighed to determine SSC (mg/L).

Interpolation of SSC from grab samples was performed if at least three samples were
collected during a storm (Nearing et al., 2007), and if an SSC sample was collected within
30 minutes of peak Q. Based on low observed SSC between storm events, SSC was assumed
to be zero at the beginning and end of each storm if no sample was available for those times
(Lewis et al., 2001).

T was measured at FG1 and FG3 using three types of turbidimeters: 1) Greenspan
TS3000 (TS), 2) YSI 6000MS with 6136 turbidity probe (YSI), and 3) two Campbell

Scientific OBS500s (OBS). All turbidimeters were permanently installed in PVC housings
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near the streambed with the turbidity probe submerged at all flows and oriented
downstream. Despite regular maintenance, debris fouling and vandalism caused frequent
data loss.

Unique, linear T-SSC relationships were developed for the YSI and for each OBS
turbidimeter at each location using linear regression on T data and SSC samples from storm
periods (r? values 0.79-0.99, Supplementary Material C). The T-SSC relationship can be
unique to each region, stream, instrument or even each storm event (Lewis et al., 2001), and
can be influenced by water color, dissolved solids, organic matter, temperature, and particle
shape, size, and composition. Despite the multiple factors relating T to SSC, T is a robust
predictor of SSC in streams (Gippel, 1995), and is most accurate when a unique T-SSC
relationship is developed for each instrument and field site separately, using in situ SSC
samples during storms (Lewis, 1996; Minella et al., 2008). The TS meter at FG1 was
vandalized before sufficient samples had been collected to establish a T-SSC relationship for
high T data, so the T-SSC relationship from the YSI was used for the TS data. Errors were
higher at FG3 (RMSE 112% for YSI, 46% for OBS), and lower at FG1 (RMSE 13% for YSI
at FG1). The T-SSC relationships for the YSI predicted higher SSC at FG3 than at FG1 for
the same T value (Supplementary Material C), which introduces uncertainty in SSC and
SSY at FG3. The impact of using the same T-SSC relationship at both FG1 and FG3 is
tested in the error analysis (Section 1.3.2.3). The critical assumption in our application is
that the parameters of the T-SSC relationship are stable over time and among storm events.
The T-SSC relationships are critical to SSY calculations, so the cumulative error from these

relationships were combined with other error sources to estimate uncertainty in SSYev
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(Section 1.3.2.3). See Supplementary Material C for further details on T-SSC relationships

at FG1 and FG3

1.3.2 SSYkyv for disturbed and undisturbed watersheds

1.3.2.1 Suspended Sediment Yield during storm events (SSYkgvy)

SSYev was calculated at FG1, FG2, and FG3 by integrating continuous Q and SSC
(Duvert et al., 2012):

T Equation 1
SSYey = k| Q&) xSSC(¢) * dt

t=0
where SSYEev is suspended sediment yield (tons) for an event from t=0 at storm start to
T=storm end, SSC is suspended sediment concentration (mg/L), Q is water discharge
(L/sec), and k converts from mg to tons (10°°).

Storm events can be defined by P (Hicks, 1990) or Q data (Duvert et al., 2012), and the
method used to identify storm events can significantly influence the analysis of SSYgv
(Gellis, 2013). Due to the large number of storm events and the prevalence of complex
storm events observed at the study site, we used a digital filter signal processing technique
(Nathan and McMahon, 1990) in the R-statistical package EcoHydRology (Fuka et al.,
2014), which separates the hydrograph into quickflow, or direct surface or subsurface runoff
that occurs during storms, and baseflow or delayed flow (Hewlett and Hibbert, 1967).
Quickflow and baseflow components are not well defined in terms of hydrologic flow path;
here we use the separation operationally to define storm events. Spurious events were
sometimes identified due to instrument noise, so only events with quickflow lasting at least
one hour and peak quickflow greater than 10% of baseflow were included (See
Supplementary Material D for example).
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The subwatersheds were nested (Figure 1.1), so SSYgv from subwatersheds was
calculated as follows: SSYev from the Upper subwatershed, draining undisturbed forest, was
sampled at FG1; SSYev from the Lower_Quarry subwatershed, draining undisturbed forest
and the quarry between FG1 and FG2, was calculated as the difference between SSYev
measured at FG1 and FG2; SSYEev from the Lower_Village subwatershed, which drains
undisturbed forest and the village between FG2 and FG3, was calculated as the difference
between SSYev measured at FG2 and FG3; the Lower subwatershed, which drains
undisturbed forest, the quarry, and village between FG1 and FG3, was calculated as the
difference between SSYev measured at FG1 and FG3. SSYev from the Total watershed was

measured at FG3 (Figure 1.1; Table 1.1).

1.3.2.2 SSY from disturbed and undisturbed portions of subwatersheds

Land cover in the Lower subwatersheds (Lower_Quarry and Lower_Village) includes
both undisturbed forest and human-disturbed surfaces (Table 1.1). SSYgv from disturbed
areas only was estimated as:

SSYev aistro = SSYgv subws — (SSSYEV_Upper * Areaundist) Equation 2
where SSYev distrb iIs SSYev from disturbed areas only (tons), SSYev subws is SSYev (tons)
measured from the subwatershed, SSSYev_upper is specific SSYev (tons/km?) from the Upper
subwatershed (SSYev_rc1), and Areaundist is the area of undisturbed forest in the
subwatershed (km?). This calculation assumes that forests in all subwatersheds have SSY
similar to the Upper watershed.

The disturbance ratio (DR) is the ratio of SSYev under current conditions to SSYev

under pre-disturbance conditions:
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DR — SSYey subw Equation 3

Asubw * SSSYEV_Upper
where Asubw IS the area of the subwatershed. Both Equations 2 and 3 assume that sSSSYev
from forested areas in the Lower subwatershed equals sSSYev from the undisturbed Upper

watershed and that pre-disturbance land cover was forested throughout the watershed.

1.3.2.3 Error Analysis

Uncertainty in SSYev calculations arises from errors in measured and modeled Q and
SSC (Harmel et al., 2006). The root mean square error propagation method estimates the
"most probable value" of the cumulative or combined error by propagating the error from
each measurement and modeling procedure, i.e. stage-Q and T-SSC, to the final SSYEev
calculation (Topping, 1972). The resulting cumulative probable error (PE) is the square root

of the sum of the squares of the maximum values of the separate errors:

Equation 4
PE = \/(Eémeas + ESZSCmeas) + (Eémod + ESZSCmod)

where PE is the cumulative probable error for SSYev estimates (+%), Eqmeas iS uncertainty
in Q measurements (£%), Esscmeas iS uncertainty in SSC measurements (x %), Eqmod iS
uncertainty in the Stage-Q relationship (RMSE, as +% of the mean observed Q), Esscmod iS
uncertainty in the T-SSC relationship or from interpolating SSC samples (RMSE, as + % of
the mean observed SSC) (Harmel et al., 2009).Eqmeas and Esscmeas Were taken from the
DUET-H/WQ software tool lookup tables (Harmel et al., 2009).

The effect of uncertain SSYev estimates may complicate conclusions about
anthropogenic impacts and storm metric-SSYev relationships, but differences in SSYgyv from

undisturbed and disturbed areas were expected to be much larger than the cumulative
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uncertainty. High uncertainty is common in sediment yield studies where successful models
estimate SSY with £50-100% accuracy (Calhoun and Fletcher, 1999; Duvert et al., 2012).
PE was calculated for SSYev from the Upper and Total watersheds, but not for the Lower
subwatershed since it was calculated as the difference of SSYev upper and SSYEev ToTAL.

In addition to the error due to scatter about a given T-SSC relationship, there may also
be uncertainty about the regression line itself, particularly where a given instrument shows
different T-SSC relationships at different locations (Supplementary Material C). In Faga‘alu,
the T-SSC relationships estimated higher SSC for a given T value at the disturbed site (FG3)
than at the forested site (FG1). In order to test for the impact of using the same T-SSC
relationship at both locations, we recalculated SSYev and the disturbance ratio using the T-

SSC relationship at FG3 to estimate SSC at both FG3 and FG1.

1.3.3 Modeling SSYEv with storm metrics

The relationship between SSYev and storm metrics was modeled as a log-linear

function:

SSYzy = aXP + BCF Equation 5

where X is a storm metric, the regression coefficients a and B are obtained by ordinary least
squares regression on the logarithms of X and SSYEev (Basher et al., 2011; Duvert et al.,
2012; Hicks, 1990) and BCF is the Smearing bias correction factor for log-transformation
bias (Duan, 2016; USGS and NRTWQ, 2016), which is recommended when residuals of the
log-log regression are non-normal (Boning, 1992; Koch and Smillie, 1986). The

Kolmogorov-Smirnov test showed the regression residuals were non-normally distributed.
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Four storm metrics were tested as predictors of SSYgy: Total event precipitation (Psum),
event Erosivity Index (El) (Hicks, 1990; Kinnell, 2013), total event water discharge (Qsum),
and maximum event water discharge (Qmax) (Duvert et al., 2012; Rodrigues et al., 2013).
The Erosivity Index describes the erosive power of rainfall and was calculated for each
storm event identified in Section 1.3.2.1 following the methodology of Kinnell (2013) using
only 1 min interval data at RG1. The discharge metrics (Qsum and Qmax) were normalized

by watershed area to compare different sized subwatersheds.

Model fits for each storm metric were compared using coefficients of determination (r?)
and Root Mean Square Error (RMSE). The correlation between storm metrics (X) and
SSYEev were quantified using non-parametric (Spearman) correlation coefficients. The
regression coefficients (o and ) for the Upper and Total watersheds were tested for
statistically significant differences using Analysis of Covariance (ANCOVA) (Lewis et al.,

2001).

1.3.4. Estimation of annual SSY

Annual SSY (mass) and sSSY (mass/area) were estimated using (1) the developed storm
metric-SSYev models, and (2) the ratio of annual storm precipitation to precipitation
measured during storms with SSYev data.

An annual SSY time-series was not possible due to the discontinuous field campaigns
and failure of or damage to the turbidimeters. Continuous records of P and Q were available
for 2014, so the log-linear storm metric-SSYev models (Equation 5), including log-bias
correction (Duan, 2016; Ferguson, 1986), were used to predict SSYgy for all storms in 2014
(Basher et al., 1997). For storms missing Qmax data at FG3, Qmax was predicted from a

linear regression between Qmax at FG1 and Qmax at FG3 for the study period (R? =0.88).
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Annual SSY and sSSY were also estimated by multiplying SSYev from measured storms
by the ratio of annual storm precipitation (Pevann) to precipitation during storms where
SSYev was measured (Pevmeas):

P .
SSYann = SSYEV_meas E S EVann Equatlon 6

P EVmeas

where SSYann is estimated annual SSY during storms, SSYev meas is SSYev from sampled
storms (all, Tables 2 and 4), Pevann is the precipitation during all storm events in a year,
where storms are defined using hydrography separation (1.3.2.1) and Pevmeas iS precipitation
during the set of sampled storms. Equation 6 assumes that the sediment yield per mm of
storm precipitation is constant over the year, and insensitive to the size distribution of
storms, though there is evidence that SSYev increases exponentially with storm size (Lewis
et al., 2001; Rankl, 2004). Equation 6 also ignores sediment yield during non-storm periods,
which is justified by the low SSC (typically under 20 mg/L) and Q (baseflow) observed

between storms.

1.4. Results

1.4.1 Field Data Collection

1.4.1.1 Precipitation

At RG1, P was 3,502 mm, 3,529 mm, and 3,709 mm in 2012, 2013, and 2014,
respectively, which averages 94% of long-term P (=3,800 mm) (PRISM data; Craig, 2009).
Daily P at RG1 was similar to P at Wx (regression slope=0.95, r>=0.87) and at RG2
(slope=0.75, r’=0.85). Higher P was expected at higher elevation at RG2 so lower P at RG2

was assumed to be caused by measurement error, as the only available sampling location
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was a forest clearing with high surrounding canopy. P measured at higher elevations would

be useful to determine the orographic effect, but for this analysis the absolute values of P in

each subwatershed are not as important since P and the Erosivity Index are only used as

predictive storm metrics. Given the near 1:1 relationship between daily P measured at RG1

and Wx, P was assumed to be homogenous over the Lower subwatershed.

1.4.1.2 Water discharge (Q)

Q at FG1 and FG3 was characterized by low but perennial baseflow, punctuated by

flashy hydrograph peaks (Figure 1.3). Storm events were generally smaller but more

frequent in the October-April wet season compared to the May-September dry season, when

the largest event in the three year monitoring period was observed (August 2014).
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Figure 1.3. Time series of water discharge (Q) at FG1 and FG3, calculated from measured
stage and the stage-discharge rating curves in a) 2012 b) 2013 and c) 2014.

1.4.1.3 Suspended Sediment Concentrations (SSC) during storm and non-storm periods
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Figure 1.4. Example of a storm event (02/14/2014). SSY at FG1 and FG3 calculated from
SSC modeled from T, and SSY at FG2 from SSC samples collected by the Autosampler.

An example of a storm event on 2/14/2014 (Figure 1.4) shows that SSC at FG2 was
highest on the rising limb of the hydrograph, and that T and SSC at FG3 were always higher

than at FG1. SSC was consistently lowest at FG1, highest downstream of the quarry (FG2),
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and intermediate downstream of the village (FG3), during both storm and non-storm periods
(Figure 1.5a, 5b). Mean and maximum SSC of all stream water samples were lowest at FG1
(1=28 mg/L, max=500 mg/L, n=59), highest at FG2 (u=337 mg/L, max=12,600 mg/L,
n=90), and intermediate at FG3 (u=148 mg/L, max=3,500 mg/L, n=159). SSC data at FG1-3
were non-normal, so non-parametric significance tests were applied. SSC was significantly
different among the three sites during non-storms and storms (p<10). Pair-wise Mann-
Whitney tests between FG1 and FG2 were significant (p<10 for both storms and non-
storms). FG2 and FG3 were significantly different for non-storm periods (p<0.05) but not

for storms (p>0.10) due to the high variance.
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Figure 1.5. Boxplots of Suspended Sediment Concentration (SSC) from grab samples only
(no Autosampler) at FG1, FG2, and FG3 during (a) non-stormflow and (b) stormflow.

SSC varied by several orders of magnitude for a given Q at FG1-3 (Figure 1.6) due to
significant hysteresis observed during storm periods (Figure 1.4). Maximum SSC at FG1
(500 mg/L) was sampled on 04/23/2013 at high Q (Qre1= 3,724 L/sec) (Figure 1.6a).

Maximum SSC at FG2 (12,600 mg/L) and FG3 (3,500 mg/L) were sampled during the same
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storm (03/05/2012) when brief but intense P caused high SSC runoff from the quarry, but Q
was low (Figure 1.6b-c). SSC was diluted downstream of the quarry by the addition of

runoff with lower SSC from the village and forest draining to FG3.
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Figure 1.6. Water discharge (Q) versus suspended sediment concentration (SSC) measured
from stream water samples at a) FG1, b) FG2, and ¢) FG3 during non-stormflow and
stormflow periods. The box in b) highlights the samples with high SSC during low flows.
Solid symbols indicate SSC samples where precipitation during the preceding 24 hours was
0 mm.

1.4.2 SSYkv for disturbed and undisturbed watersheds

A total of 210 storms were identified January, 2012, to December, 2014. A total of 169
storms had Q data at both FG1 and FG3 (Supplementary Material D, Table 1.1). SSC data
were recorded during 112 (FG1) and 74 storms (FG3). Of those storms, 42 had P, Q, and
SSC data at FG1 and FG3. Of those storms, 8 had P, Q, and SSC data at FG2. Storm events

ranged from 1 hour to 2 days, with mean duration of 13 hours.
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Table 1.2. Event-wise suspended sediment yield (SSY g\/) from subwatersheds in Faga'alu for

events with simultaneous data from FG1 and FG3. Storm numbers correspond with the storms
presented in Supplementary Material D Table 1.

SSYev % of

a
tons SSYEV Total PE ssC

Storm Precip

Stc;#rm Start mm  Upper® Lower® Total® Upper Lower Upper Total Datjipsp(:;rce Dat%)stglljrce
2 01/19/2012 18 0.06 0.63 0.69 80 91.0 56 36 T-TS int. grab
4 01/31/2012 35 0.03 1.92 1.95 1.0 98.0 56 118 T-TS T-YSI
5 02/01/2012 11 0.01 0.4 042 30 96.0 56 118 T-TS T-YSI
6 02/02/2012 16 0.06 1.02 1.08 5.0 94.0 56 118 T-TS T-YSI
7 02/03/2012 11 0.08 2.01 2.09 3.0 96.0 56 118 T-TS T-YSI
8 02/04/2012 6 0.0 0.51 051 00 99.0 56 118 T-TS T-YSI
9 02/05/2012 23 0.05 0.98 1.03 5.0 94.0 56 118 T-TS T-YSI
10 02/05/2012 21 0.09 1.93 2.02 4.0 95.0 56 118 T-TS T-YSI
11 02/06/2012 38 0.28 4.75 503 50 94.0 56 118 T-TS T-YSI
12 02/07/2012 4 0.01 0.13 0.15 9.0 90.0 56 118 T-TS T-YSI
13 02/07/2012 10 0.03 0.51 054 50 94.0 56 118 T-TS T-YSI
14 02/13/2012 11 0.0 0.27 0.27 1.0 98.0 56 118 T-TS T-YSI
16 03/05/2012 22 0.0 4.39 4.4 0.0 99.0 56 118 T-TS T-YSI
17 03/06/2012 56 0.19 9.05 9.25 20 97.0 56 118 T-TS T-YSI
18 03/08/2012 22 0.09 2.89 298 20 97.0 56 118 T-TS T-YSI
19 03/09/2012 19 0.2 2.78 297 6.0 93.0 56 118 T-TS T-YSI
20 03/15/2012 17 0.01 1.17 1.18 0.0 99.0 56 118 T-TS T-YSI
21 03/16/2012 34 0.08 212 2.2 3.0 96.0 56 118 T-TS T-YSI
22 03/17/2012 32 0.09 3.33 343 20 97.0 56 118 T-TS T-YSI
23 03/20/2012 24 0.04 0.84 0.88 4.0 95.0 56 118 T-TS T-YSI
24 03/21/2012 18 0.2 2.06 2.26 8.0 91.0 56 118 T-TS T-YSI
25 03/22/2012 34 0.37 5.75 6.12 5.0 94.0 56 118 T-TS T-YSI
27 03/24/2012 7 0.03 0.19 0.22 120 87.0 56 118 T-TS T-YSI
28 03/25/2012 49 0.7 1192 1262 50 94.0 56 118 T-TS T-YSI
29 03/31/2012 15 0.03 0.78 0.81 3.0 96.0 56 118 T-TS T-YSI
32 05/07/2012 11 0.0 131 131 0.0 99.0 56 118 T-TS T-YSI
33 05/08/2012 21 0.13 6.65 6.79 1.0 98.0 56 118 T-TS T-YSI
34 05/20/2012 13 0.0 0.47 0.48 0.0 99.0 56 118 T-TS T-YSI

64 04/16/2013 62 0.54 4.01 455 110 880 40 36 int. grab int. grab
70 04/23/2013 86 9.57 1351 23.08 410 58.0 40 36 int. grab int. grab

79 06/24/2013 9 0.01 0.13 014 7.0 920 43 77 T-YSI T-OBS
80 07/02/2013 13 0.02 0.28 0.3 5.0 940 43 77 T-YSI T-OBS
106 02/14/2014 25 0.26 1.57 182 140 850 43 51 T-YSI T-OBS
107 02/15/2014 7 0.04 0.63 0.67 6.0 93.0 43 51 T-YSI T-OBS
109 02/18/2014 12 0.01 0.81 081 0.0 99.0 43 51 T-YSI T-OBS
110 02/20/2014 29 0.13 3.71 384 30 96.0 43 51 T-YSI T-OBS
111 02/21/2014 51 2.55 7.03 958 260 73.0 43 51 T-YSI T-OBS
112 02/24/2014 16 0.09 0.56 065 130 860 43 51 T-YSI T-OBS
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113 02/24/2014 1 0.01 0.12 013 9.0 90.0 43 51 T-YSI T-OBS

114 02/25/2014 67 0.62 7.17 779 70 920 43 51 T-YSI T-OBS
115  02/27/2014 16 0.13 0.68 08 150 84.0 43 51 T-YSI T-OBS
116 02/27/2014 12 0.12 1.25 137 80 91.0 43 51 T-YSI T-OBS
Total/Avg 42 1004 17.0 1122 129.2 13 87 52 94
Tons/km? - - 18.8 1275 726 - - - -
DR - - 1 6.8 3.9 - - - -
a. PEiscumulative probable error (Equation 4) as a percentage of the mean observed SSYEev.
b. Measured SSYev at FG1.
C. SSYevat FG3 - SSYEev at FG1.
d. Measured SSYev at FG3.

1.4.2.1 Suspended sediment yield during storm events (SSYkgy) from Upper, Lower, and

Total watersheds

For the 42 storms with P, Q, and SSC data at both FG1 and FG3, SSYEv Total Was
1294121 tons, with 17+7 tons from the Upper watershed and 112 tons from the Lower
subwatershed (Table 1.2). The Upper and Lower subwatersheds are similar in size (0.90 km?
and 0.88 km?) but SSYev_Lower accounted for 87% of SSYEev at the watershed outlet. The DR
(Equation 4, SSSYEv_upper = 18.8 tons/km?) suggests sSSYev has increased by 6.8x in the
Lower subwatershed, and 3.9x for the Total watershed compared with undisturbed forest in

the Upper watershed.

1.4.2.2 SSY from disturbed and undisturbed portions of Upper, Lower, and Total

watersheds

In the Lower subwatershed, disturbed areas cover 10% of the surface but contributed

87% of SSYEev Lower. In the Total watershed, disturbed areas cover only 5.2% of the surface
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but contributed 75% of SSY ev _Total. SSSY from disturbed areas in the Lower subwatershed

was 1,095 tons/km?, or 58x the sSSY of undisturbed forest (Table 1.3).

Table 1.3. Suspended sedimentyield (SSY), specific suspended sediment
yield (sSSY), and disturbance ratio (DR) from disturbed portions of Upper and
Lower subwatersheds for the storm eventsin Table 1.2.

Upper? Lower Total

Fraction of subwatershed area disturbed (%) 0.4 10.1 5.2
SSY (tons) 17.0 112.2 129.2
Forested areas 16.9 14.9 31.7
Disturbed areas 0.1 97.3 97.5
% from disturbed areas 0.9 87 75
sSSY, disturbed areas (tons/km?) 41.0 1095.0 1053.1
DR for sSSY from disturbed areas® 2 58 56

a. Disturbedareasin Upper are bare areas from landslides.
b. Calculatedas (sSSY fromdisturbed areas)/sSSY from Upper (17.0 tons/km2)

1.4.2.3 Suspended sediment yield during storm events (SSYkgvy) from Lower_Quarry and

Lower_Village watersheds

For the 8 storms with P, Q, and SSC data at FG1-3, sSSY from the Upper,
Lower_Quarry, Lower_Village, and the Total watershed was 15, 61, 27, and 26 tons/km?,
respectively, with 29% of SSYev from the Upper subwatershed, 36% from the
Lower_Quarry subwatershed, and 35% from the Lower_Village subwatershed. The storms
in Table 1.4 may underrepresent the contributions of the quarry and village to SSY, since
they show a lower DR for the Total watershed (1.7x SSY upper) cOmpared with the 42 storms
in Table 1.2 (3.9x SSY ypper). SSSY increased by 4.1x in the Lower_Quarry subwatershed
and 1.8x in the Lower_Village subwatershed compared with the undisturbed Upper

watershed.
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Table 1.4. Event-wise suspended sediment yield (SSYEV) from subwatersheds in Faga'alu for events
with simultaneous data from FG1, FG2, and FG3. Storm numbers correspond with the storms
presented in Table 1.2 and Supplementary Material C Table 1.

Storm Precip SSYEy tons % of SSYEV_TOTAL
Storm# Start mm - ypperd Lower_ Lower_ | owerd Total® Upper Lower_ nger_ Lower
Quarryb Village® Quarry Village
2 01/19/2012 18 0.06 0.30 0.33 0.63 0.69 8 43 47 91
64 04/16/2013 62 0.54 2.77 1.24 4,01 4.55 11 60 27 88
70 04/23/2013 86 9.57 8.21 5.30 1351  23.08 41 35 22 58
106 02/14/2014 25 0.26 1.01 0.55 157 1.82 14 55 30 86
110 02/20/2014 29 0.13 1.60 211 371 3.84 3 41 54 96
111 02/21/2014 51 2.55 2.07 4.96 7.03 9.58 26 21 51 73
115 02/27/2014 16 0.13 0.08 0.59 0.68 0.80 16 9 73 85
116 02/27/2014 12 0.12 0.32 0.93 125 1.37 8 23 67 91
Total/Avg 8 299 13.4 16.4 16.0 324 45.7 29 36 35 71
Tons/km2 14.8 60.6 26.7 36.8 257 - - - -
DR 1.0 41 1.8 25 1.7 - - - -

a. Measured SSYEgy at FG1.
b. SSYEgy at FG2 - SSYEy at FGL1.

C. SSYEy at FG3 - SSYEy at FG2.
d. SSYEgy at FG3 - SSYEy at FGL1.
€. Measured SSYEy/ at FG3.

1.4.2.4 SSY from disturbed and undisturbed portions of Lower_Quarry and

Lower_Village watersheds

Disturbed areas cover small fractions of the subwatersheds, yet contributed roughly 77%
of SSY Ev_Lower Quarry (6.5% disturbed) and 51% of SSY ev_Lower village (11.7% disturbed).
Similarly, disturbed areas cover 5.2% of the Total watershed but contributed 75-45% of SSY
ev_Total (Tables 3 and 5). sSSY from disturbed areas in the Upper (37 tons/km?2),
Lower_Quarry (722 tons/km?), and Lower_Village subwatersheds (116 tons/km?) suggested
that disturbed areas increase sSSY over forested conditions by 49x and 8x in the
Lower_Quarry and Lower_Village subwatersheds, respectively. Human disturbance in the
Lower_Village subwatershed increased SSYev above natural levels but the magnitude of

disturbance was much lower than the quarry.
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Table 1.5. Suspended sediment yield (SSY), specific suspended sediment yield (sSSY), and
disturbance ratio (DR) from disturbed portions of Upper, Lower_Quarry, and Lower_Village
subwatersheds for the storm events in Table 1.4.

Upper Lower_Quarry Lower_Village Lower Total

Fraction of subwatershed area 0.4 6.5 11.7 10.1 5.2

disturbed (%)

SSY (tons) 13.4 16.4 16.0 32.4 45.7
Forested areas 13.3 3.7 7.8 11.7 25.0
Disturbed areas 0.1 12.7 8.2 20.7 20.7

% from disturbed areas 1 77 51 64 45

sSSY, disturbed areas (tons/km?)  37.0 721.6 116.2 232.8 223.9

DR for sSSY from disturbed 3 49 8 16 15

1.4.2.5 Error analysis

Cumulative Probable Errors (PE) in SSYEgy, calculated from measurement and model
errors in Q and SSC data, were 40-56% (u=52%) at FG1 and 36-118% (u=94%) at FG3.

The measurement error for Q at FG1 and FG3 was 8%, including area-velocity
measurements (6%), continuous Q measurement in a natural channel (6%), pressure
transducer error (0.1%), and streambed condition (firm, stable bed=0%) (DUET-H/WQ
look-up table (Harmel et al., 2006)). Model errors were 32% for the stage-Q rating curve
using Manning's equation at FG3, and 22% using HEC-RAS at FG1 (Supplementary
Material B).

The measurement error for SSC was 16 %, including interpolating over a 30 min interval
(5%), sampling during stormflows (3%), and measuring SSC by filtration (3.9%) (DUET-
H/WQ look-up table (Harmel et al., 2006)). Model errors of the T-SSC relationships were

13% (3 mg/L) for the YSI and TS turbidimeters at FG1, 112% (342 mg/L) for the YSI
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turbidimeter at FG3, and 47% (46 mg/L) for the OBS turbidimeter at FG3 (Supplementary
Material C).

SSC and resulting SSYev estimates are sensitive to the slope of the T-SSC rating curve,
so we tested the sensitivity of the DR and percent SSY contributions to different T-SSC
rating curves. The slope of the T-SSC rating curve for the YSI, deployed at FG3 in 2012,
was higher at FG3 than at FG1 (Supplementary Material C, Figure C.1a-b). Using the T-
SSC relationship from FGL1 to predict SSC at FG3 reduced the DR from 3.6 (Table 1.2) to
2.5, and changed the average SSYev contributions from 13% to 20% from the Upper
watershed, and from 87% to 80% from the Total watershed. We conclude that use of
different T-SSC relationships does not significantly change our conclusions about the

dominance of the Lower watershed in the sediment load to the coast.

1.4.3 Modeling SSYEv with storm metrics

1.4.3.1 Selecting the best predictor of SSYev

Qsum and Qmax were the best predictors of SSYev for the forested Upper watershed,
and Qmax was the best predictors for the Total watershed (Figure 1.7, Table 1.6). SSYEv is
calculated from Q so it is expected that Qsum correlated closely with SSYgy (Duvert et al.,
2012; Rankl, 2004). Discharge metrics were highly correlated with SSYEey in the Total
watershed, suggesting they are good predictors in both disturbed and undisturbed
watersheds. Most of the scatter in the Qmax-SSYEey relationship is observed for small
events, and Qmax correlated strongly with the largest SSYev values, when most of the

annual SSY is generated (Figure 1.7a).
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Table 1.6. Goodness-of-fit statistics for storm metric-SSY g\, relationships.
Spearman correlation coefficientssignificantat p<0.01.

Model Spearman r RMSE(tons) Intercept(s) Slope(p) BCF
Psum_Upper 0.70 0.39 431 0.003 1.10 2.71
Psum_Total 0.88 0.71 2.43 0.033 111 1.39
El_Upper 0.48 0.18 5.48 0.001 0.97 4.38
El_Total 0.73 0.55 2.98 0.001 1.32 2.00
Qsum_Upper 0.91 0.83 2.15 0.000 1.65 1.42
Qsum_Total 0.83 0.70 2.46 0.000 1.29 1.50
Qmax_Upper 0.90 0.79 2.36 0.398 151 2.12
Qmax_Total 0.80 0.67 2.59 2.429 141 1.49

1.4.3.2. Effect of event size and watershed disturbance

In general, SSYEev Totat Was higher than SSYev_upper for the full range of measured
storms with the exception of a few events. The outlier events could be from measurement
error or mass movements in the Upper watershed. The event with much higher SSYEev at
FG1 (Figure 1.7d) did not have corresponding data for FG2 or FG3, to determine if this
event was data error. The separation of multi-peak storm events, storm sequence, and
antecedent conditions may also play a role. While strong seasonality is not observed in
Faga'alu, low rainfall can persist for several weeks, perhaps altering water and sediment

dynamics in subsequent storm events.
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Figure 1.7. sSSYEev regression models for storm metrics. Each point represents a different
storm event. **=slopes and intercepts were statistically different (p<0.01), *=intercepts were

statistically different (p<0.01).

A higher intercept (o) for the human-disturbed compared to the undisturbed watershed
indicates higher SSYEev for the same size storm event. A difference in slope (B) indicates the
relative subwatershed contributions vary with storm size. All storm metric-SSYev model
intercepts (o) were significantly different (p<<0.01), but only the Qsum-SSYgyv model
showed significantly different slopes (B, p<0.01) (Figure 1.7, Table 1.6). The relative
sediment contribution from the human-disturbed watershed was hypothesized to diminish
with increasing storm size, but the results from P and Q metrics were contradictory. The
Qsum-SSYEev model indicates a decrease in relative contribution from the disturbed Lower

watershed, but the Psum- and Qmax-SSYev models show no change over increasing storm
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size (Figure 1.7). It was hypothesized that SSYev from undisturbed forest would become the
dominant source for larger storms, but the DR remains high for large storms due to naturally
low SSYEev from forest areas in Faga'alu watershed. This suggests that disturbed areas were

not supply limited for the range of sampled storms.

1.4.4 Estimation of annual SSY

Table 1.7. Precipitation totals and estimates of Annual SSY and sSSY calculated
using five different methods.

Equation 6

Psum model, Qmax model, Events in Eventsin All Measured
Eventsin 2014 Eventsin2014 Tablel.2 Tablel.4 Events

Precipitation

mm (% of Pevann) 2770 2770 1,004 (36%) 299 (11%) 3,457 (125%)
Annual SSY (tons/year)

Upper 35 129 46 120 41
Lower 152 526 310 300 388
Lower_Quarry - - - 150 -
Lower_Village - - - 150 -
Total 187 655 360 420 428

Annual sSSY (tons/km?/year)

Upper 39 143 51 140 45
Lower 173 598 350 340 441
Lower_Quarry - - - 560 -
Lower_Village - - - 250 -
Total 105 368 200 240 241

Annual SSY estimates varied, depending on which storm metric or set of storms (all,
Table 1.2, Table 1.4) was used. The Qmax models (with bias correction) and Equation 6
using all events gave different annual SSY estimates at both the Upper watershed (41-129
tons/yr) and the Total watershed (655-428 tons/yr). The Psum model resulted in much lower
estimates due to higher scatter about the Psum-SSYEv relationship for large events, even

with bias correction, compared with the more robust Qmax-SSYev model (Table 1.7). The
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Qmax-SSYev model prediction is sensitive to the storm-size distribution, with significantly
more SSYEey for events with higher Qmax. Comparing annual SSY estimates from different
methods, using different sets of storm sizes can therefore make it appear that there is much
disagreement when in fact this variability arises mostly from the variation in storm size
distribution.

Annual storm precipitation (Pevann) in 2014 was 2,770 mm, representing 69% of total
annual precipitation (3,709 mm). The remaining 31% of precipitation did not result in a rise
in stream level sufficient to be classified as an event with the hydrograph separation method.
All storms with measured SSYev_upper from 2012-2014 included 3,457 mm of precipitation
(Pevmeas), Or 125% of Pevann, SO estimated annual SSY upper (Equation 6) was 41 tons/yr (45
tons/kmz/yr). All storms with measured SSYev ot from 2012-2014 included 2,628 mm of
precipitation, or 95% of expected annual storm precipitation so estimated annual SSY Total

was 428 tons/yr (241 tons/km?/yr).

1.5. Discussion

1.5.1 SSC and SSYkyv for disturbed and undisturbed watersheds

1.5.1.1 SSC for disturbed and undisturbed watersheds in Faga'alu

At FG1, SSC variability during storms was assumed to be caused by landslides or
channel erosion (Figure 1.6a). Anecdotal and field observations reported unusually high
SSC at FG1 during 2013, possibly from landsliding during previous large storms (G.
Poysky, pers. comm.). At FG2 and FG3, additional variability in the Q-SSC relationship was
caused by changing sediment availability from quarrying operations and construction in the

village. High SSC values observed downstream of the quarry (FG2) during low Q were
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caused by two mechanisms: 1) P that generated high SSC runoff but did not result in storms
identified on the hydrograph, and 2) washing fine sediment into the stream during quarry
operations.

Given the close proximity of the quarry to the stream, SSC at FG2 was highly influenced
by mining activity like rock extraction, crushing, and/or hauling operations. During 2012, a
common practice for removing fine sediment from crushed aggregate was to rinse it with
water pumped from the stream. In the absence of retention structures the fine sediment was
discharged directly to Faga'alu stream, causing high SSC during non-storm periods with no
P in the preceding 24 hours (solid symbols, Figure 1.6b-c). In 2013 and 2014, riverine
discharge of rinsed sediment was discontinued, and sediment was piled on-site where

erosion of these changing stockpiles caused high SSC only during storm events.

1.5.1.2 Compare SSYgv with other kinds of sediment disturbance

SSY at Faga'alu was 3.9x higher than the natural background. Studies in similar
watersheds have documented one to several orders of magnitude increases in SSY from land
use that disturbs a small fraction of the watershed area (Stock et al., 2010). Urbanization
(construction-phase) and mining can increase SSY by two to three orders of magnitude in
catchments of several km?, exceeding yields from the most unstable, tectonically active
natural environments of Southeast Asia (Douglas, 1996). In three basins on St. John, US
Virgin Islands, unpaved roads increased sediment yields by 3-9 times (Ramos-Scharrén and
Macdonald, 2005). Disturbances at larger scales in other watersheds draining to coral reefs
have been similar to Faga'alu, such as the Great Barrier Reef (GBR) catchment (423,000
km?) where SSY increased by a factor of 5.5x since European settlement (Kroon et al.,

2012). Mining has been a major contributor of sediment in other watersheds on volcanic
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islands with steep topography and high precipitation, increasing sediment yields by 5-10
times in a watershed in Papua New Guinea (Hettler et al., 1997; Thomas et al., 2003). In
contrast to other land disturbances like fire, logging, or urbanization where sediment
disturbance decreases over time, the disturbance from mining is persistently high.
Disturbance magnitudes are similar to the construction phase of urbanization (Wolman and
Schick, 1967), or high-traffic unpaved roads (Reid and Dunne, 1984), but persist or even
increase over time,

While unpaved roads are often a major sediment source in humid forested regions
(Lewis et al., 2001; Ramos-Scharron and Macdonald, 2005; Reid and Dunne, 1984), most
roads in the urban area in Faga'alu were stabilized with aggregate and were not generating
significant amounts of sediment. Other disturbances in Faga'alu included a few small
agricultural plots, small construction sites and bare dirt on roadsides. Repeated surface
disturbance at the quarry is a key process maintaining high rates of sediment generation.

Annual sSSY from the quarry was estimated to be approximately 6,700 tons/km?/yr (Eq.
6). The quarry surfaces are comprised of haul roads, piles of overburden, and steep rock
faces which can be described as a mix of unpaved roads and cut-slopes. sSSY from
cutslopes varies from 0.01 tons/km?2/yr in Idaho (Megahan, 1980) to 105,000 tons/km?/yr in
Papua New Guinea (Blong and Humphreys, 1982), so the sSSY ranges measured in this

study are well within the ranges found in the literature.

1.5.2 Modeling SSYEv with storm metrics

Similar to other studies, the highest correlations with SSYy at Faga'alu were observed
for discharge metrics Qsum and Qmax (Basher et al., 2011; Duvert et al., 2012; Fahey et al.,

2003; Hicks, 1990; Rankl, 2004; Rodrigues et al., 2013). Given the high correlation
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coefficients between SSYev and Qmax in both watersheds, Qmax may be a promising
predictor that integrates both precipitation and discharge processes in diverse watersheds.

In Faga'alu, SSYev was least correlated with the EI. Rodrigues et al. (2013)
hypothesized that EI is poorly correlated with SSYEev due to the effect of previous events on
antecedent moisture conditions and in-channel sediment storage. Cox et al. (2006) found El
was more correlated with soil loss in an agricultural watershed than a forested watershed,
and Faga‘alu is mainly covered in dense forest. P was measured near the quarry (RG1),
which may reflect precipitation characteristics more accurately in the Lower than the Upper
watershed, and account for the lower correlation coefficients between SSYev_upper and Psum
and El. SSY Lower Was hypothesized to be generated by sheetwash and rill formation at the
quarry and agricultural plots, whereas SSY upper Was hypothesized to be from channel
processes and mass wasting. Mass wasting can contribute large pulses of sediment which
can be deposited near or in the streams and entrained at high discharges during later storm
events.

The Q-SSC relationship (sediment rating curve) coefficients including the intercept (o)
and slope () can be interpreted as a function of watershed characteristics (Asselman, 2000).
Similarly, Rankl (2004) hypothesized that the intercept in the Qmax-SSYEev relationship
varied with sediment availability and erodibility. While slopes in log-log space can be
compared directly (Duvert et al., 2012), intercepts must be plotted in similar units and
normalized by watershed area. Most studies do not correct storm metric-SSY models for
log-bias, as is suggested by Ferguson (1986) for Q-SSC relationships, so we calculated the
bias correction factor separately from the intercept (Equation 5) to compare our model

slopes and intercepts with these other studies. In five semi-arid to arid watersheds (2.1 -
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1,538 km?) in Wyoming, United States, Qmax- SSYEev relationship intercepts ranged from
111 - 4,320 (Qmax in m?¥/s/km?, SSYev in Mg/km?) (Rankl, 2004). In eight sub-humid to
semi-arid watersheds (0.45-22 km?), intercepts ranged from 25-5,039 (Duvert et al., 2012).
In Faga'alu, intercepts were 0.4 and 2.4 in the undisturbed and disturbed watersheds,
respectively. These intercepts are 1-2 orders of magnitude lower than in Rankl (2004) and
Duvert et al. (2012), suggesting that sediment availability is relatively low under natural and
human-disturbed conditions in Faga‘alu.

High slope values in the log-log plots (B coefficient) suggest that small increases in
stream discharge correlate with large increases in sediment load due to the erosive power of
the stream or the availability of new sediment sources at high Q (Asselman, 2000). Rankl
(2004) assumed that the slope was a function of rainfall intensity on hillslopes and found
that the slopes were not statistically different among watersheds and ranged from 1.07-1.29
in semi-arid Wyoming. In watersheds in Duvert et al. (2012), slopes ranged from 0.95-1.82,
and from 1.06-2.45 in eighteen other watersheds (0.60-1,538 km?) in diverse geographical
settings (Basher et al., 1997; Fahey and Marden, 2000; Hicks et al., 2009; Rankl, 2004;
Tropeano, 1991). In Faga'alu, slopes were 1.51 and 1.41 in the undisturbed and disturbed
watersheds, respectively. These slopes are consistent with the slopes in Rankl (2004) and

Duvert et al. (2012), despite large differences in climate and land cover.

1.5.3 Estimation of annual SSY

Sediment yield is highly variable among watersheds, but is generally controlled by
climate, vegetation cover, and geology, with human disturbance playing an increasing role
in the 20th century (Syvitski et al., 2005). Sediment yields in tropical Southeast Asia and

high-standing islands between Asia and Australia range from ~10 tons/km?2/yr in the granitic
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Malaysian Peninsula to ~10,000 tons/km?/yr in the tectonically active, steeply sloped island
of Papua New Guinea (Douglas, 1996). Sediment yields from Faga'alu are on the lower end
of the range, with sSSY of 45-143 tons/km?#/yr from the undisturbed Upper watershed, and
241-368 tons/km?/yr from the disturbed Total watershed (estimated from Qmax model with
bias correction and Equation 6 with all events).

Table 8. Annual Specific Suspended Sediment Yield (sSSY) from steep, volcanic islands in

the tropical Pacific.

Location Drainage area Mean annual sSSY range Reference
(km?) precipitation (mm) tons/km?/vr
Faga'alu Upper 0.88 45-143 This study
Faga'alu Total 1.78 2.380-6,350 241-368 This study
(varies with elevation)
Kawela, Molokai 135 500-3,000 394 (Stock and Tribble, 2010)
(varies with elevation)
Hanalei, Kauai 60.04 500 - 9,500 545 + 128 (Ferrier et al., 2013)
(varies with elevation)
Hanalei, Kauai 48.4 2,000-11,000 525 (Stock and Tribble, 2010)
(varies with elevation)
Hanalei, Kauai 54.4 2,000-11,000 140455 (Calhoun and Fletcher,
(varies with elevation) 1999)
St. John, USVIa 35 1,300-1,400 18 (Ramos-Scharrén and
Macdonald, 2007)
St. John, USVI 2.3 1,300-1,400 24 (Nemeth and Nowlis, 2001)
St. John, USVI 6 1,300-1,400 36 (Nemeth and Nowlis, 2001)
Oahu 104 1,000-3,800 330+130; 200+£100 (Hill et al., 1997)
(varies with elevation) (varies with method)
Barro Colorado, 0.033 2,623+458 100-200 (Zimmermann et al., 2012)
Panama
Fly River, PNG 76,000 up to 10,000 1,000-1,500 (Milliman, 1995)
Purari River, PNG 35,000 3,000 “
Milliman and Syvitski (1992) Model *
sSSY = cAf
River system (Relief, m) c f sSSY tons/km?/yr
High Mountain (>3000) 280 -0.54 Upper = 296
Total =205
South Asia/Oceania (1000-3000) 65 -0.46 Upper = 68
Total = 50
Upland (500-1000) 12 -0.59 Upper = 13
Total =9

a. A is watershed area (km?); c and f are regression coefficients for region and maximum watershed elevation
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Milliman and Syvitski (1992) report high average sSSY (1,000-3,000 tons/kmz2/yr) from
watersheds (10-100,000 km2) in tropical Asia and Oceania. Their regional models of sSSY
as a function of basin size and maximum elevation were not corrected for log-transform
bias, but predict only 13 tons/km?/yr from watersheds with peak elevation 500-1,000 m
(highest point of Upper Faga'alu subwatershed is 653 m), and 68 tons/km?2/yr for max
elevations of 1,000-3,000 (Table 1.8). Given the high vegetation cover and lack of human
disturbance in the Upper subwatershed, sSSY is expected to be lower than watersheds
presented in Milliman and Syvitski (1992), but sSSY from the forested Upper Faga'alu
subwatershed (45-68 tons/km?/yr) was approximately three to five times higher than the
prediction from the Milliman and Syvitski (1992) model (13 tons/km?2/yr). There is large
scatter around their model for smaller watersheds, and the Faga'alu data fall within the range
of scatter (Figures 5e and 6e in Milliman and Syvitski (1992)). Faga'alu is also a much
smaller watershed and the study period was relatively short (3 years) compared to others
included in their models.

SSY was measured from two disturbed Hawaiian watersheds which are
physiographically similar though larger than Faga'alu: Hanalei watershed on Kauai
(“Hanalei”, 54 km?), and Kawela watershed on Molokai (“Kawela”, 14 km?) (Table 1.8)
(Ferrier et al., 2013; Stock and Tribble, 2010). Hanalei had slightly higher rainfall (3,866
mm/yr) than Faga'alu (3,247 mm/yr) but slightly lower SSC (mean 63 mg/L, maximum of
2,750 mg/L) than the Total Faga'alu watershed (mean 148 mg/L, maximum 3,500 mg/L)
(Ferrier et al., 2013; Stock and Tribble, 2010). Kawela is drier than Faga'alu (P varies with
elevation from 500-3,000 mm) and had much higher SSC (mean 3,490 mg/L, maximum

54,000 mg/L) than the Total Faga'alu watershed. SSY from Hanalei was 369 + 114
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tons/km?/yr (Ferrier et al., 2013), which is higher than the undisturbed subwatershed in
Faga'alu (45-143 tons/km?/yr) but similar to the disturbed Lower (441-598 tons/km?/yr)
subwatersheds. Stock and Tribble (2010) estimated SSY from Kawela was 459 tons/km?/yr,
similar to the disturbed Lower Faga'alu watershed, but higher than the Total Faga'alu
watershed (241-368 tons/km?/yr). Overall, both Hawaiian watersheds have higher sSSY than
Faga'alu, which is consistent with the low Qmax-SSYEev intercepts and suggests Faga'alu has
relatively low erosion rates for a steep, volcanic watershed. Precipitation variability may
contribute to the difference in SSY, so a more thorough comparison between Hanalei and

Faga'alu would require a storm-wise analysis of the type performed here.

1.6. Conclusion

Human disturbance has increased sediment yield to Faga'alu Bay to 3.9x pre-disturbance
levels. The human-disturbed subwatershed accounted for the majority (87%) of Total
sediment yield, and the quarry (1.1% of watershed area) contributed about a third of Total
SSY to the Bay. The anthropogenic impact on SSYev may vary by storm magnitude, as
documented in Pacific Northwest forests (Lewis et al., 2001), but the storm metric models
developed here showed contradictory results. Qmax was a good predictor of SSYev in both
the disturbed and undisturbed watersheds, making it a promising predictor in diverse
environments. The slopes of the Qmax-SSYEev relationships were comparable with other
studies, but the model intercepts were an order of magnitude lower than intercepts from
watersheds in semi-arid to semi-humid climates. This suggests that sediment availability is

relatively low in the Faga'alu watershed, either because of the forest cover or volcanic rock

type.

48



This study presents an innovative method to combine sampling and analysis to measure
sediment contributions from key sources, estimate baseline annual sediment yields prior to
management, and rapidly develop an empirical sediment yield model for a remote, data-poor
watershed. While the instantaneous Q-SSC relationship showed large increases in SSC
downstream of key sources, the hysteresis and interstorm variability meant that a single Q-
SSC relationship could not be used to estimate sediment loading, which is common in many
watersheds (Asselman, 2000; Stock and Tribble, 2010). From a management perspective,
the event-wise approach was useful for determining change over space and time without the
problem of interannual variability in precipitation or the need for continuous, multi-year
monitoring in a remote area. This approach is less expensive than efforts to measure annual
yields and can be rapidly conducted if mitigation or disturbance activities are already

planned.
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1.8 Supplementary Material for Chapter One

Supplementary Material A. Dams in Faga'alu watershed

Faga'alu stream was dammed at 4 locations above the village: 1) Matafao Dam

(elevation 244 m) near the base of Mt. Matafao, draining 0.20 km?, 2) Vaitanoa Dam at
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Virgin Falls (elevation 140 m), draining an additional 0.44 km?, 3) a small unnamed dam
below Vaitanoa Dam at elevation 100m, and 4) Lower Faga'alu Dam (elevation 48 m),
immediately upstream of a large waterfall 30 m upstream of the quarry, draining an
additional 0.26 km? (Tonkin & Taylor International Ltd., 1989). A 2012 aerial LIDAR
survey (Photo Science, Inc.) indicates the drainage area at the Lower Faga'alu Dam is 0.90
km2. A small stream capture/reservoir (~35 m3) is also present on a side tributary that joins
Faga'alu stream on the south bank, opposite the quarry. It is connected to a ~6 cm diameter
pipe but it is unknown when or by whom it was built, its initial capacity, or if it is still
conveying water. During all site visits water was overtopping this small structure through
the spillway crest, suggesting it is fed by a perennial stream.

Matafao Dam was constructed in 1917 for water supply to the Pago Pago Navy base,
impounding a reservoir with initial capacity of 1.7 million gallons (6,400 m3) and piping the
flow out of the watershed to a hydropower and water filtration plant in Fagatogo. In the
early 1940's the Navy replaced the original cement tube pipeline and hydropower house with
cast iron pipe but it is unknown when the scheme fell out of use (Tonkin & Taylor
International Ltd., 1989; URS Company, 1978). Remote sensing and a site visit on 6/21/13
confirmed the reservoir is still filling to the spillway crest with water and routing some flow
to the Fagatogo site, though the amount is much less than the 10 in. diameter pipes
conveyance capacity and the flow rate variability is unknown. A previous site visit on
2/21/13 by American Samoa Power Authority (ASPA) found the reservoir empty of water
but filled with an estimated 3-5 meters of fine sediment (Kearns, pers. comm.). Interviews
with local maintenance staff and historical photos confirmed the Matafao Reservoir was

actively maintained and cleaned of sediment until the early 70's.
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The Vaitanoa (Virgin Falls) Dam, was built in 1964 to provide drinking water but the
pipe was not completed as of 10/19/89, and a stockpile of some 40 (8 ft. length) 8 in.
diameter asbestos-cement pipes was found on the streambanks. Local quarry staff recall the
pipes were removed from the site sometime in the 1990's. The Vaitanoa Reservoir had a
design volume of 4.5 million gallons (17,000m?3), but is assumed to be full of sediment since
the drainage valves were never opened and the reservoir was overtopping the spillway as of
10/18/89 (Tonkin & Taylor International Ltd., 1989). A low masonry weir was also
constructed downstream of the Vaitanoa Dam, but not connected to any piping.

The Lower Faga'alu Dam was constructed in 1966/67 just above the Samoa Maritime,
Ltd. Quarry, as a source of water for the LBJ Medical Centre. It is unknown when this dam
went out of use but in 1989 the 8 in. conveyance pipe was badly leaking and presumed out
of service. The 8 in. pipe disappears below the floor of the Samoa Maritime quarry and it is
unknown if it is still conveying water or has plugged with sediment. The derelict filtration
plant at the entrance to the quarry was disconnected prior to 1989 (Tonkin & Taylor
International Ltd., 1989). The original capacity was 0.03 million gallons (114 m3) but is now
full of coarse sediment up to the spillway crest. No reports were found indicating this

structure was ever emptied of sediment.

Supplementary Material B. Stream gaging in Faga'alu Watershed

Stream gaging sites were chosen to take advantage of an existing control structure at
FG1 (Figure B.1) and a stabilized stream cross section at FG3 (Figure B.2)(Duvert and
Gratiot, 2010). At FG1 and FG3, Q was calculated from 15 minute interval stream stage
measurements, using a stage-Q rating curve calibrated to manual Q measurements made

under baseflow and stormflow conditions (Figures B.3 and B.4). Stream stage was measured
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with non-vented pressure transducers (PT) (Solinst Levelogger or Onset HOBO Water Level
Logger) installed in stilling wells at FG1 and FG3. Barometric pressure data collected at Wx
were used to calculate stage from the pressure data recorded by the PT. Data gaps in
barometric pressure from Wx were filled by data from stations at Pago Pago Harbor
(NSTP6) and NOAA Climate Observatory at Tula (TULA) (Figure 1.1). Priority was given
to the station closest to the watershed with valid barometric pressure data. Barometric data
were highly correlated and the data source made little (<1cm) difference in the resulting
water level. Q was measured in the field by the area-velocity method (AV) using a Marsh-
McBirney flowmeter to measure flow velocity and channel surveys measure cross-sectional
area (Harrelson et al., 1994; Turnipseed and Sauer, 2010).

AV-Q measurements could not be made at high stages at FG1 and FG3 for safety
reasons, so stage-Q relationships were constructed to estimate a continuous record of Q. At
FG3, the channel is rectangular with stabilized rip-rap on the banks and bed (Figure B.2).
Recorded stage varied from 4 to 147 cm. AV-Q measurements (n= 14) were made from 30
to 1,558.0 L/sec, covering a range of stages from 6 to 39 cm. The highest recorded stage was
much higher than the highest stage with measured Q so the rating could not be extrapolated
by a power law. Stream conditions at FG3 fit the assumption for Manning's equation, so the
stage-Q rating at FG3 was created using Manning's equation, calibrating Manning's n
(0.067) to the Q measurements (Figure B.3).

At FG1, the flow control structure is a masonry ogee spillway crest of a defunct stream
capture. The structure is a rectangular channel 43 cm deep that transitions abruptly to gently
sloping banks, causing an abrupt change in the stage-Q relationship (Figure B.1). At FG1,

recorded stage height ranged from 4 to 120 cm, while area-velocity Q measurements (n= 22)
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covered stages from 6 to 17 cm. Since the highest recorded stage (120 cm) was higher than
the highest stage with measured Q (17 cm), and there was a distinct change in channel
geometry above 43 cm the rating could not be extrapolated by a power law. The flow
structure did not meet the assumptions for using Manning's equation to predict flow so the
HEC-RAS model was used (Brunner, 2010). The surveyed geometry of the upstream
channel and flow structure at FG1 were input to HEC-RAS, and the HEC-RAS model was
calibrated to the Q measurements (Figure B.4). While a power function fit Q measurements
better than HEC-RAS for low flow, HEC-RAS fit better for Q above the storm threshold
used in analyses of SSY (Figure B.4).
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Figure B.1. Stream cross-section at FG1
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Figure B.2. Stream cross-section at FG3
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Figure B.3. Stage-Discharge relationships for stream gaging site at FG3 for (a) the full range

of observed stage and (b) the range of stages with AV measurements of Q. RMSE was 93
L/sec, or 32% of observed Q.
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Figure B.4. Stage-Discharge relationships for stream gaging site at FG1 for (a) the full range
of observed stage and (b) the range of stages with AV measurements of Q. RMSE was 31
L/sec, or 22% of observed Q. "Channel Top™" refers to the point where the rectangular
channel transitions to a sloped bank and cross-sectional area increases much more rapidly
with stage. A power-law relationship is also displayed to illustrate the potential error that
could result if inappropriate methods are used.

Supplementary Material C. Turbidity-Suspended Sediment Concentration rating
curves for turbidimeters in Faga'alu

Turbidity (T) was measured at FG1 and FG3 using three types of turbidimeters: 1)
Greenspan TS3000 (TS), 2) YSI 6000MS with 6136 turbidity probe (YSI), and 3) Campbell
Scientific OBS500 (OBS). All turbidimeters were permanently installed in protective PVC
housings near the streambed where the turbidity probe would be submerged at all flow
conditions, with the turbidity probe oriented downstream. Despite regular maintenance,
debris fouling during storm and baseflows was common and caused data loss during several
storm events. Storm events with incomplete or invalid T data were not used in the analysis.

A three-point calibration was performed on the YSI turbidimeter with YSI turbidity
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standards (0, 126, and 1000 NTU) at the beginning of each field season and approximately
every 3-6 months during data collection. Turbidity measured with 0, 126, and 1000 NTU
standards differed by less than 10% (4-8%) during each recalibration. The OBS requires
calibration every two years, so recalibration was not needed during the study period. All
turbidimeters were cleaned following storms to ensure proper operation.

At FG3, a YSI turbidimeter recorded T (NTU) at 5 min intervals from January 30, 2012,
to February 20, 2012, and at 15 min intervals from February 27, 2012 to May 23, 2012,
when it was damaged during a large storm. The YSI turbidimeter was replaced with an OBS,
which recorded Backscatter (BS) and Sidescatter (SS) at 5 min intervals from March 7,
2013, to July 15, 2014 (OBSa), and was resampled to 15 min intervals. No data was
recorded from August 2013-January 2014 when the wiper clogged with sediment. A new
OBS was installed at FG3 from January, 2014, to August, 2014 (OBSb). To correct for some
periods of high noise observed in the BS and SS data recorded by the OBSa in 2013, the
OBSb installed in 2014 was programmed to make a burst of 100 BS and SS measurements
at 15 min intervals, and record Median, Mean, STD, Min, and Max. All BS and SS
parameters were analyzed to determine which showed the best relationship with SSC. Mean
SS showed the highest r2 and is a physically comparable measurement to NTU measured by
the YSIl and TS (Anderson, 2005).

At FG1, the TS turbidimeter recorded T (NTU) at 5 min intervals from January 2012
until it was vandalized and destroyed in July 2012. The YSI turbidimeter, previously
deployed at FG3 in 2012, was repaired and redeployed at FG1 and recorded T (NTU) at 5

min intervals from June 2013 to October 2013, and January 2014 to August 2014. T data
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was resampled to 15 min intervals to compare with SSC samples for the T-SSC relationship,
and to correspond to Q for calculating SSY.

A unique T-SSC relationship was developed for the YSI and both OBS turbidimeters, at
each location of deployment, using 15 min interval T data and SSC samples from storm
periods only (Figure C.1). The TS meter at FG1 was vandalized before sufficient samples
had been collected to establish a T-SSC relationship for high T data, so the T-SSC
relationship from the YSI was used for the TS data. The T-SSC relationships were
developed using 3 SSC samples taken at FG1 with the YSI, 12 at FG1 with the TS, 33 at
FG3 with the YSI, 14 with OBSa at FG3 and 15 with OBSb at FG3. A "synthetic" T-SSC
relationship was also developed by placing the turbidimeter in a black tub with water, and
sampling T and SSC as sediment was added (Figure C.2), but results were not comparable to
T-SSC relationships developed under actual storm conditions (Minella et al., 2008) and were
not used in further analyses.

The T-SSC relationships varied among sampling sites and sensors but all showed
acceptable r? values (0.79-0.99). Lower error was achieved by using grab samples collected
during stormflows only. For the TS deployed at FG1, the r? values was high (0.58) but the
range of T and SSC values were considered too small (0-16 NTU) compared to the
maximum observed during the deployment period (1,077 NTU) to develop a robust
relationship for higher T values. Instead, the T-SSC relationship developed for the YSI
turbidimeter installed at FG1 (Figure C.1a-b, dotted line) was used to calculate SSC from T
data collected by the TS and the YSI at FG1. The T-SSC relationship from the limited data
for the TS at FG1 was similar to the T-SSC relationship for the YSI at FG1. For the YSI,

more scatter was observed in the T-SSC relationship at FG3 than at FG1 (Figure C.1a-b),
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which could be attributed to the higher number and wider range of values sampled, and to
temporal variability in sediment characteristics. The OBSa and OBSb turbidimeters had high

r? values (0.82, 0.93) and compared well between the two periods of deployment (Figure

C.1c-d).
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Figure C.1. Turbidity-Suspended Sediment Concentration relationships for a-b) the YSI
turbidimeter deployed at FG3 (02/27/2012-05/23/2012) and the same Y'SI turbidimeter
deployed at FG1 (06/13/2013-12/31/2014) (Same T-SSC relationship applied for TS
deployed at FG1). c-d) OBS500 turbidimeter deployed at FG3 (03/11/2013-07/11/2013) and
the same OBS500 turbidimeter deployed at FG3 (01/31/2014-03/04/2014).
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Figure C.2. Synthetic Rating Curves for (a) OBS turbidimeter deployed at FG3 and (b) YSI
deployed at FGL1.

Supplementary Material D. Water discharge during storm events
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Figure D.1. Example of method for separating storms based on baseflow separation. Black
line is hydrograph, grey line is baseflow calculated by R statistical package EcoHydRology.
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Storm periods are shaded in grey. Seven storm events are identified from March 3, 2013 to
March 13, 2013.

Table D.1. Water discharge from subwatersheds in Faga'alu. Includes all storm events for
2012,2013, and 2014.

Discharae m3 Percentane
Storm# _Storm Start Precio mm Upper Lower Total Upper _Lower

1 01/18/2012 70.0 10765.0 12319.0 23084.0 46.0 53.0
2 01/19/2012 18.0 8117.0 11055.0 19172.0 42.0 57.0
3 01/25/2012 79.0 17887.0 17125.0 35012.0 51.0 48.0
4 01/31/2012 35.0 6467.0 7868.0 14335.0 45.0 54.0
5 02/01/2012 11.0 4071.0 5767.0 9838.0 41.0 58.0
6 02/02/2012 16.0 9224.0 14750.0 23974.0 38.0 61.0
7 02/03/2012 11.0 12729.0 18682.0 31411.0 40.0 59.0
8 02/04/2012 6.0 1359.0 2765.0 4124.0 32.0 67.0
9 02/05/2012 23.0 8374.0 12716.0 21090.0 39.0 60.0
10 02/05/2012 21.0 9603.0 16471.0 26074.0 36.0 63.0
11 02/06/2012 38.0 20080.0 25795.0 45875.0 43.0 56.0
12 02/07/2012 4.0 2643.0 2970.0 5613.0 47.0 52.0
13 02/07/2012 10.0 5178.0 6536.0 11714.0 44.0 55.0
14 02/13/2012 11.0 1186.0 1548.0 2734.0 43.0 56.0
15 02/23/2012 17.0 11491.0 15655.0 27146.0 42.0 57.0
16 03/05/2012 22.0 1449.0 4629.0 6078.0 23.0 76.0
17 03/06/2012 56.0 13131.0 17173.0 30304.0 43.0 56.0
18 03/08/2012 22.0 6904.0 4946.0 11850.0 58.0 41.0
19 03/09/2012 19.0 12850.0 10482.0 23332.0 55.0 44.0
20 03/15/2012 17.0 2138.0 3305.0 5443.0 39.0 60.0
21 03/16/2012 34.0 8794.0 10815.0 19609.0 44.0 55.0
22 03/17/2012 32.0 9756.0 12562.0 22318.0 43.0 56.0
23 03/20/2012 24.0 3621.0 3782.0 7403.0 48.0 51.0
24 03/21/2012 18.0 13828.0 14072.0 27900.0 49.0 50.0
25 03/22/2012 34.0 14265.0 19236.0 33501.0 42.0 57.0
26 03/23/2012 16.0 5544.0 5833.0 11377.0 48.0 51.0
27 03/24/2012 7.0 5264.0 3865.0 9129.0 57.0 42.0
28 03/25/2012 49.0 31904.0 30062.0 61966.0 51.0 48.0
29 03/31/2012 15.0 2106.0 2468.0 4574.0 46.0 53.0
30 04/03/2012 9.0 1184.0 1237.0 2421.0 48.0 51.0
31 05/02/2012 30.0 2880.0 4833.0 7713.0 37.0 62.0
32 05/07/2012 11.0 1327.0 1890.0 3217.0 41.0 58.0
33 05/08/2012 21.0 6129.0 6038.0 12167.0 50.0 49.0
34 05/20/2012 13.0 1025.0 1306.0 2331.0 43.0 56.0
35 05/22/2012 52.0 15584.0 14239.0 29823.0 52.0 47.0
36 05/23/2012 86.0 104576.0 18743.0 123319.0 84.0 15.0
37 05/24/2012 34.0 41794.0 19271.0 61065.0 68.0 31.0
38 05/25/2012 5.0 1255.0 999.0 2254.0 55.0 44.0
39 05/26/2012 37.0 38685.0 27294.0 65979.0 58.0 41.0
40 06/02/2012 20.0 4486.0 4717.0 9203.0 48.0 51.0
41 06/03/2012 22.0 13122.0 8781.0 21903.0 59.0 40.0
42 06/04/2012 38.0 32150.0 25378.0 57528.0 55.0 44.0
43 06/05/2012 8.0 12702.0 10050.0 22752.0 55.0 44.0
44 06/06/2012 8.0 5433.0 3525.0 8958.0 60.0 39.0
45 06/07/2012 7.0 13217.0 8988.0 22205.0 59.0 40.0
46 07/08/2012 34.0 5660.0 5623.0 11283.0 50.0 49.0
47 07/08/2012 12.0 4528.0 6015.0 10543.0 42.0 57.0
48 07/26/2012 31.0 4796.0 6411.0 11207.0 42.0 57.0
49 07/27/2012 13.0 5516.0 6385.0 11901.0 46.0 53.0
50 08/07/2012 13.0 882.0 1571.0 2453.0 35.0 64.0
51 08/08/2012 44.0 17172.0 9804.0 26976.0 63.0 36.0
52 02/27/2013 4.0 756.0 1452.0 2208.0 34.0 65.0
53 03/03/2013 19.0 792.0 2509.0 3301.0 23.0 76.0
54 03/05/2013 11.0 541.0 1777.0 2318.0 23.0 76.0
55 03/05/2013 33.0 4994.0 16176.0 21170.0 23.0 76.0
56 03/06/2013 22.0 10726.0 26751.0 37477.0 28.0 71.0
57 03/07/2013 5.0 775.0 1819.0 2594.0 29.0 70.0
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09/01/2013
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09/08/2013
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02/16/2014
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02/21/2014
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03/14/2014
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680.0
19107.0
2580.0
2151.0
545.0
369.0
10340.0
17144.0
1767.0
846.0
1621.0
6704.0
63144.0
5893.0
10542.0
82708.0
3789.0
1247.0

138613.0

1785.0
11314.0
4587.0
3320.0
5520.0
2663.0
5815.0
14544.0
13957.0
16092.0
2243.0
5886.0
3645.0
12492.0
26772.0
3752.0
60145.0
1255.0
47275.0
1521.0
13038.0
1980.0
2963.0
9592.0
3390.0
4392.0
4093.0
3541.0
2970.0
11129.0
4178.0
1800.0
2064.0
7151.0
19822.0
3512.0
2437.0
23172.0
9496.0
11970.0
1435.0
2988.0
17760.0
9943.0
13503.0
2813.0
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2571.0
40420.0
5269.0
7704.0
1474.0
1297.0
28165.0
42894.0
4655.0
2178.0
5532.0
27501.0
33894.0
7407.0
13364.0
39233.0
5916.0
1772.0
27276.0
1950.0
6350.0
2955.0
2578.0
6316.0
1162.0
4509.0
25462.0
28596.0
34908.0
1888.0
4163.0
3731.0
10070.0
63930.0
7636.0
47130.0
2297.0
73771.0
3582.0
24494.0
3709.0
5490.0
15806.0
5620.0
4692.0
4949.0
4793.0
3809.0
10822.0
5397.0
3838.0
7026.0
23927.0
41477.0
4329.0
2558.0
53565.0
10192.0
16225.0
1441.0
1869.0
23829.0
13565.0
19938.0
5276.0

3251.0
59527.0
7849.0
9855.0
2019.0
1666.0
38505.0
60038.0
6422.0
3024.0
7153.0
34205.0
97038.0
13300.0
23906.0

121941.0

9705.0
3019.0

165889.0

3735.0
17664.0
7542.0
5898.0
11836.0
3825.0
10324.0
40006.0
42553.0
51000.0
4131.0
10049.0
7376.0
22562.0
90702.0
11388.0

107275.0

3552.0

121046.0

5103.0
37532.0
5689.0
8453.0
25398.0
9010.0
9084.0
9042.0
8334.0
6779.0
21951.0
9575.0
5638.0
9090.0
31078.0
61299.0
7841.0
4995.0
76737.0
19688.0
28195.0
2876.0
4857.0
41589.0
23508.0
33441.0
8089.0

20.0
32.0
32.0
21.0
26.0
22.0
26.0
28.0
27.0
27.0
22.0
19.0
65.0
44.0
44.0
67.0
39.0
41.0
83.0
47.0
64.0
60.0
56.0
46.0
69.0
56.0
36.0
32.0
31.0
54.0
58.0
49.0
55.0
29.0
32.0
56.0
35.0
39.0
29.0
34.0
34.0
35.0
37.0
37.0
48.0
45.0
42.0
43.0
50.0
43.0
31.0
22.0
23.0
32.0
44.0
48.0
30.0
48.0
42.0
49.0
61.0
42.0
42.0
40.0
34.0

79.0
67.0
67.0
78.0
73.0
77.0
73.0
71.0
72.0
72.0
77.0
80.0
34.0
55.0
55.0
32.0
60.0
58.0
16.0
52.0
35.0
39.0
43.0
53.0
30.0
43.0
63.0
67.0
68.0
45.0
41.0
50.0
44.0
70.0
67.0
43.0
64.0
60.0
70.0
65.0
65.0
64.0
62.0
62.0
51.0
54.0
57.0
56.0
49.0
56.0
68.0
77.0
76.0
67.0
55.0
51.0
69.0
51.0
57.0
50.0
38.0
57.0
57.0
59.0
65.0



123 03/23/2014 11.0 1337.0 4027.0 5364.0 24.0 75.0
124 03/24/2014 6.0 1576.0 3013.0 4589.0 34.0 65.0
125 03/28/2014 8.0 1512.0 3724.0 5236.0 28.0 71.0
126 04/01/2014 33.0 1740.0 7044.0 8784.0 19.0 80.0
127 04/06/2014 61.0 13915.0 27351.0 41266.0 33.0 66.0
128 04/08/2014 18.0 4986.0 10385.0 15371.0 32.0 67.0
129 04/09/2014 18.0 6119.0 11750.0 17869.0 34.0 65.0
130 04/11/2014 14.0 3586.0 7585.0 11171.0 32.0 67.0
131 04/16/2014 9.0 565.0 2162.0 2727.0 20.0 79.0
132 04/17/2014 12.0 2271.0 4559.0 6830.0 33.0 66.0
133 04/17/2014 9.0 3767.0 7636.0 11403.0 33.0 66.0
134 04/18/2014 15.0 5828.0 12730.0 18558.0 31.0 68.0
135 04/19/2014 26.0 9058.0 27855.0 36913.0 24.0 75.0
136 04/19/2014 10.0 7815.0 21881.0 29696.0 26.0 73.0
137 04/25/2014 24.0 9048.0 15297.0 24345.0 37.0 62.0
138 04/26/2014 16.0 5427.0 8943.0 14370.0 37.0 62.0
139 04/27/2014 25.0 8430.0 20305.0 28735.0 29.0 70.0
140 04/28/2014 16.0 2748.0 8205.0 10953.0 25.0 74.0
141 04/28/2014 0.0 855.0 2634.0 3489.0 24.0 75.0
142 04/28/2014 27.0 8785.0 33864.0 42649.0 20.0 79.0
143 04/29/2014 6.0 1065.0 3447.0 4512.0 23.0 76.0
144 04/30/2014 29.0 20768.0 43623.0 64391.0 32.0 67.0
145 05/19/2014 14.0 2217.0 4677.0 6894.0 32.0 67.0
146 05/19/2014 27.0 4698.0 9150.0 13848.0 33.0 66.0
147 05/20/2014 12.0 4886.0 10631.0 15517.0 31.0 68.0
148 05/22/2014 63.0 10344.0 36648.0 46992.0 22.0 77.0
149 05/23/2014 1.0 1485.0 5040.0 6525.0 22.0 77.0
150 05/26/2014 4.0 2264.0 7894.0 10158.0 22.0 77.0
151 05/29/2014 8.0 3777.0 8673.0 12450.0 30.0 69.0
152 06/03/2014 11.0 2485.0 5683.0 8168.0 30.0 69.0
153 06/05/2014 75.0 18454.0 51224.0 69678.0 26.0 73.0
154 06/16/2014 7.0 2398.0 4088.0 6486.0 36.0 63.0
155 06/16/2014 24.0 9597.0 22539.0 32136.0 29.0 70.0
156 07/02/2014 68.0 11276.0 30561.0 41837.0 26.0 73.0
157 07/05/2014 33.0 14056.0 30023.0 44079.0 31.0 68.0
158 07/06/2014 20.0 3794.0 11113.0 14907.0 25.0 74.0
159 07/09/2014 10.0 1242.0 2347.0 3589.0 34.0 65.0
160 07/27/2014 1.0 1121.0 4235.0 5356.0 20.0 79.0
161 07/29/2014 334.0 176157.0 132096.0 308253.0 57.0 42.0
162 07/30/2014 77.0 47946.0 58704.0 106650.0 44.0 55.0
163 07/31/2014 114.0 69273.0 85587.0 154860.0 44.0 55.0
164 08/01/2014 4.0 1075.0 3839.0 4914.0 21.0 78.0
165 08/02/2014 2.0 2243.0 6196.0 8439.0 26.0 73.0
166 08/02/2014 13.0 12712.0 22143.0 34855.0 36.0 63.0
167 08/17/2014 13.0 2242.0 2618.0 4860.0 46.0 53.0
168 08/23/2014 6.0 2280.0 2598.0 4878.0 46.0 53.0
169 09/15/2014 14.0 2633.0 6322.0 8955.0 29.0 70.0
- - - - - Average: 45 55
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Chapter Two:

Eulerian and Lagrangian measurements of water flow and residence time

in a fringing reef flat-lined embayment: Faga'alu Bay, American Samoa

ABSTRACT

Water circulation is an important control on nutrient cycling, larval dispersal, and
temperature variability, and interacts with terrestrially-derived sediment, nutrients, and
contaminants to determine watershed impacts on near shore ecosystems like coral reefs. We
combined Lagrangian and Eulerian methods to characterize water flows and residence times
in relation to dominant tide, wind, and wave forcing conditions in a reef-fringed embayment
in American Samoa. Lagrangian GPS-enabled drifters were deployed at 5 different locations
30 times over a 1-month period, with one week of intensive deployment when three fixed
current profilers collected continuous Eulerian flow data. Mean flow speeds (residence
times) varied widely, from 1-20 cm s (2.8-0.14 h), 1-19 cm s (2.8-0.15 h), and 1-36 cm st
(2.8-0.08 h) under strong wind, tidal, and large wave forcing, respectively. The highest flow
speeds and shortest residence times occurred over the exposed southern reef and near the
reef crest. The slowest flow speeds and longest residence times occurred over the sheltered
northern reef, near shore, and the deep channel incised in the reef. Under tidal forcing (i.e.,
calm conditions), flow directions were the most variable, with some seaward transport from
the reef flat to the fore reef. Under onshore wind forcing, flow directions were mostly into
the embayment. Under large wave forcing, flows followed a clockwise spatial pattern:
onshore over the exposed southern reef, onto the sheltered northern reef, and out to sea

through the channel. Lagrangian estimates of mean flow speeds differed by 48-658% with
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Eulerian estimates, likely due to spatial heterogeneity of flows sampled by the drifters, the
difference between surface and depth-averaged flow speeds, and Stokes’ drift. The results
demonstrate the advantage of a hybrid Lagrangian-Eulerian measurement scheme to
understand long-term, spatially-distributed flow patterns and residence times for biophysical

studies in geomorphically-complex embayments that are common to reef-lined coasts.

2.1. Introduction

Water circulation and residence time are critical to coral health by controlling the
chemistry, biology, and sediment dynamics of coral reefs (Lowe and Falter, 2015). By
controlling the interaction of benthic organisms with water quality, water residence time and
flow paths affect biologically-important processes like nutrient cycling, larval dispersal, and
temperature regimes (Falter et al., 2004; Herdman et al., 2015; Wyatt et al., 2012). By
influencing orbital velocities, bed shear stress, and suspended sediment transport,
hydrodynamic conditions are a primary control on the spatial distribution of deposition,
resuspension, and dispersal of terrigenous sediment discharged from streams and dredging
(Draut et al., 2009; Hoeke et al., 2013; Hoitink and Hoekstra, 2003; Jones et al., 2015;
Presto et al., 2006; Storlazzi et al., 2004). Terrestrial sediment stress on corals is primarily a
function of the magnitude of sediment concentration and the duration of exposure
(Erftemeijer et al., 2012), which are controlled by hydrodynamic conditions.

Spatially-distributed flow patterns under variable tidal, wind, and wave forcing
conditions are logistically difficult to quantify, so conservation planning and remediation
studies often use coarse estimates of pollutant discharge and distance-based plume models
that assume symmetry in flow fields (Klein et al., 2012). Hydrodynamic conditions can

exacerbate or limit the impacts of terrestrial sediment from disturbed watersheds on coral
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reefs (Hoitink and Hoekstra, 2003). An improved understanding of the spatial patterns and
temporal variability in flows and residence times of water over corals is needed for
understanding sedimentation patterns and their impacts to coral health.

Studies in several fringing reefs adjacent to steep volcanic islands have shown that
current speeds, directions, and residence times over reef flats are controlled by wave, wind,
and tidal forcing (Hench et al., 2008; Hoeke et al., 2011; Presto et al., 2006; Storlazzi and
Field, 2008; Storlazzi et al., 2004). Variations in reef morphology relative to the orientation
of meteorological and oceanographic forcing can generate heterogeneous waves and
currents over small (tens of meters) spatial scales, unlike those observed along linear sandy
shorelines (Hoeke et al., 2013, 2011; Storlazzi et al., 2009). Currents over reefs exposed to
remotely generated swell are generally dominated by wave forcing (Hench et al., 2008;
Hoeke et al., 2011; Vetter et al., 2010), whereas wind forcing dominates reefs protected
from swell (Presto et al., 2006; Yamano et al., 1998). Tidal elevation modulates both wave-
driven currents by controlling wave energy propagation onto the reef flat (Falter et al., 2008;
Storlazzi et al., 2004; Taebi et al., 2011), and wind-driven currents by regulating water depth
for wind-driven wave development (Presto et al., 2006). Flows over wave-driven, fringing
reefs typically exhibit a pattern of rapid, cross-shore flow near the reef crest that slows
moving shoreward and turns along-shore towards a deep channel where water returns
seaward (Hench et al., 2008; Lowe et al., 2009a; Wyatt et al., 2010). In wind-driven
systems, current directions are more predominantly in the direction of the wind with
possible cross-shore exchange over the reef crest (Storlazzi et al., 2004). Of course, forcing

conditions can operate in combination, and areas near the reef crest may be strongly
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controlled by wave-forcing, while lagoon areas may be unaffected by waves and flushed
only by tidal or wind-forcing (Lowe et al., 2009b).

Water flow can be quantified in two ways: 1) the Lagrangian perspective observes a
fluid parcel as it moves through space and time, whereas 2) the Eulerian perspective
observes flow past a fixed location over time. Eulerian methods are well-suited to
characterizing flows over long time periods by sampling a large range of forcing conditions
using bottom-mounted instruments to measure tides, waves, and currents (Presto et al.,
2006; Storlazzi et al., 2009; Vetter et al., 2010). Lagrangian methods are well-suited to
characterizing flow trajectories over an area, using large numbers of GPS-logging drifters to
collect spatially dense and extensive observations of small-scale flows such as rip currents in
beach surf zones (Johnson et al., 2003; MacMahan et al., 2010) and the approach is
becoming more common in fringing-reef environments (Falter et al., 2008; Pomeroy et al.,
2015a; Wyatt et al., 2010).

Lagrangian drifter studies in nearshore environments have generally been limited in
number of drifters, number of deployments, and the range of oceanic and meteorological
conditions experienced during deployments, making it uncertain whether they describe the
dominant patterns, or short-lived anomalies (Storlazzi et al., 2006; Wyatt et al., 2010).
Storlazzi et al. (2006a) and Andutta et al. (2012) successfully combined Eulerian and
Lagrangian methods to investigate transport patterns between adjacent reefs and islands;
they compared Lagrangian drifter tracks with progressive vectors of cumulative flow
calculated from Eulerian current meters to determine if short-term observations from drifters

were representative of the dominant patterns.
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Our objective was to combine temporally extensive Eulerian and spatially extensive
Lagrangian methods in a rapid assessment technique to characterize the spatial flow patterns
and residence times in relation to dominant forcing conditions in a bathymetrically-complex,
fringing coral reef-lined embayment. The measurements were sufficiently dense to produce
gridded data on flow velocities and residence times at a 100- x 100-m resolution, which
were then used to identify circulation patterns under dominant wind, wave and tidal
conditions. The motivating research questions were: How are flows and residence times
influenced by high waves, high winds, or calm conditions? How do currents and residence

times vary spatially on the reef flat under these conditions?

2.2. Materials and Methods

2.2.1 Study area

Faga'alu Bay is a v-shaped embayment situated on the western side of Pago Pago
Bay, on the island of Tutuila, American Samoa (14.290° S, 170.677° W; Figure 2.1). The
bay is surrounded by high topography that blocks wet-season northerly winds from October
to April, but is exposed to dry-season southeasterly trade winds and accompanying short-
period wind waves from May to September (Craig, 2009). A semi-diurnal, microtidal regime
exposes parts of the shallow reef crest and reef flat at extreme low tides. Faga'alu Bay is
only open to south to southeast swell directions, and the more southerly angled swell must
refract to the west, resulting in a reduction of wave energy. Offshore significant wave
heights (Hy) are generally less than 2.5 m and rarely exceed 3.0 m. Peak wave periods (7))
are generally about 9 s or less, rarely exceed 13 s, but occasionally reach 25 s during austral

winter storms (Thompson and Demirbilek, 2002). O. Vetter (unpublished data) recorded H;
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up to 1.7 m on the fore reef in Faga'alu, but H, greater than 1.0 m were rare. Tropical

cyclones typically occur in the South Pacific from November to April (Militello et al.,

2003), impacting American Samoa every 1-13 years since 1981 (Craig 2009), though high

waves impacting the reefs without the storm making landfall occurs more frequently

(Feagaimaalii-Luamanu, 2016).
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Figure 2.1. Maps of the study area and instrumentation in Faga'alu Bay. Wind speed and
direction were recorded at NDBC station NSTP6 (b). Acoustic current profilers (ADCP)
were deployed at three locations for one week to measure current speed and direction, and
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GPS-logging drifters were deployed thirty times (19 January to 23 February 2014) from five
launch zones (Drifter Launch).

Faga'alu Bay is adjacent to a small (2.48 km?), steep-sided watershed that discharges
terrigenous sediment during storm events from a perennial stream in the northwest corner of
the Bay, and several surrounding ephemeral streams (Messina and Biggs, In Press). The
bathymetrically complex reef is characterized by a shallow reef flat extending from shore to
the reef crest, where it descends at an approximately 1:1 slope to an insular shelf at
approximately 20 m depth. Near the reef crest, the reef flat is primarily cemented reef
pavement, but within a few 10s of m, transitions into thickets of primarily Acropora spp. An
anthropogenically-altered, vertical-walled, 5-15 m deep paleostream channel (Figure 2.1)
extends from the outlet of Faga'alu Stream eastward to Pago Pago Bay; this channel divides
the reef into a larger, more exposed southern section (“southern reef” in Figure 2.1), and a
smaller, more sheltered northern section (“northern reef” in Figure 2.1). Closer to the shore
in the southern back-reef there are areas of deeper (1-5 m) sediment-floored pools with coral
bommies (“back-reef pools” in Figure 2.1). See Cochran et al. (2016) for a detailed
description of the bathymetry. Surveys in 2015 found coral coverage varied from less than
10% on the degraded northern reef, to more than 50% on the more intact southern reef

(Cochran et al., 2016).

2.2.2 Lagrangian measurements
Given the relatively small area of Faga'alu Bay (0.25 km?), high spatial density data
could be collected with a small number of drifters (» = 5) with rapid turn-around. The

cruciform drifter design of Austin and Atkinson (2004) was adapted for use on the shallow
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reef, with a durable PVC frame and a float collar to maintain upright orientation (Figure
2.2a-b). The fins of the drifters were approximately 30 cm wide and 18 cm in height,
constructed of 1.3-cm diameter PVC with holes drilled to flood the piping. A HOLUX
M1000 GPS logger was installed in a 5-cm dia. PVC housing at the top, extending 7 cm

above the fins, though when deployed it only rose ~3 cm above the water surface.

Figure 2.2. Images of the oceanographic instrumentation at high tide. a) Shallow-water
drifters on land with ruler for scale. b) Drifter deployed in the field over the reef flat. c-d)
The ADCP at location AS1.

The five drifters were deployed 30 times from 19 January 2014 to 23 February 2014,
local time (GMT -11h), which is 2014 Year Day [YD] 19-54, GMT. Twenty-one releases
occurred during the deployment period for a set of three acoustic current profilers (ADCP)
(February 16-23; YD 47-54) (Appendix Table A1l). Drifters were released from five separate

launch zones (Figure 2.1) within a 10-min period at the beginning of each deployment.

Drifter position was recorded by the GPS logger at 5-s intervals and averaged to 1 min
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intervals to increase signal-to-noise ratios; speed and direction were calculated using a
forward difference scheme on the drifter locations (Davis, 1991; MacMahan et al., 2010).
Drifters were generally allowed to drift until they exited the channel, but tracks were limited
to 1 h for comparisons with simultaneous ADCP data. Deployments were timed to attempt
an even distribution during falling versus rising tides and similar tide stages (Table A1) but

it was not possible to ensure tidal conditions were identical between deployments.

2.2.3 Eulerian measurements

Three Nortek Aquadopp 2-MHz ADCPs recorded current data at three locations on
the reef flat for one week (YD 47-54) (Figure 2.1). The ADCPs were deployed on sand or
rubble patches among the corals, as deep as possible to maintain adequate water levels over
the ADCP during low tide (Figure 2.2c-d). Mean deployment depths were 0.97 m (AS1),
1.30 m (AS2), and 0.34 m (AS3). ADCPs collected a vertical profile of current velocity
every 10 min, averaged from 580 samples collected at 2 Hz. Each profile was composed of
eight 0.2-m bins starting from 0.35 m above the seabed, using a blanking distance of 0.1 m.
Measurements with a signal strength (amplitude) of < 20 counts and the top 10% (from the
water surface level) of each profile were removed. Occasionally during low tide, water
depths were insufficient for AS3 to collect usable data, so flow was assumed to be nearly
zero given the low water depth relative to the height of the corals, many of which were

emergent. Human disturbance caused a short data gap at AS1 on YD 50.

2.2.4 Ancillary data

The instruments sampled “end-member” forcing conditions that characterize the

study area, such as high winds, high waves, or calm conditions (Yamano et al., 1998). This
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approach isolates the influence of wind- and wave-driven forcing to determine the resulting
flow patterns. Calm conditions are characterized by low winds and waves, and we refer to
these conditions as “tidal”, to indicate the dominant forcing. End-member periods were
defined post-deployment using modeled and in situ wave, wind, and tide data following the
methodology described by Presto et al. (2006). Incident wave conditions were recorded by a
NIWA Dobie-A wave/tide gauge (DOBIE) deployed on the southern forereef at a depth of
10 m. The DOBIE sampled a 512-s burst at 2 Hz every hour. The DOBIE malfunctioned and
recorded no data coinciding with the ADCP deployment, but the data that was collected
before the malfunction compared well (not shown) with NOAA/NCEP Wave Watch III
(WW3; Tolman, 2009) modeled data on swell height and direction (Hoeke et al., 2011).
Thus, the WW3 model data are considered sufficient for defining the wave climatology
during the ADCP and drifter deployments.

Wind and tide data were recorded at 6-min intervals at NOAA National Data Buoy
Center (2014) station NSTP6, located approximately 1.8 km north of Faga'alu (Figure 2.1b).
Wind speed and direction measured at NSTP6 may be slightly different than at the study site
due to topographic effects, but are considered sufficient for defining relative wind conditions

during the study.

2.2.5 Analytical methods

Simultaneous data from the drifters and ADCPs were grouped by end-member
forcing, and three techniques were used to determine if the short-term (using 1-h time

windows) flow patterns indicated by the Lagrangian (drifters) observations were similar to
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the Eulerian (ADCP) observations: 1) progressive vector trajectories of cumulative flow, 2)
mean flow velocities and variance ellipses, and 3) and estimated residence times.

A series of 1-h progressive vector diagrams of cumulative flow were computed from
ADCP data following the methodology used by Siegel et al. (2003) and Storlazzi et al.
(2006a). Mean and principal flow axes, velocity variance ellipses, and residence times were
calculated from simultaneous ADCP data and spatially binned drifter data (100 m x 100 m)
following the methodology of MacMahan et al. (2010). Spatial bins were sized to include
sufficient drifter tracks while resolving spatial flow variability. Where drifters did not travel
through a specific spatial bin, no analyses could be made. “Residence time” in a lagoon is
typically defined as the time it takes for a water parcel to exit the lagoon to the ocean
(Tartinville et al., 1997) but can be determined for any spatial domain (Monsen et al., 2002).
For this analysis, residence time was calculated as the time it would take a water parcel to
cross a 100-m grid cell, traveling at the mean speed calculated from instantaneous drifter or
ADCP speeds.

Eulerian and Lagrangian estimates of mean speed and residence time were compared
over the three 100m x 100m grid cells where ADCPs were deployed. The difference
between Eulerian ADCP and Lagrangian drifter mean speeds and residence times were
divided by the Eulerian mean speed to calculate the percent difference. Mean speed was
calculated from ADCP data collected over the duration of the 1 h deployment while the
mean speed of drifters was calculated from drifter data as they passed through the grid cell.
This approach assumes flow speed at the ADCP varied little over the 1 h drift compared to

the time the drifter passed by.
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2.3. Results

2.3.1 Meteorologic and oceanographic forcing

A large range of tide, wind, and wave conditions typical of the study site was sampled
during the 8-d period of overlapping ADCP and drifter deployments, YD 47-54 (GMT)
(Figure 2.3). Three distinct periods were observed and defined as end-member forcings: 1) a
strong onshore wind event with small waves (WIND') during YD 47-50.5; 2) weak winds
from variable directions and small waves, where tidal forcing was dominant (‘'TIDE") during
YD 50.5-52.5; and 3) a large southeast swell with weak winds (WAVE') during YD 52.5-54
(Table 2.1).

During WIND, gusty northeast to southeast winds were observed, with average speeds
of 2.6-4.9 m st and maximum gusts of 14.5 m s on YD 48 (Figure 2.3). These wind
conditions are typical of trade wind conditions, which are the dominant wind conditions for
Faga'alu Bay. During TIDE, wind directions were variable and speeds were low to moderate
(1.5-3.4 m s), which is typical during the Oct-Apr wet season. During WAVE, the
maximum wave height reached 1.3 m on YD 53, which is near the annual maximum height
expected for this location (Vetter, unpublished data). During WIND and TIDE the large
waves were from a northerly direction (Figure 2.3) that is blocked by the island and wave-
breaking was not observed at the study site; on YD 52 the swell direction moved to the

southeast causing large breaking waves on the reef crest.
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Figure 2.3. Time series of physical forcing data used to define end-member forcings for
analysis. a) Tidal stage. b) Wind speed. ¢) Wind speed and direction. d) Wave height. e)
Wave period. f) Wave height and direction. Vectors denote direction "to". Wind data are
from NDBC station NSTP6; wave model data (significant wave height, peak wave direction)
are from NOAA WWa3.

Table 2.1. Time frames defining the end-member meteorologic and oceanographic forcing periods.

TIDE/CALM WIND WAVE
Year Day (YD) 2014 (GMT) 50.5-52.5 47 -50.5 52-54
Gregorian Day (Local) 2/19-2/20 2/16-2/18 2/21-2/23
ADCP mean speeds at AS1, AS2, AS3 (cm s™) 12.5,3.7,0.7 14.9,6.8,0.4 21.5,11,1.2
ADCP mean speed and STD for end member (cm s™!) 5.6+6.1 74+73 11.2+10.1
Drifters average speed min - max (cm s™!) 1-19 1-20 1-36
Drifter mean speed and STD for end member (cm s™) 7.1+£58 8+6.5 123 +8.1
Drifters number of samples (n) 1,580 1,314 2,461

2.3.2 Flow variability during TIDE, WIND, WAVE forcing

In general, TIDE was characterized by slow flow speeds and variable directions, WIND
by slow flow speeds and mostly onshore directions, and WAVE by the fastest flow speeds
and most consistent directions. Mean (xSTD) flow velocities of all ADCP data during
WIND, TIDE and WAVE were 7.4+7.3 cm s, 5.6+6.1 cm s, and 11.2+10.1 cm s,
respectively. Similar to the long-term ADCP results, mean drifter speeds (xSTD) during
WIND, TIDE, WAVE were 8.0+6.5cm s?, 7.1 +5.8 cm s, and 12.348.1 cm s*2,
respectively (Table 2.1). The results of both parametric pair-wise Student’s t-test and non-
parametric pair-wise Mann-Whitney u-test supported the conclusion that drifter speeds were

significantly different during WIND, TIDE, and WAVE.
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Figure 2.4. Time series of acoustic current profiler data on the reef flat a) Tide level at

location AS1. b) Current vectors at AS1. ¢) Current vectors at AS2. d) Current vectors at

AS3 (water depths at low tide were too shallow to measure currents). €) Current speeds at all
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three locations. Vectors denote direction "to". Note the variations in current speeds both in
space and time due to the different forcing conditions shown in Figure 2.3.

Flow directions at AS1 were consistently northwest into the embayment during WIND,
TIDE, and WAVE, with increased flow speeds during WAVE, indicating the strong
influence of even small breaking waves over the southern reef crest (Figure 2.4b, e). Flow
direction at AS2 was consistently to the southwest into the embayment during WIND and
WAVE, though direction was more variable during TIDE, with some off-reef flow to the
northeast (Figure 2.4c). Flow speeds at AS2 increased with strong winds (WIND) and large
waves (WAVE) (Figure 2.4c, e). At AS3, flow directions were highly variable, and the
lowest flow speeds were observed (Figure 2.4d, e; Table 2.1).

Flow speeds at AS1 and AS2 illustrate the modulating effects of tidal stage on wave-
forced flow during YD 52-54 (Figure 2.4e), which is common on fringing reefs (Costa et al.,
2016). During WAVE, flow speeds were highest during high tide and decreased
significantly as the tide fell, but this effect was absent or significantly reduced during

WIND, and TIDE.

2.3.3 Spatial variability of flow trajectories

Drifter tracks from all thirty deployments covered nearly the entire reef flat (Figure 2.5),
showing three general spatial patterns: 1) faster flows over the exposed southern reef flat; 2)
slower, more variable flows over the back-reef pools, sheltered northern reef, and deep in

the embayment, near the stream outlet; and 3) flows exiting the seaward end of the channel.
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Figure 2.5. Map of all drifter tracks during the experiment, colored by speed (m s).

Progressive vector trajectories from ADCP data illustrate the general difference between
flow speeds over the northern and southern reefs, and the similarity of flows over the
southern reef (AS1 and AS2). Progressive vectors defined from a single point did not
capture the spatially heterogeneous flow directions over the reef flat, but this is unsurprising
given the complex bathymetry and coastline variability (Figure 2.6). In general, the
distances traveled by progressive vectors were similar to those of the drifters, indicating
similar flow speeds, albeit sometimes different directions. The exception was over the

sheltered northern reef, where drifters quickly moved into the channel and were influenced

by different flows than the ADCP at AS3.
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During TIDE, the drifters moved in erratic directions and traveled much farther than the
progressive vector trajectories from AS2 and AS3 (Figure 2.6a, b). Under low wave
conditions and at high tide during TIDE, one drifter moved seaward across the reef crest
near AS2, but the progressive vector trajectories were exclusively shoreward. Two drifters
traveled from the sheltered northern reef onto the exposed southern reef during light and
variable winds.

During WIND, the drifter tracks were towards the northwest corner of the bay,
suggesting seaward flow in the channel and northern reef (at least at the surface) was
suppressed under strong onshore winds (Figure 2.6d). Though moderate to strong easterly
trade winds are most prevalent throughout the year, there is less certainty in the wind-driven
flow pattern since fewer observations were made during WIND.

During WAVE, longer progressive vector trajectories and drifter tracks all locations,
indicated faster flows at all locations (Figure 2.6e-f). The drifter tracks clearly illustrate a
coherent clockwise pattern over the exposed southern reef, through the back-reef pools and
near the stream outlet. Despite some wave breaking on the more sheltered northern reef
crest, the Lagrangian methods showed flow across the exposed southern reef and into the
channel influences an overall seaward flow over the northern reef and out to sea. All drifters
exited the channel during the 1-h period, suggesting that during WAVE the flushing time of

the whole bay was under 1-h.
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Tides

Strong Winds

Large Waves

Figure 2.6. Progressive vectors calculated from ADCP data, compared to drifter tracks
under end-member forcings: a) ADCP data under tidal forcing. b) Drifter data under tidal
forcing. ¢) ADCP data during strong winds. d) Drifter data during strong winds. e) ADCP
data during large waves. f) Drifter data during large waves. Black dots indicate the location
of the ADCP, start of the progressive vector. White circles indicate drifter deployment
zones.
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2.3.4 Spatial pattern of mean flows

Variance ellipses and mean flow velocities were calculated from simultaneous ADCP
and spatially-binned drifter data (1-h time windows) (Figure 2.7). The number of drifter
observations in each grid cell differed due to the relative position and flow speed of the grid
cell. Grid cells in the middle of the bay and channel had more drifter tracks, and hence more
certainty, than grid cells on the reef crest and close to shore, or cells with faster flow speeds.
These ‘perimeter’ grid cells may represent a small number of drifter observations and a
small range of forcing conditions.

The spatial patterns of mean flow were similar across all three periods, with faster more
unidirectional flows on the southern reef indicated by more eccentric ellipses, and slower
and more variable flows in the back-reef pools, channel, and sheltered northern reef
indicated by more circular ellipses. The spatial patterns of the drifter data resolved the
general clockwise flow from the exposed southern reef, over the sheltered northern reef, and
out to sea.

For both ADCP and drifter data, the most variable flow patterns were observed in TIDE,
under light, variable winds and small waves (Figure 2.7a, b). During WIND, flow directions
were more consistent during the strong onshore winds (Figure 2.7c, d), but similar to TIDE
and WAVE, faster and more unidirectional flow was observed over the exposed southern
reef, with slower and more variable-direction flows in the back-reef pools, channel, and

sheltered northern reef.
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Figure 2.7. Variance ellipses and mean currents for the ADCP data and spatially-binned
drifter data under end-member forcings. a) ADCP data under tidal forcing. b) Drifter data
under tidal forcing. ¢) ADCP data during strong winds. d) Drifter data during strong winds.
e) ADCP data during large waves. f) Drifter data during large waves. Drifter data are
colored by number of observations to illustrate the varying data density.
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During WAVE, the highest mean flow speeds and strongest directionality were
observed, indicating high waves are a strong control on flow patterns (Figure 2.7e, f).
Wave breaking was observed on the reef crest near AS1 during even the smallest wave
conditions, driving flow speeds on the far southern reef flat. As wave height increased,
breaking waves were also observed further north along the reef crest, near AS2 and the
channel, causing increased flow speeds near AS2 and the back-reef pools during WAVE
(Figure 2.7f). Similar to during TIDE, mean flow speeds increased seaward through the
channel, but due to the low data density outside the reef crest, it is unclear whether the flow

continues seaward to Pago Pago Bay or is re-entrained onto the reef.

2.3.5 Spatial pattern of residence times

Water residence times were computed from the mean velocity of drifters in each grid
cell during the end member forcing periods (Figure 2.8). The gridded residence times varied
from 2.8-0.14 h, 2.8-0.15 h, and 2.8-0.08 h during WIND, TIDE, WAVE, respectively. The
shortest residence times were observed near the southern reef crest during WAVE. The
longest residence times were observed near shore, in the channel, and over the northern reef

during TIDE and WIND.
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Figure 2.8. Residence time calculated from mean velocity of drifters under end-member
forcings. a) Tidal forcing. b) Strong winds. ¢) Large waves.

92



2.3.6 Comparing Eulerian and Lagrangian flow speeds and residence times

Mean flow speeds from the ADCPs were lower than mean speeds from drifters in all
cases except for the southern reef (AS1) during WIND (Table 2.2). At each ADCP, averaged
over end-members, the percent difference was highest at AS3 on the northern reef (658%),
intermediate at AS2 on the southern reef (103%), and lowest at AS1 on the far southern reef
(48%) (Table 2.2, bottom row). The differences were higher where flow was most spatially
heterogeneous, near the interface of the deep channel and shallow reef flat (AS3 and AS2),
and lowest where the bathymetry and flow forcing are more homogeneous (AS1).

For each end-member, averaged over ADCP locations, the percent difference was lowest
during TIDE (193%), highest during WIND (350%), and intermediate during WAVE
(266%) (Table 2.2, right column). These mean percent differences were generally higher
when flow speeds were higher, forced by high winds and waves (WIND and WAVE), but

are strongly influenced by the large differences between drifters and AS3.

Table 2.2. Mean flow speed and residence time computed from ADCPs and corresponding spatially binned
drifter data.

NORTH CENTRAL SOUTH % DIFFERENCE
Res. Res. Res. Res.
End Speed Time Speed Time Speed Time Speed  Time
member (cms!) (h) (cms?!) (h) (cms!) (h) (cms™h) (h)
AS3 0.7 4.13 AS2 37 0.76 ASl 125 0.22
TIDE Drifters 36 0.77 Drifters 74 0.37 Drifters 17.9 0.16 193 54

AS3 0.4 6.94 AS2 638 0.41 ASL 1438 0.19
WIND Drifters 4.0 0.70 Drifters 147 0.19 Drifters 9.8 0.29 350 65

AS3 12 234 AS2 110 025 AS1 215  0.13
WAVE Drifters 8.8 0.31 Drifters 209 (.13 Drifters 357 0.08 266 58

% DIFF 658 86 103 51 48 41
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2.4. Discussion

The high number of drifter deployments provided an unprecedented data set with high
temporal density, extensive spatial coverage, and a wide range of forcing conditions for a
fringing reef setting. The overall flow pattern under all forcing conditions is predominantly
clockwise circulation over the exposed southern reef and back-reef pools and seaward
through the channel, with higher speeds during wave forcing than tidal and wind forcing.
The shortest residence times were measured on the exposed southern reef flat near breaking
waves on the reef crest, and were longest over the reef flat close to shore and deep in the
sheltered northwest corner of the embayment, which is consistent with studies in other
fringing reefs (Lowe et al., 2009b; Ouillon et al., 2010).

The drifters illustrated several unique flow features, particularly near areas of complex
bathymetry like the channel. From the orientation of the reef flat and channel, it appears that
flow over the exposed southern reef should enter directly into the channel and out to sea
(Taebi et al., 2011). Instead, wave refraction into the channel deflects the flow near AS2
away from the channel, shoreward into the embayment where it flows into the back-reef
pools and into the shoreward end of the channel. Observations on the linear reef flat off
Molokai, Hawaii (Presto et al., 2006), showed near-bed current speeds were faster where the
reef is deeper and narrower but the observations presented here (Figures 2.5 and 2.7) suggest
the opposite for surface drifters on this fringing reef. Flow speeds were rapid over the
shallow reef flat, slowing significantly and becoming more variable when reaching deeper

back-reef pools and the channel.
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During WAVE and TIDE, flow speeds increased through the channel moving seaward,
reaching a maximum at the reef crest. The same pattern was not evident during WIND,
possibly due to wind driven flow into the bay at the surface, but the data density is too low
to be certain. In a similarly configured reef in Moorea, French Polynesia, vertically binned
ADCP measurements showed that under low wave forcing, surface currents in the channel
were slower and flow could even reverse near the bottom (Hench et al., 2008). At the study
site the seaward increase in flow speed through the channel is likely caused by either the
increasing water volume flowing into the channel adjacent reef flats or a narrowing of the
channel cross-section. Either way, the seaward-accelerating flow in the channel further
shows the spatial-heterogeneity of the current patterns and illustrates the potential
limitations of using a single current meter in the channel to estimate water residence or

flushing time from the bay.

2.4.1 Differences between Eulerian and Lagrangian flows

Consistently higher Lagrangian mean flow speeds, compared to Eulerian results, are
explained by four potential sources: 1) comparing point and areal measurements, 2)
comparing depth-averaged and surface current measurements, 3) the influence of Stokes’
drift on Lagrangian drifters, and 4) sampling and analytical errors.

The first source of difference is the heterogeneity of flow speeds within the 100- x 100-
m spatial bin sampled by the drifters, compared to the ADCP point measurement, especially
near bathymetrically complex areas like the channel (AS3) where the difference was highest
(Lowe et al., 2009b).

A second source of difference is comparing surface and depth-averaged measurements.

Lagrangian measurements are influenced by processes at the depths the drifter penetrates the
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water column (~20 cm; see Figure 2.2b). The Eulerian ADCPs averaged over a depth range
based on bin size, which in this case included both the faster near-surface speeds and the
slower flow speeds within the coral canopy that often extended to over half of the water
depth, even at high tide (Figure 2.2c-d)(Falter et al., 2008; Lowe and Falter, 2015). This
averaging resulted in the slower speeds measured by the ADCPs.

A third source of difference is Stokes’ drift caused by wind, gravity, or infragravity
waves (Cheriton et al., 2016; Kenyon, 1969; Pomeroy et al., 2012; Stokes, 1847). For the
expected range of wave heights (0-0.25 m) (Vetter, unpublished data), wave periods (4-12
s), and water depths (0.4-1.3 m) at the ADCPs, predicted Stokes’ drift velocities from
incident waves (Ustokes) is 0-37 cm s, Ustokes is highly sensitive to water depth, especially for
larger wave heights and shorter wave periods. Although the magnitudes of Ustokes Calculated
for the full range of conditions could explain the 0.1-14.2 cm s differences between drifters
and ADCPs, Ustokes> ~5 ¢m s should be considered extreme values. Since the combination
of large wave height and short wave period is unlikely, especially at low water depths when
wave-propagation is limited, a more likely range of Ustokes influencing the drifters is on the
order of 0.1-3 cm st While Stokes’ drift due to short-period waves is a likely cause of the
higher speeds observed by drifters, flow modulations by longer-period (‘infragravity”)
waves may also play a role. Infragravity waves (25-1000 s period) have been observed in
numerous reef flat environments (e.g., Hardy and Young 1996; Péquignet et al. 2011,
Pomeroy et al. 2012; Beetham et al. 2015; Cheriton et al., 2016); as they propagate
shoreward over reef flats, they undergo little energy dissipation and increase in skewness
and asymmetry (Cheriton et al., 2016; Pomeroy et al., 2012). Infragravity waves can be

highly energetic (Pequignet et al. 2009; Cheriton et al., 2016), can modulate horizontal flow
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over fringing reefs (Pequignet et al.; 2009), and may drive substantial transport of reef
material (Cheriton et al., 2016; Pomeroy et al., 2015b).

A fourth source of difference is sampling and analytical error. Sampling errors from
drifters can include “surfing” on waves, wind slip, or interaction with the bottom. Wind slip
of tall-masted, finless drifters can be up to 1 cm s per m s of wind (0-8 cm st for the
sampled conditions) (MacMahan et al., 2010), but given the low windage on the drifters
used here and the large fins, it is unlikely wind slip was significant. Sampling error from the
ADCPs could be from reverberation, side-lobe interference, bias near the limit of the
blanking distance, or inability to sample flows near the surface (Mueller et al., 2007).
Analytical errors may be from computing the mean speed at ADCP over the total 1-h drift
with the mean speed over the shorter time window the drifter actually passed through the
cell during the 1-h drift. This difference in sampling time could cause the drifters and
ADCPs to experience different forcing conditions, but this would not explain the
consistently higher speeds observed by the drifters at all times and locations since
differences would be expected to be both faster and slower.

It is likely that all of these potential sources of disagreement occurred in combination or
at different locations and times. The highest difference, observed on the northern reef (AS3),
was likely due to strong heterogeneity in flow where bathymetry is complex. Over the
southern reef (AS1 and AS2) where wave energy is highest, Stokes drift from gravity and
infragravity waves was likely the most important source of difference. For reference, on a
1.5-2.0 m deep reef flat off Oahu, Hawaii, Falter et al. (2008) found that cruciform drifter

speeds exceeded both Lagrangian dye and Eulerian depth-averaged current speeds that
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included depth-averaged Stokes’ transport computed from wave gauge data by 30-100%,

similar to the results presented here.

2.4.2 Applications of a hybrid Eulerian-Lagrangian method to reef hydrodynamic

studies

Coral reefs are physically and biologically heterogeneous environments, but
ecologically-important flow speeds and trajectories have been difficult to measure in relation
to long-term forcing conditions (Monsen et al., 2002). Like the atmospheric climate,
regional-scale oceanic forcing controls large-scale biophysical patterns such as nutrient and
heat distributions. Whereas global climate and ocean circulation research have benefitted
from satellite remote-sensing, water circulation over individual reefs is more similar to
atmospheric micro-climates, and the long-term, synoptic observations of remote sensing
have not been possible. Many water circulation studies that rely on models often
significantly simplify the study site’s bathymetry or forcing conditions (Lowe et al., 2010)
or use field observations from only a few fixed instrument locations (Hench et al., 2008).
The combination of spatially extensive Lagrangian drifters and temporally extensive
Eulerian current meters provides insight on the unique and general flow patterns within the
context of variable circulation-forcing conditions.

Quantifying residence times and flow patterns in relation to end-member forcing
conditions can be used to extrapolate the findings from a targeted study period to seasonal or
annual time scale by determining the proportion of days that are dominated by tidal, wind, or
wave forcing. A similar approach could be used to extrapolate the effects on changing

sediment dynamics, temperature regimes, and nutrient cycling at the study site (Lowe and
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Falter, 2015) from future climate scenarios and predicted increase in the strength and
frequency of Southern Ocean storms (Hemer et al., 2013). The selected end-member
conditions could also be further refined to describe waves and winds of varying magnitude,
or combined with varying tide stage for finer-resolution predictive models of current speeds

(C. D. Storlazzi et al., 2011).

2.4.3 Implications of circulation patterns on reef health

The flow pattern illustrated by the drifters suggests that sediment discharged from
Faga'alu Stream is deflected away from the southern reef towards the northern reef and
channel, resulting in greater terrestrial sediment stress (= intensity x duration) and reduced
coral health from particle settling and light reduction (Erftemeijer et al., 2012; Storlazzi et
al., 2015). During storms, time-lapse photography observations (not shown) showed
sediment plumes extended from the stream outlet over the northern reef and channel, and
persisted for several hours to days. Although accumulation on the coral blocks all light for
photosynthesis, Storlazzi et al. (2015) showed even low concentration of fine-grain sediment
in the water column (10 mg L) reduced photosynthetically active radiation by ~80% at
depths of only 0.2-0.4 m.

Water circulation is critical for understanding both the natural ecological processes and
the anthropogenic impacts on coral reefs. This study showed that flow speeds, flow
directions, and water residence times can be spatially- and temporally-heterogeneous in
fringing reef-lined environments, resulting in heterogeneous physical, chemical, and

biological environments that can, in turn, affect coral health.
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2.5. Supplementary Material for Chapter Two

Table Al. Drifter deployment dates and conditions. Deployments #9-30 coincide with ADCP deployment

Deploy Year Day Start End Tide  Tide Tide AvgWind Wind Wind Wave
ment (#) 2014  Time Time  Start End Change Speed Gust  Direction Height
(local)  (local) (local)  (m) (m) (m) (ms!)  (ms?) (deg) (m)
1 19 1300 1500 0.5 0.3 -0.17 0.6 2.0 232 0.0-0.6
2 20 1615 1730 0.3 0.4 0.06 1.2 4.0 193 0.3-0.6
3 20 1750 1900 0.4 0.6 0.22 1.7 5.0 258 0.3-0.6
4 32 900 1100 1.1 0.8 -0.35 2.7 6.0 96 0-0.3
5 32 1130 1300 0.7 0.3 -0.41 29 7.0 100 0-0.3
6 32 1700 1900 0.5 1.0 0.52 22 7.0 187 0-0.3
7 39 1415 1545 0.9 1.1 0.11 2.7 9.0 140 0.6-1.3
8 39 1605 1800 1.0 0.8 -0.24 3.1 10.0 144 0.6-1.3
WIND
9 47 1654 1846 0.7 1.0 0.26 1.7 5.0 168 0.0-0.6
10 48 1245 1500 0.5 0.3 -0.16 5.0 14.0 79 0.6-1.3
11 48 1530 1700 0.3 0.5 0.14 3.0 10.0 101 0.6-1.3
12 48 1710 1840 0.5 0.8 0.29 2.7 8.0 89 0.6-1.3
13 49 1245 1445 0.6 0.4 -0.25 2.5 7.0 97 0.6-1.3
14 49 1445 1700 0.4 0.4 0.02 24 8.0 194 0.6-1.3
TIDE
15 50 1205 1440 0.9 0.5 -0.42 3.0 6.0 39 0.6-1.3
16 50 1445 1720 0.5 0.4 -0.08 34 8.0 54 0.6-1.3
17 51 840 1045 0.8 1.0 0.19 2.5 7.0 290 0.0-0.6
18 51 1100 1200 1.0 0.9 -0.05 22 6.0 117 0.0-0.6
19 51 1210 1430 0.9 0.6 -0.29 1.5 6.0 237 0.0-0.6
20 51 1500 1630 0.6 0.4 -0.17 3.1 7.0 290 0.0-0.6
WAVE
21 52 920 1040 0.7 0.9 0.18 1.5 6.0 253 1.0-2.0
22 52 1040 1145 0.9 1.0 0.09 2.0 6.0 111 1.0-2.0
23 52 1300 1400 1.0 0.9 -0.08 1.5 8.0 193 1.0-2.0
24 52 1500 1550 0.7 0.6 -0.16 1.9 6.0 152 1.0-2.0
25 53 1100 1215 0.8 1.0 0.14 2.8 7.0 313 1.0-2.0
26 53 1220 1315 1.0 1.0 0.05 33 6.0 301 1.0-2.0
27 53 1600 1700 0.7 0.6 -0.16 2.1 5.0 310 1.0-2.0
28 53 1700 1845 0.6 0.4 -0.22 1.0 5.0 242 1.0-2.0
29 54 1040 1210 0.6 0.9 0.27 3.7 8.0 304 0.6-1.3
30 54 1210 1255 0.9 1.0 0.11 2.7 6.0 260 0.6-1.3
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Chapter Three:

Watershed and oceanic controls on spatial and temporal patterns of
sediment accumulation in a fringing coral reef embayment: Faga'alu Bay,

American Samoa

Abstract

Anthropogenic watershed disturbance has increased sediment stress on many coral
reefs, and integrated ridge-to-reef understanding of sediment dynamics is needed to support
coral conservation. Sediment accumulation on flat-surfaced sediment pods and in tubular
sediment traps was monitored quasi-monthly at 9 sites in Faga'alu Bay, American Samoa,
over a one-year period and related to suspended sediment yield from the adjacent watershed,
wave heights, benthic sediment composition, and water circulation patterns in the small,
coral reef-fringed embayment. Similar to other studies, sediment pods measured an order of
magnitude less sediment accumulation than sediment traps. Sediment accumulated in traps
was predominantly carbonate and generally reflected the composition of surrounding
benthic sediment at each site, though sediment on the north reef was characterized by a
higher terrigenous fraction compared to the surrounding seabed, suggesting enrichment by
terrigenous sediment discharged from the stream during storm events. Terrigenous sediment
accumulation in the sediment trap nearest the stream outlet was significantly correlated with
suspended sediment yield from the stream, but not at sites on the reef flat, suggesting
accumulation was dominated by fluvial processes only near the stream outlet. Sediment
accumulation rates in sediment traps on parts of the reef flat and on the fore reef were

significantly correlated with mean wave heights during deployments, suggesting wave-
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driven resuspension of reef-derived sediment was the dominant source of sediment
accumulation in those areas. Sediment accumulation on sediment pods, however, was
negatively correlated with wave heights in a few locations, suggesting any accumulated
sediment from resuspension was removed by advection and residence time was low.
Average sediment accumulation on sediment pods and in sediment traps exceeded literature
values for coral health impact thresholds in some collections, near the stream outlet, over the
more quiescent northern reef, and in deep areas on the fore reef near the channel incised into
the reef flat. The understanding of sediment accumulation patterns developed here supports
local management actions to reduce sediment yield from the watershed by understanding
sediment dynamics impacting coral health, using relatively simple methods that require few

technical and personnel resources.

3.1. Introduction

Coral reefs adjacent steep, mountainous watersheds are exposed to both reef-derived
carbonate sediment and watershed-derived terrigenous sediment which is increasing from
anthropogenic disturbance on many tropical islands (Bégin et al., 2014; Hettler et al., 1997,
Messina and Biggs, 2016; Ramos-Scharrdn and Macdonald, 2007). Increased suspended-
sediment concentrations (SSC) can reduce coral health by attenuating photosynthetically
active radiation (PAR) (Storlazzi et al., 2015) and interfering with coral spawning
(Erftemeijer et al., 2012). Increased sediment deposition and accumulation can further
impact corals by blocking all light for photosynthesis, causing tissue damage (Weber et al.,
2012), requiring energy for self-cleaning, and blocking larval recruitment sites (DeMartini et
al., 2013; Jokiel et al., 2014). Increased sedimentation also decreases numbers of fish
(DeMartini et al., 2013) and thus herbivory of algal turf (Bellwood and Fulton, 2008);
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increased algal height can further increase sediment trapping. Reduced herbivory of turf
algae stabilizes a phase shift to an algae-dominated system and reduces fish biomass, for
many fish prefer to graze on algae free of sediment.

Many researchers and environmental managers are interested in determining the
location and severity of terrigenous sediment impacts on coral health, but developing a
measure of sediment impact has proven difficult. Some have measured SSC in the water
column to determine sediment stress (Fabricius et al., 2012; Wolanski et al., 2003), but they
do not show if sediment is accumulating on the coral, the residence time, or the composition
of the sediment, which are important for overall impact (Erftemeijer et al., 2012; Weber et
al., 2012). Thus, direct measurements of net sediment accumulation and composition are
preferred (Field et al., 2012).

Tubular sediment traps are the most common method for directly measuring
sediment accumulation in shallow coral reef environments (Curt D. Storlazzi et al., 2011),
but it is difficult to determine if these are ecologically meaningful indicators of coral stress.
Sediment traps overestimate deposition and do not allow for sediment resuspension, making
it impossible to evaluate the residence time of deposited sediment (Browne et al., 2012; Curt
D. Storlazzi et al., 2011). To more accurately quantify “net” sediment accumulation, Field et
al. (2012) proposed the use of sediment pods, or “SedPods,” where a flat surface allows for
resuspension, similar to the surrounding benthic substrate, but few examples of this
approach exist in the literature. Deploying a sediment trap in conjunction with a sediment
pod allows comparison of gross and net sediment accumulation and can assess the
interaction of terrigenous sediment inputs and transport at time scales relevant to coral

mortality and management.
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The complex interactions of terrigenous sediment inputs and hydrodynamic
processes can significantly alter the quantity, composition, and residence time of sediment in
coral reefs (Draut et al., 2009; Storlazzi et al., 2009). Some studies correlate increased
suspended-sediment yield (SSY)) from the watershed with long term sediment accumulation
and, by extension, decreased coral health (Brooks et al., 2007; DeMartini et al., 2013; Ryan
et al., 2008). Rainfall is often used as a proxy for storm-supplied terrigenous sediment
because it is most readily available (Meng et al., 2008), but several studies have found weak
or no correlation between sediment trap accumulation and rainfall (Bothner et al., 2006;
Victor et al., 2006). SSY from small, mountainous watersheds can be poorly correlated with
precipitation (Basher et al., 2011; Duvert et al., 2012), and hydrodynamic resuspension of
previously deposited terrigenous sediment can increase accumulation rates (DeMartini et al.,
2013). Where management activities reduce sediment yields from storm events, it is
necessary to measure SSY from the watershed.

Sediment stress on corals increases linearly with the severity and duration of
exposure (Fabricius, 2005), but hydrodynamics decrease sediment residence time in two
ways: 1) flushing and preventing deposition of suspended sediment, and 2) resuspending and
removing deposited sediment (Browne et al., 2012; Hoitink and Hoekstra, 2003). In contrast
to many temperate coastal regions where fluvial discharge and wave energy commonly
coincide during “oceanic storms” (Bever et al., 2011; Warrick et al., 2004), input,
deposition, and reworking of terrigenous sediment are often decoupled on tropical islands,
causing high deposition rates and residence times (Draut et al., 2009; Storlazzi et al., 2009).
Conversely, seasonal wind and wave patterns in the trade-wind belt can be coupled with

terrigenous sediment input from the watershed or resuspension of past deposits to decrease
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sediment deposition and residence times (Hoitink and Hoekstra, 2003; Muzuka et al., 2010;
Storlazzi and Jaffe, 2008). Determining the fate of terrigenous sediment delivered to the
coast during storms requires contextualizing observed watershed-derived sediment yields
with hydrodynamic conditions like wave-driven currents over the reef

Determining the effectiveness of land-based watershed restoration requires a spatial
understanding of terrigenous sediment input and hydrodynamics which control sediment
transport, deposition, resuspension, and advection out of coral reefs (Storlazzi et al., 2015).
Many conservation planning studies use coarse estimates of pollutant discharge coupled
with distance-based plume models that assume symmetry in flow fields (Klein et al., 2012;
Teneva et al., 2016). Many studies that deploy sediment traps typically deploy them near the
stream outlet or haphazardly over the reef, but sediment accumulation can vary with depth
(Wolanski et al., 2005), distance from the sediment source (DeMartini et al., 2013), or due to
water circulation patterns (Bothner et al., 2006; Hoitink and Hoekstra, 2003), so it is
uncertain how those observations relate to the two-dimensional spatial patterns of sediment
accumulation over the reef.

Here we interpret spatial and temporal sediment accumulation patterns in a coral
reef-lined embayment using measured and modeled event suspended sediment yield
(SSYev) from the watershed, modeled wave conditions, and the resulting circulation
patterns, and spatially-distributed measurements of gross and net sediment accumulation and
composition. The goal of this effort is to understand the influence of source proximity,
circulation patterns, and water depth on terrestrial and carbonate sediment accumulation in a
reef-lined embayment impacted by excessive terrestrial sediment loading, and its resulting

impact on coral health.
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3.2. Materials and Methods

3.2.1 Study Area
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Figure 3.1. Maps of the study area and instrumentation in Faga'alu Bay. a) Location of
American Samoa in the South Pacific region. b) Location of Faga'alu Bay on Tutuila Island,
American Samoa. ¢) Sediment pods and sediment traps were deployed at nine locations for
one year and collected quasi-monthly to measure sediment accumulation rates and
composition. Suspended sediment yield from the watershed was measured at “Stream
Gage.” Further details on SSY measurements and modeling can be found in (Messina and
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Biggs, in press). A time-lapse camera was installed at “Camera” to record images of
transient sediment plumes during storms.

3.2.1.1 Geography and Geology

Faga'alu Bay is a v-shaped, fringing-reef embayment situated on the western side of
Pago Pago Bay, on the island of Tutuila, American Samoa (14.290° S, 170.677° W, Figure
3.1). Faga'alu Bay is adjacent to a small (2.48 km?) watershed that is covered primarily with
undisturbed vegetation on the steep hillslopes (82%), with a small urbanized village area on
the flatter lowlands (7%) and an aggregate quarry (1%). Total relief of the watershed is 653
m, and mean slope is 0.53 m/m. The perennial Faga'alu Stream drains 1.78 km? of the
watershed into the northwest corner of the bay, and the remaining 0.78 km? drains directly to
the bay in several surrounding ephemeral streams (Messina and Biggs, 2016). Faga'alu
Stream is channelized so no overbank flooding, and subsequent floodplain deposition, is
observed. Soil types in the steep uplands are rock outcrops (15% of the watershed area) and
well-drained Lithic Hapludolls ranging from silty clay to clay loams (Nakamura, 1984),
whereas soils in the lowlands are a mix of well drained very stony silty clay loams and
poorly drained silty clay to fine sandy loam along valley bottoms.

The complex bathymetry of Faga'alu Reef is characterized by a shallow reef flat
extending from shore to the reef crest, where it descends at an approximately 1:1 slope to the
insular shelf at approximately 20 m depth. See Cochran et al. (2016) for a detailed
description of the bathymetry and benthic cover. An anthropogenically-altered, vertical-
walled, 5-15 m deep paleostream channel (“channel”) (Figure 3.1c) extends from the outlet
of Faga'alu Stream in the northwest corner, eastward to Pago Pago Bay. This channel

divides the reef into a larger, more exposed southern section (“southern reef” in Figure 3.1),
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and a smaller, more sheltered northern section (“northern reef” in Figure 3.1). Closer to the
shore in the southern back-reef there are areas of deeper (1-5 m) sediment-floored pools
with coral bommies (“back-reef pools” in Figure 3.1).

Near the reef crest, the reef flat is primarily cemented reef pavement, but within a few
10s of m, transitions into thickets of primarily Acropora spp. Surveys in 2015 found coral
coverage varied from less than 10% over the degraded northern area, to more than 50% on
the more intact southern area (Cochran et al., 2016; Holst-Rice et al., 2016). Sediment
availability is relatively low on the reef flats near the reef crest, though there are some
patches of accumulated carbonate sediment. Near the stream outlet, the benthic surface is

primarily sand and fine silt.

3.2.1.2 Meteorology, stream flow, oceanography, and circulation

Annual precipitation (P) in Faga'alu watershed varies with elevation from 6,350 mm
at Matafao Mtn. (653 m elevation) to 3,800 mm on the coastal plain (Craig, 2009; Dames &
Moore, 1981; Perreault, 2010; Tonkin & Taylor International Ltd., 1989; Wong, 1996).
There are two rainfall seasons: a drier winter from June through September accounts for
25% of annual P, and a wetter summer from October through May accounts for 75% of
annual P (Craig, 2009; Perreault, 2010). P is lower in the drier season but large storms still
occur: at 11 stream gages around the island, 35% of annual peak flows occurred during the
drier season (1959-1990) (Wong, 1996).

Storms occur most frequently during the October-April wet season, but large storms
can occur throughout the year (Messina and Biggs, 2016; Wong, 1996). Storms generate an
estimated 241-368 tons/km?/yr of suspended sediment yield to the bay from undisturbed,

forested areas in the uplands (13% of total SSY), and anthropogenically disturbed open-pit
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aggregate quarry and village areas in the lowlands (87% of total SSY). The significant
sediment contribution from the quarry prompted mitigation efforts including revegetation,
covering road surfaces, and groundwater diversion in 2013, and retention ponds in October
2014, which significantly reduced sediment runoff into Faga'alu Stream and SSY into the
Bay. See Holst-Rice et al. (2016) for a full description of sediment mitigation at the quarry.

Faga'alu Bay is surrounded by high topography that blocks wet-season northerly
winds, but is exposed to dry-season southeasterly trade winds and accompanying short-
period waves. Trade winds are typically most prevalent and strongest during the dry season,
but are common throughout the year (Craig, 2009). Tropical cyclones typically occur in the
South Pacific from November to April (Militello et al., 2003), making landfall over
American Samoa every 1-13 years since 1981 (Craig 2009), though cyclogenic waves
impact the reefs more frequently (Feagaimaalii-Luamanu, 2016). Faga'alu Bay is only open
to south to southeast swell directions, and the more southerly angled swell must refract to
the west, resulting in a reduction of wave energy. Offshore significant wave heights are
generally less than 2.5 m and rarely exceed 3.0 m. Peak wave periods are generally about 9 s
or less, rarely exceed 13 s, but occasionally reach 25 s during austral winter storms
(Thompson and Demirbilek, 2002). O. Vetter (unpublished data) recorded significant wave
heights up to 1.7 m on the fore reef in Faga'alu, but significant wave heights greater than 1.0
m were infrequent. A semi-diurnal, microtidal regime exposes parts of the shallow reef crest
and reef flat at extreme low tides, and water circulation increases with tidal height (Messina
et al. in press).

GPS-logging drifter and acoustic current meter deployments in 2014 showed mean

flow speeds (residence times) over the reef flat varied widely, from 1-20 cm s (2.8-0.14 h),
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1-19 cm st (2.8-0.15 h), and 1-36 cm st (2.8-0.08 h) under strong wind, tidal, and large
wave forcing, respectively (Messina et al., in press). The highest flow speeds and shortest
residence times occurred over the exposed southern reef and near the reef crest. The slowest
flow speeds and longest residence times occurred over the sheltered northern reef, near
shore, and over the deep channel incised in the reef. Under tidal forcing (i.e., calm
conditions), flow directions were the most variable, with some seaward transport from the
southern reef flat to the fore reef. Under onshore trade wind forcing, flow directions were
mostly into the embayment. Under large wave forcing, flows followed a clockwise spatial
pattern: onshore over the exposed southern reef, onto the sheltered northern reef, and out to

sea through the channel and over the forereef.

3.2.2 Methods

3.2.2.1 Terrigenous suspended-sediment yield (SSY)

Messina and Biggs (2016) developed an empirical model for Faga'alu Stream to
predict event-wise suspended sediment yield (SSYev) from maximum event water discharge
(Qmax). A second Qmax-SSYev model was calibrated for the time period following the
sediment mitigation (October 2014-April 2015) to reflect the reduction in SSYev from the
same magnitude Qmax (unpublished). For this study, a time-series of SSYgy to the Bay
during the study period was developed from measured SSYev when both water discharge
(Q) and suspended sediment concentration (SSC) data were available; when only Q data
were available, SSYev was predicted from the empirical Qmax-SSY ey models of Messina
and Biggs (2016). Additional terrigenous sediment yield to the bay from ephemeral streams

was not measured, and assumed to be correlated with SSYev from Faga'alu Stream.
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3.2.2.2 Marine sediment collection and composition

Figure 3.2. Pictures of the sediment traps and sediment pods at high tide. a-b) At Site 3A in
an area of branching coral rubble, approximately 2 m depth. c) Capping the sediment pod for
retrieval at Site 1C, approximately 10 m depth. d) At Site 1B, the surrounding area is mixed
terrigenous and carbonate benthic sediment.

Two types of sediment accumulation sampling devices were used: flat-surfaced
sediment pods (Field et al., 2012) and tubular sediment traps (Curt D. Storlazzi et al., 2011;
Storlazzi et al., 2009). Sediment traps and pods were located to sample sediment
accumulation across gradients in distance from the stream outlet, hydrodynamic forcing, and
depth. At each of 9 sites in Faga'alu Bay a sediment pod was attached to the top of a cement
block and a sediment trap was attached to the side of the same block (Figure 3.2). Six sites

were on the reef flat (water depth 1-2 m) and three sites were on the fore reef (10-15 m)
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(Figure 3.1, Table 3.1). Where possible, benthic sediment samples were collected at several
sites on the reef flat and channel to characterize surface sediment near the sediment traps.
Surface sediment (top 2 cm) was scooped with 50 mL HDPE centrifuge tubes and analyzed

for grain size and composition.

Table 3.1. Sediment trap deployment locations and characteristics.

Benthic sediment composition

Depth % % %
Side Location Latitude Longitude Substrate Reef (m) Organic Carbonate Terrigenous
North 1A -14.29001 -170.68153 Sand/mud backreef 1 4 81 15
North IB  -14.28937 -170.67921 Coral reef flat 1 5 82 13
North 1C  -14.28838 -170.67804  Coral forereef 10 5 82 13
North 2A  -14.29179 -170.68196 Sand/mud backreef 1 4 31 65

backreef

South 2B -14.29149 -170.67992  Coral pools 2 - - -
North 2C  -14.28989 -170.67663  Coral forereef 15 5 82 13
South 3A -14.29269 -170.67896  Coral reef flat 4 88
South 3B -14.29364 -170.67710  Coral reef flat 2 4 88

South 3C -14.29268 -170.67545 Coral forereef 10 - - -

A monthly time interval for collecting sediment accumulation was chosen (Muzuka
et al., 2010; Victor et al., 2006) to collect enough sediment for laboratory analysis and for
field logistical reasons. Collection dates varied due to operational safety concerns on the
fore reef; deployments varied from 24 d to 53 d, with a mean deployment of 36 days (Figure
3.3c, dotted lines), covering a 12-month period from March 2014 to April 2015.

Sediment traps were made from 5 cm internal diameter PVVC pipe, approximately 30
cm tall, and capped at the bottom. Storlazzi et al. (2011) recommends a height-to-diameter
ratio of at least 5, preferably more than 7; the height-to-diameter ratio of sediment traps in
this study was 6. To collect sediment from the sediment trap, a PVC cap was slipped over
the open end, and then the sediment trap was removed from the block and replaced with an

empty sediment trap for the next deployment. In the lab, the accumulated sediment was
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rinsed from the inside of the sediment trap and analyzed for weight, grain size, and
composition. Some studies deploy multiple sediment traps at each site to determine an
average accumulation rate, and Bothner et al. (2006) found that sediment accumulation rates
at co-located sediment traps differed by 11% on average. This study deployed a single
sediment trap to minimize hydrodynamic interference per Storlazzi et al. (2011).

Sediment pods were made from 15.25 cm diameter PVC pipe, approximately 12 cm
tall, and filled with cement with three eye-bolts to act as rebar and attachment points (Figure
3.2). The cement was poured on a rough piece of plywood to give it a slight texture
approximating a coral surface (Field et al., 2012). To collect sediment from sediment pods, a
rubber cap was carefully slipped over the sediment pod, taking care not to disturb the
sediment, and the stainless steel hose clamp was tightened to prevent sediment from
escaping during transport to the lab (Figure 3.2c). In the lab, the rubber cap was removed
and the sediment on the surface of the sediment pod was rinsed off and analyzed for weight,
grain size, and composition. In many instances there was significant algal growth on the
sediment pod surface, so sediment was manually scrubbed from this algae layer and
included in the analysis.

Sediment weight and grain size were analyzed by wet sieving, and composition was
determined by the Loss on Ignition (LOI) method. Gravel-size shells and organisms (>2
mm) were sieved and removed from analysis, then the coarse (2 mm — 63 um) and fine
fractions (63 um - 2 um) were separated by wet sieving. The fine fraction was collected on
pre-weighed 15-cm diameter, 2-um nominal pore size glass fiber filters. To remove salts, the
coarse fraction was rinsed in the sieve with distilled water, whereas the fine fraction was

gravity filtered with distilled water at least three times. Coarse and fine fractions were dried
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at 100 C for 2 hr, cooled, and weighed to determine the bulk sediment mass. The sediment
samples were then analyzed for geochemical composition using the LOI method of
combusting 3 hr at 550 C for % organic and 950 C for 3 hr for % carbonate, respectively, by
mass (Heiri et al., 2001; Santisteban et al., 2004). The proportion (%) of terrigenous
sediment was then determined by subtraction from the % organic and % carbonate
(DeMartini et al., 2013; Gray et al., 2012). Wet sieving conducted by different lab analysts
showed an unacceptable difference in coarse and fine fraction separation, so only combined
fine and coarse fraction (total) sediment accumulation data were used in further analyses.
Sediment accumulation results were normalized for trap diameter and deployment time (g
m2d?) (Storlazzi et al., 2009) to compare sediment pods and sediment traps and variable

deployment times.

3.2.2.3 Time-lapse photography of terrigenous sediment plumes

A Moultrie GameSpy 1-35 trail camera was installed in January and February 2014
to characterize the variability of surface properties in the bay and image sediment plumes
discharged from Faga'alu Stream following storms. The camera was deployed on the south
side of Faga'alu Bay (Figure 3.1) in time-lapse mode at a 15-min interval. Although
suspended-sediment concentrations cannot be inferred from the images, the brown-colored,
terrigenous sediment was clearly visible in contrast to the normally clear ocean water,

showing the pattern and, using sequential images, the trajectory of the plume.
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3.2.2.4 Oceanic forcing

In situ wave data was not available at the study site during sediment trap
deployments, but data from a wave gauge installed previously in Faga'alu for 2 months
compared well with NOAA WaveWatch Il Samoa Regional Wave Model (WW3)
(PACIOOS, 2016). The WW3 Samoa Regional Model takes into account island bathymetry
and shadowing, so only swell directions from the Southwest to Southeast were included in
the analysis, since other swell directions do not impact Faga'alu Bay. To characterize wave
conditions during sediment trap deployments, mean wave height between the deployments
(Hmean, in m) was calculated from WW3 data on daily mean significant wave height during
the period between collections (Rangel-Buitrago et al., 2014; Seymour, 2011).

This analysis did not investigate the influence of winds directly, but wind waves
generated by trade winds are included in the WW3 model output. Strong trade winds are
typical in May-September when significant wave height is also high due to trade wind
generated waves and Austral winter storms. The co-occurrence of light winds and large
groundswell-generated waves is infrequent but most common during the wet season from
October to May. This analysis assumes the dominant effects of strong, onshore trade winds
from the southeast are adequately captured by the WW3 significant wave height and would

be significantly correlated with calculated mean wave height.

3.2.2.5 Analytical Methods

Univariate and multi-variate linear regression models were used to determine how
SSY (tons) and Hmean (m) influence temporal patterns of sediment accumulation rates in
sediment traps and on sediment pods at each of the 9 sediment trap sites, as well as the mean
accumulation of traps on the northern and southern reef. Sites 1A, 1B, 1C, 2A, and 2C were
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classified as the “northern reef” and sites 2B, 3A, 3B, and 3C as the “southern reef” (Table
3.1). The significance of the correlation between sediment accumulation and individual
driving variables (SSY or Hmean) were tested with the Spearman correlation coefficient (p-
value <0.10).

A linear regression between SSY and Hmean confirmed they were not significantly
correlated and could be treated as independent variables in the multiple regression. A
multiple linear regression between sediment accumulation vs. SSY and Hmean quantifies
how well each predictor is correlated with sediment accumulation, while controlling for the
influence of the secondary predictor. The multiple linear regression model was assessed
using the significance of p-values for each predictor. This approach does not account for the
phasing or sequencing of large wave events and SSY from storms within deployment
periods. For instance, if a large wave event occurred prior to a large storm event, we would
not expect the wave event to affect sediment accumulation from that storm-supplied
sediment yield, but our measurement interval cannot resolve the difference in phasing or

sequence.

3.3. Results

3.3.1 Suspended sediment yield (SSY) and mean wave heights (Hmean)

Seasonal patterns of wave conditions and SSY were hypothesized to vary such that
large Hmean and low SSY coincide during the trade wind dry season (May-September),
which would cause low terrigenous sediment accumulation. Hmean mostly followed the
conceptual pattern with peak Hmean occurring around June-August and lowest during

December-February, with the exception of larger than expected Hmean in April 2014 and
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January 2015 (Figure 3.3c). Measured and modeled SSY did not follow the conceptual
model. The highest SSY was observed during the July-September 2014 period because (1)
the largest single storm recorded in the past four years occurred 25 July 2014, (Messina and
Biggs, 2016), and (2) sediment mitigation at the quarry in October significantly reduced
total SSY from the watershed that would have occurred during the 2014-2015 wet season

(October-April) (Holst-Rice et al., 2016).
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Figure 3.3. Suspended sediment yield from Faga'alu Stream (SSY) and Mean wave height
(Hmean) at the study site during sediment trap deployments. a) Mean daily significant wave
height (m) exceeding 1.5 m from the NOAA WaveWatch 1l Samoa Regional Model and
total daily Suspended Sediment Yield (SSY) (tons). b) Mean significant wave height (m)
and total SSY during deployment periods (dashed lines indicate sample collection dates).
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3.3.2 Time-lapse photography of sediment plumes

Messina et al. (in press) showed that the orientation of wind and wave-forcing over
the southern reef caused clockwise water circulation over the more energetic southern reef
and out through the channel. The circulation pattern was hypothesized to cause non-uniform
sediment plume dispersal over the reef by deflecting sediment plumes from Faga'alu Stream
over the more quiescent northern reef, while the southern reef remained un-impacted. The
hypothesized plume deflection was observed using time-lapse camera deployment in
January-February 2014 (Figure 3.4). Under calm wave and wind conditions, the reef was
clear of sediment (Figure 3.4a) and rainfall reached peak intensity 30 min later (Figure 3.4c).
Less than 15 min after peak rainfall intensity, sediment discharged from the stream outlet
into the bay (Figure 3.4d). The brown, terrigenous sediment plume propagated from the
stream outlet to the northern reef crest in approximately 15 min (Figure 3.4d-f), exceeding
the expected residence times of >60 min over the northern reef, expected under calm
conditions from Messina et al. (in press). The plume appears to have reached peak
concentration only 45 min after the initiation of rainfall and only 30 min after the plume first
entered the bay. During the 14 February 2014 event, GPS-logging drifters were deployed at
the stream outlet at the onset of plume discharge, and remained near the stream outlet

(unpublished) while the sediment plume extended out over the northern fore reef.
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Fagaalu Bay: Sediment plume following large rain 2/21/14

North Reef
Stream / South Reef

Crass

15:45

Figure 3.4. Time lapse photography of a sediment plume discharged from Faga'alu Stream
following a rain event 2/21/14. a-f) Time series of sediment plume following a brief but
intense rainfall. a) the Bay is clear of any sediment plume but following a short burst of
rainfall in b and c, a sediment plume is discharged from the stream outlet (d-f) where it is
deflected away from the South reef, over the North reef and channel, and out to sea. Later
frames showed the same spatial pattern, and an apparent diminishing of sediment
concentrations over the northern reef.

3.3.3 Sediment collection and composition: Spatial patterns

It can be assumed that Faga'alu Stream is the only source of fine terrigenous
sediment, but spatial heterogeneity in carbonate/terrigenous fraction showed terrigenous
sediment is distributed throughout the reef flat (Figure 3.5). Fine terrigenous sediment
accounted for 1-10% (u=3%) of fine benthic sediment, though including the coarse fraction
increased the total percentage to 8-65%, with the highest percentages of fine and coarse
terrigenous sediment near the stream outlet and on the more quiescent northern reef. Total
benthic sediment (fine and coarse) on the northern and southern reef flats was primarily

carbonate (82-88%), with small fractions of terrigenous, and only trace amounts of organics
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(Table 3.1). The terrigenous fraction was approximately 2x higher over the northern reef flat
(~15%) compared to the more energetic southern reef flat (8%). Near the stream outlet,
benthic sediment was dominated by the terrigenous fraction (65% terrigenous) but showed
similar percentages of organics as the reef flats.

Mean total sediment accumulation (g m2d) during the study period was an order of
magnitude higher in sediment traps than on sediment pods at all sites (Figure 3.5). Sediment
accumulation on sediment pods was higher in the more quiescent parts of the bay near the
stream outlet (site 2A), on the quiescent northern reef (site 1A-C), and near the outlet of the
channel (site 2C), whereas almost no sediment accumulation was observed on sediment pods
over the more energetic southern reef (sites 2B, 3A, 3B, 3C) (Figure 3.5b). Although total
accumulation was lower on sediment pods compared to tubes, the same spatial pattern and
relative magnitude of sediment accumulation rates was observed, with the exception of sites
3A and 3B on the south reef. Sediment accumulation rates in sediment traps on the southern
reef flat (sites 3A and 3B) were much higher than corresponding sediment pods. Mean
carbonate sediment accumulation rates on the more energetic southern reef (site 3A and 3B)
were also strongly influenced by one period of high sediment accumulation related to a high
wave event that occurred just before the collection date for the period of March 2014 (Figure
3.3b). Sediment accumulation at site 2B (sediment trap), located on coral rubble on the
southern reef flat, was lower than other southern reef flat sites (sites 3A, 3B) where wave-
driven flow is faster and benthic sediment was more available.

Though total sediment accumulation was higher in sediment traps, the average
percent contributions of organic, terrigenous, and carbonate sediment were similar for

sediment traps and sediment pods at each site. With the exception of site 2A near the stream

125



outlet, sediment accumulation on both the north and south reefs was dominated by the
carbonate fraction. On the more energetic southern reef, the ratio of terrigenous and
carbonate sediment accumulation observed in sediment traps (sites 2B, 3A, 3B, and 3C)
mainly reflected the composition of surrounding benthic sediment. For the southern reef, 3A
and 3B showed the largest relative increase in terrigenous fraction compared to surrounding
benthic sediment, likely due to some small storm drains emptying into the bay near those
sites. On the more quiescent northern reef, in both sediment traps and sediment pods, the
terrigenous fraction of sediment accumulation rates was higher than surrounding benthic
sediment; the organic fraction was also higher than surrounding benthic sediment, but only

in sediment traps and not on sediment pods.
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Figure 3.5. Mean sediment accumulation rates (g m? d) and composition at sediment traps
and sediment pods in Faga'alu Bay during all deployments. a) Sediment traps. b) Sediment
pods. ¢) Benthic sediment composition. Note: Subplot scales are different for visualization
purposes, can’t compare sizes of charts, hence numbers included.
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3.3.4 Sediment collection and composition: Temporal patterns

Following the clear spatial differences in mean sediment accumulation (Figure 3.5),
sites on the northern and southern reefs were grouped, and mean sediment accumulation was
calculated to investigate temporal patterns. On the more energetic southern reef, mean
sediment accumulation on sediment pods was much lower, and nearly zero compared to the
more quiescent northern reef for all periods (Figure 3.6). On the northern reef, mean
sediment accumulation rates on sediment pods were generally lower during the May-
October trade wind season, and higher during the October-April wet season, but the patterns
were not very strong (Figure 3.6a). There is some evidence that terrigenous sediment
accumulation was higher in periods following a large input of terrigenous sediment in the
July-August 2014 period. Terrigenous sediment accumulation was higher on pods following

the July-August 2014 period, compared to previous periods, under similar Hmean and SSY.
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Figure 3.6. Mean sediment accumulation (g m d) on sediment pods during the study

period over the a) north reef including sites 1A, 1B, 1C, 2A, 2C, and b) south reefs including
sites 2B, 3A, 3B, 3C.
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Similar to the results for sediment pods, mean sediment accumulation rates in
sediment traps were higher on the more quiescent northern reef than the more energetic
southern reef for all deployment periods. On both the northern and southern reefs the three
periods with highest mean wave heights (March 2014, June-July 2014, and December 2014)
were associated with the highest rates of carbonate sediment accumulation in sediment traps.
Conversely, mean terrigenous sediment accumulation in sediment traps on either the
southern or northern reef did not seem to follow any pattern in SSY, Hmean, or even total P,
and seemed to occur at a fairly constant rate over the study period. Although the mean
sediment accumulation rates illustrate broad characterizations of sediment regimes over the
northern and southern reefs, no strong temporal patterns in mean terrigenous sediment

accumulation were evident in the time series.
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Figure 3.7. Mean sediment accumulation (g m d) in sediment traps during the study

period over the a) north reef including sites 1A, 1B, 1C, 2A, 2C, and b) south reefs including
sites 2B, 3A, 3B, 3C.
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Terrigenous sediment accumulation on sediment pods was not significantly

correlated with SSY for any sites (Figure 3.8, Tables 2-3). Carbonate sediment accumulation

on sediment pods was positively correlated with mean wave height at only one site on the

northern reef (site 1A) (Figure 3.8, Table 3.2), though total sediment accumulation was

negatively correlated with mean wave height in more energetic areas, near the reef crest on

the northern reef (site 1B) and southern reef (site 3B) (Table 3.2). The only positive

correlation between carbonate sediment and mean wave height was on the northern reef (site

1A), in an area with large supply of sand near the stream outlet (Figure 3.2d).

Table 3.2. Spearman correlation coefficients for Sediment Accumulation vs. SSY, and
Sediment Accumulation vs. Hmean.

Total Terrigenous Terrigenous Carbonate
+Organic

P1A w: 0.721
P1B w: -0.617 w: -0.633 w: -0.633
P1C
P2A w: -0.527
P2B
p2C
P3A
P3B w: -0.806
P3C
North_Pods ssy:-0.573
South_Pods
T1A w: 0.600 w: 0.717
T1iB w: 0.750 w: 0.833
T1C w: 0.973 w: 0.682 w: 0.755 w: 0.945
T2A ssy:0.555 ssy:0.545
T2B ssy:0.629
T2C w: 0.936 w: 0.952
T3A w: 0.900 w: 0.545 w: 0.564 w: 0.873
T3B w: 0.891 w: 0.955
T3C ssy:-0.627 ssy:-0.573
North_Traps  w: 0.700 w: 0.818
South Traps  w: 0.864 w: 0.545 w: 0.927
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Figure 3.8. Time series' of sediment accumulation (g m d*) and composition on sediment
pods at nine sediment trap locations in Faga'alu Bay, related to suspended-sediment yield
from the watershed (SSY) and mean significant wave height (m). “P” indicates sediment
“pod” and location ID’s (ex. 2A) correspond to sites in Figure 3.1.

Univariate linear regressions (Table 3.2) showed Hmean was positively correlated
with total and carbonate sediment accumulation in sediment traps at every site except near
the stream outlet (site 2A), on the more energetic southern reef in coral rubble (site 2B), and
on the more quiescent southern fore reef (site 3C). Hmean was positively correlated with

mean total and carbonate sediment accumulation in traps on the northern and southern reefs

(Table 3.2), but when controlling for SSY in the multiple regression, only mean carbonate
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accumulation was weakly correlated with Hmean on the northern reef (Table 3.3). On the
northern and southern fore reef (sites 1C, 2C, and 3C), univariate and multivariate linear
regressions showed both total and carbonate sediment accumulation in sediment traps were
significantly correlated with mean wave height, and showed a nonlinear relationship with

wave heights in many cases (Figure 3.10).
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Figure 3.9. Time series' of sediment accumulation in sediment traps and composition at nine
sediment trap locations in Faga'alu Bay, related to suspended sediment yield from the
watershed (SSY) and mean significant wave height (m). “T” indicates sediment “trap” and
location ID’s (ex. 2A) correspond to sites in Figure 3.1. Coral health thresholds related to
sediment accumulation in tubes from Erftemeijer et al. (2012) are shown as dotted
horizontal lines: <100 g m2 d! = no stress, 100 — 300 g m d™! = stress recruits, 300 — 500 g
m-2 d* = stress colonies, >500 g m? d* = lethal.
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Terrigenous sediment accumulation was only correlated with SSY on the far southern
fore reef (site 3C), and the correlation was negative. Sediment accumulation was very low at
this fore reef site, and when controlling for Hmean in the multivariate regression (Table 3.3),
there was no correlation (Table 3.3). The strongest correlation between SSY and sediment
accumulation (both total and terrigenous) was near the stream mouth (site 2A) (Figure 3.9).
Total and carbonate sediment accumulation near the stream mouth were positively
correlated with SSY, but terrigenous accumulation was not correlated with SSY in the
univariate regression. When controlling for mean wave height in the multivariate regression,

terrigenous accumulation near the stream mouth (site 2A) was highly correlated with SSY

(Table 3.3).
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Figure 3.10. Correlations between total sediment accumulations in sediment traps vs SSY,
mean wave height. P-values are for multiple regression.
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Table 3.3. Significant P-values for multiple regression of Sedimentation ~
SSY + Waves. ***=p<0.001, **=p<0.01, *=p<0.05, +=p<0.1. Non-significant
p-values were left blank.

Terrigenous

+Organic Carbonate

Total Terrigenous

P1A
P1B
PiC
P2A
P2B
p2C
P3A
P3B
P3C
North Pods
South Pods
T1A

TiB W W ossy’

TiC w wh w w
T2A ssy ssy ssy ssy*
T2B ssy*
T2C W wh W
T3A

T3B

T3C w' ossy” W ssy
North Tubes wt
South Tubes

3.4. Discussion

Hmean was a dominant control on sediment accumulation over the reef by driving
resuspension of primarily carbonate sediment surrounding sediment traps. Terrigenous
sediment accumulation was only correlated with total SSY near the stream outlet, but
elevated terrigenous fractions of accumulated sediment in traps compared to benthic
sediment, as well as time lapse photography of sediment plumes, showed the northern reef
flat and fore reef near the channel were impacted by terrigenous sediment. Poor correlations
between terrigenous sediment accumulation and SSY could be the result of high uncertainty

(50-100%) in the measured and modeled SSYev from Faga'alu Stream (Messina and Biggs,
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2016), complex hydrodynamics at sites, daily sequencing of wave and storm events, and
confounding processes like resuspension of previously-deposited terrigenous sediment near

the trap.

3.4.1 Watershed and oceanic controls on sediment accumulation

Sediment accumulation was an order of magnitude higher in traps than pods,
indicating the enhanced trapping efficiency and reduced resuspension of sediment in
sediment traps compared to on sediment pods. The results presented here showed the
advantage of deploying both sediment traps and sediment pods at the same location to
compare gross and net sediment accumulation across spatial gradients in hydrodynamic
energy as well as the temporal patterns due to interaction between terrigenous sediment
inputs and wave-induced resuspension. For example, whereas mean sediment accumulation
on the sediment pod near the northern reef crest (site 1B) was the lowest on the quiescent
northern reef, sediment accumulation in the sediment trap at the same site was the highest of
the northern reef sites. Total and terrigenous sediment accumulation on the sediment pod at
site 1B near the northern reef crest was negatively correlated with waves, while total and
carbonate sediment accumulation in the sediment trap was positively correlated with
Hmean. This indicates resuspended sediment was deposited in the sediment trap where it
was not removed, while sediment deposited on the pod was frequently removed by energetic
wave conditions near the reef crest, compared to in the more sheltered part of the
embayment (site 1A).

On both the quiescent northern reef flat (sites 1A and 1B) and energetic southern reef
flat (sites 3A and 3B), univariate linear regressions showed both total and carbonate

sediment accumulation in sediment traps were significantly correlated with Hmean (Table
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3.2), but sediment pods showed no correlation. Sediment accumulation rates at these reef
flat sites appeared to have been controlled by wave-driven resuspension of surrounding
carbonate sediment that was deposited in the sediment trap, but did not remain on the
sediment pod due to energetic hydrodynamic conditions.

Hmean was not significantly correlated with accumulation in sediment traps at only
three sites (2A, 2B, and 3C), indicating the lack of wave-driven resuspension or a lack of
benthic sediment availability. Site 2A was in the most quiescent part of the bay and site 2B
was in deeper water than the other reef flat sites, which limits resuspension. Site 2B lies on
coral rubble with very little sediment near the sediment trap, and results suggest that if any
carbonate sediment is transported across the shallow reef flat, (e.g., sites 3A and 3B), it is
deposited as the flow enters the deeper, back reef pools and currents slow (e.g., Messina et
al. in press). Site 3C was the farthest from the stream outlet, which limited terrigenous
sediment exposure, up-current of the reef flat, which limits carbonate sediment availability,
and most exposed to wave energy, so unsurprisingly, collected sediment was nearly zero for
most periods.

Sediment accumulation on sediment pods was expected to be higher during periods
of low Hmean due to lower removal rates. The negative correlations between total sediment
accumulation and Hmean at energetic reef crest sites on the northern (site 1B) and southern
reefs (site 3B) indicates sediment was removed or deposition was prevented by active
hydrodynamic conditions. Though negative correlations between accumulation on sediment
pods and Hmean were not significant at all sites, and the temporal pattern varied over the
study period, the highest mean total sediment accumulation on sediment pods coincided with

low Hmean in Noveber 2014, suggesting low removal rates during this quiescent period.
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Sediment accumulation on sediment traps and sediment pods was expected to be lower
during periods with higher mean wave heights due to flushing and removal, but sediment
traps actually showed higher accumulation with higher waves. These unexpected results
showed the influence of resuspension of surrounding benthic sediment that was retained in
sediment traps, but not on sediment pods.

Higher terrigenous accumulation on the northern reef was caused by relatively
quiescent hydrodynamic conditions compared to the southern reef, and the configuration of
sediment input from the stream and water circulation patterns that directed sediment plumes
over the northern reef and channel. Terrigenous sediment accumulation was expected to be
higher during periods of low Hmean and higher SSY during the wet season (October-April)
due to high sediment input and low removal (Figure 3.3a); SSY, however, was highest in
July during the dry, trade wind season. Sediment accumulation was significantly correlated
with SSY only near the stream outlet (site 2A), but sediment traps and sediment pods
showed both higher percent contribution and accumulation of terrigenous sediment on the
northern reef flat (sites 1A, 1B) and fore reef near the channel (sites 1C, 2C), compared to
the southern reef. Benthic sediment on the north reef, especially near the stream outlet,
contained a higher percentage of terrigenous sediment (Figure 3.5), so these results could
indicate resuspension and deposition of surrounding benthic sediment. However, all
sediment traps on the northern reef showed higher terrigenous fractions than the surrounding
benthic sediment, indicating terrigenous sediment supplied by the stream was advected
through, but not accumulating on, the reef. This suggests that more complex hydrodynamic
forcing and resuspension of previously deposited sediment are controlling sediment

accumulation, and not simply a result of SSY at the event scale.
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On the more energetic southern reef, sediment accumulation in March 2014 was
anomalously high due to high carbonate sediment accumulation in sediment traps at 3A and
3B during that period. Wave-induced resuspension of nearby benthic sediment was the
likely cause but similarly high Hmean during other periods did not cause the same
magnitude of sediment accumulation. The discrepancy could be due to the calculation of
Hmean, which would be the same for a period of low mean wave energy with a few medium
wave events that caused little resuspension, versus a period of low mean wave energy
punctuated by one exceptionally high wave event that caused exponentially more
resuspension, which appears to be the case in March 2014 (Figure 3.3b). There is also the
possibility that carbonate sediment builds up over periods of low waves and trade winds
during the wet season, which is then resuspended and advected through the reef during the
onset of large wave events and depleted until the following wet season. A similar temporal
pattern of terrigenous sediment movement may be occurring over the northern reef. Mean
terrigenous sediment accumulation on pods over the northern reef appeared to be higher
following the July 2014 period when an exceptionally large storm delivered a large amount
of terrigenous sediment (Figure 3.6a). This large SSY correlated with high sediment
accumulation near the stream outlet (site 2A), indicating sediment was deposited on the
seabed, which may have been reworked over the northern reef in later deployment periods,
as evidenced by the terrigenous accumulation on sediment pods. Our data were too limited

to further investigate seasonal or interannual temporal variations.
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3.4.2 Relationship between particle size, settling velocity, and spatial pattern of

sediment accumulation

The commonly observed decrease in terrigenous sediment accumulation with
distance from the outlet of streams in small, tropical watersheds in low latitudes (DeMartini
et al., 2013; Victor et al., 2006) may be due to the distribution of particle sizes discharged
from the stream. It may be that sediment deposition near stream outlets is comprised of
larger particle sizes with longer resulting residence times that allow settling before being
advected out of the embayment. The potential for terrigenous sediment deposition decreases
with distance from the stream outlet as the sediment plume is depleted of larger particle
sizes, leaving only silts and clays with settling times on the order of days to months. Settling
velocity strongly depends on particle size with large non-linear differences due to both grain
size flocculation, as well as water properties including salinity and temperature, which vary
in a mixed freshwater/seawater plume and strongly influence settling velocity. Further
research on particle size distributions of SSY from the watershed and accumulation on the
reef are needed to understand these processes.

From the time-lapse images of a storm sediment plume (Figure 3.4b), we observed
the plume traveled from the stream outlet to the fore reef within 15-30 min, though
residence times of the underlying seawater are likely greater than 1 hr under calm conditions
(Messina et al. in press). This illustrated the flow velocity of underlying seawater was
exceeded by the plume. In the field, the plume was observed moving over the denser
seawater in a thin, sediment-rich surface layer approximately 10-25 cm thick (Figure 3.4e-
g). Under calm conditions, Stokes settling velocity of volcaniclastic clay/silt in seawater is

roughly 0-0.5 cm/s; Storlazzi et al. (2015) estimates settling time varies from 0.02 hr/m for
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coarse sands up to 1000 hr/m for clays. For depths of 1 m, settling time would be
approximately 33 min for particle size 63 um, increasing to approximately 166 min for
particle size 30 um. Under these conditions, silt-sized sediment could have been deposited
over the whole northern reef, but the largest particles which are most likely to be deposited
on corals would likely settle out of the water column before reaching the fore reef. The
smaller particles that could have remained in suspension long enough to be advected over
the fore reef are likely never deposited on the reef given their slow settling velocities.
Although sediment from the plume may not be directly deposited on the corals, sediment in
water column attenuates light and shifts color spectrum to yellow/green light, reducing
effective radiation for photosynthesis (Jones et al., 2015; Storlazzi et al., 2015), causing
coral stress over these areas.

Although the sediment plume from the stream, observed in the time-lapse
photography (Figure 3.4), moved independently of underlying seawater, the spatial
distribution of sediment accumulation on sediment pods corresponded with spatially
distributed patterns of water residence time described by Messina et al. (in press). Higher
sediment accumulation on sediment pods was observed where water residence time was
expected to be higher, such as on the more quiescent northern reef, compared to the more
energetic southern reef where water residence time was predicted to be low, and oceanic

water with low SSC is transported across the southern reef crest by wave forcing.

3.4.3 Relating sediment accumulation to coral health

Sediment accumulation in sediment traps on the northern reef exceeded literature
values for coral health impact thresholds during some periods (Figure 3.9), indicating acute
sediment stress on corals in those areas (Erftemeijer et al., 2012). On the southern reef, only
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the sites nearest shore (3A and 3B) exceeded coral health thresholds, and these were
primarily due to high carbonate sediment accumulation. Although particle settling on coral
is important, recent work by Storlazzi et al. (2015) showed low concentration of fine grain
sediment in the water column (10 mg L) reduced photosynthetically active radiation by
~80% at depths of only 0.2-0.4 m. This suggests that sediment impacts on photosynthesis
are more acute and common over the more quiescent northern reef and near the channel,
compared to the more energetic southern reef.

Sediment traps showed an order of magnitude higher sediment accumulation,
particularly in areas of high flows (sites 3A, 3B, and 1B), but similar patterns of
accumulation as sediment pods in quiescent parts of the bay (sites 2A, 1A). Other studies
have shown that sediment traps collected transient suspended sediment while the
surrounding benthic sediment composition suggested no net accumulation (Bothner et al.,
2006; Storlazzi et al., 2009). As a consequence, measured sediment accumulation rates in
sediment traps cannot be used to estimate long term accumulation rates or coral health
impacts, though both are often done (Teneva et al., 2016). Coral health is affected by
suspended sediment, so information on sediment concentrations in the water column, as
represented by the collection in the sediment traps, could be an important indicator of
sediment stress.

The composition, grain size, organic content, and residence time of deposited
sediment can cause widely different impacts on health even for the same coral species, and
coral health impacts from similar sediment accumulation conditions can vary widely by
species and coral life stage (colonies vs recruits). Ecologically relevant thresholds for

harmful sediment accumulation rates on corals are not straightforward, are unavailable for
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sediment pods, and can vary widely in the literature for simple tube traps (Erftemeijer et al.,
2012). In Faga'alu Bay, areas of reduced coral health determined by previous surveys (Holst-
Rice et al., 2016) coincide with higher sediment accumulation, particularly terrigenous
sediment accumulation, on sediment pods measured here.

Given the apparent lag between deposition at the stream outlet, and subsequent
resuspension and advection of terrigenous sediment over the northern reef, SSY from storms
may not be a strong control on terrigenous sediment accumulation at a monthly scale, but
could be important over longer time scales. Taken together, the time-lapse photos of
sediment plumes and sediment accumulation results presented here also indicate that while
higher sediment accumulation rates may not coincide with high loading from the watershed
on a monthly time scale, frequent sediment plumes over the northern reef and resuspension
cause a persistent reduction of PAR and likely, reduced coral health (Storlazzi et al., 2015).

Previous work in Faga'alu documented that human disturbance has increased SSY to
the bay by ~3.6x over the natural background, due in large part to an open pit quarry in the
watershed (Messina and Biggs, 2016). The enhanced terrigenous fraction in the northern
part of the bay may reflect this enhanced terrestrial yield, and the data presented here
suggest that resuspension of that material after deposition is a continuing source of sediment
stress in the coral environment.

Similar to other studies on sediment management for coral recovery like DeMartini et al.
(2013), it is unknown what the effect of sediment mitigation in the watershed will be on
coral health, particularly the time scale that recovery can be expected. Wave-driven
resuspension of terrigenous sediment occurs frequently on the shallow reef flat, suggesting

the built up store of terrigenous sediment will be advected from the reef flat, but it may be
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deposited on the fore reef where its residence time would be much longer. Wolanski et al.
(2005) found resuspension at depths > 10 m only occurred during infrequent, extreme wave
events, so any sediment deposited on corals deep on the fore reef may have very long

residence times and persistent negative impacts.

3.4.4 Comparison to other studies, and advantages of this approach

Other studies have shown stronger correlations between terrigenous sediment inputs
and sediment accumulation in sediment traps, but these studies were mainly under quiescent
ocean conditions or relied on sediment traps sited near the stream outlet (Storlazzi et al.
2009; Field et al. 2012; Gray et al. 2012). Terrigenous sediment accumulation in other areas
may be more tightly coupled to watershed yield than was observed in this study, either near
stream outlets, as observed in this study at site 2A, or in sheltered bays with limited
resuspension (Draut et al., 2009; Gray et al. 2012). Further from stream outlets, or on reefs
exposed to larger, or more frequent waves, monthly sediment accumulation rates may be
decoupled from the storm-supplied terrigenous sediment yield (Draut et al., 2009), and
instead are determined by resuspension of previously deposited sediment (Storlazzi and
Jaffe, 2008; Storlazzi et al., 2009), as observed over the reef flat in this study.

The complex morphology and water circulation around coral reefs can cause
significant gradients in hydrodynamic forcing over relatively short spatial and temporal
scales, which can cause substantial variations in sediment transport, accumulation,
resuspension, and residence time, of both reef-derived and storm-supplied, terrigenous
sediment in a small coral reef embayment (Storlazzi et al., 2009). Other studies have
deployed sediment traps without an explicit consideration of spatial variation due to distance

from sediment inputs, water circulation, or depth (Gray et al. 2012) making it uncertain if
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sediment accumulation is indicative of sediment dynamics over the reef or just high
deposition normally expected near stream outlets (DeMartini et al., 2013; Victor et al.,
2006). This study measured spatial gradients in sediment accumulation in two dimensions,
illustrating sediment dynamics over the whole reef, and documenting significant spatial
differences in sediment accumulation due to the variation in benthic sediment composition,
orientation of wave-forced circulation, and configuration of the stream outlet. Other studies
have also qualitatively interpreted temporal variation in sediment accumulation rates in
relation to the occurrence of discrete events like large storms (Gray et al., 2012) or large
wave events (DeMartini et al., 2013), without statistical analyses of how different sized
storms or waves affect sediment accumulation rates. This study quantitatively assessed how
varying wave conditions and sediment inputs controlled temporal patterns of terrigenous and
carbonate sediment accumulation to understand the effects of sediment reduction from the
watershed, and how it may affect coral sediment-stress as a result.

With a quasi-monthly sampling interval it is not possible to assess daily sediment
accumulation rates, or to investigate the effects of phasing and sequence between daily SSY
and daily wave conditions, which are likely very important controls on sediment
accumulation rates. The objective of this study was to investigate broad spatial and temporal
trends in a remote area to support management, so simple, more feasible methods were used.
Using upward-facing, optical backscatter instruments to measure sediment accumulation at
hourly intervals (Thomas and Ridd 2005) or measuring resuspension and transport with
more sophisticated hydrodynamic instruments and suspended sediment sampling (Pomeroy
et al., 2015a; Storlazzi et al., 2009) would be necessary to develop higher resolution

assessments of sediment accumulation and transport. Monitoring total light attenuation from
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suspended and deposited sediment particles would also help quantify the total impact of
supsended and deposited sediment on the coral environment.

This period of study described here included terrestrial mitigation actions that
significantly reduced SSY to the bay, making precipitation a poor predictor of SSY and
hence, sediment accumulation. In other watersheds where mitigation is planned, or land use
change is ongoing, it is strongly advised that in situ measurements of SSY from the stream
are used. The approach presented in this paper illustrates how measurements of SSY from
the stream, time-lapse photography, water circulation over the reef, and sediment
accumulation in sediment traps and pods can be combined to develop an integrated
understanding of sediment dynamics in a fringing reef embayment in support of coral
conservation. This approach was designed to be low cost and require few personnel and
technical resources, yet still provided a full description of terrigenous sediment dynamics in

the study site to recommend management strategies and determine their efficacy.
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Conclusion

Although there are many independent studies conducted on components of sediment
transport through and from watersheds to coral reefs, there are few examples of
comprehensive sediment dynamic studies conducted to support coral management,
particularly in remote areas. This dissertation provided an example of how a scientific,
process-oriented Ridge-to-Reef study of sediment dynamics can be conducted to support
local coral management and to provide scientific understanding of the linked watershed-
coastal processes that generate sediment in human-disturbed systems and deposit sediment
in coral reef ecosystems.

The first chapter showed natural sediment yield to the Bay was significantly
increased by bare soil exposed at the quarry and in the village, and developed an empirical
model of event-wise suspended sediment yield. The second chapter characterized water
circulation and flow velocity over the reef, in relation to dominant wind and wave conditions
experienced in Faga'alu Bay. The third chapter integrated the sediment yield model of the
first chapter to determine terrigenous sediment input, and the water circulation
characterization of the second chapter, to interpret spatial and temporal patterns of sediment
accumulation measured over the reef.

Taken together, these chapters characterize the source, transport processes, and
temporal dynamics of terrigenous sediment from the watershed, and how sediment impacts
are distributed in space and time over the reef to negatively impact coral health. They
provide the critical baseline data to assess the effectiveness of sediment management
actions, and document one of the few examples of successful coral reef restoration related to

land-based sources of pollution such as sediment.
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Future research

Continued monitoring and documentation of the sediment yield reduction from the
watershed, and the resulting reduction in sedimentation on the reef are currently underway.
Coral health surveys are scheduled every three years by the NOAA Coral Reef Ecosystem
Division. Coral health is anticipated to improve over time, though it is difficult to predict
how quickly the reef may recover. A critical research gap remains, and that is determining
daily sediment accumulation patterns over the reef, and determining if these short term
impacts are occurring and preventing coral recovery. Finer temporal resolution of
terrigenous sediment resuspension and advection around the northern reef are needed to
determine if terrigenous benthic sediment deposits will be depleted.

Another future research direction could be measuring light attenuation from both
storm-supplied sediment plumes from the stream and resuspended benthic sediment to
determine the impact on coral photosynthesis. Light attenuation could also be related to
sediment accumulation to determine if sediment traps are a proxy for overall impact or just
impacts from accumulation. Given the observed increase of terrigenous fraction in benthic
sediment near the stream outlet, it would be beneficial to conduct a more detailed benthic
sediment characterization, specifically sediment coring to determine if the current surface
sediment was only recently enriched by increased sediment discharge related to the quarry.
While the quarry may seem like a unique feature of Faga'alu, rock quarries are common on
remote, volcanic islands where it is prohibitively expensive to import other sources of rock
for building material. Other forms of mining are also common in many South Pacific
islands, and negative impacts on downstream coral ecosystems have been documented in
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New Caledonia and Papua New Guinea, as well as many other tropical islands. Although
corals are under threat from global scale anthropogenic stressors like climate change and
ocean acidification, local conservation efforts can reduce land-based sources of pollution

like sediment to improve coral reef ecosystem health.
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