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ABSTRACT

The influence of land use on river nutrient and sediment concentrations as well as
benthic community composition on nearshore reefs around
Moorea, French Polynesia,

and the development of a low-cost, open-source autonomous water sampler

By

Kyle Christopher Neumann

Human development of watersheds has fundamentally altered nutrient
(nitrogen and phosphorus) and sediment regimes in freshwater and marine ecosys-
tems. Watersheds located on steep tropical islands can be particularly susceptible
to increases in nutrient and sediment runoff following the replacement of native for-
est by agriculture, roadways, and buildings. Ultimately, much of this elevated runoff
is deposited in the nearshore environment. On tropical islands the nearshore is of-
ten characterized by coral reefs. Generally, coral reefs tend to thrive in clear, low-
nutrient waters. As such, nutrient enrichment and sediment runoff can have numer-
ous deleterious impacts on the physiology and life cycle of corals and other reef or-
ganisms.

In Chapter 1, | test the impact of watershed development on nutrient and to-
tal suspended solid (TSS) concentrations on the island of Moorea, French Polyne-

sia. To do this, | collected water samples during rainfall events in the rainy and dry
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seasons in eleven watersheds on the island. Water samples were analyzed for dis-
solved inorganic nitrogen (DIN = nitrate + nitrite + ammonium) and phosphate con-
centrations and total suspended solids (TSS). | quantified land use in watersheds
by analyzing satellite imagery for the percent of each watershed that is cleared of
forest for agriculture or development, and used census data to determine the popu-
lation of each watershed. PCA and regression analyses of these data indicate
strong positive relationships between how much of a watershed is cleared and the
nitrogen levels of the rivers, as well as a positive relationship between the amount
of sediment in the river and both how much the watershed is cleared and the popu-
lation of the watershed. Phosphate concentrations were not related directly to wa-
tershed development, but positively related to TSS. | then used DIN and TSS con-
centration thresholds established in similar tropical island ecosystems to assess
watersheds on Moorea for potential concerns to human health and ecosystem func-
tion. | found that DIN and TSS concentrations in Moorea’s rivers regularly exceed
these thresholds.

In Chapter 2, | studied the impacts of land use on nearshore fringing reefs
around Moorea. | used a combination of remote sensing, river water sampling, and
reef photo transects to quantify land use, river nutrient and sediment concentra-
tions, and reef community structure across a gradient of land use intensity. | found
that the percentage of cleared land in a watershed has a negative relationship with
coral cover on adjacent fringing reefs. Through ordination analysis | also revealed
that land clearing, human population, and river nutrient and sediment concentra-
tions are all correlated with the heterogeneity of community composition on fringing
reefs. Reefs situated near more developed watersheds were exposed to higher nu-

trient and sediment runoff and were more homogenous than those with less anthro-
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pogenic stress even hundreds of meters from river outflows.

In Chapter 3, | present a new research tool for water chemistry research.
Water chemistry conditions in freshwater and marine environments can change
rapidly over both space and time. This is especially true in environments that are
exposed to anthropogenic impacts such as sedimentation, sewage, runoff and oth-
er types of pollution. Through the fieldwork and analyses for Chapters 2 and 3 the
challenges associated with accurately collecting water samples across relevant
spatial and temporal scales became abundantly clear. In response, | developed an
inexpensive, open-source Programmable Autonomous Water Sampler (PAWS) that
is compact, robust, highly adaptable and submersible to 40 meters. PAWS utilizes
a time-integrated sampling approach by collecting a single sample in a syringe
slowly over hours to days. Once analyzed, data from the sample collected repre-
sents an integrated average of water chemistry conditions over time. Due to its
adaptability and low cost, PAWS has the potential to improve the spatial and tem-

poral coverage of many freshwater and marine studies.
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I. Land use shapes riverine nutrient and sediment concentrations
on Moorea, French Polynesia

Contributing Authors: Terava Atger — Local and traditional ecological
knowledge, sample collection and laboratory assistance. Tauira Punu — Local and
traditional ecological knowledge, sample collection and laboratory assistance.
Christian Green — Satellite image analysis. Will Underhill—Satellite image analy-
sis. Jordan A. Hollarsmith — Advising of statistical analyses, editing. Deron E.
Burkepile — Advising.

A. Introduction

Human activity has altered approximately 75% of the Earth’s surface in the
last millennia (Winkler et al. 2021). Global land-use models indicate a 0.8 million
km? loss in forest cover since 1960 and a corresponding increase of 0.9 to 1.0 mil-
lion km? in agricultural land (Winkler et al. 2021). Hydrologic models estimate that
~50% of observed increases in river run-off globally between 1900 and 2000 were
the result of changes in land use as deforestation reduced water retention capacity
of landscapes. This makes land-use change as much or more impactful than cli-
mate driven changes in runoff patterns (Piao et al. 2007). In addition to the increas-
es in water transport, human driven land use change has resulted in an increase in
nutrient enrichment and sediment loading in rivers (Green et al. 2004; Kroon et al.
2012; Hoffmann et al. 2010).

Due to their steep slopes, highly erodible soils, and high precipitation, defor-
estation in mountainous tropical regions can have an outsized impact on riverine
sediment loading and discharge (reviewed in: Labriere et al. 2015; Tanaka et al.
2021). One study of Kolombangara, a high tropical island in the Solomons, estimat-
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ed that if no land management practices were put in place, a 10% increase in log-
ging activity would result in an increase in sediment runoff of approximately 1500%
island-wide equating to an annual transport of approximately 3,000 tons of sedi-
ment from land through rivers to the ocean (Wenger et al. 2020). If forests are re-
placed by agriculture or population centers in these regions, there will be a resulting
increase in riverine nutrient loading. In a review of land-use impacts on the nitrogen
cycle in tropical systems, Downing et al. (1999) estimated that conversion of native
forest to agriculture utilizing high nitrogen fertilizer could result in a 25-fold increase
in nitrogen export from the system. Further urbanization of the same system could
result in a nearly 50-fold increase in nitrogen export as compared to native forest
(Downing et al. 1999). Understanding the role of land use in nutrient and sediment
runoff is essential to understanding alterations in aquatic ecosystems in altered re-
gions as well as effective planning, management, and restoration of altered water-
sheds.

Land use change has resulted in as much as a 20-fold increase in nitrogen
(N) and phosphorus (P) concentrations of many rivers worldwide as compared to
pre-industrial levels (Downing et al. 1999). Nitrogen and phosphorus enter aquatic
ecosystems as a result of atmospheric deposition as well as excess fertilizer appli-
cation on agricultural plots, industrial and domestic activities such as detergent use,
and untreated or incompletely treated human and animal waste (Correll, 1998;
Downing et al. 1999; Schmutz and Sendzimir, 2018). N and P from these sources
are dissolved in rain or ground water, or transported on sediments and particulate
matter, and are deposited in rivers. As either N or P tend to be the limiting nutrient
for plant or algal growth in freshwater systems, elevated concentrations of either or

both can have a number of deleterious effects including: the proliferation of algae
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and cyanobacteria resulting in increased levels of harmful algal toxins, reduction in
dissolved oxygen, and alterations to flora and fauna communities (Allan 2004; Can-
ning & Death 2021; Wurtsbaugh et al. 2019). In addition to altering the absolute lev-
els of N and P, anthropogenic nutrient loading in freshwater systems can alter the
stoichiometric ratios of dissolved N and P. An altered N:P ratio can shift trophic in-
teractions and biogeochemical cycling in freshwater ecosystems (Wurtsbaugh et al.
2019).

In addition to anthropogenic nutrient enrichment, many rivers are experienc-
ing increased sediment loading as a result of land clearing for new development
and agriculture (Bartley et al. 2013). The removal of forest vegetation exposes soil
to erosion from precipitation and wind while also reducing the soil holding capacity
of the cleared area by reducing vegetation root depth and root mass (Downing et
al. 1999). The erosion capacity of a deforested plot of land increases rapidly with
increasing slope and regional precipitation. Elevated sediment concentrations in
rivers increase turbidity and reduce light availability in addition to altering the geo-
morphology of riverbeds (Allan, 2004). Furthermore, sediments can carry chemical
pollutants which are part of grain structure, or absorbed onto the surface, and are
released into the water as sediments are mechanically or biologically eroded (Vidal-
Dura, et al. 2018). The results of increased sedimentation are often freshwater eco-
systems that are more prone to harmful algal and bacterial blooms, and have less
vertebrate and invertebrate diversity (Allan, 2004).

Watersheds located on high volcanic islands are particularly vulnerable to
the impacts of land clearing. In tropical zones, these high islands often have high
annual rainfall and periodic large storms that can quickly displace fertilizer from ag-

ricultural fields. The steep slopes and highly erodible soils on these islands also
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mean that rain events can result in large amounts of terrigenous sediments running
into freshwater and coastal bodies (Albert et al. 2021, Surchat et al. 2021, Koshiba
et al. 2013). In addition to the potential ecological impacts of runoff, people living on
these islands are often dependent on rivers for clean water for drinking and bath-
ing. Thus, freshwater bodies with increased nutrient and sediment pollution can re-
duce human health and well-being (Guernier et al. 2017, Viau & Boehm 2011,
Strauch 2017) through exposure to runoff as well as algae and bacteria. Tropical
islands are experiencing rapid growth in their populations, tourism, industry, log-
ging, and large-scale agriculture resulting in the clearing of forest for farms and de-
velopments (Comeros-Rayna et al. 2021, Albert et al. 2021, Dadhich and Nadaoka,
2012). As a result, it is important to understand the impacts of active development
on the nutrient and sediment concentrations in rivers on tropical islands.

Here, we focus on rivers of Moorea, French Polynesia, to examine how nutri-
ent and sediment concentrations relates to human alterations of the landscape.
Moorea is a high volcanic island with a rapidly changing landscape due to in-
creased tourism, housing, and industrial development, and increasing agriculture
(Loiseau et al. 2021, Duane 2006). Many people on Moorea have raised issues re-
garding the state of rivers on the island, citing observations of turbid water, algal
and bacterial blooms that result in rashes and other health concerns, and reduced
abundance of a freshwater shrimp species that is an important traditional food
(personal communications with community members). Further, Moorea is home to
near-shore coral reef ecosystems, and both resident observations and recent aca-
demic work suggests that terrestrially derived nutrients are likely having a negative
impact on near-shore reefs (Adam et al. 2021, Loiseau et al. 2021), which could

compromise the ecosystem services (e.g. fisheries and tourism) provided by these
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reefs. However, to date no study assessing river nutrient and sediment loading as it
relates to land use has been conducted on Moorea. Understanding the movement
of sediment and nutrients from the land to the sea for Moorea is critical for manage-
ment of the island’s natural resources. These challenges are also relevant for many
other high tropical island ecosystems (Comeros-Rayna et al. 2021, Albert et al.
2021, Dadhich and Nadaoka, 2012). In response to this community and scientific

need, we tested the following hypotheses about the watersheds in Moorea:

Watersheds with higher proportions of cleared land will have higher sedi-

ment loading in rivers.

Watersheds with higher proportions of cleared land and higher popula-
tions will have high concentrations of nitrogen and phosphorus as com-

pared to those with lower populations and less land clearing.

The watersheds on Moorea with the highest percentages of land use and
higher populations will exceed nutrient and sediment thresholds estab-

lished for human and environmental protection in similar systems.

To test these hypotheses, we collected water samples from eleven water-
sheds on Moorea across rainy and dry seasons in two years. Water samples were
analyzed for nitrate (NO3'), nitrite (NO3'), and ammonium (NH,"), the three nitrogen
species that comprise dissolved inorganic nitrogen (DIN), as well as orthophos-
phate (PO,>) and total suspended solids (TSS). We used linear models to evaluate
how nutrients and sediment varied over space and time around Moorea. Using
2018 Landsat imagery we calculated the percent area of each watershed that is ei-
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ther forested or cleared for agriculture and human settlement. We integrated these
data with watershed size and watershed-level population data from local census
data and used principal components analysis (PCA) and linear modeling to evalu-
ate how these factors influenced the nutrient and sediment dynamics of rivers
across the island. Lastly, we compared nutrient and sediment loading in Moorea to
similar systems including Hawaii, American Samoa, Guam, Fiji, and the Solomon
Islands using concentration thresholds established in these regions to assess po-

tential concerns regarding human health and alteration to ecosystem functions.

B. Materials and Methods

1. Study Location

Watershed
Atiha

® Ha'apiti
® Haumi
Ma'atea
® Maharepa
Opunohu
® Paopao
® Papetoai
® Pihaena
Teavaro
@ Vaiane

Figure 1. Moorea, French Polynesia mapped with hillshade, stream channels and focal watersheds.
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Moorea is a volcanic island located in the Society Archipelago of French Pol-
ynesia (17° 29' S, 149° 50' W). As the island eroded and subsided, a barrier reef
formed separating the open ocean from a 53 km? lagoon (Collin et al. 2018). The
island has a relatively small area of 134 km?, but features diverse topography.
Since it was formed by a volcanic eruption approximately 1.6 million years ago
(Meyer et al. 2015), Moorea has collapsed and eroded into 57 distinct watersheds
separated by steep, sharp ridgelines with a highest elevation of 1207 m at Mount
Tohiea (Meyer et al., 2015) (Figure 1). A majority of the soils (98.7%) on the island
formed from weathering and erosion of volcanic parent material with the remainder
being coralline in origin (Jamet, 2000). Of the eight soils of volcanic origin on
Moorea, five originate from weathered basalt (Jamet, 2000).

Moorea has been inhabited by humans since around 200 CE when it was
settled by the Polynesians (Kirch, 2000) who brought with them a variety of non-
native plants and animals for cultivation. A 2015 study of vegetation on Moorea
classified 32% of the island as urbanized and cultivated lands, 17% as novel habi-
tat dominated by invasive species, 45% as hybrid habitats featuring a mix of intro-
duced and native species, and 6% as native habitat which is primarily located on
extremely steep slopes and at high elevation (Meyer et al., 2015). As of the 2017
census, Moorea is home to 17,357 permanent residents (“Institut de la statistique
de la Polynésie Francaise").

The largest watersheds on Moorea are two adjacent valleys on the north
shore, Opunohu (15.7 km?) and Paopao (11.4 km?) (Table 1), formed by a collapse
of the volcano’s caldera (Meyer et al., 2015). Opunohu is home to a small popula-
tion (97 people), but hosts a large portion of the island’s commercial agriculture

which is principally comprised of pineapple plantations and cattle pasture. Using
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Table 1. Watershed parameters including orientation of shore, watershed area, population size,
Stahler stream order of the sampled river, and stream length from source to discharge location.

Watershed | Shore Area (km?) Population Stream Order Stream Length (km)
Atiha W 5 495 2 3.5
Ha’apiti | W 4.2 337 2 2.3
Haumi E 3.7 421 2 2.5
Ma’atea E 55 582 2 35
Maharepa N 3.5 915 2 2.5
Opunohu N 15.7 97 4 4.8
Paopao N 11.4 1557 3 3.3
Papetoai N 4.8 614 2 3.3
Pihaena N 3.7 705 2 1.8
Teavaro E 11 248 2 1.3
Vaiane wW 5.8 371 2 2.9

the Stahler method, the Opunohu River is the only 4th order stream on the island
(Strahler, 1952). As an example of the steepness of watersheds on Moorea, more
than 90% of the Opunohu valley is comprised of slopes greater than 10% (Binet &
Gonnot, 2005). Neighboring Paopao is home to the largest population center (1557
people) and small mixed agricultural fields, and features a 3rd order stream. In con-
trast, the smallest watershed included in this study, Teavaro, is located on the eas-
tern shore of the island and is only 1 km?, but is home to 248 people. Teavaro and
the rest of the rivers in this study are second order streams. The variety of wa-
tersheds in close proximity featuring a range of areas, land uses and populations
makes Moorea a compelling location to investigate interactions between human ac-
tivity and riverine nutrients and sediments.

In order to study rivers and land use on Moorea, we first engaged the local

community to receive feedback regarding key questions that would be of interest
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and value to the people of Moorea. The goals, objectives, and research locations
for this study were shaped by meetings with community members organized by the
Te Pu Atiti'a Polynesian Cultural Center located directly adjacent to the University
of California Gump Research Station, where our research was based. These con-
versations precipitated a new community science organization on Moorea called Ati
Vai (‘Water Clan’ in Tahitian). Members of Ati Vai contributed to the study design,
provided local knowledge and site context, and aided with field data collection
throughout this study. The combination of modern scientific tools and techniques
with traditional and local knowledge of the island and its rivers was paramount to

the success of this research.

2. Focal watershed selection

In the first year, eight watersheds were chosen to represent a range of wa-
tershed sizes, land uses and population densities, and are located on all three
shores of the island. Specifically, the focal watersheds were: Atiha, Ha’apiti, Maha-
repa, Opunohu, Paopao, Pihaena, Teavaro, and Vaiane. Three additional wa-
tersheds - Haumi, Ma’atea, and Papetoai - were added in the second year of sam-
pling to increase representation of medium-sized, moderately-impacted watersheds
(Figure 1,Table 1). All of the rivers included in this study are perennial, with the ex-

ception of Pihaena which has low or no flow during the dry season.

3. Water sample collection
We collected water samples during two rainy and two dry seasons between
January 2018 and September 2019 (rainy: January - March 2018 and February -

March 2019, dry: August - September 2018 and 2019). During the study periods,
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water samples were collected as close to the mouths of the rivers as possible
(Figure 1), but above brackish mixing zones. Where natural or manmade impedi-
ments to access existed, we made every effort to find a suitable sampling location
as close to the river mouth as possible. During the above periods, samples were
collected at least once a week with attention paid to capturing samples across river
stages from low-flow to storm-flow. We collected storm-flow samples during or
shortly after rain events to ensure that we captured the nutrient and sediment re-
gimes at high flows.

River samples were collected in approximately 60% water depth (e.g. at 40
cm above the bottom in a 1 m deep river) at the center of flow. Samples were col-
lected in acid washed 1-liter HDPE Cubitainers® and transported on ice to the lab
at Gump Station and kept refrigerated until processed. Samples were processed
upon return to the lab within no more than 24 hours. Each sample was divided and
filtered for nutrients or total suspended solids. Sub-samples were then filtered using

a multi-channel peristaltic filtration system.

4. Nutrient analyses

Nutrient sub-samples were filtered through 47 mm 0.15 ym PES filter discs
and then divided for separate analytical methods. NH," analyses were conducted
immediately after filtration using the OPA method (Taylor et al. 2007) on a Turner
Trilogy fluorometer fitted with an ammonium detection module (Minimum Detection
Limit (MDL): 0.05 uM). The remaining samples were frozen at -20°C and transport-
ed to the Centre de Recherches Insulaires et Observatoire de I'Environnement
(CRIOBE) — Opunohu, Moorea, French Polynesia — where they were analyzed for

PO,% (MDL: 3 nM), NOs” (MDL: 2 nM), and NO, (MDL: 2 nM) on a Seal AA3 Auto-
10



analyzer (“AutoAnalyzer Multi-test Methods”). Total DIN per sample represents the
sum of NO,, NO3", and NH,". The molar N:P ratio was calculated for each sample

by dividing DIN by phosphate.

5. Total suspended solids (TSS) analysis

TSS samples were filtered using pre-dried and pre-weighed 47 mm GF/F
(0.70 pym) filter discs. Filters were weighed on a Mettler-Toledo XS104 balance with
0.1 mg readability. Samples were filtered to 200 mL, or until the filters were com-
pletely clogged preventing more water to pass through, whichever came first. After
filtration, the GF/F filters were placed in a drying oven at 95°C for a minimum of 24
hours at which time they were re-weighed. TSS was calculated using the following

equation:

(post— filtering and drying weight)-(pre— filtering weight)

TSS =

volume filtered

6. Landsat image classification

The Operational Land Imager (OLI) is a sensor carried by the Landsat 8 sat-
ellite (LS8), collecting repeated imagery every 8 days with a multispectral ground
resolution of 30 m (“Landsat 8 | U.S. Geological Survey”). We used a LS8 OLI Lev-
el 2 image that was collected on March 22nd, 2018, orthorectified and atmospheri-
cally corrected to classify land cover on Moorea during the study period (Figure 2).
We selected this image because of its low cloud cover (<3%). Water was masked
out of the imagery using a digital elevation model, leaving only Landsat pixels
above sea level. Land cover classifications were then produced using the super-

vised classification tool in the image processing software ENVI (version 5.5.2)

11
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Figure 2. Classification of a Landsat 8 OLI Level 2 image, collected on March 22nd, 2018. Cleared
land including agriculture and development is represented in light green and forest in dark green.
Red and magenta are masks for reef, while blue is a mask for water.

(“Image Processing & Analysis Software”). Training regions were created for cloud
cover, forested areas, and cleared land. The cleared land classification incorpo-
rates all land not covered by forest or buildings. This classification captures agricul-
tural land, as well as land cleared for the construction of new homes, businesses,
hotels, and industrial buildings. Regions were produced based on photo interpreta-
tion and expert knowledge to delineate forested areas from cleared land. Using
these training regions, we conducted a supervised classification of the image using
the Maximum Likelihood method (“Classification”). In order to reduce noise, we uti-
lized a Majority-Minority Post Classification tool using nearest neighbor analysis to

smooth the data and create more uniform classes. We then applied an accuracy

12



assessment using a confusion matrix with ground truthed regions of interest within
the image.

Watersheds were delineated using the Hydrology tool in the Spatial analyst
toolbox within ArcGIS (version 10.6.1) (“About ArcGIS | Mapping & Analytics Soft-
ware and Services”). Using a digital elevation model (DEM) from the Shuttle Radar
Topography Mission Version 3 (30 m resolution) (Siemonsma, 2015), we identified
the main watersheds on the island using the Flow Accumulation and Flow Direction
Tools in ArcGIS. Points along the rivers were identified towards the mouth of rivers
of interest using the Snap Pour Point tool. Watersheds of interest for the project
were then delineated using the Watershed tool. Watershed boundaries were then
used as regions of interest in ENVI, thereby subsetting the land classifications by

watershed.

7. Precipitation and Census Data

Hourly precipitation data for Moorea between January 1, 2018 and Septem-
ber 31, 2019 were obtained through a license agreement with Meteo France which
operates 7 meteorological stations on the island with tipping bucket rain gauges.
Census data for 2017 was obtained via a license agreement between the Gump
Research Station and the Institut de Statistiques de la Polynésie Frangaise. The
census data were originally collected in 102 districts on the island, often with multi-
ple districts located inside of a watershed. In order to determine the population per
watershed, we mapped the districts onto a digital elevation model (DEM) in QGIS

and aggregated the populations of districts located within a single watershed.
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8. TSS and DIN Concentration Thresholds

A low and a high threshold for both DIN and TSS concentrations were se-
lected from a review of literature from similar systems including Hawaii, Guam, the
Solomon Islands and American Samoa. The low threshold for TSS 5 mg/L repre-
sents concerns for human consumption and bathing (Wenger et al. 2018; Albert et
al. 2021). The high TSS threshold of 50 mg/L is based on water quality standards
established in Hawaii (“Amendment and Compilation of Chapter 11-54 Hawaii Ad-
ministrative Rules,” 2021) and is based on the levels at which exposure to suspend-
ed sediment become lethal to a majority of fish species (Wenger et al. 2018). Ac-
cording to the Hawaiian standards, TSS in streams should not exceed 50 mg/L for
more than 10% of the time in the rainy season. The lower DIN concentration thresh-
old of 0.1 mg/L was selected based on studies of runoff impacts to nearshore reefs
in American Samoa (Houk et al. 2020) and Guam (Houk et al. 2022). An exceed-
ance of this threshold in streams for more than 20% of the time was associated with
diminished diversity and size of coral communities in both regions. The higher
threshold of 0.18 mg/L DIN was based on Hawaiian water quality standards which
state that streams should not exceed this threshold more than 10% of the time in
the rainy season (“Amendment and Compilation of Chapter 11-54 Hawaii Adminis-
trative Rules,” 2021). We calculated the percentage of time that samples collected
from each watershed on Moorea exceeded these thresholds using the following

equation:

# of samplas from watershed that exceed threshold

U exceedance = { } =100

total number of samples from watershed

14



9. Statistical Analyses

All analyses were conducted in R (R core team 2022). Hourly rainfall data
from 2018 and 2019 were aggregated by season and then analyzed using a linear
model to: 1) assess differences across shores of the island (North, West, and East)
and 2) assess between the rainy (December to April) and dry seasons (May to No-
vember).

We used linear models to analyze differences by watershed and season,
and the interaction of watershed and season for all nutrient and TSS data. When a
significant watershed by season interaction existed, or to investigate differences
between sites, we used post-hoc Tukey tests with adjusted alpha (p-value) by the
number of tests. Data were 1+log transformed prior to analysis to improve model fit,
based on inspection of g-q plots and residuals using the ‘qqplot’, ‘qgnorm’, and
‘resid’ functions in R. Only watersheds that had samples from the wet and dry sea-
sons were included in the linear models, so Pihaena was excluded because it only
flowed in the wet season.

To assess the significance of watershed variables (area, population, and
percent cleared land) in explaining river chemistry in the wet and dry season, we
used principal components analyses (PCA). PCA is a form of ordination analysis
based on Euclidean distance that is well suited to complex datasets with covarying
variables. Differences across watersheds and seasons were assessed based on a
correlation matrix of dissolved inorganic nitrogen, phosphate, N:P, and total sus-
pended solids levels at a given sampling event. All data were standardized
(mean=0, SD=1) prior to analysis. River chemistry data were 1+log transformed be-
fore analysis. We used the ‘envfit’ function in the R package ‘Vegan’ to test whether

watershed characteristics, namely area, population, percent cleared land in 2018,

15



watershed, and season could explain the variation in river chemistry (Oksanen et
al. 2022). Envfit finds vectors or factor averages of environmental variables, analo-
gous to fitting a linear model, in ordination space.

To further explore relationships between watershed variables and river con-
ditions, we performed a series of linear models testing whether cleared land per-
centage and population predict nutrient and sediment concentrations. Models were
run using the mean concentrations of nutrients and sediment across all seasons

and years. Additional models were run using maximum observed nutrient and sedi-

2018 2019
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6001

. East
400 B norn

. West
) M l I I i
bt iis..

JanFebMar Apr May Jun Jul AugSep OctMovDec  JanFebMar AprMayJun Jul AugSep OctMovDec
Month
Figure 3. Monthly rainfall by shore orientation during sampling periods. Rainy season sampling
was in January - March 2018 and February - March 2019. Dry season sampling was in August

September 2018 and 2019. No rainfall data were obtained for October, November and December
in 2019.

Rainfall {mrm)

ment values to elucidate relationships between land use and high flow runoff
events. We also analyzed the relationship between population from the census da-

ta and the area of cleared land from the Landsat analyses using linear models.
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C. Results
1. Patterns in Rainfall

Within our sampling dates, February of 2018 had the highest monthly aver-
age rainfall with 841 mm of precipitation on the North shore, 772 mm on the West
shore, and 657 mm on the East shore (Figure 3). August of 2018 had the least
amount of precipitation during our sampling that year with 106 mm of precipitation
on the North shore, 53 mm on the East shore, and 39 mm on the West. The rainy
season in 2019 had lower monthly average precipitation than the previous year with
a peak of 466 mm in March on the North shore, 348 mm on the East and 192 mm
on the West. In the dry season in 2019 September had only 26 mm of precipitation

on the West shore, 23 mm on the East shore, and 7 mm on the North shore.

2. Watershed and Seasonal Differences in Water Chemistry

Water chemistry varied considerably by nutrient, season, and watershed
across the sampling period (Table 2). DIN concentrations ranged from a minimum
of 0.05 yM measured in samples collected from Vaiane and Papetoai in the dry
season, to 37.72 yM measured in a sample collected in Paopao during the rainy
season. DIN differed significantly across watersheds (p < 0.001), seasons (p=0.04)
and had a significant interaction with watershed and season (p = 0.03) (Figure 4).
We found no significant differences between seasons within each watershed in the
post-hoc Tukey test, though the fact that the interaction was significant indicates
that rainy season DIN concentrations were higher than dry season in some water-
sheds while the opposite pattern was observed in other watersheds. The watershed
with the highest mean DIN concentrations was Paopao (15.63 uyM), and the lowest

mean concentrations were found in Vaiane (3.87 yM). The nitrogen species com-
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prising the majority of DIN was nitrate, followed by ammonium and finally nitrite. Ni-
trate concentrations differed significantly by watershed (p < 0.001) and season (p =
0.04), and there was a significant interaction between watershed and season (p =
0.02); like DIN, the post-hoc Tukey test found no significant differences in nitrate
concentrations between seasons among watersheds (Figure 4). Ammonium con-
centrations differed significantly by watershed (p < 0.001), while the interaction with
season was not significant. The watersheds Teavaro followed by Haumi had higher
ammonium levels than the other watersheds. Nitrite concentrations differed signifi-
cantly by watershed (p < 0.001) but not by season although there was a significant
interaction of watershed and season (p < 0.001). The rainy season nitrite concen-
trations were significantly lower than the dry season concentrations in Haumi. Like
ammonium, Teavaro and Haumi had higher nitrite values relative to the other wa-
tersheds (Figure 4).

Phosphate concentrations ranged from a minimum of 0.19 uyM from a sam-
ple collected in Teavaro in the dry season to a maximum of 7.58 uyM in a sample
collected from Paopao in the rainy season. Phosphate differed significantly among
watersheds (p < 0.001) and season (p = 0.01) and had a significant interaction of
watershed and season (p = 0.007) (Figure 5). Rainy season concentrations of
phosphate were significantly higher than the dry season in the Paopao watershed,
based on the post-hoc Tukey analysis. The highest mean phosphate concentra-
tions were observed in Pihaena (3.04 uM) while the lowest were observed in
Vaiane (1.01 uM). The N:P ratio ranged between a minimum of 0.03 in Papetoai,
and a maximum of 54 in Paopao. A N:P ratio less than one indicates higher phos-
phate than DIN, a ratio larger than one indicates higher DIN. The mean N:P ratio

was highest in Paopao (15) and lowest in Pihaena (1.9). N:P differed significantly
20
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across watersheds (p < 0.001) and seasons (p < 0.001) and had a significant inter-
action with watershed and season (p = 0.03), with Paopao having significantly high-
er N:P in dry season than the rainy season (Figure 5).

Total suspended solids concentrations ranged from the below detection in
Atiha, Ha’apiti, and Maharepa in the dry season to a maximum of 902 mg/L found
in a sample collected in Paopao during the rainy season. Differences in TSS
among watersheds and seasons were significant (p = 0.03 and p<0.001, respec-

tively) and the interaction of watershed and season was not significant (p = 0.09)

1024,

—
)
oo

-
=1}

Log-transformed TSS (mg/L)

Y

yhr;

Atiha Ha'apiti Haumi Ma'atea Mah'arepa Opl'unohu Paopao Papetoai Teavaro Vaiane
Watershed

Figure 6. Total suspended solids concentrations (mg/L) across seasons and sites. Dry season is
indicated by an open box and rainy season as a striped box. Boxes indicate the first and third
quartiles; the horizontal line represents the median; and the vertical lines extend to the upper and
lower 1.5 times the interquartile range. Note: the y-axis is on a log' scale.

-

22



09T GL'85—-00T 14 A T9-v1 ev €50 ¥8¢—8v0 10T 8T'T CLLE-GO0 LBE |2UDIDA
€9'¢ 0S¢T—-00T S9°S 9v vvI-TT1 L 960 8eC—6T0 OFVT ITL STTC-¢C0 6€01 |04bADI]
00Ty SC9¢T—0SC 8S'6¢C 91 T'S=v00 6T 99T vCL—-LCT Vv0O'€E 809 ¢61VC-STO0 ¥S'S |puanyld
69°00T SC'9¢T—-007C 98'Sv L'¢C 8'8—¢00 6'¢ 87’0 96C—69T €€C 6¢°S T06T-S00 [06 |/pojadod
c0'L8C [9TO6—00T S¥8¢T | 60T 6€5—GT G'qT vCT 89L—-CC0 €971 LO'L TLLE-69F €9GT |opndond
COLT 0§9¢L—5C90 T¢6 T¢l 98r—-¢0 oct 6’0 €05—850 <CC1 /68 ST9E-9¥'T TL0T |nyoundo
LS, €9'0¢—-000 €9°L L'C vI1T1-T0 € S0 6€E€—-LST <CCC GE'9 [€/T-98°0 TO'S |bdaipyopn
TeT 007 —-0S0 €9°C €T T/-T0 S'¢ 0E0 €91T-¢80 LTT T16°¢ L0'L-900 9’y | ba1b, b
0C9¢ 881T8—-SCT 9CCl A3 0¢T—-0v LL ¥9'0 TT'E—-S60 /LST L9°S TLB8T-/9FV 99TT |/wWnbH
(T've SCT8—000 LOVT ¢ ¢8—8'1 'S ¢S50 ¢SC—690 O9T1 80C r6-991 89'G | /1db,oH
OrV'0T €T'8E—-000 6€'S 0T Sv—-60 S'¢ 67V'0 ¥8¢C—¥80 89T 6L T GC9-8v0 L9°E | byny

as (1/6w) (1/6w) | as abuoy ubdw | as (W) (W) as (i) (Wr) | paysiazom

abupy uba abupby ubap abupy ubap
(SS1) spios oney 4N (£70d) (NI@) usSouN
papuadsns |ejol 21eydsoyd olue3Jou| paajossia

/6w ul pauodal ale sanjeA SS pue ‘ssapiun st onel (d4:N) .

.7Od 0} NId @y "(INr) Jejowoudiw ul papodal ale Suoljeljuaouod

(L.YOd) chawoca (,YHN + 2ON + £ON = NIQ) usbouiu o_cmm_oc_ Um>_oww__o 10 uoleinsp plepuels pue abuel ‘ues|y ‘sSuoseas Alp om} pue
\mc_mg OM] SSOJOB payslalem Yoes e pajoa)||od sajdwes wody SUOIJBIUSIUOD JUSWIPSS pUB Jusiuinu paysiajem Jo 9|ge} Alewwns g 9/qe|

23



(Figure 6). The lowest mean TSS concentration was recorded in Ma’atea at 2.5 mg/
L while the highest was recorded in Paopao at 128.5 mg/L. The next highest mean
TSS concentration was recorded in Opunohu at 46 mg/L, 83 mg/L lower than

Paopao.

3. Land-use and population across Moorea

Our analysis of land use focused on the percent cleared land in a watershed
estimated using the classification of a Landsat image from 2018 (Figure 2). Accura-
cy assessments indicate that our classifications are accurate for 96% of the image.
The watershed with the highest proportion of cleared land in 2018 was Paopao
(14%), followed by Opunohu (9%) while the lowest was Atiha (3%) (Table 3). The

human population on Moorea was 17,463 residents in 2017, with the largest popu-

Table 3. Land cover/land use classification percentages by watershed from Landsat 8 imagery of
Moorea in 2018 (Figure 2). Forested % represents land covered by mostly by trees. Cleared %
includes land cleared for agriculture and development. Other % includes buildings, roads and any
other pixels not classified in the other categories. Cloud % is the percent cover of clouds in the
image.

Watershed | Forest % Cleared % Buildings % Cloud %
Atiha 96 3 1 0
Ha’apiti 95 3 2 0
Haumi 91 5 2 2
Ma’atea 93 4 3 0
Maharepa 89 7 4 0
Opunohu 90 8 2 0
Paopao 83 14 3 0
Papetoai 91 8 1 0
Pihaena 88 8 5 0
Teavaro 93 5 3 0
Vaiane 95 3 2 2
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lation in the Paopao watershed (1557 residents) and the smallest in Opunohu (97
residents) (Table 1). Percent cleared land in a watershed in 2018 was positively
correlated with the population in that watershed in 2017 (Pearson’s correlation; r* =
0.72, p = 0.01), however there were important exceptions to this relationship (e.g.

Opunohu valley had the second highest percentage of land cleared (8.4%), but it

0.0 )

Watershed
Atiha

® Ha'apiti
*® Haumi

e ® Ma'atea
Maharepa
Opunohu

® Paopao

@ Papetoai

@ Pihaena
Teavaro

® Vaiane

PC2 (30%)

-5.0

4 "2 pc1 (46%) ° 2

Figure 7. Principal components analysis (PCA) results of stream chemistry (DIN, POy, TSS, and
N:P) across watersheds. Stream chemistry centroids are labeled in grey with the nutrient name. On
the first PC axis, PO, loaded strongly positively, and DIN and N:P strongly negatively, with TSS
close to zero. On the second PC axis, TSS and PO, loaded strongly negatively, DIN moderately
negatively, and N:P close to zero. Each point represents one sampling event, and the color of the
points indicate the site from which the sample originated. Arrows represent significant (p<0.05) cor-
relations between stream chemistry and measures of watershed development; the length of arrow
represents the relative strength of the correlation.
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has the lowest population (97) as land use in this watershed consists primarily of

agriculture).

4. PCA of watershed development and river chemistry

Sample points across the watersheds and seasons were distributed across
the ordination space in the PCA (Figure 7). The first PC axis explained 46% of the
variability and was strongly negatively correlated with N:P and DIN (PC1 loadings
of -0.67 and -0.59, respectively) and had a modest positive correlation with PO,*
(PC1 loading of 0.44). The second PC axis explained 30% of the variability and
was strongly negatively correlated with TSS and modestly negatively correlated
with PO,* (PC2 loadings of -0.79 and -0.51, respectively) (Table 4). All watershed
variables (watershed, season, watershed area, population, and percent cleared
land) were significantly related to the ordination axes (p < 0.01): watershed most
strongly explained the spread of the data in the ordination space (r*=0.38), followed

by percent cleared land in 2018 (r*=0.33), population (r*=0.19), watershed area

Table 4. PCA axis loadings of phosphate, dissolved inorganic nitrogen, N:P,
and total suspended solids concentrations.

Parameter PC1 PC2 PC3 PC4
PO uM 0.442 -0.512 -0.686 0.270
DIN uM -0.597 -0.329 -0.384 -0.623
N:P -0.668 -0.092 -0.073 0.734
7SS mg/L 0.041 -0.788 0.614 -0.001

(r*=0.13), and finally season (r*=0.05). Percent cleared land and population ex-
plained more of the variation along the second PC axis (PC2 loadings of -0.92 and
-0.81, respectively), the axis that represented the spread of TSS and, less strongly,

PO,*. Percent cleared land and watershed area explained variation along the first
26



PC axis (PC1 loading of -0.59 and -0.97, respectively), the axis that represented
the spread of N:P and DIN. Percent cleared land and population were closely asso-
ciated in the PC ordination space and positively associated with TSS and some-
what positively associated with phosphate. Watershed area was strongly positively
associated with DIN and N:P, and percent cleared land was also moderately posi-

tively associated with DIN.

5. Linear models of mean and maximum nutrient and sediment concentrations
Individually, the percentage of cleared land within a watershed and popula-
tion living within a watershed were significant predictors of mean TSS (p=0.002, r*=
0.70 and p=0.002, r* = 0.69, respectively) and maximum TSS (p=0.002, r* = 0.69
and p=0.003, r* = 0.65, respectively). A mixed effects model including both the
cleared land percentage and population was an even stronger predictor of mean
and maximum TSS (p=0.001, r* = 0.82 and p=0.002, r* = 0.78, respectively). Popu-
lation alone was not a significant predictor of mean or maximum DIN concentrations
(p = 0.30, r* = 0.12 and p=0.20, r* = 0.17). However, the percentage of cleared land
in a watershed was a significant predictor of mean DIN (p=0.01, r?=0.54) and maxi-
mum DIN concentrations (p<0.001, r* = 0.79). A mixed effects model including both
the cleared land percentage and population was the strongest predictor of mean
and maximum DIN (p=0.02, r* = 0.61 and p<0.001, r* = 0.89, respectively). The per-
centage of cleared land in a watershed was also a significant predictor of maximum
phosphate concentrations (p=0.002, r* = 0.68), but not mean concentrations
(p=0.28, r* = 0.13). There was not a significant relationship between mean and
maximum phosphate and population (p=0.31, r* =0.12 and p=0.06, r* = 0.34, re-

spectively). There were also no significant relationships between watershed area
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and mean or maximum TSS (mean: r? = 0.152, p = 0.24, max: r? = 0.19, p = 0.18),
DIN (mean: = 0.19, p = 0.19, max: r* = 0.31, p = 0.08), and PO,* (mean: r* =
0.08, p = 0.39, max: r* = 0.34, p = 0.06).

6. DIN and TSS Thresholds

Samples from all watersheds, except for Ma’atea, exceeded the lower TSS
threshold of 5 mg/L. On average, watersheds on Moorea exceeded this threshold
41% of the time (Table 5). The maximum exceedance percentage was found in

Pihaena at 79% of the time. Seven of the eleven watersheds included in this study

Table 5. Exceedance percentages by watershed of low and high TSS and DIN thresholds. Bold
values represent exceedance frequencies of concern. The low threshold of 5 mg/L TSS repre-
sents concerns for human consumption and bathing (Wenger et al. 2018; Albert et al. 2021). The
high TSS threshold of 50 mg/L is based on the levels at which exposure to suspended sediment
become lethal to a majority of fish species (Wenger et al. 2018). TSS in streams should not exceed
50 mg/L for more than 10% of the time in the rainy season (“Amendment and Compilation of Chap-
ter 11-54 Hawaii Administrative Rules,” 2021). The lower DIN concentration threshold of 0.1 mg/L
was selected based on studies of runoff impacts to nearshore reefs (Houk et al. 2020; Houk et al.
2022). An exceedance of this threshold in streams for more than 20% of the time was associated
with diminished diversity and size of coral communities. The high threshold of 0.18 mg/L DIN was
based on Hawaiian water quality standards. Samples should not exceed this threshold more than
10% of the time in the rainy season (“Amendment and Compilation of Chapter 11-54 Hawaii Admin-
istrative Rules,” 2021).

Watershed | >5mg/L TSS > 50 mg/L TSS >0.1mg/LDIN >0.18 mg/L DIN
Atiha 17 0 88 63
Ha’apiti 50 8 94 88
Haumi 22 11 100 100
Ma’atea 0 0 89 67
Maharepa 42 0 75 50
Opunohu 45 5 96 93
Paopao 56 19 100 100
Papetoai 63 13 88 88
Pihaena 78 22 61 55
Teavaro 50 0 91 82
Vaiane 33 8 94 81
Overall 41 8 89 79
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exceeded the upper TSS threshold of 50 mg/L. Across Moorea, this threshold was
exceeded on average 8% of the time. Four watersheds exceeded Hawaiian water
quality standards with values of 50 mg/L more than 10% of the time (Haumi: 11%,
Paopao: 19%, Papetoai: 12%, and Pihaena: 22%). All watersheds exceeded both
the lower and the upper DIN thresholds (Table 5). On average, stream samples

across Moorea exceeded 0.1 mg/L DIN 89% of the time and 0.18 mg/L 79% of the

time. Haumi and Paopao exceeded both standards 100% of the time.

D. Discussion

Through a combination of island-wide water sampling and remote sensing
analyses, we identified strong relationships between land use at the watershed
scale and the nutrient and sediment concentrations in rivers on Moorea. Dissolved
inorganic nitrogen (DIN), phosphate, total suspended solids (TSS), and the nitrogen
to phosphorus (N:P) ratio differed across sampled rivers and between the rainy and
dry seasons. We show through PCA mixed effects regression analysis that dis-
solved inorganic nitrogen concentrations and total suspended solids were strongly
related to the percentage of land in a watershed that was cleared of forest and the
population levels in that watershed. DIN and TSS concentrations regularly exceed
thresholds established in similar systems to identify watersheds of concern where
there may be a danger to human health and the health of aquatic biota. Phosphate
concentrations, however, were not related to the metrics of land use change we
considered, but were related to TSS concentrations, and are likely the result of
weathering of the island’s phosphate rich geology. N:P was driven primarily by DIN
concentrations as nitrogen concentrations were higher on average and had greater

variance than phosphate across the sampled watersheds.
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1. Dissolved Inorganic Nitrogen

In the PCA and linear models, we observed a strong positive linear relation-
ship between land-clearing and high DIN concentrations. The model fit improved
with the addition of watershed population, but not with watershed parameters such
as catchment size. Similar relationships between DIN and land-clearing combined
with human population were found in studies of rivers in American Samoa (Houk et
al. 2020) and Guam (Houk et al. 2022). These results indicate that these two water-
shed parameters — cleared land and population — may be sufficient to make ap-
proximate predictions of river DIN concentrations in steep tropical islands. This
could be a valuable tool to remotely approximate DIN concentrations in unstudied
steep-island watersheds, using only satellite-derived data on cleared land and cen-
sus data on human populations. It is important to note that a more data complex
runoff model would be required to calculate flux of DIN from watersheds (Aguilera
and Melack, 2018). However, estimates of DIN concentrations can be valuable in
assessing potential human or environmental health concerns (Houk et al. 2020;
Houk et al. 2022) and regulatory thresholds are commonly based on concentrations
rather than fluxes (“Amendment and Compilation of Chapter 11-54 Hawaii Adminis-
trative Rules,”).

In contrast to the Houk et al. (2020; 2022) studies, our study observed sub-
stantially higher DIN concentrations in rivers on Moorea. The highest observed DIN
sample in our study, 2.09 mg/L (37.72 yM), was an order of magnitude higher than
the maximum measured in the Guam study (0.20 mg/L, Houk et al. 2020), and
much higher than the maximum in the American Samoa study (0.75 mg/L, Houk et

al. 2022). Likewise, another study in American Samoa recorded a mean of 8.5 yM
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DIN in a heavily disturbed watershed (Comeros-Rayna et al. 2021) which is close to
the overall mean observed in our study, including data from all watersheds from
minimally to highly disturbed. As a result of this difference, DIN concentrations in all
watersheds on Moorea exceeded the DIN threshold of 0.1 mg/L established by
these studies. DIN values from all watersheds on Moorea also exceeded the 0.18
mg/L threshold from the Hawaii water quality standards, despite values being com-
parable to watersheds in Hawaii with similar land use (Hoover, 2002; Hoover &
Mackenzie, 2009).

Our PCA analysis and linear mixed models indicate that DIN runoff on
Moorea is likely primarily a result of agricultural activity as the percent cleared land
classification in our satellite image analysis includes agricultural land. One of the
primary commercial crops grown on Moorea is pineapples (Surchat et al., 2021).
Pineapple farming requires year-round applications of nitrogen fertilizer and has
contributed to nitrogen-loading in rivers across the tropics (Hawaii: Ryder and Fares
2008; Philippines: Guinto and Inciong 2012; Australia: Milbank and Nothard 2023).
The nitrogen in these fertilizers is usually in the form of urea (CH4N,O) which trans-
forms to ammonium and then nitrate via nitrification in the soil due to biological ac-
tivity (Norton & Ouyang 2019). Nitrate was the most abundant form of nitrogen we
observed. Nitrate is highly water soluble and thus is easily transported from terres-
trial to aquatic environments via surface runoff. Nitrogen enriched runoff is likely ex-
acerbated on Moorea by the lack of runoff control or riparian buffers preservation
requirements between fields and rivers (Feld et al. 2011).

While we did not observe a strong relationship in linear models between DIN
concentrations in rivers and population as a single effect, the inclusion of popula-

tion in a mixed model with land clearing did improve model fit. The DIN signal from
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the population metric would likely be the result of sewage. Previous work on
Moorea measuring nitrogen isotopes in nearshore macroalgae observed elevated
5'°N in algae tissue sampled near population centers indicating that sewage leach-
ing directly into the nearshore environment via submarine groundwater discharge
was likely a large contributor to nitrogen pollution (Adam et al. 2021; Knee et al.
2016; Hapler et al. 2019). Direct measurements of DIN concentrations in ground-
water and submarine groundwater seeps in these studies recorded DIN levels as
high as 45 uM (Hapler et al. 2019). It is likely that groundwater carrying DIN is also
entering streams through hyporheic exchange in the lower reaches of the stream
due to the porous nature of the volcanic geology (Boano et al., 2014) and high
head pressure from the island’s short, steep slopes (Shuler et al., 2020). This ex-
change may be enhanced in the lower reaches of the rivers as they have been
heavily channelized and fortified for flood control (personal observation) which has
enhanced stream bed erosion and deepening of river channels (Schmutz and Sen-
dzimir, 2018) resulting in an increase in head near the terminus where our samples

were collected.

2. Total Suspended Solids

Both the PCA and regression analyses illustrated that TSS concentrations
were significantly associated with the percentage of cleared land and population in
a given watershed, suggesting that both urbanization and agriculture contribute to
the mobilization of sediment. Our linear mixed model using only watershed percent
cleared land area and population was highly predictive of mean and maximum TSS
concentrations in rivers (p=0.001, r* = 0.82 and p=0.002, r* = 0.78, respectively).

Similar models have been applied effectively to predict TSS in other watersheds
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including in the western Sierra mountains in California (Ahearn et al. 2005). These
models do not predict discharge or sediment flux, but like our DIN model they could
be a useful framework for a first order assessment of potential human health or en-
vironmental impact concerns in similar regions. TSS thresholds and regulations are
often based on concentrations, not flux (“Amendment and Compilation of Chapter
11-54 Hawaii Administrative Rules”) In locations where data are lacking, such as
many high islands in the South Pacific, this simple linear modeling approach may
provide valuable insights where there is insufficient data to inform a more compli-
cated runoff model like the Soil and Water Assessment Tool (SWAT), Revised Uni-
versal Soil Loss Equation (RUSLE), Modified Morgan—Morgan—Finney (MMF) mod-
el, or others that are commonly paired with remote sensing analysis to assess rela-
tionships between land use and TSS (Arnold et al., 2012; Renard et al., 1994; Das
et al., 2021).

TSS concentrations in all studied watersheds on Moorea, except for
Ma’atea, exceeded the TSS threshold of 5 mg/L for safe drinking, bathing and
cleaning (“Amendment and Compilation of Chapter 11-54 Hawaii Administrative
Rules,” 2021 & Wenger et al. 2018) on average 41% of the time. TSS values from
seven out of the eleven watersheds also exceeded the 50 mg/L threshold repre-
senting potentially lethal levels for fish species (Wenger et al. 2018) 8% of the time.
We also observed high variability in TSS levels between samples, including some
outliers (e.g. >900 mg/L compared to mean of 26 mg/L in Paopao) that illustrate
how sediment is mobilized in these flashy systems and how difficult it can be to
capture differences between watersheds or seasons when much of the sediment
that moves from land to river can mobilize during a few major rain events (Wymore

et al. 2019). The range of TSS values observed across watersheds experiencing
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varying degrees of land clearing and urbanization are within the ranges observed in
a study across an urbanization gradient in Hawaii (Augustijin et al. 2010) and a
study of a “pristine” rainforest watershed in Fiji that includes samples taken during a
cyclone (Ram and Terry, 2016). TSS values observed in the most disturbed water-
sheds of our study (Paopao and Opunohu) were considerably lower than those ob-
served in a study of urban and developing watersheds on Tahiti which recorded
values as high as 33.3 g/L TSS in a watershed that was actively undergoing sizea-
ble earthworks projects (Wotling and Bouvier, 2002).

Much of the existing land suitable for development in Moorea has been uti-
lized, so new residential or industrial development requires considerable earth mov-
ing efforts, including forest clearing and terracing to create flat buildable plots. We
did not observe use of soil retention measures (e.g. vegetative cover, mulch, silt
fences, geotextiles) that have been shown in similar steep tropical systems to re-
duce erosion (e.g. Sutherland 1999; Sutherland and Ziegler 2007). Furthermore, a
majority of the roads in the interior of the island are not paved, tend to follow river
channels, and lack any soil retention devices (pers. observation) that have been
successfully demonstrated in comparable systems (Wemple et al. 2017). As a re-
sult of their demonstrated ability to reduce erosion, implementation of erosion con-
trol measures such as those listed above are required by law on construction pro-
jects in Hawaii (HAR 11-55).

Land clearing associated with agriculture is also likely a large contributor to
TSS runoff as pineapple farming is known to contribute to high erosion rates
(reviewed in Martinez et al. 2022). In a recent study which scored farming practices
in French Polynesia based on soil preservation, pineapple farming scored the low-

est for its contributions to soil degradation (Surchat et al., 2021). Across French
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Polynesia and in many other tropical climates pineapples are often grown on mod-
erate to steep slopes making it difficult to employ erosion control measures such as
cover crop or mulching between rows, which have been shown to be effective in
reducing soil erosion in other agricultural systems (Ryder and Fares 2008; Surchat
et al. 2021). Further, to maximize yield from a farmed plot, many farms in Moorea
extend right up to riverbanks with no riparian zone or other buffer to slow the move-
ment of sediment from the fields to the rivers (pers. observation). All of these condi-
tions create high erosion potential, and contribute to the strong relationship be-

tween land clearing and TSS in rivers we observed in Moorea.

3. Phosphate

Phosphate concentrations ranged from a 0.19 yM sample collected in
Teavaro to a 7.58uM sample collected in Paopao. Phosphate concentrations dif-
fered significantly among watersheds (p < 0.001) and season (p = 0.01) and had a
significant interaction of watershed and season (p = 0.007). The range of phos-
phate concentrations recorded in this study are comparable to those found in a
study of watersheds on Oahu, Hawaii, across base and stormflow and including
watersheds considered to be forested, agricultural and urban (Hoover & Mackenzie,
2009). In both the PCA and linear regression analysis, riverine phosphate on
Moorea was decoupled from both land clearing and population, suggesting that ag-
riculture and urbanization were not directly responsible for the differences in phos-
phate concentrations we observed around the island.

Anthropogenic sources of phosphate often come in the form of agricultural
fertilizers, however pineapples need little to no phosphorus fertilizer where soils

have a naturally high phosphorus content as they likely do on Moorea
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(Bartholomew et al. 2002). Soils on the island are derived from erosion of volcanic
basalts which tend to be rich in phosphorus, and the availability of phosphorus in
the soil of a given area is additionally dependent on numerous factors including
age, weathering, and localized precipitation (Rechberger et al. 2021). Phosphate
concentrations in rivers are often tied to sediment concentrations as phosphate can
desorb from sediment particles in transit (de Campos et al. 2018). As there are at
least eight different volcanic soils on Moorea (Jamet 2000), differences in riverine
phosphate between watersheds could be related to erosion, vegetative utilization,
or leaching of soils with different phosphate levels depending on which soil types
happen to be exposed in a given watershed. Groundwater and submarine ground-
water discharge on Moorea is also elevated in phosphate relative to surface water.
This is likely due to weathering of phosphate rich basaltic rock in aquifers (Hapler et
al. 2019). It is likely that phosphate also enters streams on Moorea via hyporheic
exchange. Differences in phosphate in rivers on Moorea may also be the result of
differences in bedrock phosphate concentrations, underground mobilization rates,
and/or differences in groundwater-surface water hyporheic exchange rates. As an-
thropogenic sources of DIN increase on the island due to expanded agriculture and
urbanization, it is likely that the N:P ratio will also increase as nitrogen enrichment

outpaces phosphate mobilization.

E. Conclusion

This study provides the first island-wide assessment of riverine nutrient and
sediment concentrations on Moorea, and explores the relationships between these
concentrations, land use and populations. Watersheds on Moorea, as well as other

small high tropical watersheds worldwide, are developing rapidly with growing pop-
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ulations, tourism, logging and large-scale agriculture (Tanaka et al. 2021, Carlson
et al. 2019). Our study puts Moorea in context of these other efforts to study land-
use and its impacts on rivers. The relationships we observed between land use and
river nutrient chemistry on Moorea are comparable to those observed in other de-
veloped and developing islands around the world (Comeros-Rayna et al. 2021, Al-
bert et al. 2021, Dadhich and Nadaoka, 2012). In some cases, Moorea may be
more susceptible to land-use initiated sediment erosion and runoff as indicated by
our comparison with the Wenger et al. (2020) studies in the Solomon Islands with
respect to TSS threshold exceedance.

Perhaps most importantly, this study highlights watersheds on Moorea which
present risks for human health and/or concerns regarding ecosystem processes
based on nutrient and sediment thresholds. All of the watersheds we studied on
Moorea exceeded the lower DIN thresholds on average 89% of the time, with
Paopao and Haumi exceeding the thresholds 100% of the time. Paopao and Haumi
also exceeded the upper DIN threshold 100% of the time, with all watersheds ex-
ceeding the threshold on average 79% of the time. If these watersheds were locat-
ed in Hawaii, the exceedance of the upper threshold more than 10% of the time
would have triggered the enactment of an Implementation and Monitoring plan to
reduce nitrogen enrichment for all of the rivers (“Amendment and Compilation of
Chapter 11-54 Hawaii Administrative Rules,” 2021). No such procedure exists on
Moorea however.

Of the watersheds we surveyed, all but Ma’atea exceeded the lower TSS
threshold. Rivers on Moorea exceeded this threshold 41% of the time. An exceed-
ance of this threshold more than 10% of the time indicates concern for human inter-

action with the river including drinking, cleaning and bathing (Wenger et al. 2018;
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Albert et al. 2021). Our work indicates that based on TSS concentrations, a majority
of the rivers on the island may be unsafe for human consumption and contact with-
out treatment. Fortunately running water sent to households on Moorea is treated,
however many households do not have running water and rely on rivers or public
taps (personal communications with community water advocacy groups on
Moorea). TSS values from seven out of the eleven watersheds also exceeded the
50 mg/L threshold representing potentially lethal levels for fish species (Wenger et
al. 2018) 8% of the time. Though watersheds on Moorea do not exceed this thresh-
old more than 10% of the time, some watersheds like Paopao and Pihaena exceed
the threshold ~20% of the time. It is possible that aquatic communities in these riv-
ers have been altered as a result. This study also serves as a point of comparison
against future changes on Moorea as land clearing and population growth continue
on the island. As Moorea, and the other high tropical islands, continue to develop,
impacts of watershed change are likely to increase with potentially profound conse-

quences for human and ecosystem health.
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Il. Land use and river water chemistry reduce coral cover and
homogenize reef community composition in Moorea, French
Polynesia

Contributing Authors: Terava Atger — Local and traditional ecological
knowledge, sample collection and laboratory assistance. Tauira Punu — Local and
traditional ecological knowledge, sample collection and laboratory assistance.
Christian Green — Satellite image analysis. Will Underhill—Satellite image analy-
sis. Jordan A. Hollarsmith — Advising of statistical analyses, editing. Deron E.
Burkepile — Advising.

A. Introduction

The hydrology of tropical high islands is particularly susceptible to land use
change (Albert et al. 2021, Surchat et al. 2021, Koshiba et al. 2013). The removal
of island forest vegetation with deep, complex root systems, exposes highly erodi-
ble soils to erosion from the heavy and periodic rainfall often found on tropical is-
lands (Godard and Barriot 2022). Soil erosion is exacerbated on steep slopes that
comprise much of the topography of high islands (Wenger et al. 2020). If forests on
these slopes are replaced by agriculture or pasture for livestock, runoff will also
contain excess fertilizer, pesticides, herbicides and manure (Correll, 1998; Downing
et al. 1999; Schmutz and Sendzimir, 2018). If forests are replaced by urban envi-
ronments, runoff can contain minimally-treated human sewage as well as house-
hold and industrial chemicals (Ramirez et al. 2012). A key question on many tropi-
cal islands is how human development of the landscape impacts the movement of
sediments and nutrients through rivers and streams to the coastal environment as

well as how these sediments and nutrients impact the ecology of nearshore ecosys-
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tems (Risk 2014). On many tropical islands, the coral reefs that are adjacent to
shore, often known as ‘fringing reefs’, are especially vulnerable to stressors associ-
ated with watershed alterations due to their proximity to land development, agricul-
ture and input from rivers (Rouzé et al. 2015). Freshwater runoff transports terrestri-
al sediments and nutrients to nearshore reefs, and the volume of transport can be
high in watersheds that are deforested or converted to agriculture (Brodie et al.
2012, Bartley et al. 2013). Deposition of terrigenous sediment and exposure to ele-
vated nutrients can impact the physiology of individual corals as well as alter the
structure, diversity and function of reef ecosystems (reviewed in Fabricius 2005;
Zhao et al 2021). Reefs exposed to even moderate increases in nutrients and sedi-
mentation often have lower coral diversity and higher cover of macroalgae than
reefs without these stressors (Houk et al. 2020 & 2022). As growing human popula-
tions alter land use and as climate change has increased frequency and intensity of
rainfall events, it is necessary to understand how these influences affect the health
of tropical rivers and the coral reefs adjacent to them.

Coral reef ecosystems tend to be oligotrophic, often with submicromolar dis-
solved inorganic nitrogen (DIN) and phosphorus concentrations (Lapointe 1997).
As such, corals and other reef organisms adapted to these conditions can be sensi-
tive to changes in nutrient availability. Elevated DIN and dissolved phosphorous of-
ten have direct negative impacts on corals by lowering calcification rates, reducing
fertility and fecundity, altering coral microbiomes, and increasing susceptibility to
disease and bleaching (Shantz and Burkepile, 2014, Vega Thurber et al. 2014, Za-
neveld et al. 2016, Nalley et al. 2023). Elevated nutrients can also lead to indirect
negative effects on corals via changes in the reef community by giving competitive

advantage to faster growing macroalgae and turf algae which are capable of rapidly
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utilizing available nutrients (Fabricius, 2005; D’Angelo and Wiedenmann 2014). In-
creases in algae on reefs can lower coral growth rates and survivorship via compe-
tition (Hughes et al. 2007, Box and Mumby 2007, Zaneveld et al. 2016), lower coral
fecundity (Foster et al. 2008), as well as reduce the settlement and success of coral
larvae (Hughes et al 2007). Because of this wide array of negative direct and indi-
rect effects of nutrients on corals, even relatively modest increases in DIN have
been correlated to reduced species diversity in reefs adjacent to rivers (Houk et al.
2020 & 2022).

Exposure to increased sedimentation can affect corals by reducing photo-
synthetically available radiation (PAR) resulting in lower photosynthesis (Junjie et
al. 2014, Browne et al. 2014), reducing coral growth and survivorship through burial
(Rice et al. 2021), and reducing available substate for coral recruitment (Babcock
and Davies 1991, Wakwella et al. 2020). Sedimentation can also suppress her-
bivory by fishes and results in increased abundance of filamentous turf algae
(Goatley and Bellwood 2012, Goatley et al. 2016), with these algal-trapped sedi-
ments significantly suppressing coral recruitment (Speare et al. 2019). Reefs under
high levels of sedimentation often have different benthic communities than reefs
experiencing low sedimentation (Acevedo et al. 1989, Rogers 1990, McClanahan
and Obura 1997). Furthermore, nutrients and other pollution can sorb onto the sur-
face of sediment particles, to be released into the water column once the particles
settle to the benthos (Vidal-Dura et al. 2018). On volcanic high islands with soils
derived from phosphorus-rich basalt, sedimentation can be a significant source of
phosphate enrichment on nearshore reefs (de Campos et al. 2018). Thus, sedi-
mentation and nutrient enrichment may co-occur and work synergistically to com-

promise coral health and alter benthic reef communities (Risk 2014).
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Here, we address the impact of sediments and nutrients in rivers on the ecol-
ogy of nearshore coral reefs on the high island of Moorea, French Polynesia. The
diversity of watersheds in close proximity featuring a range of land uses and popu-
lations makes Moorea a compelling location to investigate interactions between hu-
man activity, riverine nutrients and sediment, and reef community composition. To
address how river water quality may impact nearshore coral reefs, we first quanti-
fied coral reef community composition near the outflow of six of the major rivers on
Moorea and then measured both the sediment concentrations and water chemistry
in these rivers. Then to address how land clearing and urbanization in Moorea is
influencing nearshore reef community composition, we analyzed satellite images to
quantify land use across the watersheds on Moorea and used census data to as-

sess any role of population density in reef health. Using these datasets we ad-

dressed two hypotheses. First, we hypothesized that reefs adjacent to the mouths

Figure 1. Moorea, French Polynesia mapped with hillshade, stream channels and focal watersheds.
Inset A showcases the fringing reef photo transect at Maatea. Inset B demonstrates the benthic
composition near the beginning of the transect — dominated by substrate covered in sediment and
macroalgae. Inset C demonstrates the benthic composition near the end of the transect — dominat-
ed by live coral.
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of rivers with more land clearing and higher populations, resulting in elevated nutri-
ent and sediment concentrations, would have lower overall coral cover and higher
cover of macroalgae. Second, we hypothesized that the species composition of
reef communities experiencing higher anthropogenic stress as a result of land use
would be more homogenous even at distances farther from the river mouths than

those under lower stress from runoff.

B. Materials and Method's
1. Study location

Moorea is a high island of volcanic origin located in the Society Archipelago
of French Polynesia (17° 29' S, 149° 50" W; 134 km?). Since it was formed by a vol-
canic eruption approximately 1.6 million years ago (Meyer et al. 2015), Moorea has
collapsed and eroded into 57 distinct watersheds separated by steep, sharp ridge-
lines with a highest elevation of 1207 m at Mount Tohiea (Meyer et al. 2015). Over
the millennia, as the island eroded and subsided, a barrier reef formed separating
the open ocean from a 53 km? lagoon (Collin et al. 2018). Moorea has been inhabit-
ed by humans since around 200 CE when it was settled by the Polynesians (Kirch,
2000). As of the 2017 census, Moorea was home to 17,357 people (Institut de la
statistique de la Polynésie Francaise).

The largest watersheds on Moorea are two adjacent valleys on the north
shore, Opunohu (15.7 km?) and Paopao (11.4 km?), formed by a collapse of the
volcano’s caldera (Meyer et al., 2015). Opunohu is home to a small population (97
people), but hosts a large portion of the island’s commercial agriculture which is
principally comprised of pineapple plantations and cattle pastures. As an example

of the steepness of watersheds on Moorea, more than 90% of the Opunohu valley
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is comprised of slopes greater than 10% (Binet & Gonnot, 2005). Neighboring
Paopao is home to the largest population (1557 people) and small, mixed-
agricultural fields. In contrast, the smallest watershed included in this study, Teava-
ro, is on the eastern shore of the island and is only 1 km?, but is home to 248 peo-
ple. The variety of watersheds in close proximity featuring a range of areas, land
uses and populations makes Moorea a compelling location to investigate interac-
tions among human activity, riverine nutrients and sediment as well as how these
factors impact coral reef communities.

Moorea is ringed by a barrier reef that separates the open ocean from a la-
goon. Within the lagoon, there are two distinct reef habitats, the back reef and the
fringing reef (Figure 1). The back reef is located directly inshore of the barrier reef,
while the fringing reef grows adjacent to the shore at the land-sea margin. On
Moorea, these fringing reef habitats are generally separated by deep-water chan-
nels that typically run parallel to shore and connect to passes in the barrier reef that
allow water exchange between the lagoon and the open ocean. In this study, we
focus on fringing reefs that are adjacent to the mouths of the major rivers on the is-
land (Figure 1).

In order to study rivers and reefs on Moorea, we first engaged the local com-
munity to receive feedback on the key questions that would be of interest and value
to the people of Moorea. The goals, objectives, and research locations for this
study were shaped by meetings with community members, organized by the Te Pu
Atit'a Polynesian Cultural Center located directly adjacent to the University of Cali-
fornia Gump Research Station where our research was based. Additional meetings
were held with local fishing collectives and clean water advocacy groups. Across

groups, concerns raised in these meetings were similar. People on Moorea have
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observed a decline in nearshore corals and a proliferation of turf and macroalgae,
specifically the brown alga Turbinaria ornata. They are also concerned about the
safety of rivers for drinking and swimming. In each meeting, we were implored to
look at land to sea connections and the potential of development and agriculture to
impact both rivers and reefs. These conversations precipitated the formation of a
new community science organization on Moorea called Ati Vai (‘Water Clan’ in Ta-
hitian). This research was co-produced with the members of Ati Vai. The combina-
tion of modern scientific tools and techniques with traditional and local knowledge

of the island and its rivers was paramount to the success of this initiative.

2. Assessment of coral reef community composition

Focal reefs for this study were Haumi, Ma’atea, Maharepa, Pihaena, Teava-
ro, and Vaiane (Figure 1). Reefs sites were selected because of their proximity to
the outlet of rivers on Moorea that had been studied in an island-wide study of land-
use impacts on rivers (Chapter 2). Further site selection criteria included similar
reef geomorphology and sites that represented a range of watershed sizes, agricul-
tural development, and population density. Reefs were chosen near river mouths
and near natural deepwater channels separating the fringing reef from adjacent
fringing or back reef habitat (Figure 1).

In August and September of 2019, we collected data on reef community
composition using photographic transects moving away from river mouths. Tran-
sects were conducted by a snorkeler that was pushing a float with a downward fac-
ing GoPro4 camera and GPS at the surface. (Figure 1). We entered the water at
the river mouth and swam perpendicular from shore until we reached approximately

1.5 m of water depth (the depth at which we could effectively swim over the reef on
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snorkel while maintaining high photo quality). Offshore of each river mouth there
was a shallow sediment deposition zone. The benthos in this zone was primarily
composed of soft brown terrigenous sediment, plant matter, and trash with relative-
ly few living organisms. From this sediment deposition zone, we then swam parallel
to the deep-water channel along the reef formation that was present at all of the
sites. Transects began where we first observed hard substrate (approximately 100
m away from the river mouth) and continued along the 1.5 m depth contour parallel
to the deepwater channels resulting in a coverage of approximately 3 m? of the
benthos per photo. Transects ended when we encountered large natural or
manmade features that would change the geomorphological structure and/or water
movement on the reef, for example intersection with a deep-water channel that was
perpendicular to the reef formation. Transects ranged in length from ~120 m
(Maharepa) to ~300 m (Vaiane). Photos were taken every second while swimming.
From the resulting photo transect, we chose one image every ~20 seconds
to ensure no overlap in the photos analyzed. Due to differences in swimming rate
between transects, this resulted , this resulted in one image analyzed on average
every 5.2 £ 1.5m . Images were then uploaded to CoralNet (CoralNet). In CoralNet,
a 4 by 4 grid was overlaid to create 16 cells. In each cell 3 random points were gen-
erated for a stratified random sampling of 48 points per photo. All points were iden-
tified manually. If the point landed on coral or algae, it was identified to the lowest
taxonomic classification possible. Identification was generally to genus for algae
and coral, with the exception of the corals Porites rus, Pocillopora acuta, and
Acropora pulchra, which were identified to species. Bleached or recently dead cor-
als were classified separately and were also identified to the lowest possible classi-

fication. We also created a number of categories for the benthos including: turf al-
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gae, crustose coralline algae/hard substrate, unconsolidated rubble, terrigenous
sediment, and calciferous sediment. Anthropogenic trash and terrigenous organic
matter (leaves, branches, palm fronds, etc) were also classified. We then aggregat-
ed categories into the following functional groups: (1) living coral, (2) macroalgae,
(3) algal turf, (4) bleached/dead coral, (5) crustose coralline algae (CCA) /hard sub-
strate, (6) terrigenous sediment, (7) calciferous sediment, (8) coral rubble, (9) terri-
genous organic matter, (10) trash, and (11) “other” which includes rare categories
like cyanobacterial mats. Observations in each photo were converted to percent
cover by dividing each observation by 48 (due to the 48 random points for identifi-
cation). We aggregated six photos into sections representing 120 seconds of the
transect and then averaged the percent cover for the different taxonomic/functional

groups for each section of the transect.

3. Assessment of river water quality

One objective was to understand the relationships between sediment and
nutrient concentrations in rivers adjacent to fringing reef sites, and reef community
composition at those sites. To do this, we collected water samples from rivers asso-
ciated with reef transects. See chapter 2 methods sections 3, 4 and 5 for sample

collection and analytical methods.

4. Quantifying population and land use in watersheds

To assess statistical relations between land use within a watershed and cor-
al reef communities adjacent to rivers, land use was estimated using a Landsat 8
image of the island taken on March 22" 2018. See chapter 2 methods section 6

for methods used to analyze the image.
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To assess statistical relations between human population density and reefs,
population of permanent residents in the different watersheds was obtained from
census data for 2017 via a license agreement between the Gump Research Station
and the Institut de Statistiques de la Polynésie Francgaise. See chapter 2 methods

section 7 for analytical methods of the census data.

5. Statistical analyses

We first examined the how reef communities at the functional group level dif-
fered across reef sites and associated watersheds as well as how coral cover var-
ied with different river water quality parameters. First, we hypothesized that cover of
key functional groups (e.g. coral, macroalgae, turf algae) would be significantly dif-
ferent across reef sites. To test this idea, we used linear model to test for differ-
ences among sites where the replicates were the 120 second sections of each tran-
sect followed by Tukey post-hoc tests. Next, we hypothesized that water quality pa-
rameters would be significantly different across the different watersheds. To test
this idea, we used linear models to test for differences among sites in the different
water quality parameters (e.g. DIN, TSS, etc) followed by Tukey-post hoc tests. On-
ly rainy season data were used in these analyses to allow for the inclusion of
Pihaena which has low or no flow in the dry season. All analyses were conducted in
R (R core team 2022). All stream chemistry data were 1+log transformed prior to
analysis to improve normality prior to analysis based on inspection of g-q plots and
residuals using the ‘qgplot’, ’‘qgnorm’, and ‘resid’ functions in R.

Next, we tested the hypothesis that coral and macroalgal algal cover at the
site scale would be negatively and positively correlated, respectively, with adjacent

river water quality and factors that reduced water quality (e.g., percent cleared
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land). To do this we used Kendall’'s Tau tests to examine correlations between
mean coral cover and algal cover, and rainy season mean river DIN, PO,%, and
TSS concentrations, and mean riverine N:P ratios. We also examined correlations
between coral and algal cover and the watershed parameters percent cleared land
and population. We chose Kendall’s Tau due to the low number of sites used in this
study as it is more conservative than the Pearson or Spearman correlation tests
(Puka, 2011).

In addition to relationships between watershed parameters and coral and al-
gal cover, we hypothesized that river water quality would explain a significant
amount of variation in benthic community composition across sites. To test this hy-
pothesis, we first conducted a PERMANOVA to test for differences in community
composition across sites where different distances along each transect represented
replicates within sites. Then we visualized the differences in community composi-
tion across sites using Nonmetric Multidimensional Scaling (NMDS), which is a
form of non-parametric unconstrained ordination method based on Bray-Curtis dis-
similarity. We evaluated the fit of the model using the stress of the model output. To
determine the extent to which riverine water quality (DIN, TSS, PO,%, N:P), water-
shed parameters (population and percent cleared land), and distance from the start
of the transect partitioned the variance in the ordination, we conducted analysis of
variance permutation tests (envfit function, vegan package). We then projected the
explanatory variables as vectors onto the NMDS. Lastly, we hypothesized that reefs
adjacent to streams with lower water quality would show stronger homogenization
of the benthic community with less change in community composition with increas-
ing distance from the river mouth. In order to test this hypothesis, we used the be-

tadisper function in the vegan in order to quantify heterogeneity within a site by cal-
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culating the non-euclidean distance between each point on a transect and the cen-
troid of the site. We then used a linear model to determine whether there were sig-

nificant differences in the dispersion of points across reef sites.

C. Results
1. Differences in coral and algal cover across sites

Coral cover differed significantly between sites (ANOVA: f = 36.15, p <
0.001). Teavaro with 22% and Vaiane with 38% had significantly higher coral cover
than the other sites (Tukey test: p<0.001). Mean coral cover was 16% across sites
(Table 1, Figure 2) while Pihaena had the lowest coral cover at 3% (Table 2, Figure
2). Porites rus was the most frequently observed coral with an average of 5% of the
benthos across sites. Corals in the genera Pavona and Montipora were relatively
rare (< 1%) across all our transects with the exception of Vaiane which had 10%
and 9% cover of these genera, respectively. Similarly, Acropora pulchra was rela-
tively rare across sites with the exception Teavaro at which cover of A. pulchra was
15%.

There were significant differences between sites in the percent cover of
macroalgae (ANOVA: f=19.78, p < 0.001) (Table 1, Figure 2). Mean macroalgal
cover was 21% across sites (Table 3, Figure 3). Haumi and Ma’atea had the high-
est macroalgal cover (29% for both) while Teavaro at 18% and Vaiane at 2% had
significantly lower algal cover than the other sites (Tukey: p<0.001; Table 3, Figure
3c). The most observed genus of macroalgae observed was Turbinaria, observed
as on average 12.4% of the overall cover. Haumi had the highest percentage of
overall coverage of Turbinaria at 25%, while no Turbinaria was observed at Vaiane.

Turf algae was observed with the highest frequency of all functional groups with a
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Table 3. Summary table of the mean percent cover of coral genera or species across fringing reef
transects. The “overall” row is a mean of the genus or species.

Filamentous Encrusting
Turbinaria Dictyota Padina Halimeda Green Sargassum  Other Green Red
Haumi 25 0 0 3 1 0 0 <1
Ma’atea 7 17 4 <1 <1 <1 0 0
Maharepa 20 <1 0 <1 <1 0 <1 <1
Pihaena 13 11 <1 1 <1 <1 0 0
Teavaro 9 8 <1 1 <1 <1 0 0
Vaiane 0 2 0 <1 0 0 0 0
Overall 12 6 1 1 <1 <1 <1 <1
1.00 29% 21% 26% 18% 2%
0.75
Algae
—
g Dictyota
o [ Encrusting red algae
&) I Green filamentous
< 0.50 Green macroalgae
| = | Halimeda
Q Padina
E B Sargassum
g [l Turbinaria
0.25
0.00

Haumi Ma'atea Maharepa Pihaena Teavaro Vaiane
Fringing Reef
Figure 4. Stacked bar chart of the makeup of macroalgal communities across fringing reef

transects by genus. Percent cover on the y-axis is the mean across the entire transect at that
site. Percentages at the top of the bars represent total mean cover of all macroalgae at a giv-

en site.
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mean of 43% (Table 1, Figure 3). There were significant differences in the percent
cover of turf between site (ANOVA: f= 11.68, p < 0.001). Ma’atea at 25% and
Vaiane at 29% had lower turf cover than the rest of the sites (Tukey: p<0.05), while

Pihaena had the highest cover at 60%.

128
<
o
‘E‘ -
2]
e
- 32
[=}
w
5]
(]
w
>
=
i
©
]
E 8
A
L *
w
c
E —
b
[=2]
o
=l
2

Haumi Ma'atea Maharepa Pihaena Teavaro Vaiane
Watershed

Figure 5. Total suspended solids (TSS) concentrations (mg/L) across sites. Boxes indicate the first
and third quartiles; the horizontal line represents the median; and the vertical lines extend to the
upper and lower 1.5 times the interquartile range. Note: the y-axis is on a log'®scale.

2. Differences in stream water chemistry across sites
There were no significant differences in TSS among sites (f = 1.31, p = 0.29)
(Figure 5) likely as result of the large range in TSS concentrations from a minimum

below detection to a maximum of 126 mg/L. Similarly, due to high variability (range
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Figure 6. Nitrogen concentrations as total (DIN) and nitrate (NO3) in micromolar (uM) across sites.
Boxes indicate the first and third quartiles; the horizontal line represents the median; and the verti-
cal lines extend to the upper and lower 1.5 times the interquartile range.
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Figure 7. Nitrogen concentrations as nitrate (NO2) and ammonium (NH,4) in micromolar (uM) across
sites. Boxes indicate the first and third quartiles; the horizontal line represents the median; and the
vertical lines extend to the upper and lower 1.5 times the interquartile range. Stars indicate sites
with significantly higher concentrations (p<0.05).
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Figure 8. Phosphate (PO,) concentrations in micromolar (uM) and molar DIN:P ratio
across sites. Boxes indicate the first and third quartiles; the horizontal line represents the
median; and the vertical lines extend to the upper and lower 1.5 times the interquartile
range. Stars indicate sites with significantly higher concentrations (p<0.05).
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of 0.05-37.72 yM) there were no statistically significant differences in DIN across
sites (Im: f = 0.81, p = 0.55) (Figure 6). DIN in rivers on Moorea is primarily com-
posed of NOs- (93% of DIN on average). As such, there were also no significant
differences in NO3. between rivers (Im: f = 0.69, p = 0.63) (Figure 5a). There were
differences across sites in NO,- and NH,+ as Teavaro and Haumi both had signifi-
cantly higher NO,- (f = 12.17, p < 0.001) and NH4+ (f = 8.8, p < 0.001) than other
sites (Figure 5b). Pihaena had significantly higher PO,% than other sites (f=7.75,p
= 0.03) (Figure 6). As a result of the high PO, concentrations, Pihaena also had

significantly lower N:P ratios than other sites (f = 3.0, p = 0.007) (Figure 6).

Watershed
Haumi

- Ma'atea

@ Maharepa

* Pihaena

@ Teavaro
Vaiane

Figure 9. Classification of a Landsat 8 OLI Level 2 image, collected on March 22nd, 2018.
Cleared land including agriculture and development is represented in light green and forest in dark
green. Red and magenta are masks for reef, while blue is a mask for water.
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3. Land-use and population patterns across Moorea

Our analysis of land use focused on the percent cleared land in a watershed
estimated using the classification of a Landsat image taken in 2018 (Figure 9). Ac-
curacy assessments indicate that our classifications are accurate for 96% of the im-
age. Of the watersheds adjacent to reefs included in this study, Pihaena had the
highest percentage of cleared land (8%) while the lowest percentage was observed
in Vaiane (3%) (Table 4). The human population on Moorea was 17,463 residents
in 2017. Within the watersheds included in this study, the largest population was
located in Maharepa (915 residents) and the smallest in Teavaro (248 residents)

(Table 5).

Table 5. Watershed parameters including shore of the island, watershed area and population.
Land cover/land use classification percentages by watershed from Landsat 8 imagery of Moorea
in 2018 (figure 9). Forested % represents land covered by a majority of trees. Cleared % in-
cludes land cleared for agriculture and development.

Watershed | Shore Area(km?) Population Forest% Cleared %
Haumi E 3.7 421 91 5
Ma’atea E 5.5 582 93 4
Maharepa N 3.5 915 89 7
Pihaena N 3.7 705 88 8
Teavaro E 1.1 248 93 5
Vaiane | W 5.8 371 95 3

4. Relationships between benthic cover and river and watershed characteristics
Mean coral cover on a reef was negatively correlated with the percentage
area of cleared land in the adjacent watershed (p = 0.02, tau = -0.87) (Figure 10).
Coral cover was not significantly correlated to population within a watershed (p =
0.14, tau = -0.6) or riverine DIN (p = 0.47, tau = -0.33), TSS (p = 0.47, tau = -.033),

or N:P (p = 0.27, tau = 0.47). There was non-significant negative relationship be-
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@ Ma'atea
@ Maharepa
@ Pihaena
@ Teavaro
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Percent Coral Cover
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Watershed Percent Cleared Land

Figure 10. Linear model examining the relationship between the percent of a watershed that has
been cleared of trees for agriculture or development and the percent cover of coral on the adjacent
fringing reef. Grey shading represents the 95% confidence interval. Multiple r*= 0.72, adjusted r* =
0.65, p = 0.03.

tween coral cover and riverine phosphate concentrations (p = 0.056, tau = 0.73). At
the reef scale, there were no correlations between macroalgal cover and watershed
population (p = 1, tau = 0.07), cleared land percentage (p = 0.47, tau = 0.33), or riv-

erine DIN (p = 0.47, tau = 0.33), PO4 (p = 0.72, tau = 0.2), N:P (p = 1, tau = 0.07),

or sediment concentrations (p = 1, tau = 0.07).

5. Relationships between benthic community composition and river and watershed
characteristics

There were significant differences in benthic community composition across
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sites (PERMANOVA: f = 11.57, p = 0.001). The NMDS stress was 0.14, below the
0.2 threshold commonly used in ecological studies to test model fit (Zuur et al.,
2007). The non-metric fit of the ordination was r’= 0.98 and the linear fit was r* =
0.91. To evaluate reef community loadings in the NMDS, we divided the ordination
plot into four quadrants (Figure 11). The top-left quadrant (1) is largely empty with
algae genera Turbinaria and Halimeda loading close to the MDS2 axis, and the cor-
al genera Porites loading close to the MDS1 axis. The top-right quadrant (2) in-
cludes terrigenous sediment, coral buried by sediment, and algae in the genus Dic-
tyota. The bottom-right quadrant (3) contains Porites rus, and corals only observed
in high percentages at select sites including Montipora sp., Pavona sp., and at in
the bottom right corner Acropora pulchra. The bottom left quadrant (4) is character-
ized primarily by turf algae and CCA/hard substrate, with numerous lesser ob-
served corals such as Pocillopora acuta recorded as living bleached and dead.
Points from the Haumi and Maharepa transects cluster in quadrants 1 and 4,
around where Turbinaria, CCA/hard substrate and turf have loaded (figure 11).
Pihaena’s points are more dispersed, but also loaded primarily in quadrants 1 and
4. The points representing Ma’atea loaded across quandrants 4, 1 and 2, with the
bulk of the points from farther along the transect loading in quadrant 2 where Dicty-
ota and terrigenous sediment are loaded. Vaiane was dispersed primarily across
quadrant 3 where Monitpora, Pavona, dead coral, and coral rubble loaded. Teava-
ro’s point were concentrated in the bottom right corner of quadrant three where
Acopora pulchra loaded, demonstrating how this site stands alone in its association
with this coral.

Of the river chemistry variables tested in the analysis, all but N:P (r?=0.01,

p=0.7), were significantly correlated with the distribution of sites in the ordination
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Figure 11. Nonmetric multidimensional scaling (NMDS) results of benthic community surveys.
Each point represents the combined benthic community from six photoquadrats. The color of the
point indicates the site. The benthic categories are written and the location of the word signifies
the centroid for that category. Bold labels indicate categories that represent > 5% benthic cover of
at least one site 69
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Figure 12. Nonmetric multidimensional scaling (NMDS) results of benthic community surveys.
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community composition and stream chemistry and watershed parameters; the length of arrow
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in (B) represents a significant (p<0.05) correlation between benthic community composition and
distance from the beginning of the transect. The length of arrow represents the relative strength
of the correlation.
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(Figure 12a). TSS was most strongly correlated with the benthic communities in or-
dination space (r?=0.30, p=0.001), followed by DIN (*=0.28, p=0.001), and PO4>
(r*=0.22, p=0.001). The watershed variables population and percent cleared land
were also significantly correlated with the partitioning of the benthic communities in
the ordination (r*=0.33, p=0.001 and r*=0.30 p=0.001, respectively), as was dis-
tance from the start of the transect (r?=0.21, p=0.004). River chemistry and water-
shed vectors tend to point along the MDS 1 axis, while distance tends to point
along the MDS2 axis. This indicates that the spread of points along the first axis is

more related to river and watershed parameters, while spread along the second ax-

0.6

0.5

0.4

0.3

Distance to Centroid

i
'
'
|
|
|
|
i
R S

0.2

T
'
'
'
H '
H '
H '
- 1
'

-

'
—_—

T T T T T T
Haumi Ma'atea Maharepa  Pihaena Teavaro Vaiane

0.1

Fringing Reef

~ Figure 13. Box plot of the non-euclidean distance calculated between each point of a fring-
IS ing reef transect to the centroid of the site in the NMDS ordination space (figures 11 & 12). IS
Boxes indicate the first and third quartiles; the horizontal line represents the median; and the
vertical lines extend to the upper and lower 1.5 times the interquartile range. Larger distanc-
es between points and the centroid on a transect indicate greater dispersion of points and
greater heterogeneity in the community at that site. ANOVA: f = 2.46, p = 0.05
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more related to distance from the river mouth. The distribution of the vectors of the
river and watershed characteristics suggests that higher DIN, PO,*, and TSS in
streams, and higher watershed populations land clearing, are associated with reef
communities like those found in Haumi and Maharepa which are characterized by
turf, CCA/hard substrate, and Turbinaria. Conversely, lower runoff exposure and
lower watershed population is associated a wider range of algae genera and more
coral cover, such as the communities featuring abundant corals such as Pavona
and Acropora pulchra found in Vaiane and Teavaro.

In addition to river and watershed characteristics correlating with benthic
community composition, there was also a significant correlation between distance
away from the river mouth and benthic communities (Figure 12b). Increasing dis-
tance away from the river appeared to correlate with increasing coral cover, though
the coral genera at more distant points was quite variable across sites. Further,
there appeared to be strong differences across sites in terms of how much change
there was in the benthic communities with increasing distance away from the river
mouths. For example, benthic communities appeared to change substantially
across distance at sites such as Teavaro and Vaiane while sites such as Haumi
and Maatea showed little change (Figure 13). When we tested for these differences
quantitatively, an ANOVA indicated that there were significant differences between
sites (f = 2.46, p = 0.05). Sites such as Teavaro, Vaiane, and Ma’atea had higher
dispersion of communities across increasing distance from the river mouth resulting
in more heterogeneity across the transect while sites such as Haumi, Maharepa,
and Pihaena showed lower levels of dispersion among distances suggesting that
the benthic communities at these sites were much more homogeneous even at in-

creasing distances from the river mouths.
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D. Discussion:

By integrating data from water quality monitoring in rivers, surveys of coral
reef communities, and remote sensing, we show that coral cover and community
structure on fringing reefs around Moorea are negatively impacted by human activi-
ty in adjacent watersheds. We found that coral cover has a significant negative rela-
tionship with the percent area of land cleared for development or agriculture in
nearby watersheds (figure 10). Using ordination analysis, we found that land use,
watershed population, as well as riverine nutrient and sediment concentrations in-
fluence the structure of reefs communities both between and within sites (figures 11
and 12). Reefs experiencing lower anthropogenic stress from land use and runoff
were characterized by corals in the genera Montipora and Pavona, as well as the
species Porites rus and Acropora pulchra (figure 11). These sites were also more
heterogeneous with considerably different communities at the beginning and end of
the transects, often with more coral-dominated areas at increasing distance from
the river mouth (figure 12b). In contrast, reefs adjacent to watersheds with more
land clearing, higher populations and elevated riverine sediment and nutrient con-
centrations were characterized by benthic communities dominated by the macroal-
ga Turbinaria ornata, turf algae, and dead branching corals (figure 11). Reef com-
munities at these sites were also more homogenous along the transect with less
turnover in the benthic community and often less coral even in areas the most dis-
tant from the river mouth (figure 12b).

Our findings in Moorea are similar to others from high tropical islands
demonstrating that watershed development can negatively impact nearshore coral

reefs (reviewed in Tanaka et al. 2021). In a larger survey of most of the major rivers
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on Moorea, rivers in watersheds with more cleared land had significantly higher nu-
trient and sediment concentrations than rivers associated with less land clearing
(Neumann chp 2). Studies from Guam and American Samoa found that DIN con-
centrations in rivers above 0.1 yM in 20% of samples were associated with altered
reef communities (Houk et al. 2020 & 2022). All of the rivers on Moorea sampled in
this study were consistently above those levels, suggesting that the negative im-
pacts of riverine nutrients and sediments on fringing reefs are likely widespread
across the island. In fact, an island-wide study of nutrient enrichment patterns
across Moorea showed that fringing reefs are consistently enriched in nitrogen
around the island and that these patterns have likely existed for a decade or more
(Adam et al., 2021). Time series data from Moorea have shown that some reefs in
the lagoon have seen declines in coral and increases in algae (Moritz et al. 2021,
Adam et al. 2021), with reefs exposed to higher nutrient levels being especially vul-
nerable to the loss of corals (Adam et al. 2021).

We also found that multiple stressors may influence reef communities, re-
sulting in more homogeneous community composition even at significant distances
away from the river mouths, based on the ordination analyses. Though we did not
find significant individual relationships between overall coral cover and riverine DIN
or TSS concentrations, our ordination analyses suggested cumulative effects of
these multiple stressors on benthic community composition. For example, both DIN
and TSS were correlated with benthic communities at sites that were associated
with more macroalgae, more dead coral, and less live coral. In addition, the sites
that were strongly correlated with DIN and TSS, such as Maharepa and Haumi,
showed increased homogeneity in community composition even at distances far-

ther from the river mouth, suggesting that the impacts of riverine output spread a
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farther distance than at sites with less harmful riverine input such as Teavaro and
Vaiane. This finding aligns with those of other studies that found reduced coral cov-
er and reduced reef diversity in areas exposed to elevated nutrient and sediment
concentrations (Darling et al. 2019). Although both sediment and nutrients can
have harmful direct effects on corals in isolation (reviewed in Nalley 2023, D’Angelo
and Wiedenmann 2014, Donovan et al. 2020, Junjie et al. 2014), they may act as
synergistic rather than additive stressors, meaning the presence of both has a
greater impact that would be predicted based on the effect of each alone (Ban et al.
2013, Fabricius 2010). Cumulative effects of these multiple stressors may be com-
plex, and impacts are likely driven by both exposure concentrations, as well as the
duration of exposure (Darling and Coté 2008). Combined nutrient enrichment and
sedimentation can catalyze new or reinforce existing shifts in reefs from a coral-
dominated to macroalgae- and turf-dominated state (Fabricius 2010, Darling et al.
2019).

In addition to lower overall coral cover at sites in watersheds with higher lev-
els of land clearing, we found a shift in the community composition at these sites. At
reefs with higher runoff, we found a higher abundance of macroalgae and massive
Porites spp. Massive Porites spp. may be the most abundant corals at these reefs
as they are often some of the more tolerant species to elevated turbidity (Fabricius,
2010) as well as being less impacted by nutrient pollution (Burkepile et al., 2020).
Further, massive Porites spp. appear minimally affected even when subjected to
combined sedimentation and nutrient enrichment (Rice et al. 2021). In contrast,
Pavona and Montipora, which other studies have shown to be more susceptible to
sedimentation and/or nutrient pollution (McClanahan and Obura,1997, Fabricius et

al. 2013, Golbuu et al. 2008) were generally rare (< 1% cover) across all reef sites.
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The one exception was Vaiane which had ~10% cover of each these genera while
also having the lowest amount of land clearing and the second lowest population as
well as the lowest mean DIN and TSS concentrations.

Another important finding was that some sites with high DIN also had high
coral cover and coral taxa not observed at other sites. The reef at Teavaro was an
important example as it had one of the highest levels of overall coral cover and the
coral community was dominated by the fast-growing coral Acropora pulchra, which
was rare at all other sites. However, approximately a third of the DIN at Teavaro
was ammonium. This distinction is meaningful because corals enriched with ammo-
nium often have increased coral growth (Szmant, 2002, Shantz and Burkepile
2014) and calcification (Ezzat et al. 2016) as well as reduced susceptibility to ther-
mal stress (Fernandes de Barros Marangoni, et al., 2020). This effect of ammonium
on corals is in contrast to recent experiments showing that corals experiencing high
levels nitrogen in the form of nitrate can show impaired physiological performance
(Ezzat et al. 2015), reduced growth rates (Shantz and Burkepile 2014), and in-
creased bleaching susceptibility and mortality (Burkepile et al. 2020). This negative
impact of nitrate on corals is likely one reason that most reef sites with high values
of nitrate, which represented the majority of DIN, had low coral cover, especially at
distances closer to river mouths.

Surprisingly, we did not find positive relationships between high nutrient val-
ues in riverine input and macroalgal abundance, despite considerable literature in-
dicating that nutrient enrichment enhances macroalgal growth (Schaffelke and
Klumpp 1998, Larned 1998) and leads to negative effects of macroalgal competi-
tion on corals (Zaneveld et al. 2016). However, sites with higher levels of nutrients

also likely had higher levels of TSS, and sedimentation often has negative impacts
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on the growth, survival, and recruitment of macroalgae (Umar et al. 1998, Eriksson
and Johansson 2005, Cannon et al. 2023). We did find a positive relationship be-
tween nitrate concentrations and turf algal cover. The negative effects of sedimen-
tation on both corals and macroalgae can mean that, filamentous turf algae, rather
than corals or macroalgae, often dominate turbid, inshore reefs (Santana et al.
2023). In fact, as anthropogenic stressors such as nutrient pollution and sedimenta-
tion increasingly impact reefs, the degraded ecosystem state may be represented
by a transition away from dominance by corals to dominance by turf algae rather
than dominance by macroalgae (Tebbett et al. 2021).

One limitation of this study is that we did not measure discharge or mass flux
of nutrients and sediment from watersheds. It is possible that larger watersheds
with lower concentrations of DIN or TSS are exporting more total nitrogen or sedi-
ment due to a higher discharge rate relative to a smaller watershed with higher DIN
or TSS concentrations. For example, Teavaro is the smallest watershed included in
this study at 1.1 km?, but has the second highest mean DIN concentration (10.4
MM). Yet, Teavaro had some of the highest coral cover at 22% as opposed to
Ma’atea which had a mean coral cover of 14% but had DIN values that were nearly
half that of Teavaro. Importantly, the Ma’atea watershed is 5x larger at 5.5 km? and
as larger watersheds tend to have higher river discharge (Zhou et al. 2012), it is
likely that Ma’atea has a higher mass flux of nitrogen and TSS per year than Teava-
ro. It may be that the flux of nutrients and sediment is a more accurate predictor of
coral cover on benthic communities than are concentrations of nutrients and sedi-
ment. Future work in Moorea and other tropical rivers should focus on the develop-
ment of watershed models to quantify the extent and timing of nutrient and sedi-

ment fluxes to nearshore coral reefs in order to better predict the impact of land use
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on these nearshore ecosystems.

Examining the linkages between land and sea is critical to understanding the
functioning and future of nearshore coral reefs in the Anthropocene. Here, we have
shown that anthropogenic impacts to land use and the resulting impacts on riverine
water quality is related to reduced coral cover and altered benthic communities on
fringing reefs in Moorea, French Polynesia. Although human development of island
resources is a critical component to growing tropical economies (Darling et al.
2019, Wenger et al. 2020), our work joins a growing body of literature showing that
the economic benefits may come at a cost to ecological functions and services of
nearshore coral reefs (Loiseau et al. 2021, Wenger et al. 2020). Importantly, we
show that data from Landsat imagery may be as useful as intensive, in situ sam-
pling of river water quality in terms of correlating with the benthic community com-
position of nearshore coral reefs. Thus, relying on estimates of land use and land
clearing from satellite imagery may be useful for predicting impacts to nearshore
coral reefs in areas where collecting in situ data in watersheds are logistically chal-
lenging. Ultimately, helping to ameliorate impacts of current land use on river runoff
and ensuring new development is planned around minimizing impacts to rivers will

help ensure the health and function of nearshore coral reefs.
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lll. Programmable Autonomous Water Samplers (PAWS): An inex-
pensive, adaptable and robust submersible system for time-
integrated water sampling in freshwater and marine ecosystems

Contributing Authors: Daniel La — Mechanical engineering assistance. Hyemin
Yoo — Electrical engineering and coding assistance. Deron E. Burkepile — Advis-

ing.

A. Introduction

Modern human activity is responsible for numerous unprecedented chemical
inputs into freshwater and marine ecosystems, including, but not limited to, heavy
metals, pesticides, herbicides, petroleum products, industrial waste, emerging con-
taminants (e.g. pharmaceuticals, personal care products, legal and illegal drugs),
plastics, and nutrients (e.g. nitrogen and phosphorus from fertilizer, agricultural run-
off and sewage) (Borgwardt et al. 2019, Li and Migliaccio 2010, Lewis et al. 2009,
Schulz 2004, Carpenter et al. 1998, Woodward et al. 2012, Naidu et al. 2016,
Windsor et al. 2019). Each of these pollutants have their own effects and impacts
on aquatic systems, and therefore deserve close study. The shared protocol used
in studying and understanding these diverse parameters in aquatic ecosystems is
the collection and analysis of water samples. In this paper, we present a novel
method of collecting water samples through the use of a low-cost, open-source Pro-
grammable Autonomous Water Sampler (PAWS).

Water chemistry and environmental conditions in aquatic ecosystems can be
highly variable in both space and time, with conditions changing rapidly in response
to even small changes in factors such as precipitation, depth, tides, currents, wave

action and animal behavior (Borgwardt et al. 2019). One of the primary challenges
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associated with monitoring the health of freshwater and marine aquatic systems, is
the resource-intensive nature of collecting data at high enough spatial and temporal
resolutions to capture these changes (Cassidy and Jordan 2011). The three most
common methods of collecting water chemistry data are: 1) bottle sampling at dis-
crete timepoints (grab sampling) followed by laboratory analysis, 2) automated wa-
ter sampling followed by laboratory analysis, or 3) in-situ analyzers which are de-
ployed in the environment and perform analyses autonomously. These methods
support the collection of data with either high spatial or temporal resolution, but due
to cost and/or logistical challenges, often cannot feasibly provide both (Cassidy and
Jordan 2011, Robertson and Roerish 1999, Chapin 2015). Because of their low
cost, ease of use, and adaptability, PAWS aims to allow for the collection of water
quality data from highly dynamic aquatic systems with high spatial and temporal
resolution (Table 1).

Historically the most widely used method to collect water quality data is
through periodic manual sampling in bottles, or similar containers. Collecting a sin-
gle water sample is relatively simple and allows for a variety of highly accurate lab-
based analyses to be conducted on the same sample. Though collection of bottle
samples has a relatively low-cost and low effort per sample, it only provides data
regarding the single moment in time the sample was taken. Filling in data gaps by
increasing the spatial or temporal resolution of bottle sampling requires both large
sampling efforts and potentially large budgets depending on the sampling locations
(Robertson and Roerish 1999, Chapin 2015) Once collected, samples will need to
be transported to and analyzed in a lab. This can escalate costs rapidly depending
on the location (in-house vs external lab) and method of analysis. As a result, many

long-term, multi-year, water sampling regimes only collect samples on weekly to
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Table 1. PAWS compared to other sampling options. PAWS provides a sampling tool that can be
appropriate in situations, such as high energy environments, where other options are not available.

sites

Bottle Commercial SAS PAWS
Sampling Samplers

Initial Cost Low to Medium, | Medium to High, | Low, $220 Low, $300 per
basic equip $2.5k - $50k per | per unit unit
inexpensive, but | unit
manual
samplers can be
>$500

Sampling Low to High Low, Low, Low,

Effort single sample autonomous autonomous | autonomous
low, increases collection collection collection
rapidly with
additional
samples/sites

Number of Variable, < 24 discrete 2 discrete 1 integrated

Samples depending on samples per unit | samples per | sample per
sampling effort unit unit

Sample Variable, 375ml to 9500ml | <900 ml / 60 mi/

Volume depending on | sample sample sample
sampling equip

Cost per Low, depending | $104 to >$2000 | $110 $300 for an

sample on sampling integrated
effort sample

Cost per 24 Increasingly $104 to >$2000 | $2640 (1 $300 for an

hours of higher (1 sample per sample per integrated

sampling effort/cost to add | hour) hour) sample
additional
timepoints

Spatial Low, Low, high cost to | High, low High, low cost

Resolution increasingly add additional cost to add to add
higher effort/cost | sites additional additional
to add additional sites sites
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monthly intervals. Relying on this small number of samples to determine the flux of
chemical contaminants can result in vast over, or under, estimates (Robertson and
Roerish 1999, Chapin 2015). As bottle sampling is limited to collection times with
human compatible working conditions including weather, river or sea state and site
access, sampling efforts may miss important episodic events like short period, high
intensity storms. Manual sampling at depth can be accomplished using Niskin or
Van Dorn style samplers, though this type of sampling is also dependent on human
safe working conditions. An additional limitation of bottle sampling is the inability to
easily collect samples from multiple location simultaneously, making it difficult to
capture the same short episodic events across research sites.

In freshwater studies one solution to this limitation has been the deployment
of ISCO-style samplers, large sampling systems which use an electric pump to col-
lect water into a sequential rosette of a fixed number of sample bottles over a user-
programmable interval (“Portable Samplers”). While these samplers do offer auton-
omous collection of a limited number of discrete samples, they are large (dia: 69 cm
x height: 51 cm), heavy (~15 kgs), and expensive (~$2.5k to $5k) for the most basic
and compact versions. Furthermore, these systems, as well as existing lower-cost
open-source alternatives (Carvalho 2020) are not waterproof, limiting their use to
studies where they can be deployed on land adjacent to the water they are sam-
pling. As such, they often need to be deployed inside of locked enclosures to im-
prove resistance to both weather and tampering. Though ISCO samplers have be-
come a standard in freshwater science for good reason, depending on the study
integrated sampling using a submersible system like PAWS may offer a durable,
cost-effective alternative.

To address the needs of marine scientists, numerous submersible autono-
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mous sample collection systems are commercially available, or have been devel-
oped by researchers. As with many depth capable oceanographic instruments,
commercial submersible systems are quite expensive ($35k - $45k) (Mucciarone et
al. 2021). There is a high coast associated with depth rating and for many freshwa-
ter or coastal studies, these systems are essentially over capable as these studies
are often conducted in <30 meters. Recent open-source, researcher developed
sampling systems are considerably less expensive than their commercial counter-
parts (Mucciarone et al. 2021, Albright and Langdon 2013, Enochs et al. 2020) and
are more appropriate for shallow deployments. However, these systems often em-
ploy multiple housings, exposed moving pump components, and/or external sample
collection bags or bottles. Though this increases the sample possible sample vol-
ume and aids in reducing the system cost, it also increases the footprint, complexi-
ty, vulnerability to damage and tampering, and potential failure points of the sys-
tems. As such, these systems may not be capable of sampling in high energy (e.g.
fast flowing rivers, or in a subtidal area with wave action) or debris laden environ-
ments (e.g. a river during a storm surge, or a wastewater channel) without sustain-
ing damage (Mucciarone et al. 2021, Enochs et al. 2020). Of these sampler pro-
jects, PAWS is closest in terms of cost and capability is the Subsurface Automated
Sampler (SAS) for ocean acidification research (Enochs et al. 2020). The SAS is
capable of collecting two separate samples in bags up to 900 mL using one of two
sampling regimes 1) At a set time and date, or 2) once daily. SAS would be appro-
priate if larger sample volumes or more discrete samples were needed, whereas
PAWS would be more suited to collect a much smaller time integrated sample in a
high energy environment.

In the last few decades, the deployment of in-situ analyzers, waterproof elec-
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tronic packages deployed in the environment that measure, record, and often trans-
mit data in real time, have become an alternative to physical collection of samples
for lab-based analyses (Anderson et al. 2021). In many cases, this has revolution-
ized aquatic research. In-situ analyzers can collect data with high temporal resolu-
tion in both freshwater and marine ecosystems. As no lab analysis is required, data
is collected in near real time and is often transmitted wirelessly. There are however
instances where sampling and lab analysis are still preferable. In-situ analyzers
have a high upfront cost. For example, a single basic SUNA nitrate sensor for shal-
low freshwater deployments costs >$32k (“SUNA V2 Nitrate Sensor”). Though the
cost per data point of these systems decreases rapidly over time, the upfront cost,
as well as maintenance costs, might still be too much for some research programs.
The upfront costs are even higher if the goal is to study multiple parameters as
each parameter requires its own probe. Additionally, in-situ analyzers are not avail-
able for every parameter (Enochs et al. 2020) or are not sensitive enough for a giv-
en system. For example, high quality ammonium probes have a detection limit of
0.2 mg/L (“Low cost ISE ammonium probe”) whereas ammonium concentrations in
tropical waters are often < 0.02 mg/L (Fernandes de Barros Marangoni et al. 2020).
Finally, in-situ analyzers often rely on hardware, firmware, and software that is pro-
prietary, making instruments difficult to repair, troubleshoot and modify in the field.
Many analyzers must be sent back to the manufacturer for maintenance and cali-
bration, something that may not be feasible while operating in remote areas.
Generally autonomous water sampling systems and in-situ analyzers are de-
signed with either fresh water, or marine environments in mind. As scientists study-
ing the interface of freshwater and marine ecosystems in remote locations, we saw

a need for a device that combined the autonomous nature of in-situ analyzers with
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Figure 1. PAWS on a pier ready for deployment. The black bands are SCUBA diving ankle weights.
The dive weight attached to the green rope hits the seafloor before the sampler does allowing PAWS

to be anchored above the bottom reducing the possibility of particulate matter blocking the sampler’s
inlet.

the simplicity and adaptability of manual water sampling. In response to this need
we developed PAWS, a low-cost, user-friendly, and highly adaptable autonomous
water sampler. This device is open source making it easy to construct and repair. In
addition, its compact size (11 cm x 61 cm), inconspicuous, durable, and stream-
lined housing, and depth rating of 40m allows it to be deployed in a wide range of
aquatic environments including high energy or heavily trafficked areas as well as
small cryptic spaces (figure 1).

The PAWS system is designed around the concept of time-integrated sam-
pling. This technique is regularly used in ecotoxicology studies using chemically ab-
sorptive materials, membranes or devices such as Chemcatchers® (Jasa et al.
2019, “Chemcatcher”). In passive sampling, the chemical structure of the sampler
allows molecules or compounds of interest, such as trace metals, PCBs, herbicides
and pharmaceuticals to sorb onto the surface of the sampler. Upon retrieval, the

compounds are washed off the surface and analyzed in a lab. Using this method,
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concentrations of pollutants in aquatic environments are calculated by assessing
the amount of a given compound retrieved from a sampler over the period of time it
was deployed. As sampling efficacy is determined by the chemical compatibility be-
tween the sampler and the compound of interest, many compounds are not suitable
for passive sampling (Vrana et al. 2005). PAWS shares the time-integrated strategy
with passive sampling, but rather than relying on absorption properties PAWS col-
lects a single, continuous water sample over the deployment period. In this way
PAWS is not selective, any dissolved compound, small suspended particles, or mi-
crobiota can be sampled.

To accomplish time integrated water sampling, PAWS uses a syringe pump-
like mechanism programmed to collect water at a continuous rate. When it is recov-
ered, the sample collection chamber contains an integrated water sample over a
period of a few minutes to > 100 hours (even longer deployments are possible with
a larger battery). Continuous sample collection in this way offers several benefits
over bottle sampling or other manual sampling techniques (Table 1). Integrated
sampling captures an overall average of water chemistry over a given time period.
This includes large chemical fluxes from short period, high intensity rainstorms that
may fall between bottle sampling intervals. The tradeoff with integrated sampling
however is the loss of the fine scale temporal resolution offered by high frequency
manual or automatic sampling or in-situ analysis. The integrated sample includes
an averaged picture of water chemistry including short period high or low intensity
events, but it will not indicate the timing and absolute concentrations associated
with them. If a study is only concerned with longer term averages of water chemis-
try PAWS can provide a significant reduction in sample collection cost as compared

to bottle sampling by reducing effort and person-hours. Additionally, PAWS can al-
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so provide a reduction in analytical cost as compared to bottle sampling, or autono-
mous rosette sampling, as a single PAWS sample represents an integration over a
period that way require multiple spot samples. Less overall number of samples re-

sults in lower analytical costs per study.

B. Hardware description

Figure 2. PAWS sampling mechanism, and power and control system out of its housing. a) 60 ml
polycarbonate syringe. b) 3D printed syringe cradle. c) Stainless steel threaded rods lock the sy-
ringe in place and provide additional bracing. d) NEMA 17 non-captive linear stepper motor actua-
tor. €) PAWS printed circuit board. f) Pololu DRV8880 stepper motor driver carrier. g) Adafruit
Feather MO Express microcontroller with an OLED screen shield. h) Powerizer 12.8v 4.5Ah
LIFEPO4 Rechargeable Battery Pack.

One important goal for these samplers was to make them as easy and inex-
pensive to construct as possible. To achieve this, we designed the system using
mostly components that are readily available off the shelf. The few mechanical
pieces that are custom made are designed to be fabricated using a laser cutter and
a 3D printer, as opposed to machine tools such as a mill or a lathe as is commonly
the case for underwater housings. This reduces the cost and ease of production as
3D printers and laser cutters require little training to operate and are increasingly
becoming available in many libraries, maker spaces and research labs. Laser cut
parts could be cut out carefully using a bandsaw or jigsaw, and a drill. Any of the
custom parts could also be made inexpensively by one of the many local or web-

based services that have these tools, as opposed to traditional machine shops
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which generally have a high overhead due to expensive tooling and a highly trained
workforce. Furthermore, all the firmware is open-source and written in Arduino, one
of the most accessible and widely used programming languages for hardware con-
trol, making it easy to adapt the samplers to new use cases.

PAWS is comprised of three principal component blocks: 1) the sampling

mechanism, 2) the power and control system, and 3) the pressure housing.

1. The sampling mechanism

Syringe pumps are a well-established tool for precise dosing or sampling in
laboratory settings. Recently, there have been several published open-source sy-
ringe pump projects for a variety of lab applications (lannone et a. 2022, Garcia et
al. 2018, Wijnen et al. 2014). To our knowledge however, PAWS is the first environ-
mental water sampler built around a syringe pump-like architecture (figure 2). Previ-

ous water sampler designs have used a rosette of spring actuated syringes to col-

Figure 3. The syringe slides into the syringe cradle and locks into place
with a quarter turn.
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lect a series of discrete samples (Bird and Ryan 2007, Martin et al. 2004). In con-
trast, syringe pumps allow for precise control of the sample collection rate in a sin-
gle syringe. Designing PAWS using this architecture allows for precise collection of
an integrated water sample over an extended period of time in a relatively small
and inexpensive package. There are numerous additional benefits to building a

sampler around a syringe. Syringes are readily available, inexpensive and can

Figure 4. PAWS sampling mechanism built around a 60 ml polycarbonate syringe and a

NEMA 17 non-captive stepper motor. The red and grey components were 3D printed on

a PRUSA i3 MK3S filament printer using ABS filament. The black tray is made from laser

cut acrylic and mounted on an extruded aluminum rail.
come pre-cleaned and sterilized. Though slightly more expensive than the common
disposable polypropylene syringe, PAWS utilizes 60 ml polycarbonate syringes
which have a longer lifespan, higher pressure rating, lower moisture and gas per-
meability, and a high thermal tolerance which allows them to be repeatedly steam,
gamma, and/or EO sterilized.

After experimenting, and breaking, a handful of established syringe pump

designs, we decided to develop our own system for securing the syringe. When in-
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serted into the sampler, the syringe slides into a 3D-printed carriage and locks into
place with a quarter turn (figure 3). We designed this carriage to hold the syringe
securely while the sampler is under high pressure while also allowing the syringe to
be easily removed without the use of any tools. The height of the carriage and its
angled outside corners are also designed to secure the sampling system inside the
housing. The syringe plunger sits into a 3D printed flange that attaches to the sam-
pler motor shaft and rides on a stainless steel rod running between the syringe car-
riage and the motor mount. Once the syringe is in place, two threaded rods slide
into the front of the syringe carriage, over the syringe tabs, and into the motor
mount (figure 4). These serve a dual purpose, 1) as extra locks to keep the syringe
in place and 2) as tensile rods to stabilize the forces exhibited on the system when
under pressure.

The sampling mechanism is driven by a non-captive NEMA 17 hybrid step-
per motor linear actuator. With this type of actuator, the motor turns an internal nut
which drives a threaded shaft forward or backwards, depending on the direction of
rotation (figure 4). Generally, these actuators are very durable and precisely con-
trollable. The additional benefit of the non-captive style motor in this application is
that it allows the force of the differential between the housing’s internal pressure
and the outside water pressure to be directly centered on the motor shaft. This re-
duces the shear stress on the shaft and motor and allows the motor to run at a low-
er current. Once the pressure differential is greater than the friction of the o-ring in
the syringe, the pressure differential is driving the sample collection with the motor
acting like a finely controlled brake. At even shallow depths, PAWS is not drawing
in a water sample, but rather letting more water into the syringe in a slow, controlled

manner.
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2. The power and control system
PAWS is controlled using
a microcontroller and a stepper
motor driver mounted on a cus-
tom printed circuit board (PCB)
(figure 5). The Adafruit feather % i
MO Express was selected for this

project because it is a low power

and highly versatile microcontrol-

ler in a very small package. The Figure 5. PAWS printed circuit board. a) Pololu DRV8880
stepper motor driver. b) 100 uF capacitor. c) Stepper mo-
. tor control wire connectors. d) Battery power connector.
Feather has a plethora of configu- e) Pololu 3.3v step down voltage regulator. f) Adafruit
Feather MO Express with OLED screen “Featherwing”
rable analog and digital I/O pins, shield

can be programmed in Arduino or Circuit Python, and Adafruit offers numerous
compatible modules (“wings”), such as the screen (OLED) we incorporated into
PAWS, which easily stack on top of the Feather. The OLED wing allows the user to
access the PAWS menu and program a sampler without connecting it to an exter-
nal device (figure 5). Once the microcontroller is programmed it communicates with
the stepper motor driver to wake up and trigger the motor to step to its next position
based on the user defined parameters. We also appreciate the extensive and de-
tailed documentation, user guides, sample code, and support Adafruit provides
online for all of their products.

Power is provided by a 12.8V, 4.5 Ah LiFePO, rechargeable battery pack.
From the battery power is sent to the Feather through a step-down voltage regula-

tor (Pololu D36V6F3) which takes any battery voltage above 4V and outputs 3.3V
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to the microcontroller and screen. Full battery power is sent to the stepper motor
driver through the PCB and finally to the stepper motor via a bank of screw termi-
nals. The Pololu DRV8880 was selected as the stepper motor driver for its dynamic
current scaling capability. Because stepper motors draw current whether they are
stepping or not, the dynamic current scaling function allows for PAWS to reduce the
power consumption of the motor between steps by more than 90%. While stepping
the system can draw up to 455 mA, but in between steps, the system draws only 40
mA. For each step, we energize the motor at full power for 10 milliseconds. Each
step rotates the internal nut 1.8 degrees and it takes 10,000 steps to collect 60 ml
of water in the syringe. The time it takes to fill the syringe is controlled by varying
the delay between steps. Regardless of the duration of sample collection, the sys-
tem is only running at full power for a total of 0.03 hours (1.7 minutes) consuming
just 0.014 Ah of battery capacity. This leaves 112 hours of battery capacity for an
initial start delay and/or sampling. In other words, if set to sample immediately after
setup, PAWS could collect 60ml over 112 hours (4.7 days), or it could wait in the
field for up to 112 hours and then collect 60 ml over one minute, or any combination
in between. Longer deployments are possible with larger battery packs. This would
likely require lengthening the housing by cutting a longer length of PVC tube.
Unless the user has access to PCB fabrication equipment, the custom
PAWS PCB is the only part of the system which will have to be ordered from a fab-
rication house such as OSH Park. That said, the role of the PCB is to provide loca-
tion to securely mount the electrical components, as well as a way to streamline
and organize connections between components (figure 5). A careful and motivated

user could assemble the PAWS control circuitry on a perfboard.
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Figure 6. PAWS housing with PVC union threaded endcaps and collars. The front and rear doors
(left and right respectively) are made from laser cut clear acrylic. The pass through in the front door
is an IV valve epoxied into a laser cut, or drilled, hole through the center of the disc.

3. The pressure housing

The housing for the samplers is constructed from 3-inch schedule 40 PVC
pipe capped at each end by PVC unions, components which are readily found at
most local hardware stores (figure 6). PVC unions, with one of the flanges replaced
by an acrylic disk, make for an excellent housing door as they are already equipped
with a face type o-ring seal (Haddock and Dunn 2015). One of the PAWS acrylic
doors has a hole into which an |V valve is epoxied. This acts as a connection be-
tween the tubing and filters on the outside of the housing, and the syringe on the
inside. The other door is made of a solid piece of acrylic. The overall cost of the
housing could be reduced by ~$40 if this solid door and its union were replaced by
a simple PVC endcap glued in place, however we liked the utility of being able to
open the housing from the battery side as well. These housings, with a generous
safety factor, can be deployed up to 40 meters depth, which encompasses a major-
ity of applications in freshwater and coastal marine ecosystems. We believe that
the system is capable of withstanding higher pressures than we tested. The IV

valve epoxied in to the acrylic door is likely the weak point in this housing design.
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Further testing is needed to ascertain the maximum depth rating of this configura-
tion. In general, we have found this housing design to be extremely useful and
adaptable to a wide variety of applications (see figure 9 for an example). Due to the
ready availability of PVC unions and tubing in a range of sizes, this design can be
used to build capable housings both quickly and inexpensively. Housings for deep-
er deployments could be constructed using schedule 80 PVC components, and

thicker acrylic doors.

4. Sample preservation

Depending on the goals of the study, any number of different tubing and fil-
tration configurations can be easily and securely connected to the sample syringe
via the standard Luer lock fitting. Because of the ability of PAWS to collect water
slowly over time rather than pushing a large volume of water through a filter all at
once, even filters with small pore sizes work well with this system. For example, we
deployed PAWS in moderately turbid seawater for nutrient analyses (see 7.3 Field
Deployment). For this study, we attached a 0.15 um prefilter to exclude any particu-
lates and microbes which could alter nutrient concentrations in the sample. The
system performed as expected even with the small pore size of the filters. If the
study is focused on microbial community analyses paired with water samples,
Sterivex type filters could be used. For measurements of total suspended solids, or
just the exclusion of large particles, GF/F filters could be connected. For sediment
pore water studies, Rhizons will connect directly to the Luer lock fittings on the
sampler. If chemical preservation of the sample is required, the sample syringe or
a length of intake tubing could be prefilled by a small volume of a fixative such as

formalin, mercuric chloride, sulfuric acid, or ethanol.
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C. Operation Instructions

PAWS was designed for easy deployment and operation in the field with mini-
mal prep in the lab. The PAWS syringe cradle was designed so the 60 ml polycar-
bonate syringe will slide in easily and rotate V4 turn to lock into place (figure 3).
Make sure that the plunger of the syringe is seated in the plunger flange. Two M3
stainless steel threaded rods and thumb nuts are used as a security measure to
hold the syringe in place under pressure as well as provide some structural support
for the sampling mechanism (figure 4). Slide the two rods through the two holes at
the top on the front face of the syringe carriage, over the syringe. Thread two
thumb nuts onto both ends of both M3 threaded rods (total of four nuts). Spin the
inner two nuts until they are approximately 1 cm in from the end of the rod. Screw
the rod ends into the upper stepper motor mount holes and tighten the nuts against
the stepper motor bracket. Finally, tighten the remaining two nuts against the front
face of the syringe cradle.

Users interface with PAWS controller using the OLED shield (figure 5). In
addition to the screen, the shield has three individually programmable buttons (A,
B, and C) and a reset button. In the provided code, the buttons are programed to
navigate the PAWS menu system, adjust deployment and delay periods, and start
the device. The reset button can be used at any point to restart the menu system
with the default duration and delay settings. PAWS turns on immediately once the
battery has been connected. After a brief welcome screen, the PAWS menu system
goes into the sampling duration page. Here the user can adjust the amount of time
it takes to fill the entire syringe (60 ml). In the current firmware, potential durations

range between 1 minute and 24 hours. The duration can be increased by 1-minute
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increments by pressing button A, and 1-hour increments by pressing button B. The
counter cycles back to 0 after 60 minutes, or 24 hours, respectively. As such, the
sample collection rate can be set between a max of 60 ml/min and a minimum of 60
ml/24hours or 0.042 mil/min. If longer sampling periods are needed, it is possible to
change line 182 in the code to reflect the desired number of hours (up to 112 hours
with the current battery). To make set-up faster, we set this value a maximum of 24
hours as all our sampling regimes were 24 hours or less.

Once the desired deployment period is selected, the user presses button C to
advance to the delay menu. In this menu, the user can adjust the length of time
PAWS delays before starting sample collection. Potential delays in the provided
code range between 0 minutes (immediate start) and 24 hours. Again this can be
adjusted by modifying line 182 of the code. Once the desired delay has been se-
lected, button C is pressed. This advances the PAWS menu to the start screen
which instructs the user to press C to start. If the delay is set to 0-minutes, sampler
collection will begin immediately when the user presses C, a useful feature for
bench testing. Otherwise pressing C here will start the delay countdown timer (not
displayed). If at any point the user would like to stop operation, C can be pressed
again. The countdown or sampling will stop immediately, and the user will have the
option to press C one last time to return the sampler to its “home” position. This
homing function keeps a running tally of steps taken and when activated will re-
verse the motor at full speed the same number of steps. The homing function is al-
so available once PAWS has completed a programmed sample collection. The
homing function is useful for resetting the system to a sampling ready state but
could also be used to expel a collected sample without removing the syringe.

Once the sampling duration and delay functions have been set, the tray can
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be slid into the pressure housing. The tray and the syringe carriage lock the sam-
pling system into the housing by bracing against the walls of the tube. A short luer
extension tube is connected between the syringe and the pass through on the pres-
sure housing door. Once this connection is made, the door can be put in place and
the locking collar screwed into place. Note — users should make sure that the o-ring
is clean and greased with a thin layer of silicone prior to putting the door in place.
Now any external tubing and/or filters can be connected to the exterior Luer lock on
the acrylic door. After retrieving the sampler, it is important to remember that part of
the sample will be contained in any length of tubing between the inlet and the sy-
ringe.

PAWS are approximately 5 Ibs (2.25 kgs) positively buoyant in seawater. As
such, it is important to secure the samplers in a method that is appropriate for the
deployment environment. In low energy environments, a PAWS will sit on the ben-
thos with a couple of dive weights zip-tied onto the pipe section of the housing. An-
kle weights for drysuit diving also fit very snugly around the housing (figure 1). In
more energetic or turbulent environments it might be necessary to secure the sam-

plers using a post, bracket, or sand anchors.

D. Validation and characterization
1. Pressure design and testing

All of the components of the PAWS system which handle pressure internal-
ly, including the extension tubing, pass through, and syringe, are rated by the man-
ufacturer to at least 175 PSI (119 meters water depth) working pressure. We used
the Under Pressure™ housing and vessel design software from DeepSea Power

and Light to calculate the pressure rating of the external housing (“Under Pressure
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Design Software”). The calculated failure pressure for the 3” schedule 40 PVC pipe
is 398 PSI (273 meters water depth). The calculated failure pressure for the acrylic
doors is 191 PSI (131 meters water depth).

The syringe mechanism was tested for failure in a lab setting under a 60 PSI
(40 meters water depth equivalent) pressure differential for 24 hours. We then
turned on the PAWS system and simulated water sampling at this pressure over a
24-hour period. In addition, we conducted a repeat stress test of the sampling
mechanism consisting of 50 rapid cycles between 0 and 60 PSI. The pressure
housing was tested for one hour at a depth of 21 meters in seawater, and during
multiple deployments of up to 12 hours at 1 meter depth in seawater. No leaks, me-
chanical damage, or signs of stress were observed in any of these tests. At the time
of publication, we have not conducted failure testing on the sampling mechanism.
Though we believe it is capable of withstanding higher pressure, we have rated the
pressure limits of the system based on the successful 60 PSI tests that we per-

formed.

2. Simulated environment testing

To test the efficacy of the PAWS system to integrate changes in water chem-
istry over an extended period of time, we deployed a sampler in a lidded tank con-
taining approximately 44 liters of artificial seawater made from tap water and Instant
Ocean®. Over 8 hours, the tank was spiked with phosphorus (Seachem Flourish®),
a common macronutrient of concern in both marine and freshwater systems. In an
effort to simulate the heterogeneity of natural systems, we varied the volume of
phosphorus added between 0 and 10 ml. At hours 0.5, 2.5, and 4.5 the tank was

dosed with 5 ml of Seachem Flourish®. At hour 1.5 the tank was dosed with 10 ml.
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Figure 7. Mean phosphate concentrations, with standard error, from test tank samples collected
manually (blue dots) as compared to the integrated sample collected by PAWS (yellow dot). The
dotted yellow line indicates the integrated phosphate concentration over the sampling period derived
from the PAWS sample. The solid blue line indicates the interpolated trends in phosphate between
individual bottle samples. The standard error bars reflect the variation in the three samples collected
at each bottle sampling timepoint (with the exception of t=0 which had only one sample), and the
three sub-samples that were analyzed from the PAWS syringe. The ~44 L tank was spiked with a
5ml dose of Seachem Flourish® Phosphorus at hours 0.5, 2.5, and 4.5, a 10 ml dose at hour 1.5,
and 0 ml at hours 3.5, 5.5, 6.5 and 7.5.
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Table 2. Means and standard error (SE) for PO,4 concentrations from PAWS compared to bottle
sampling at different frequencies

Sampling Mean PO4 SE
Method Concentration (ppm)

PAWS 0.314 + 0.031
Hourly 0.341 + 0.032
Every 4 hours | 0.306 1+ 0.031
Every 8 hours | 0.260 + 0.028

No phosphorus was added at hours 3.5, 5.5, 6.5 and 7.5. The tank was stirred with
a small paddle for at least a minute after each addition and then again before sam-
pling. On the hour, three samples were collected by hand adjacent to the PAWS
inlet and analyzed using a Hanna Instruments “Checker” Ultra Low Range Phos-
phorus Colorimeter. After 8 hours, the PAWS system was removed from the tank
and the syringe removed from the sampler. The integrated sample from the syringe
was then analyzed three times using the colorimeter and compared with the individ-
ual samples (figure 7). The mean concentration from the PAWS samples (0.314 +
0.031 ppm PO,) is an underestimate as compared to the integrated concentrations
from the manual samples (0.341 + 0.032 ppm PQO,), but the PAWS samples still fall

within the standard error of the mean of the manual samples (table 2).

3. Discussion of simulated environment testing

Real world field studies are often limited by time, personnel, or budget con-
straints which do not allow for high frequency bottle sampling (e.g. hourly). This be-
comes increasingly more difficult when the number of sampling locations in a study
increases. Supposing that our test system could not be sampled hourly, but on 4-

hour or 8-hour intervals instead, the PAWS samples do a much better job at captur-
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ing a mean PO, concentration that is closer to the hourly mean as compared to
means calculated from samples collected at lower resolutions (table 2). PAWS can-
not capture the high frequency variability of a system, such as that seen at hour 3
of the tank test (figure 1). It is possible that this variability occurred in the test sys-
tem as a result of chemical interactions between the added phosphorus and the
dissolved salts from the Instant Ocean® resulting in a form of phosphorus not de-
tectable by the colorimeter. It could also be the result of insufficient mixing, despite
the small tank size and mixing after additions and before sample collection. Similar
high frequency variability will also occur in natural systems in the form of inputs,
deposition, blooms, or chemical reactions. However, unless a study is particularly
concerned with these short-duration events, smoothing the variability using an inte-
grated sample may provide a more representative picture of long-term trends that is

not as skewed by extreme events.

4. Field deployment

We deployed a PAWS system alongside three benthic flux chambers in a

subsea sediment deposition zone at the mouth of a river in Mo’orea, French Poly-

Figure 8. Benthic flux chamber (left) and PAWS (right) deployed at 1m water depth in Mo’orea,
French Polynesia. The flux chamber consists of a 10cm clear tube capped with a sealed lid (grey)
which contains a manual magnetic stir propellor (center white) and a rubber septum for sampler col-
lection with a syringe (edge white). The chamber is driven into the seafloor to collect potential chem-
ical fluxes over a 12-hour period. The PAWS system was deployed alongside three flux chambers to
collect a comparison sample of ambient seawater.
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nesia. Benthic flux chambers consisted of a piece of 10 cm inside diameter by 61
cm long clear tubing that was driven at least 5cm into the sediment (Thurber et al.
2020). The upper end of the tube was capped with an o-ring sealed lid that included
a septa port for extraction of water samples using a syringe, and a magnetic propel-
lor to mix the fluid within the chamber prior to sampling (figure 8). The goal of this
study was to assess what, if any, flux of nutrients (nitrogen and phosphorus spe-
cies) might be occurring between the sediment and the surrounding seawater. Over
12 hours, the benthic chambers captured seawater exposed to sediment while the
PAWS collected ambient seawater for comparison. For this deployment, the PAWS
was programmed to fill the syringe over 12 hours and was equipped with a 0.15 uM
prefilter on a 15 cm long inlet tube. Once the study area had settled after installa-
tion of the flux chambers and sampler, time zero water samples were collected out
of the septa of the chambers and directly adjacent to the PAWS inlet using syring-
es. After 12 hours, samples were again collected from the septa of flux chambers
(after mixing with the magnetic stirrer), and adjacent to the sampler inlet. The sam-
pler was then retrieved along with the flux chambers. Back in the lab, the PAWS
syringe was removed and the sample was transferred to a storage bottle. All sam-

ples were sent to Oregon State University for analysis.

5. Discussion of field deployment

Unfortunately, the results from this study cannot be shared as the samples
were lost in a lab fire (Stewart, 2019). However, the study provided an excellent
field test for the PAWS system, as the mechanics of system performed faultlessly.
Additionally, the study design presents a good example of how PAWS can be used

in the field. In this case, we feel that the sample collected by PAWS would have
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provided a better comparison to samples collected from the flux chambers, as op-
posed to bottle samples. This is because both the flux chamber and the PAWS
samples are integrated over time, representing an average concentration, or accu-
mulation, of nutrients. Comparing the flux chamber samples to bottle samples,
which only provide instantaneous values of the ambient water conditions could
skew results as the bottles may be collected during or between peaks and valleys
in nutrient concentrations. Despite the loss of the samples, this test deployment, in
addition to the lab testing, provided collaborators with sufficient confidence in the
system to deploy them in their studies. PAWS will be deployed in the near future to

track nutrient cycling inside the cryptic structures of coral reefs.

X - ) 9 8

Figure 9. Pressure and temperature logger built with the same general architecture as PAWS sit-
ting on the bench (left). Both the logger and PAWS use an Adafruit MO express microcontroller.
The logger uses temperature and pressure sensors from Blue Robotics. This version of the logger
was built in a 2-inch PVC housing with a PVC union and laser cut acrylic door on one end, and a
rubber cap on the other. We tested the logger down to 1000m alongside a commercial CTD pack-
age on the ROV Hercules. To handle the high pressures, the housing was filled with mineral oil and
the rubber cap acts as pressure compensator. Future versions of PAWS will incorporate sensors
for parallel data logging, or to act as a sampling trigger.
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6. Additions and future developments

PAWS was designed as a functional base unit that allows easy opportunity
to expand and build upon. The Adafruit Feather microcontroller can communicate
with numerous external devices simultaneously using a multitude of communication
protocols including 12C and SPI. This functionality allows for the easy addition of
sensors (e.g. pressure or temperature sensors) that could trigger PAWS to start
sampling in response to physical changes in the environment. For example, a pres-
sure sensor equipped PAWS unit deployed in a stream could wake up and begin
sampling when there is an increase in stream depth to capture an integrated water
sample during a storm event. Towards this end, we have built and tested a proto-
type of a temperature and pressure data-logger designed around the Feather MO
express and deployed in the same type of housing used for the PAWS system
(figure 9). Future work will integrate these two devices into one unit. Moving for-
ward, we also intend to release an update to the PAWS firmware to improve power
management and sleep functionality. This will make PAWS more efficient, reducing

battery requirements for longer deployments.

E. Conclusion

Research questions related to water chemistry impacts on aquatic and ma-
rine environments are exceptionally varied. They cover a wide range of chemical
compounds, time and spatial scales, habitats, depths, flow conditions and organ-
isms. To address these myriad questions it is essential that marine and freshwater
scientists have an arsenal of tools at their disposal. It is especially important that
these tools are able to provide data on the spatial and temporal scales relevant to

rapidly changing and highly heterogeneous conditions. Here we present a Pro-
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grammable Autonomous Water Sampler that adds an inexpensive, robust, and
highly adaptable tool to the available arsenal. PAWS is capable of capturing an in-
tegrated picture of water chemistry conditions over a range of timescales with a
price per unit that allows for coordinated widespread deployments either as a

standalone sampling device or as a supplement to a larger research program.
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