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ABSTRACT

Rivers serve as critical links between terrestrial and marine ecosystems by exporting
nitrogen and phosphorus to the coastal zone. However, projected changes to precipitation
patterns as a result of climate change have the potential to alter river discharge and nutrient
export dynamics. By analyzing the dissolved nutrient and particulate organic matter (POM)
content of river water samples over a 3-yr period in the Wailuku River Watershed (WRW) in
Hawai‘i Island, HI, USA, this study: (1) quantifies N and P export in the WRW using USGS load
estimation (LOADEST) software, (2) models changes to nutrient export dynamics under six
future climate scenarios, and (3) examines potential sources of riverine nutrient input through
stable isotope analyses of nitrate (NO3’). Results indicate that dissolved organic N (DON) and P
(DOP) yields exceeded those of dissolved inorganic N (DIN) and P (DIP). However, complex
temporal export patterns in dissolved P forms resulted in periods when DIP exceeded DOP.
Annual nutrient export stoichiometry indicated P-limitation throughout the study period, though
high contributions of DOP to P-pools lowered mean (x1 SD) annual TDN:TDP (49.1 + 34.5)
relative to DIN:DIP (72.1 + 64.3). Yields of most nutrient forms were greater during the wet
(November - April) season than the dry season (May - October), though mean DIP yields were
greater in the dry season. Stormflow-driven export of POM contributed 56.6% and 38.6% to
annual watershed yields (kg km2 yr?) of total N (82.4 + 49.2) and total P (4.7 + 4.9), though the
timing and magnitude of stormflow nutrient pulses were highly variable across years. Under
future climate scenarios, maximum changes to total N (+27.7 £ 2.7%) and total P (+24.6
0.6%) annual yields occurred as modeled changes to river discharge were allocated to
stormflow conditions. While modeled DIN, DON, and DIP yields displayed little variation across
climate scenarios, maximum changes to DOP yields (+37.1 £ 19.2%) occurred as discharge
changes were allocated to baseflow conditions. Mixing models of 8'°N and §'0-NOs™ indicated
that soil and groundwater are the predominant sources of riverine NO3z", though sewage and/or
manure may also contribute. Overall, this study suggests that climate change may impact N and
P export dynamics differently in the WRW, and these changes could impact downstream food
webs and ecosystems by adding to the existing seasonal and interannual variability in nutrient

export patterns.
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INTRODUCTION

As the primary linkage between land and sea, rivers can help fuel the high productivity
and biodiversity of the coastal zone by transporting terrestrial nutrients and organic matter into
wetlands and estuaries. Because nitrogen (N) and phosphorus (P) are the principal nutrients
used by primary producers, changes in their bioavailability, speciation, and riverine export can
significantly impact downstream food webs and coastal ecosystems (Diaz & Rosenberg, 2008;
Mitchell et al., 2015; Webster et al., 2016). Nutrient export patterns can be altered by multiple
stressors, including anthropogenic disturbance, invasive species induced ecosystem transition,
and hydroclimatic change (Vitousek et al., 1997; Wiegner et al., 2013a; Huang et al., 2014). To
monitor and address these changes, management is best conducted at the watershed scale by
accounting for all of the contributing factors within a drainage basin (Delevaux et al., 2018).
Thus, establishing a baseline of riverine N and P fluxes, identifying their land-based sources,
and predicting their future changes are critical components in watershed and coastal zone

management in an era of rapid environmental change.

Dissolved forms of N and P generally dominate riverine nutrient pools during baseflow
conditions (Schlesinger, 2007), though differences in land use and land cover, soll
characteristics, and hydroclimate contribute to significant spatiotemporal variation in export
patterns (Michaud & Wiegner, 2011; Bishop et al., 2017; Lgnborg et al., 2021). Because of their
simple molecular form and high bioavailability, dissolved inorganic N (DIN) and P (DIP) are the
primary nutrient sources for autotrophic microbial communities (e.g., phytoplankton,
cyanobacteria) (Boynton et al., 1982). Anthropogenic sources of DIN and DIP (e.g., urban
runoff, sewage, synthetic fertilizer, etc.) often dominate dissolved nutrient pools in developed or
agriculturally-dominated watersheds (Mayorga et al., 2010; McDowell et al., 2020). However, N
and P contained within organic molecules (e.g., amino acids, phospholipids, aromatic rings,
etc.) contribute more to riverine nutrient pools in forested and less-disturbed watersheds
(Mayorga et al., 2010; McDowell et al., 2020). These organic nutrients, collectively referred to as
dissolved organic N (DON) and P (DOP), vary considerably in complexity and bioavailability but
are generally more bioavailable to heterotrophic microbial communities (e.g., bacteria)
(Hopkinson & Smith, 2005). Because dissolved N and P pools are subject to different biotic and
abiotic controls, changing environmental conditions can result in temporal variability and
asynchronous changes to export patterns that can alter downstream metabolic dynamics and

the overall structure of coastal food webs (Mead & Wiegner, 2010; Atwood et al., 2011).
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Periods of increased rainfall and runoff can quickly mobilize particulate organic matter
(POM) (e.g., soil particles, river sediment, leafy and woody debris, macroinvertebrates, etc.) that
can provide significant nutrient pulses to nearshore ecosystems, reduce primary productivity,
and alter water quality (Wiegner et al., 2013b; Badlowski et al., 2021). While the refractory
fraction of these POM fluxes is ultimately buried within sediments, bioavailable particulate N
(PN) and particulate P (PP) fractions are an important nutrient source for heterotrophic bacteria
and zooplankton (Hopkinson & Smith, 2005; Atwood et al., 2011). Remineralization of PN and
PP can also be an important subsidy for autotrophic assemblages in N- or P-limited systems
(Lenborg et al., 2018). Due to the tendency of inorganic P forms to readily sorb to soil and
sediment patrticles, stormflow periods export a higher proportion of particulate P (PP) relative to
particulate N (PN) (Mayorga et al., 2010; Kelly et al., 2019). As such, changes to hydrological
processes could increase variability in nutrient availability, stoichiometry, and microbial and
zooplankton community structure (Mead & Wiegner, 2010; Fellman et al., 2021; Zhang et al.,
2024).

While nutrient sources and flowpaths at the watershed scale are complex and variable,
isotopic analyses can help identify dominant sources of dissolved and particulate nutrients to
rivers (Atwood et al., 2010; Wiegner et al., 2017; Hu et al., 2019). Isotopes of N and oxygen (O)
within nitrate (NO3") can provide information regarding natural and anthropogenic sources of N
(e.g., sewage, atmospheric deposition, synthetic fertilizer, organic matter, etc.) (Bishop et al.,
2017; Stewart et al., 2019; Bostic et al., 2023). These analyses have also been used to identify
changes to N-export dynamics due to increasing watershed cover of N»-fixing species (Compton
et al., 2003; Wiegner et al., 2013a). Additionally, carbon (C) and N isotopes of vegetation, soils,
and other organic matter in a watershed can be matched to streamwater POM signatures to
identify the primary sources of particulate fluxes (Atwood et al., 2010). By identifying potential
riverine nutrient sources and monitoring their spatiotemporal changes, holistic management

decisions can be made that span the full environmental gradient from land to ocean.

Globally, coastal ecosystems have evolved and structured themselves according to
natural variations in local climate and precipitation that drive seasonal changes in riverine
nutrient export dynamics (Cloern & Jassby, 2008). In the tropics, the majority of N and P export
has historically occurred during the annual wet season, thus creating a pronounced seasonal
cycle of coastal productivity (Chang et al., 2017; Lgnborg et al., 2021). While tropical waters are

often oligotrophic throughout the year, increased solar radiation and year-round warm surface
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temperatures further increase productivity and enhance the utilization of allochthonous organic
matter (Lgnborg et al., 2018; Lanborg et al., 2021). However, because nutrient cycling in
tropical environments is less studied than other systems (Mayorga et al., 2010; McDowell et al.,
2020), the potential impacts of climate change on tropical riverine nutrient export are not well
understood.

In the tropical Hawaiian archipelago, changes in hydroclimate have the potential to
further alter nutrient export dynamics and streamflow patterns that have already been reshaped
by decades of land use change, growing distributions of invasive species, and increasing
anthropogenic nutrient input (Wiegner et al., 2013a; Strauch et al., 2016; Bishop et al., 2017).
Decadal trends for the islands have indicated a net decrease in annual precipitation, while the
frequency of precipitation extremes has increased over the past century (Chu et al., 2010;
Frazier & Giambelluca, 2017). Modeled effects of these changing rainfall patterns on Hawaiian
river flow indicate increasing interannual and seasonal variability (Strauch et al., 2015)
Additionally, modeled decreases to mean annual precipitation decreased the stability of
baseflow discharge values, whereby exceptionally low or zero flow days became more prevalent
(Strauch et al., 2015). As such, alterations to local hydrological processes as a result of global
climate change are likely to increase the variability of nutrient and organic matter export patterns

and disturb the steady state of these environments (Selmants et al., 2017; Strauch et al., 2018).

The high hydrologic connectivity between land and ocean provided by the steep grade
and permeable volcanic bedrock of the Wailuku River Watershed (WRW) in east Hawai'i Island
provides an ideal setting to study the impacts of changing precipitation patterns on riverine
nutrient export. East Hawai'‘i Island has a seasonal precipitation pattern, whereby NE
tradewinds provide heavier rains in the wet season than the dry season (Esteban & Chen, 2008;
Huang et al., 2019). However, the frequency of extreme rainfall events and consecutive drought
days has increased in the WRW (Chu et al., 2010; Chen & Chu 2014, Frazier et al., 2022) and
the strength of the NE tradewinds has experienced a net decrease in recent decades (Garza et
al., 2012). While larger scale climate patterns like the El Nifio - Southern Oscillation (ENSO) and
Pacific Decadal Oscillation (PDO) increase the interannual variability in the timing and
magnitude of precipitation in the WRW (Chu et al., 2010; Chen & Chu, 2014), research has
indicated that recent variability may be decoupling from these natural climate cycles (Diaz &
Giambelluca, 2012; Longman et al., 2015; O’Connor & Chu 2015; Frazier et al., 2018). End of

century climate forecasts are uncertain for east Hawai'‘i island, whereby the direction of net
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precipitation change differs in sign depending on the model used and timeframes analyzed
(Elison Timm et al., 2014; Fandrich et al., 2021; Mizukami et al., 2022). Overall, climate models
indicate high seasonal, interannual, and decadal variability in WRW rainfall as the effects of
climate change intensify (Elison Timm et al., 2015; Zhang et al., 2016; Fandrich et al., 2021).

Overall, this study seeks to estimate current N and P yields for the WRW, identify its
dominant nutrient and organic matter sources to the river, and examine how these nutrient
export dynamics may respond to future precipitation changes. By analyzing the present and
future states of this critical linkage between land and sea, the results of this study will help

inform the ridge-to-reef conservation initiatives needed to adapt to Hawai‘i’'s changing climate.



METHODS
2.1 Site Description
2.1.1 Wailuku River Watershed (WRW)

This study focuses on the WRW, located on the windward (east) side of Hawai'‘i Island,
HI, USA (Figure 1). The WRW is a relatively steep watershed (5-30% grades) encompassing an
area of 653.2 km? that connects the summits of Mauna Kea (4207 m) and Mauna Loa (4169 m)
and drains eastward into Hilo Bay (Hawai‘i DAR, 2008; USDA, 2009). The WRW’s mean annual
precipitation ranges from 500-700 cm yr? between coastal and mid-elevations and decreases to
less than 100 cm yr?! at higher elevations (Longman et al., 2015). The watershed is primarily
forested and undeveloped (76.9% conservation) at mid-elevations and consists of native
Hawaiian koa tree (Acacia koa), ‘0‘hia tree (Polymorpha metrosideros), and uluhe fern
(Dicranopteris linearis) interspersed with growing distributions of invasive species (Jacobi et al.,
2017). Upper vegetated regions of the watershed are dominated by invasive grasses and gorse
(Ulex europaeus). Agricultural areas (22.4%) are primarily located below 500 m elevation and
consist of orchard crops, row crops (e.g., sweet potato, ginger), and pasture lands (Hawai'i
DAR, 2008). Lower elevation areas have also been gradually invaded by albizia (Falcataria
moluccana), strawberry guava (Psidium cattleyanum), cane grass (Cenchrus purpureus), and
guinea grass (Megathyrsus maximus) (Faccenda, 2024). Distributions of albizia and gorse have
expanded significantly in recent decades. On-site sewage disposal systems (OSDS) are
prevalent in the coastal town of Hilo, HI, (2022 population: 47,627), though less than 1% of the
WRW is categorized as urban development (Hawai‘i DAR, 2008). Sizeable populations of wild
ungulates (Sus scrofa) roam freely throughout the watershed. The bedrock of the WRW is
primarily basalt, though soil thickness and development differ by region. Regions north of the
Wailuku River are characterized by deep, highly weathered andisol soils that generally have
high surface runoff and shallow subsurface runoff that ranges between 32-51% of rainfall
(Engott, 2011; USDA, 2024). In contrast, the southern side of the river is characterized by
higher groundwater recharge capacity due to its more recent lava flows topped by shallow, less-

developed soils that only contribute 2% of rainfall to rivers as runoff (Engott, 2011).



2.1.2 Wailuku River sampling station

This study sampled river water from a single site (N 19° 42' 54.374", W 155° 8' 7.274")
on the Wailuku River (Figure 1). The sampling station is upstream (elevation: 268 m) of most
urban infrastructure, residential development, and OSDS (Figure 2). However, there is a small
residential community located adjacent to and upstream of the sampling site, and all homes in
this community have OSDS. This site was chosen due to its ease of accessibility and proximity
(1800 m downstream) to the USGS 16704000 Pi‘ihonua water sampling station (N 19° 42'
43.772", W 155° 9' 2.577", elevation: 329 m) (USGS, 2024), which measures regulated
discharge in continuous 15-min intervals (Appendix ). The river gauge is located between the
penstock and discharge point of a run-of-the-river hydroelectric plant. Assuming the plant
always operates at maximum diversion capacity (4.5 m®/sec) and maintains the minimum
instream flow standard (1.0 m?%/sec), natural baseflow and stormflow volumes are estimated to
be a maximum of 2.8 and 1.2 times greater than discharge volumes calculated from the river
gauge. However, regulated discharge values are used for calculations and yield estimates in

this study

2.2 Sampling methodology
2.2.1 Grab samples

Sampling for this study was conducted between August 2021 and December 2022 (n =
50) and between February 2024 and April 2024 (n = 16). Sampling methodologies were
identical across sampling periods. Grab samples were collected in 1-L acid washed, high-
density polyethylene (HDPE) bottles, stored on ice, and processed within one hour of collection.
Turbidity was measured with a Hach 2100Q Turbidimeter that was calibrated immediately prior
to use. Water samples were analyzed for the following constituents: NO2 + NO3z", ammonium
(NH4"), total dissolved nitrogen (TDN), phosphate (PO.%), total dissolved phosphorus (TDP),
and silicic acid (H4SiO.) by filtering samples through pre-weighed and combusted (500°C for 6
h) 0.7-um GF/F Whatman filters. A sample of unfiltered water was used to analyze for total P
(TP). Fine particulate organic matter (FPOM) retained on the filter was analyzed for fine
particulate carbon (FPOC), fine particulate nitrogen (FPON), 3**C-FPOC, and &*N-FPON.
Streamwater NOs” was analyzed for 8°N-NOs and 8'80-NOjs™ by filtering samples through a
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Corning 0.45-um filter. All processed filters were dried at 70°C and re-weighed to determine
total suspended solids (TSS). All dried GF/F filters were stored in a dessicator, and water

samples were frozen until analysis.

Water samples were analyzed at the University of Hawai‘i at Hilo’s Analytical Lab. For
nutrient concentrations, samples were analyzed on a Lachat Quikchem 8500 for the following
constituents: NO2 + NO3 (detection limit [d.l.] 0.07 umol/L, USEPA 353.2), NH.* (d.l. 0.36
pumol/L, USEPA 349), PO,* (d.l. 0.03 umol/L, USEPA 365.5), TDP (d.l. 0.25 pmol/L, USGS I-
4650-03 & USEPA 365.5), TP (d.l. 0.25 pmol/L, USGS 1-4650-03 & USEPA 365.5), and H4SiO4
(d.l. 1.00 umol/L, USEPA 366). For water samples collected between 2021 and 2022, TDN was
analyzed using pyrolysis and chemiluminescence detection on a Shimadzu TOC-V, TNM-1 (d.l.
5.0 umol/L, ASTM D5176). For samples collected in 2024, TDN was analyzed using inline
digestion on the Lachat Quikchem 8500 (d.l. 5.00 umol/L, QuikChem 31-107-04-3-A). The
following parameters were derived from the dataset: dissolved inorganic nitrogen (DIN) = NO2 +
NO;s + NH4*, dissolved organic nitrogen (DON) = TDN - DIN, total nitrogen (TN) = DIN + DON +
PN, dissolved organic phosphorus (DOP) = TDP - PO4*, and PP = TP - TDP. In this study,
PO.* is synonymous with dissolved inorganic P (DIP). Nutrient concentrations below detection
limits were set to 50% of the method detection limits.

Water samples were analyzed for ¥0-NOs” and 8'°*N-NOs" using a Thermo™ Scientific
Gasbench Il coupled to a Thermo™ Delta V IRMS (Mcllvin & Altabet, 2005). Analysis included
QC standard IAEA-NO-3 (potassium nitrate, KNO3), and isotope data were normalized to
standards USGS 32 (KNOs3) and USGS 34 (KNOs). For FPOC and FPON, filters were acid-
fumigated and then analyzed on a CHN Analyzer (Costech Analytical Technologies) (d.l. 0.005
mg, USEPA 440). Samples were analyzed for *C-FPC and 5*°N-FPN with with an Isomass®
PTS-3, Conflo™ IV, and Thermo™ Delta V IRMS with QC standard NIST 1547 (Peach leaves),
and isotope data were normalized to standards USGS 40 (L-glutamic acid) and USGS 41 (L-
glutamic acid enriched in *C and °N). Stable isotope values are presented as & values and are
derived from the following equation: & = (Rsample-Rstandard)/(Rstandara) X 1000, whereby R = °N/1*N,
180/180, and 3C/*?C. Rstandara is reported relative to Air for N,, Vienna Standard Mean Ocean
Water (VSMOW) for O, and Vienna Pee Dee Belemnite (VPDB) for C.



2.2.2 Drift net samples

Drift net samples were used to quantify the N exported as coarse particulate organic
matter (CPOM) (> 250-um) and were taken concurrently with grab samples. The drift net was
lined with 250-um mesh and had a circular opening 16 cm in diameter. Due to loss of the initial
drift net during our study, a drift net with 300-um mesh was used for the last three sample
collections. Current velocity was measured with a mechanical USGS Type-AA current meter
connected to an AquaCount (JBS Instruments). CPOM was immediately stored on ice and
brought to the lab within 1 hr of collection. CPOM was manually sorted, dried at 70°C until
constant weight, and stored in a desiccator until analysis. Samples were then ground,
homogenized, and weighed. CPOM samples were analyzed for coarse particulate organic
nitrogen (CPON) and coarse particulate organic carbon (CPOC) content on a CHN Analyzer
(Costech Analytical Technologies). Samples were analyzed for !N-CPON and 3*C-CPOC

using the same method and standards as FPOM isotopic analysis.
2.2.3 Watershed source sampling

Watershed source samples were collected between February 2024 and May 2024 to
examine potential endmember sources (soil, vegetation, and manure) of nutrient input to the
river. Three replicates were taken for each source sample. Soil samples were collected from the
following: mid-elevation native forest, albizia-dominated lowland invaded forest, gorse-
dominated high-elevation scrubland, low-elevation invaded grassland, and low-elevation
agricultural pasture land. Soils from intensive row-cropped agricultural land were not sampled
because these reaches drain downstream of the river sampling site. Soil samples were taken
following protocols from Osher et al. (2003). Vegetation samples were collected from the
following: M. maximus foliage, U. europaeus foliage, F. moluccana leaves, P. cattleyanum
leaves, P. metrosideros leaves, and Clidemia hirta leaves. Manure samples of wild ungulate (S.
scrofa) and domestic cattle (Bos taurus) were collected from within the watershed. All soll,
vegetation, and manure samples were dried and analyzed for isotopic compaosition in the same
manner as riverine CPOM samples. Additionally, 10 g dried soil samples were added to a fixed
volume of reagent grade water, shaken overnight, and centrifuged to extract soil-bound
nutrients (Abaya et al., 2018). The supernatant was then analyzed for NO>" + NO3z", NH4*, TDN,
PO.*, TDP, HsSiO4, and 3°N- and 8'80-NOj3" using the same filtration and analytical methods

as described in the Grab Samples section.



2.3 Data and Statistical Analyses
2.3.1 Concentration and isotope data

In this study, river flow condition is defined as either baseflow (discharge < 3.8 m%s) and
stormflow (2 3.8 m?/s). This cutoff value was calculated from the Qs of discharge values from
the Pi‘ihonua station from 2016-2021; thus stormflow conditions occur ~25% of the time. Data
analysis was conducted in R version 4.3.2. All nutrient concentration data and isotopic data
were analyzed for normality using the Shapiro-Wilkes test (R function: shapiro.test). Data were
transformed as needed to meet the assumptions of parametric statistical analysis. Comparisons
of mean (x SE) nutrient concentrations and isotopic compositions between baseflow and
stormflow were analyzed using Student’s two-sample t-tests (t.test) for parametrically distributed
data and Mann-Whitney tests (wilcox.test) for non-parametric distributions. Comparisons
between nutrient concentrations and isotopic composition of watershed soil types were

analyzed using one-way ANOVA (aov).
2.3.2 Isotope mixing models

Contributions of NOs, FPOM, and CPOM sources during baseflow and stormflow were
estimated using Bayesian stable isotope mixing models in the R package “simmr” (Govan &
Parnell, 2019). Mixing models were checked for convergence, and the mean (+ 1 SD) of source

contributions are reported.

For NOs™ source analysis, endmember 8'°N- and 5'80-NOg3™ values of rainfall (n =24, n =
10) and soil (n = 89, n = 46) were obtained from Houlton (2005). Additionally, sewage values (n
= 10) from cesspools and septic systems in southeast Hawai‘i Island were obtained from
Wiegner et al. (2016), and groundwater values from the greater Hilo area (n = 7) were obtained
from Nakoa (2022). For FPOM analysis, endmember 6**C and &N source values include all
soil types (n = 5) and manure that were sampled in the watershed. For CPOM analysis, mixing
models were used to identify sources of unidentifiable material in drift net samples, whereby
endmember source values include all potential vegetation sources described in the Watershed

source sampling section (2.2.3).



2.3.3 LOADEST model selection

Regression models of nutrient concentrations versus discharge were generated using
the USGS LOADEST program using the Adjusted Maximum Likelihood Estimation (AMLE)
method (Runkel et al., 2004). LOADEST applies observed data to nine pre-defined models
containing variables of discharge and time. Of the nine potential LOADEST models for each
constituent, models are eliminated by LOADEST when the bias percentage exceeds 25%
and/or the Nash Sutcliffe Efficiency Index (NSEI) < 0. The NSEI measures the predictive ability
of a model, and values less than zero indicate that the mean of the observed data is a better fit
than the model. Remaining models were eliminated if they predicted zero values or had a
maximum predicted concentration that was 25% greater than the maximum observed
concentration. The remaining model with the lowest Akaike Information Criterion (AIC) was
chosen for this study. If no models met these criteria, the mean of the observed concentration
data was used. In the case of PP, the selected model's maximum predicted concentration
exceeds the maximum observed value by a factor of 3.2. However, it was chosen to better
reflect potential differences in PP concentrations between baseflow and stormflow conditions
than the mean of the observed data. Further justification is provided in the Discussion section.

2.3.4 Nutrient yield and ratio estimation

Load estimates were calculated over the 3-yr period from May 1, 2021 to April 30, 2024.
This period was chosen because it corresponds to Hawai‘i’'s wet (May-October) and dry
(November-April) seasons (Longman et al., 2015). In this study, the term “year” corresponds to
a 12-month period that starts on May 1 of the stated year and ends on April 30 of the following
year. Thus, the year 2021 corresponds to the period of calendar time from May 1, 2021 to April
30, 2022. Selected models were applied to a custom R script (Appendix 1) that calculated the
15-min partial loads of all forms and species of N, P, and Si. Annual, seasonal, and monthly
loads were calculated by integrating the partial load calculations over the appropriate time
period. The models were then re-run using the standard deviation (+ 1 SD) of the selected
model’s regression coefficients to create an upper and lower load estimate. Mean annual load
estimates (+ 1 SD) were calculated as the mean (n = 9) of individual load estimates and their
corresponding upper and lower estimates. Molar nutrient ratios were calculated for every 15-min
interval from the modeled results and similarly integrated. Nutrient yields (kg km2) were
normalized to the total area of the WRW below 1828 m (6.15 x 108 m?) because

evapotranspiration exceeds rainfall above this elevation threshold (Strauch et al., 2015). In this
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study, TN (TP) yields were calculated as the sum of individual DIN (DIP), DON (DOP), and PN
(PP) estimates, and percent contributions of nutrient forms to total nutrient pools are calculated

relative to this sum.

Yields of selected nutrient forms and ratios were compared to other watersheds with
similar land cover characteristics to the WRW. Yield data were primarily obtained from
McDowell et al. (2020), whereby all watersheds with = 75% forest cover and < 5% urban
development were included for comparison. Watershed DOP yield data were obtained from
Mayorga et al. (2010) and are inclusive of all land cover types. Watershed DIN and DIP vyields
were calculated in the same manner as those for the WRW, and DON yields were calculated as
the difference between total Kjeldahl nitrogen (TKN) and NH.* yields. Analytical methodologies

across the present study and the source literature are comparable in scope.

2.3.5 Future climate scenarios

To examine how future precipitation regimes will affect Wailuku River discharge and
nutrient yields, two future scenarios were investigated with projected changes in future rainfall
and runoff. The observed 15-min discharge values over the study period were adjusted to reflect
the projected changes in runoff-to-rainfall ratios for the WRW’s two aquifers (Engott, 2011).
These ratios were developed from late-century (2070-2099) rainfall projections (Timm & Diaz,
2009) and adjusted for future urban development within the WRW (Engott, 2011). Because the
various rainfall projections display a sign change (Timm & Diaz, 2009), two scenarios were
created, whereby Scenario 1 is based on a 10.5% mean decrease in annual runoff and
Scenario 2 is based on a 17.9% mean increase. To reflect potential variability in projected
rainfall and runoff changes, three sub-scenarios (-A, -B, and -C) were created that allocate total
discharge changes to both baseflow and stormflow evenly (-A), only stormflow (-B), or only
baseflow (-C). Thus, the sub-scenario discharges were calculated as follows: (1-A) constant
10.5% decrease in discharge throughout the year, (1-B) constant baseflow and 13.6% lower
stormflow, and (1-C) constant stormflow and 45.8% lower baseflow, (2-A) constant 17.4%
increase throughout the year, (2-B) constant baseflow and 22.6% higher stormflow, and (2-C)
constant stormflow and 75.9% higher baseflow. The adjusted discharge values were used to
rerun all models, and constituent loads were calculated as described above. These models
assume a constant relationship between river discharge (Q) and constituent concentrations,

hereafter referred to as C-Q relationships.
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RESULTS
3.1 Current Nutrient Export Dynamics
3.1.1 Observed nutrient concentrations and ratios

During the study period, Wailuku River discharge values ranged from 0.1 to 1101.5
m3/sec, and the hydrograph displayed high inter-annual variability in regard to the timing and
magnitude of high flow events (Appendix I). Baseflow accounted for 85.4% of 15-min flow
observations, and stormflow accounted for 14.6%. During stormflow conditions, TSS and
turbidity were 7.1 and 6.9 times higher than during baseflow conditions (TSS: T = 2.66, df = 62,
p < 0.01; turbidity: T = 2.75, df = 64, p < 0.01) (Table 1). Concentrations of NO2+ NO3", NH4*,
DIN, DON, and TDN were not significantly different between baseflow and stormflow. Mean
concentrations of PN increased by a factor of 8.0 during stormflow (W = 75, df = 48, p < 0.001),
which drove a 2.2x increase in TN across flow conditions (W = 80, df = 48, p < 0.001). The ratio
of DIN to DON did not differ between base and stormflow conditions. However, TDN:PN
decreased by 90.5% from baseflow to stormflow (W = 428, df = 48, p < 0.01).

Patterns of P and Si concentrations differed from those observed for N. Concentrations
of PO,*, DOP, and TDP were not significantly different between baseflow and stormflow (Table
2). While PP (W =13, df = 14, p = 0.059) and TP (W = 13, df = 14, p = 0.059) also had similar
concentrations between flow conditions, observed concentrations across flow conditions
suggest an increasing relationship with discharge. Additionally, DIP:DOP and TDP:PP were
similar between flow conditions. Mean HSiO4 concentrations decreased (W =813, df =61, p<
0.001) by 69.3% from baseflow to stormflow.

Observed N:P values displayed different responses to flow conditions depending on
nutrient form (Table 2). DIN:DIP, DON:DOP, and TDN:TDP were highly variable, and means did
not differ across flow conditions. However, the observed decrease in DIN:DIP from baseflow
(106.03 £ 20.75) to stormflow (68.86 + 11.52) suggests a larger increase in PO4* relative to DIN

during stormflow.
3.1.2 LOADEST Model selection

Model selection identified different C-Q relationships between dissolved N and P forms,
though similar relationships for particulate forms and total nutrient concentrations were

observed (Appendix I11). Both DIN and DON models indicated weakly increasing relationships
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with discharge (Figure 2). However, DIN concentrations also indicated a temporal signal in C-Q
patterns, whereby concentrations slightly decreased over the study period (Figure 3).
Concentrations of PO4* also increased with discharge, though the strength of this C-Q
relationship differed throughout the study period (Figure 2). Concentrations of DOP displayed a
more variable C-Q relationship than other dissolved nutrient forms, whereby concentrations
increased with discharge initially but then decreased in higher flow conditions (Figure 2).
Additionally, mean DOP concentrations displayed an overall increasing trend in 2021 but then
continued to decrease throughout 2022 and 2023 (Figure 3). Both PN and PP concentrations
increased rapidly in high flow conditions, and selected models did not indicate any temporal or
seasonal components (Figure 2). Model selection for H4SiO, indicated that the mean of the
observed data was a better fit than any of the pre-defined models. Modeling results of other

nutrient forms and species can be found in Appendix IV.
3.1.3 Estimated annual nutrient yields

Mean annual yield estimates of N and P were variable across years, and P yield
estimates displayed more uncertainty than those for N (Figure 4). The largest DIN, DON, and
PN annual yields all occurred in 2022 and decreased to their smallest values in 2023 by 65.2,
64.1, and 78.5%, respectively. While DOP and PP yields were largest in 2022 and decreased by
86.7 and 78.1% in 2023, the largest DIP yield occurred in 2021 and decreased by 69.2% in
2022.

DIN:DIP and TDN:TDP exhibited different patterns throughout the study period. The
lowest annual DIN:DIP (29.7) and TDN:TDP (26.8) both occurred in 2021 (Figure 3). However,
maximum annual DIN:DIP (135.9) occurred in 2022 and decreased by 71.4% in 2023, while
annual TDN:TDP increased throughout the study period to its maximum (64.5) in 2023. See

Appendix V for individual annual yield estimates of all nutrient forms and species.

For both N and P, estimated yields over the whole study period indicate that baseflow
nutrient pools are dominated by dissolved forms and stormflow is dominated by particulate
forms (Figure 4). However, dissolved N and P-pool composition differ from each other between
flow conditions. While DON contributes 46.9% to baseflow TN pools, DOP represents a higher
contribution (70.4%) to baseflow TP pools. Additionally, estimated contributions of PP to TP

pools are 86.9% and 11.7% lower than contributions of PN to TN pools during baseflow and
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stormflow respectively. Stormflow accounted for the majority of TN (90.1%) and TP (85.2%)
export during the study period.

3.1.4 Seasonal and monthly variation in nutrient export

N and P yields responded differently to variation in seasonal and monthly discharge.
Export of DIN, DON, and PN was 1.6, 1.7, and 1.4 times higher in the wet season than the dry
season (Figure 5). Mean DIP yields were 1.6 times higher in the dry season, but DOP and PP
yields were 1.5 and 1.2 times higher in the wet season (Figure 6). In 2021, the October N yield
accounted for 58% of annual N export (Figure 5) and 48% of annual P export (Figure 6), but in
the following year, the largest yields occurred in February and March which exported a
combined 72% of annual N export and 63% of annual P export. In 2023, maximum monthly
yields were an order of magnitude lower than those in previous years, resulting in less variable

monthly yields of N and P throughout the year.

Seasonal differences in N- and P-pools were driven by the different responses of
dissolved N and P forms to high flow events throughout the study period. Monthly contributions
of DON to TN pools exceeded DIN contributions by factors of 1.2-2.0 across the entire study
period (Figure 5). In contrast, monthly DIP contributions exceeded those of DOP by factors of
1.1 - 4.2 during both the 2021 dry season and 2023 wet season, while monthly DOP
contributions exceeded DIP yields by factors of 1.2 - 17.6 during all other seasons (Figure 6).
Similarly, the proportion of dissolved P forms fluctuated significantly across the study period,
with some stormflow dominated months exhibiting higher fractions of DIP and others exhibiting
higher DOP fractions (Figure 6). The ratio of DIN to DIP also appears to follow a seasonal cycle,
whereby DIN:DIP increases during the wet season and decreases during the dry season;

TDN:TDP does not display a similar seasonal pattern (Figure 3).

3.2 Predicted Future Nutrient Export Dynamics
3.2.1 Changes to annual yields

Simulated alterations to Wailuku River hydrographs in response to projected end-of-
century climate change resulted in changes to nutrient yields, though N and P forms responded
differently (Table 2). Across sub-scenarios 1-A, 1-B, and 1-C, mean annual DIN yields

decreased by 10.9-11.0%, and vyields increased by 18.3-18.7% under sub-scenarios 2-A, 2-B,
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and 2-C. DON vyields had similar responses to the climate scenarios and also had low variation
across sub-scenarios. PN yields displayed more variation across sub-scenarios, whereby
largest changes relative to current estimates occurred in stormflow altered sub-scenarios: 1-B (-
19.1 %) and 2-B (+34.8%). While mean annual DIP yields displayed low variation across sub-
scenarios, DOP yields responded differently under all sub-scenarios, whereby maximum
changes occurred in baseflow altered sub-scenarios 1-C (-18.8%) and 2-C (+37.1%). PP yields
displayed a similar response to PN, whereby the largest change in yields occurred in response
to stormflow-altered sub-scenarios: 1-B (-22.8%) and 2-B (+43.9%). Estimated percent change
in annual yields of all N and P species and forms under future climate scenarios can be found in

Appendix V.
3.2.2 Changes to annual nutrient pools and ratios

Relative composition of the N- and P-pools did not change significantly under modeled
climate scenarios. Across all climate sub-scenarios, percent contributions of N forms to annual
TN yields were relatively constant for DIN (range: 15.8-18.0%), DON (27.1-30.1%), and PN
(52.0-57.1%). DIP contributions to annual TP yields were also relatively constant (22.1-23.5%),
though DOP (40.9-48.4%) and PP (33.6-44.5%) displayed a higher degree of variation across
sub-scenarios. Contributions of all N and P forms to nutrient pools under baseline and future

climate scenarios can be found in Appendix VI.

Modeled responses of annual N:P to the climate scenarios differed depending on
nutrient form. Annually, DIN:DIP remained relatively constant across all sub-scenarios (range:
70.2-73.4) (Table 2). The ratio of TDN to TDP displayed more variability across sub-scenarios
(43.7-53.5), whereby the minimum and maximum values were obtained from baseflow altered

sub-scenarios (1-C and 2-C) due to changes in DOP yields under these scenarios.

3.3 Nutrient Sources to the Wailuku River
3.3.1 Nutrient concentrations in extracted soil samples

Soil types in the WRW differed in nutrient pool composition and stoichiometry. Across all
sites, DIN pools were primarily composed of NHs™ (94.1 £ 1.8%). While DIN concentrations were
similar in all sites, mean concentrations in agricultural soils were 62 - 66% lower than all other
soil types. DIP concentrations in native forest soils were 3.0 - 50.0 times higher than other sites
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(F=17.7,df = 4, p < 0.001). Mean DIN:DIP of extracted soil nutrients exhibited a broad range
(21.8 - 1211.1) across sites. TDN concentrations were 2.4 and 1.6 times greater than DIN
concentrations in lowland invaded (albizia) forest and invaded grasslands, though TDP
concentrations were 10.0 and 8.0 times greater than DIP concentrations in these same sites.
The lowest mean DIN:DIP was observed in native forests and the highest was observed in
lowland invaded forest. Mean TDN concentrations were lower in agricultural soils (F = 6.5, df =
4, p < 0.01) than other soil types. The highest observed mean TDN concentration was observed
in lowland invaded (albizia) forest soils. Mean TDP concentrations of native forest soils were
higher (F = 5.5, df = 4, p = 0.02) than agricultural and upland invaded (gorse) scrubland. Mean
TDN:TDP also exhibited a broad range (70.5 - 545.2) but did not significantly differ between soil
types (p > 0.05). However, the lowest observed mean TDN:TDP was observed in native forest

soil, and the highest was observed in agricultural pasture soil.
3.3.2 Stable isotope mixing models

Isotopic analysis of riverine NOs and FPOM both indicated no change in isotopic
composition across flow conditions (Figure 7). Values of 8°N-NO3 ranged from -8.6 to +26.8 %o,
and values of 580-NOj3 ranged from -4.8 to +12.8 %.. Mixing models indicate that NOs derived
from precipitation contributes minimally to the Wailuku River's NOz™ pools during both baseflow
(3.8 + 1.8%) and stormflow (2.9 + 1.5%). Additionally, estimated contributions of sewage are
similar across baseflow (8.4 + 5.3%) and stormflow (5.4 £ 3.8%) conditions. The majority of
NOs is likely derived from groundwater or soil pools, though estimated contributions of these
two sources differed across flow conditions. Mean estimates of groundwater contributions to
riverine NO3™ pools increase from baseflow (38.7 + 26.1%) to stormflow (70.1 + 21.8%), while
soil contributions decrease from baseflow (49.1 + 25.3%) to stormflow (34.6 + 23.5%). However,
the relative contributions of groundwater and soil also display high uncertainty across both flow
conditions. Analysis of FPOM indicates similar values of 5*C- and 8'*N-FPOM across flow
conditions. Values of 33C-FPOM range from -35 to -25.3 %o, and values of 3°N-FPOM range
from -6.3 to +30.1 %o. The low to mid values of 3!°*N-FPOM are consistent with those of C3

plants and soils in Hawai'i Island (Osher et al., 2003; Goulden et al., 2019).
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DISCUSSION

Quantifying watershed nutrient yields is an essential component of ridge-to-reef
management (Delevaux et al., 2018). Overall, the WRW displays high variability in the timing
and magnitude of N and P export which is largely driven by variability in seasonal and
interannual precipitation and river discharge. However, N and P yields responded differently to
this hydrological variability, which may be indicative of different export controls and cycling
dynamics (McKee et al., 2000).

4.1 From Past to Present: Nutrient Export Dynamics in the WRW
4.1.1 Dissolved N and P

Dissolved N forms generally dominate baseflow N-pools, though the relative proportions
of DIN and DON can vary based on land cover and land use (Mayorga et al., 2010; McDowell et
al., 2020). Our data indicate that DON dominates the TDN pool in the WRW, and these results
align with research from other forested catchments (Kane et al., 2008; Bishop et al., 2017,
McDowell et al., 2020). Additionally, the annual proportion of DIN to DON exported from the
WRW is similar to the global median of forested watersheds (Table 3). However, estimated
watershed yields of DIN and DON are 78.2 and 77.8% lower, respectively, than median global

estimates (Table 3).

Long-term changes in riverine N-pool composition can be caused by changes in
watershed land cover and riparian vegetation structure (Webster et al., 2016). Because previous
research in the WRW identified DIN, primarily as NO2 + NOg, to be the dominant N form during
baseflow conditions (Wiegner et al., 2009), the present study indicates a shift in the composition
of the dissolved N pool. While mean DIN concentrations remain virtually unchanged relative to
the previous study, mean DON concentrations have increased 3.3x during baseflow and 2.1x
during stormflow (Wiegner et al., 2009). As such, our data may indicate an emergent source of
DON to the Wailuku River. Given the increase in invasive N»-fixing species’ distribution in the
WRW, potential DON sources include leachate from N-rich leaf litter and root exudates that can
percolate into groundwater or be transported through shallow subsurface pathways (Brookshire
et al., 2007; Mineau et al., 2011; Stewart et al., 2019). While research in other regions has
shown an increase in riverine DON concentrations with increasing inland cover of N»-fixing
species (Compton et al., 2003; Mineau et al., 2011), past research in the WRW has
demonstrated increasing NO> + NOs™ and decreasing DON in river sections below albizia
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stands (Atwood et al., 2010; Mackenzie et al., 2013; Wiegner et al., 2013a). Thus, the current
increase in DON could indicate microbial processing and decomposition of excess DIN in N-
saturated soil and riverine N-pools (Brookshire et al., 2005).

In general, more inorganic nutrient input into a water body favors net autotrophy while
more organic input favors net heterotrophy (Hopkinson & Smith, 2005). Thus, changes to the
dissolved N-pool could have important implications for downstream food webs and ecosystems.
During our study period, DIN and DON baseflow yields only contributed 3.3% and 4.6% to TN
export over the study period (Figure 4), but baseflow conditions were present during 84% of our
study period and thus provided nutrients and organic matter during a majority of the year.
Considering that the percent bioavailability of DON exported to Hilo Bay during baseflow more
than doubles from stormflow to baseflow (Wiegner et al., 2009), the currently observed
increasing fraction of DON exported to the Bay relative to DIN could potentially shift
downstream net metabolic dynamics by increasing rates of microbial respiration during
baseflow. As such, the observed changes in N-pool composition may have important
implications for Hilo Bay’s C source or sink potential given that surface waters of Hilo Bay were
previously shown to be autotrophic and act as a net sink of CO; during baseflow conditions
(Mead & Wiegner, 2010).

Given that iron-rich Hawaiian soils are often low in inorganic P due to high rates of
geochemical PO.* sorption and increased biological P-demand (Olander & Vitousek, 2005),
dissolved P-pools in Hawaiian soils and streams are generally dominated by DOP (Miller et al.,
2001). Thus, the low observed PO.* concentrations and larger contribution of DOP to the TDP
pool during the study period aligns with previous research conducted in east Hawai'‘i Island’s
streams (Wiegner et al., 2009; Wiegner et al., 2013b; Michaud & Wiegner, 2011). When
compared to other watersheds, the WRW’s DOP fraction contributes more to the exported TDP
pool than the global median (Table 3). Thus, DOP may be an important P contributor to
Hawai'‘i's nearshore P-limited ecosystems via direct uptake (Mackay et al., 2020) or
remineralization through the microbial loop (Li et al., 2014; Lgnborg et al., 2018). However,
similar to dissolved N forms, annual DIP and DOP yields are both low by global standards
(Table 3).

The different biogeochemical controls on the transformation and mobilization of
dissolved N and P forms often results in a decoupling of their riverine export dynamics,
especially in response to seasonal changes in hydroclimate (Kelly et al., 2019; Kincaid et al.,
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2020; McDowell & Potter, 2021). Because the magnitude and timing of DIN and DON export
largely correspond to the Wailuku River’s hydrograph (Figure 5), mean monthly exports of both
forms were higher in the wet season than the dry season, with DON always exceeding DIN. In
contrast, the observed C-Q relationships of DIP and DOP were more variable throughout the
study period than those of dissolved N-forms. While drivers of these patterns in the WRW are
not yet clear, research in other regions has demonstrated that the response of DIN in soil
solution gradually weakens with repeated disturbance (e.g., storms) while the DIP response can
continue to increase (McDowell & Potter, 2021). Concentration-discharge relationships during
stormflow export of DIN and DIP have also been shown to change according to seasonal
cycles, but these patterns can vary between catchments and regions (Kelly et al., 2019; Kincaid
et al., 2020; McDowell & Potter, 2021). Prolonged dry periods in Mediterranean catchments
have also been shown to decrease the ratio of DIP to DOP in P-limited soils (Sardans &
Pefiuelas, 2007). Given these data, research into hysteresis patterns, seasonality, and effects of
antecedent flow conditions on N and P export could help further refine our understanding of
riverine nutrient export dynamics in the WRW (McKee et al., 2000; Warner et al., 2009; Kincaid
et al., 2020).

Temporal changes in nutrient C-Q relationships can also alter nutrient export
stoichiometry, and their patterns often correspond to seasonal streamflow (Kelly et al., 2019;
Fellman et al., 2021). Even though dry season increases in DIP export lowered DIN:DIP
throughout the study period (Figure 3), mean annual DIN:DIP exported from the WRW (72.1) is
more than triple the global median (21.6) and indicates persistent P-limitation in the Wailuku
River. In contrast, mean annual TDN:TDP in the WRW (49.1) is nearly identical to the global
median (50.2) due to the higher contribution of DOP to TDP than DON'’s contribution to TDN
(Table 3). While DOP is generally considered to be less bioavailable than inorganic forms of P,
research indicates that organic P may provide more than 90% of bioavailable P in other
oligotrophic, tropical systems (Lgnborg et al., 2018). As such, DOP may provide an important P
subsidy to downstream food webs and ecosystems in the WRW, especially during seasonal

periods when DIN:DIP is elevated.
4.1.2 Particulate N and P

Because sediment and POM is predominantly mobilized during periods of increasing
precipitation and runoff (Strauch et al., 2018), the majority of PN (96.5%) and PP (99.0%) export
during our study period occurred during stormflow (Figure 4). When compared to the mean
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estimated contribution of PN to the TN pool of other watersheds (31.2%), PN is a more
substantial contributor to the WRW’s (56.6%) TN pool (Mayorga et al., 2010). This can be
expected given that the majority of reaches draining into the Wailuku River are classified as
“potentially highly erodible land” (USDA, 2009). However, actual PN yields of the WRW are at
the lower end of the range of global estimates (Mayorga et al., 2010). Because stormflow driven
POM vyields have been shown to increase turbidity and decrease primary production in Hilo Bay
(Mead & Wiegner, 2010; Badlowski et al., 2021), downstream ecosystems may be impacted by
long-term changes to POM fluxes in the WRW. Though, PN concentrations in the Wailuku River
have remained virtually unchanged since similar sampling was conducted between 2005-2007
(Wiegner et al., 2009).

At the global scale, POM contributes more to total P-pools (76.5%) than N-pools (31.2%)
(Mayorga et al., 2010). Given the significant increase in TSS, turbidity, and PN concentrations
during stormflow conditions, it is surprising that PP concentrations did not display a similar
increase (Table 2). Total estimated PP contribution to the P-pool during the study period
(38.6%) is lower than previous estimates (73%) for Hawai'‘i Island’s watersheds (Michaud &
Wiegner, 2011). Because PP data collection (n = 16) was also limited to a 3-month period in
2024, the full scope of long-term PP yield patterns may not be fully captured by the present
study and may underestimate total PP contribution to the WRW’s exported P-pool. Even though
exported allochthonous POM was shown to be less bioavailable to Hilo Bay’s food web than
autochthonous inputs based on C and N isotopic analyses of estuarine POM and microbiota
(Atwood et al., 2011), POM has been shown to play a critical role in coastal productivity through
remineralization of particle bound P in nutrient poor, tropical waters (Burkhardt et al., 2014;
Lanborg et al., 2018). Thus, further research into long term export dynamics and ultimate fate of

PP in the P-limited WRW may help elucidate its role, if any, in coastal productivity in Hawai'i.

4.2 Climate Impacts on Future Nutrient Export Dynamics
4.2.1 Dissolved N and P

Because precipitation and runoff exert significant control on dissolved nutrient export
(Kane et al., 2008; Chang et al., 2017), hydrological response to future climate change is likely
to affect dissolved nutrient export dynamics (Alam et al., 2018). While considerable uncertainty

still exists in the magnitude and direction of modeled rainfall changes in the WRW (Elison Timm
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et al., 2015; Mizukami et al., 2022), the ensemble of discharge scenarios used in this study
reflect both the natural variability in Hawai'i's climate and the uncertainty of future precipitation
models (Timm & Diaz, 2009; Engott, 2011), whereby total discharge decreased by 10.5%
(Scenario 1) or increased by 17.5% (Scenario 2). The decrease in DIN and DON vyields under
Scenario 1 and increase under Scenario 2 reflect the high correlation of dissolved N species
with rainfall amount in the tropics (Chang et al., 2017; Lgnborg et al., 2021; Table 2). While DIN
and DON displayed relatively constant concentrations across the range of observed discharge
values (Figure 2), yields were 2.9x and 2.8x greater in 2022 than 2023. This interannual
variability in climate and runoff often exerts the largest control on DIN export, even in
watersheds with significant anthropogenic N-loading factors, such as land-use change, fertilizer
application, and sewage inputs (Huang et al., 2014; Morse & Wolheim, 2014). As such, climate
induced changes to precipitation may enhance the existing variability in N export and amplify

downstream ecosystem effects (Alam et al., 2018; Masotti et al., 2018).

Because N is generally retained in soils during drier periods and exported during wetter
periods, changing hydrological patterns can alter C-Q relationships (Huang et al., 2014; Winter
et al., 2023; Zhang et al., 2024). Thus, while our data indicate little change in N-pool
composition under various climate scenarios, these scenarios assume constant C-Q
relationships over time. After wet conditions resumed following an anomalous dry period in
central Europe, researchers found a 73% increase in nitrate loads relative to the pre-drought
load-discharge relationship (Winter et al., 2023). Additionally, increased evapotranspiration and
land-based denitrification during seasonal anomalies have also been implicated in altered
riverine C-Q relationships (Winter et al., 2023; Zhang et al., 2024). While total annual rainfall in
the WRW may increase in the coming decades (Elison Timm et al., 2014; Fandrich et al., 2021;
Mizukami et al., 2022), these increases may be accompanied by seasonal increases in
consecutive dry days in east Hawai'i Island (Chu et al., 2010) and decreasing trends in low or
zero flow days in this region’s rivers (Strauch et al., 2015). As such, these trends and
projections highlight the importance of refining our current yield estimates by taking other

controlling factors into account that may alter C-Q relationships on varying timescales.

Under our climate scenarios, changes to annual DIP yields responded in similar patterns
to N-forms, whereby little difference was observed in the mean change of annual yields (Table
2). However, the larger changes to annual DOP yields under sub-scenarios 1-C and 2-C

indicate that changes to baseflow hydrology may have the largest impact on dissolved P export,
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given that DOP is the largest contributor to the TDP pool. Additionally, maximum changes to
annual TDN:TDP occur in sub-scenarios 1-C and 2-C, indicating that the more variable patterns
in DOP export could impact overall nutrient stoichiometry most significantly at baseflow. The
underlying biotic or abiotic mechanisms behind the observed DOP patterns in the WRW are not
yet clear. However, research in other catchments has demonstrated that seasonal and
stochastic changes in hydroclimate can significantly alter P-pool composition in soils and the
delivery of P to river networks (Sardans & Pefuelas, 2007; Yindong et al., 2022). These
temporal hydroclimatic changes could add to the temporal variability in the currently observed
C-Q relationships of DIP and DOP.

4.2.2 Particulate N and P

Exported particulate matter is an important food source in coastal ecosystems (Atwood
et al., 2011), but changes to POM transport have significantly impacted water quality, fisheries,
reefs, and whole ecosystems (Kjelland et al., 2015; Badlowski et al., 2021; Tuttle & Donahue,
2022). Given that the majority of particulate matter is exported to the coastal zone during
periods of higher discharge (Strauch et al., 2018), sub-scenarios where total discharge changes
were applied to stormflow only (1-B and 2-B) displayed the largest changes in PN and PP
relative to current annual yield estimates (Table 2), thus driving similar trends in TN and TP
export under future scenarios. While the role of allochthonous POM subsidies in coastal
productivity can vary by system and region, some oligotrophic tropical waters have been shown
to have increased remineralization rates of POM-derived nutrients, especially for P (Burkhardt et
al., 2014; Legnborg et al., 2018). Thus, while the largest changes to DOP yields occurred in
baseflow altered sub-scenarios, changes to POM yields under stormflow altered scenarios also
have the potential to alter food web structure and coastal ecosystems downstream of the WRW

through delivery of PO.* derived from mineralized POM.

4.3 Nutrient Sources
4.3.1 Nutrient concentrations in extracted soil samples

Disturbance of watershed soils and changes in land cover can alter organic matter
cycling dynamics and nutrient delivery to rivers (Osher et al., 2003; Wiegner et al., 2013a;

McDowell & Potter, 2021). In our study, all disturbed soil types (e.g., agricultural pasture,
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invaded forest, invaded scrubland, and invaded grassland) displayed high DIN:DIP and
TDN:TDP, indicating an abundance of N-rich and P-scarce nutrient source regions. Despite
similar NO2 + NO3z™ and TDN concentrations in native forest soils and invaded soils, P-limitation
in the invaded riparian soils could potentially hinder N-uptake and thus promote lateral N
transport to rivers or vertical leaching into groundwater (Stewart et al., 2019). The land cover
types located closest to the sampling site (e.g., lowland albizia forest and invaded grassland)
also displayed substantially higher concentrations of DOP to DIP (8-10x) than DON to DIN (1-
3x), thus reducing TDN:TDP relative to DIN:DIP. These findings mirror the observed patterns of
instream DIN:DIP and TDN:TDP, and thus, these soil nutrient pools may be important source
regions of N and P to the Wailuku River. Even though this higher proportion of DOP was not
observed in gorse soils, the impact of Na-fixers on riverine nutrient pools has been shown to
differ between species and region (Compton et al., 2003; Mineau et al., 2011; Stewart et al.,
2019)

4.3.2 Stable isotope mixing models

Isotopic analysis of riverine NO3™ can help elucidate watershed nutrient sources, though
overlapping 5*N- and 8'0-NOs values of endmembers can increase the uncertainty of source
contribution estimation (Kendall, 1998). Research indicates that nitrate in precipitation
contributes an average of 50 kg NOs-N km2 yr? in Hawai'i Island, which is 6.5 times greater
than our mean estimated annual yield of N derived from NO; + NO3™ (Carillo et al., 2002).
However, the minimal contribution of rainfall to riverine NO3z™ pools indicates that biogeochemical
controls may constrain this potential NOs™ source to the river. High positive 8°N-NO3" values
indicate that sewage may be contributing to dissolved N-pools in the Wailuku River. However,
sewage NOjs isotopic values can overlap with manure values, and therefore, potential NO3’
contributions from sewage or manure could be further explored by using other stable isotopes
that can distinguish between domestic sewage and animal manure (e.g., 5''B) (Wiegner et al.,
2016). Estimated sewage or manure contributions to the Wailuku River's NOs™ pool are
approximately half the value of median estimates derived in previous research (Nakoa, 2022).
However, those previous estimates were derived from samples taken at the mouth of the
Wailuku River, downstream of all urban development and OSDS within the watershed (Nakoa,
2022).

Past research in the WRW has indicated that the majority (>80%) of the NO3" pool at the
outlet of the Wailuku River is derived from groundwater sources (Nakoa 2022). While current
23



mixing models indicate that groundwater and soil contribute similar proportions to the Wailuku
River's NOs™ pool during baseflow, the uncertainty in the relative contributions of these sources
may partially stem from the fact that soil endmember values were obtained from native forest
soils in Maui (Houlton, 2005). Thus, they may not be representative of NOs™ derived from
invaded and agricultural regions of the WRW. Interestingly, both baseflow and stormflow biplots
have low (< 0 %o) values external to the iso-space of potential sources. While these lower values
are generally indicative of NOs™ derived from reduced NH,* fertilizer (Kendall, 1998), it is unclear
if there are substantial agricultural fertilizer inputs in regions upstream of the sampling site.
However, low 8'°N values may also be indicative of NO3~ accumulation in areas dominated by
N.-fixing species, as has been shown in other regions of Hawai‘i Island (Abaya et al., 2018). As
such, further isotopic analysis of NOs™ derived from different soil types in the WRW could help

distinguish primary soil sources of NOs from groundwater inputs.
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CONCLUSION

As climate change continues to alter the hydrological cycle of east Hawai‘i (Elison Timm
et al., 2014, Zhang et al., 2016; Wang et al., 2019), seasonal and interannual variation in the
WRW’s nutrient export dynamics may become increasingly variable and unpredictable. Because
the WRW’s nutrient yields are low by global standards (Mayorga et al., 2010; McDowell et al.,
2020), downstream estuarine processes may be more sensitive to changes in nutrient yields or
other disturbances to existing export dynamics. Our data indicate that the export of dissolved N
and P forms may be controlled by different environmental and temporal factors. Therefore,
these nutrients may not necessarily exhibit a synchronous response to changing hydrological
conditions (Kelly et al., 2019). Increases in DON concentrations relative to past studies in the
watershed indicate that factors other than hydroclimatic changes may also impact future yields

and nutrient pool composition (Wiegner et al., 2009).

The low P concentrations and high DIN:DIP in both water and soil samples indicate that
nutrient export in the WRW is P-limited. Therefore, changes to P-export may exert a larger
influence on downstream ecosyste m processes and food web structure. Consistent with other
forested watersheds (McDowell et al., 2020), DOP dominated the dissolved P-pool in the WRW
over the study period. Because higher fractions of DOP lower the annual TDN:TDP relative to
DIN:DIP in the WRW, bioavailable DOP may also help mitigate inorganic P-limitation in the
downstream estuary (Lgnborg et al., 2018). However, future research into nutrient export could
benefit from understanding the controls and temporal variation in riverine DIP and DOP

concentration, especially considering the high uncertainty in P yield estimates.

Observed interannual and seasonal differences in precipitation and discharge drove
significant changes to nutrient yields during the study period, and modeled changes to
discharge under future climate scenarios resulted in additional changes and variability in N and
P export. While most nutrient yields indicated minimal difference across future climate sub-
scenarios, TN and TP pools were most impacted by climate change scenarios when discharge
changes were applied to stormflow conditions due to the large contributions of PN and PP to
nutrient pools during stormflow. However, alterations to baseflow impacted DOP yields more
than other dissolved N and P forms which resulted in changes to TDN:TDP under these
baseflow altered scenarios. As such, further changes in nutrient export dynamics and
stoichiometry as a result of changing baseflow hydrology may have a larger impact on
planktonic communities and food webs because baseflow conditions are present a majority of
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the year. Additionally, it may be important to consider seasonal variation in projected
hydroclimatic changes, especially for tropical systems that already exhibit high seasonal
variation in N and P export (Chang et al., 2017; Lgnborg et al., 2021).

Overall, this study can help inform future management of the WRW and surrounding
coastal zone as climate change impacts manifest across the land to sea gradient. Comparisons
with past research in the watershed allow managers to track changes in nutrient export, and
modeling future changes helps enable proactive responses. Isotopic analyses of nutrient
sources highlight the interconnectivity between the WRW and coastal zone, and these data can
help managers better allocate funding and resources for potential mitigation strategies and
future research. Given that the people of Hawai‘i have relied on the quality and availability of
coastal resources for millennia, understanding these ridge-to-reef connections will be crucial to
maintain its socio-ecological systems in an era of rapid change. Additionally, this study also
highlights the need to better understand the drivers and controls of nutrient cycling in tropical
islands, as the impacts of climate change may manifest differently than in better studied

systems around the globe.
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Table 1: Observed (mean + SE) water quality parameters and concentrations (umol/L) of nitrogen
(N), phosphorus (P), and silica (Si) collected from the Wailuku River in Hilo, HI, USA during
baseflow (< 3.8 m’s) and stormflow (= 3.8 m3/s) between August 2021 and April 2024.
Streamwater samples were analyzed for total suspended solids (TSS, kg/L), turbidity (NTU),
nitrite + nitrate (NO2" + NO3), ammonium (NH4"), dissolved inorganic N (DIN), dissolved organic
N (DON), total dissolved N (TDN), particulate N (PN), total N (TN), orthophosphate (PO43-) [a.k.a.
dissolved inorganic P (DIP)], dissolved organic P (DOP), total dissolved P (TDP), particulate P
(PP), total P (TP), and silicic acid (H4SiO4). Del values (d) indicate isotopic composition of fine
particulate organic matter (FPOM) (0.7-250 um) and NOgs, expressed as the ratios of '*C:"?C,
SN:"N, and '80:"8Q, relative to a standard [see full text for details]. Differences between baseflow
and stormflow were tested with Wilcoxon Rank Sum tests (W), unless denoted by an asterisk (*),
which indicates a two-sample t-test (t). Significant differences between baseflow and stormflow
(p < 0.05) are shown in boldface.

n Baseflow Stormflow W, t p

TSS 64 0.95 + 0.25 | 10.24 * 4.07 | 2.76* | 0.008
turbidity 66 243 * 0.40 16.77 * 4.46 | 3.73* |[<0.001
NO, + NO; | 66 257 + 0.14 2.87 + 0.26 | 415 | 0.133
NH,* 66 1.51 + 0.26 1.55 + 0.45 | 561 | 0.716
DIN 66 4.07 + 0.37 441 + 051 | 458 | 0.337
DON 65 7.27 + 1.31 | 10.44 + 2.48 | 402 | 0.124
TDN 65 | 11.28 + 1.27 |14.85 + 2.67 | 417 | 0.183
PN 50 1.66 + 0.19 | 13.26 + 4.76 75 |<0.001

TN 50 | 13.47 + 1.31 | 29.98 + 5.70 80 |<0.001
PO 66 0.10 + 0.02 0.10 + 0.01 | 387 | 0.059
DOP 66 0.34 + 0.08 0.50 + 0.13 | 527 | 0.948
TDP 66 0.44 + 0.08 0.60 + 0.12 | 429 | 0.170

PP 16 0.01 + 0.00 0.17 + 0.06 13 | 0.059

TP 16 0.13 + 0.00 0.29 + 0.06 13 | 0.059
H4SiO, 63 [152.81 + 14.19 | 46.95 + 8.92 | 813 [<0.001
5°C-FPOM | 49 | -28.73 + 0.19 |-29.07 + 0.48 | 309 | 0.443
5°N-FPOM | 49 7.47 + 1.55 6.28 + 1.91 | 323 | 0.289
5N - NO3° 34 3.98 + 1.81 0.99 + 1.39 | 176 | 0.221
580 - NOg 34 4.32 + 1.04 3.86 + 0.97 | 0.32*| 0.751
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Table 3: Comparison of annual yields (kg km? yr') and molar ratios of nitrogen (N) and
phosphorus (P) between the Wailuku River Watershed (WRW) in Hawai‘i Island, HI, USA and
other global watersheds. Comparisons include dissolved inorganic N (DIN), dissolved organic N
(DON), total N (TN), dissolved inorganic P (DIP), dissolved organic P (DOP), and total P (TP).
WRW vyields are displayed as the mean (+1 SD) of annual estimates from 2021-2024. Global
watershed data were obtained from (a) McDowell et al. (2020) and (b) Mayorga et al. (2010).

WRW Global watersheds Tropical watersheds
Medi : Medi !
Annual ! © |a.n i Percent © |a.n i Percent
. n :annual yield : . n {annual yield : .
yield ! . t difference . t difference
! [min, max] [min, max]
i 59.5 41.5
DIN, 13.0+58 | 70 : i -78.2% 12 i -68.7%
i [6.0, 3092.0] : [14.0, 508.0] :
{1000 i 1080 i
DON, 22.2+11.2 | 48 : i -77.8% 10 P -79.4%
: [0.0, 19093.0] : [0.0, 13291.0] :
i 2840 164.0
TN, 82.4 +49.2 | 207 : i -71.0% 13 i -49.7 %
:[5.0, 11817.0] : [7.0, 1134.0] :
i 8.95 | 7.00
DIP, 0.7+0.6 | 276: i -92.2% 18 -90.0%
0.0, 650.0] [1.0, 92.0]
i 7.0 i -
DOP, 19+1.9 40 i -73.0% - -
i [0.1,40.7] -
27.1 22.0
TP, 47+49 |290: P -827% | 21 -78.7 %
i [0.0, 2077.0] i [1.0, 161.0]
5 0.5 i 0.6
DIN:DON,| 0.6+0.1 44 P+ 121 % 9 +4.8%
. [0.0,51.8] [0.0, 20.1]
i 1.00 i -
DIP:DOP, | 0.7+0.5 25 i i -30.9% - -
i [0.2,75] -
E 21.6 E 28.7 E
DIN:DIP, | 72.1 +64.3 | 54 | P +2344% | 11 i +150.8 %
i [0.1, 1074.7] [4.4,151.8] !
i 50.2 i -
TDN:TDP,, | 49.1+34.5| 14 : P-22% - -
i [20.3, 89.3] -
i 24.1 i 18.9 i
TN:TP, 65.7 £41.3 | 177 ; P+ 1722% | 12 P+ 247.3%
¢ [0.1, 316.2] : [0.2, 100.3] :
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Figure 1: (TOP) Land cover of the Wailuku River Watershed (WRW) in Hawai'‘i Island, HI, USA,
including a non-native monotypic stand of N»-fixing gorse (Ulex europaeus) and other non-native
forests. (BOTTOM) Inset of the lower WRW, including the locations of the river water sampling
site and USGS river gauge station (#16704000). Non-native forest stands in the vicinity of the
sampling site are dominated by non-native N.-fixing albizia (Falcataria moluccana) trees. County-
registered onsite sewage disposal systems (OSDS) are shown in red.
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Figure 2: Observed relationships between discharge (m3/sec) and nitrogen (N) and phosphorus
(P) concentrations (umol/L) in the Wailuku River in Hawai’i Island, HI, USA. Panes correspond to
(a) dissolved inorganic (DIN), (b) dissolved organic N (DON), (c) particulate N (PN), (d) dissolved
inorganic P (DIP), (e) dissolved organic P (DOP), and (f) particulate P (PP). River water samples
(n = 66) were collected from May 2021 to April 2024 and were used to calibrate USGS LOADEST
regression models. For models that only contained discharge components (DON, PN, PP),
regressions (gray lines) are shown with + 1 SD (purple line/region). Models that also contained
temporal components (DIN, DIP, DOP) are displayed as the mean (gray line) of all concentration
pathways (gray region) with the means of + 1 SD estimates (purple lines) and corresponding
ranges of concentration pathways (purple region).
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Figure 3: Estimated mean daily concentrations (umol/L) and molar ratios of nitrogen (N) and
phosphorus (P) forms exported from the Wailuku River in Hawai'i Island, HI, USA from May 2021
to April 2024. Concentrations and ratios were derived from USGS load estimation (LOADEST)
models calibrated with Wailuku River water samples (n = 66) collected during the study period.
The bottom pane shows Wailuku River discharge (m?®/s) with the cutoff for baseflow (< 3.8 m?/s)
and stormflow (= 3.8 m?%s) use in this study. Abbreviations include dissolved inorganic N (DIN),
dissolved organic N (DON), dissolved inorganic P (DIP), dissolved organic P, total dissolved N
(TDN), and total dissolved P (TDP) is shown in black. The average N:P ratio of marine
phytoplankton (N:P = 16), known as the Redfield Ratio, is shown as the red dashed line in the top
pane. Note log-scale of y-axes in top and bottom panes.
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Figure 4: Estimated annual yields (kg yr', + 1 SD) of nitrogen (N) and phosphorus (P) in the
Wailuku River Watershed (WRW) in Hawai'‘i Island, HI, USA from May 2021 to April 2024. Years
correspond to the period starting on May 1 of the stated year and ending on April 30 of the
following year. Yields were estimated using USGS load estimation (LOADEST) software
calibrated with Wailuku River water samples (n = 66) collected during the study period. Yield
contributions are separated by river flow condition, including baseflow (BF, < 3.8 m®sec) and
stormflow (SF, =2 3.8 m¥sec). N and P forms include dissolved inorganic N (DIN), dissolved organic
N (DON), particulate N (N), dissolved inorganic P (DIP), dissolved organic P (DOP), and
particulate P (PP).
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Watershed in Hawai'i Island, HI, USA from May 2021 to April 2024. Yields were estimated with
USGS load estimation (LOADEST) software calibrated with Wailuku River water samples (n = 66)
collected during the study period. Hawai‘’'s dry season (May — October) and wet season
(November — April) are delineated by the black dashed line. Forms of N include dissolved
inorganic N (DIN), dissolved organic N (DON), and particulate N (N). Note log-scale of y-axis.
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Figure 6: Estimated monthly phosphorus yields (kg P mo™, + 1 SD) exported from the Wailuku

River Watershed in Hawai'‘i Island, HI, USA from May 2021 to April 2024. Yields were estimated

with USGS load estimation (LOADEST) software calibrated with Wailuku River water samples (n
= 66) collected during the study period. Hawai‘i's dry season (May — October) and wet season
(November — April) are delineated by the black dashed line. Forms of P include dissolved
inorganic P (DIP), dissolved organic P (DOP), and particulate P (P). Note log-scale of y-axis.
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Figure 7: Stable isotope analysis of nitrate (NO3") in water samples collected from the
Wailuku River during baseflow (< 3.8 m3/sec) and stormflow (= 3.8 m3/sec) conditions
between August 2021 and December 2022. Endmember values of potential NOs™ sources
are derived from literature (see text) and are shown in biplots (top) as the mean (x 1 SD)
values of 8'°N- and 5'80-NOzs". Boxplots from stable isotope mixing models (bottom) show
the relative contributions of sources to the Wailuku River’s NOs- pool. Boxes show 25™ to
75" percentiles of source contribution estimates, and whiskers extend to minima and
maxima of estimates. Analyses were conducted in R using the simmr package (Govan &

Parnell, 2019).
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APPENDIX |
River discharge (m®/sec) from the Wailuku River in Hilo, HI, USA, obtained from the USGS
Pi‘ihonua Station #16704000 between May 2021 and April 2024. Blue lines correspond to the
baseflow (< 3.8 m¥/sec) and stormflow (= 3.8 m®/sec) cutoff values used in this study. Orange
dashed lines represent the cutoff between the Hawaiian dry season (May-October) and wet
season (November-April). Note log-scale of discharge values.
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APPENDIX I

The following R code was used to calculate nutrient yields. Model inputs for Step 1 are
taken from LOADEST output files, and selected models are chosen based on criteria described
in Methods section. LOADEST files were calibrated with observed concentration (ug/L) and
discharge (ft¥/sec) data. Concentrations were converted to pmol/L for use in main body of paper.
The example below shows model inputs for PO4* (DIP) load estimation.

#HH STEP 1 #iH

##H Model input parameters (taken from LOADEST output file), including center of InQ
(c.InQ), center of decimal time (c.dTIME), regression coefficients (a0 — a6), and
standard deviations of regression coefficients (std.a0 — std.a6). ###

c.InQ <- 4.8051

c.dTIME <- 2023.051

a0 <--0.0858

a1<-0.1369

a2 <--0.0069

a3 <--0.3458

a4 <--0.3693

ab<-0.2314

a6 <- 0.9541

std.a0 <- 0.1983

std.a1 <- 0.0664

std.a2 <- 0.0338

std.a3 <- 0.1529

std.a4 <- 0.1517

std.a5 <- 0.2175

std.a6 <- 0.1366

#i## Pre-defined LOADEST models (DO NOT CHANGE) ####

model.mean <- function(x,y{0*x + 0*y + mean(res$CCONC)}

model.1 <- function(x,y){exp(a0 + a1*(log(x)-c.InQ) + 0*y)}

model.2 <- function(x,y){exp(a0 + a1*(log(x)-c.InQ) + a2*((log(x)-c.InQ)"2) + 0*y)}
model.3 <- function(x,y){exp(a0 + a1*(log(x)-c.InQ) + a2*(y-c.dTIME))}
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APPENDIX Il (continued)

model.4 <- function(x,y){exp(a0 + a1*(log(x)-c.InQ) + a2*sin(2*pi*(y-c.dTIME)) + a3*cos(2*pi*(y-
c.dTIME)))}

model.5 <- function(x,y){exp(a0 + a1*(log(x)-c.InQ) + a2*((log(x)-c.InQ)"2) + a3*(y-c.dTIME))}

model.6 <- function(x,y){exp(a0 + a1*(log(x)-c.InQ) + a2*((log(x)-c.InQ)"2) + a3*sin(2*pi*(y-
c.dTIME)) + a4*cos(2*pi*(y-c.dTIME)))}

model.7 <- function(x,y){exp(a0 + a1*(log(x)-c.InQ) + a2*sin(2*pi*(y-c.dTIME)) + a3*cos(2*pi*(y-
c.dTIME)) + a4*(y-c.dTIME))}

model.8 <- function(x,y){exp(a0 + a1*(log(x)-c.InQ) + a2*((log(x)-c.InQ)"2) + a3*sin(2*pi*(y-
c.dTIME)) + a4*cos(2*pi*(y-c.dTIME)) + a5*(y-c.dTIME))}

model.9 <- function(x,y){exp(a0 + a1*(log(x)-c.InQ) + a2*((log(x)-c.InQ)"2) + a3*sin(2*pi*(y-
c.dTIME)) + a4*cos(2*pi*(y-c.dTIME)) + a5*(y-c.dTIME) + a6*((y-c.dTIME)"2))}

#HHE STEP 2 #iH

### Choose model to use from LOADEST output file. If LOADEST output file indicates
that the mean of observed data is a better fit than any of the pre-defined LOADEST
models, use model.mean for load estimation [i.e., type MODEL<-model.mean] ###

MODEL<-model.9

#iHt Calculates constituent concentrations (ug/L) for every 15-min interval for baseline (0)
and future climate scenarios (1a, 2b, 2c, 2a, 2b, 2c) by applying selected model to
15-min river discharge values (flow_ft3_XX) from "TEMPLATE_load_calc.xlIsx" file,
where XX corresponds to the selected climate scenario. Suffixes “hi” and “lo”
calculate concentrations with £ 1 SD of regression coefficients ###

attach(TEMPLATE_load_calc)

conc_ugL_0 <- mapply(MODEL,flow_ft3_0,decimal_time)

conc_ugL_1a <- mapply(MODEL,flow_ft3_1a,decimal_time)

conc_ugL_1b <- mapply(MODEL,flow_ft3_1b,decimal_time)

conc_ugL_1c <- mapply(MODEL,flow_ft3_1c,decimal_time)

conc_ugL_2a <- mapply(MODEL,flow_ft3 2a,decimal_time)

conc_uglL_2b <- mapply(MODEL,flow_ft3_2b,decimal_time)

conc_uglL_2c <- mapply(MODEL,flow_ft3_2c,decimal_time)

a0 <- a0 + std.a0
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APPENDIX Il (continued)

al<-al+std.a1
if(CCC =="m4" | CCC == "m7")}{a2 <- a2}else{a2 <- a2 + std.a2}
APPENDIX Il (continued)

if(CCC =="m4" | CCC =="m6" | CCC =="m7" | CCC =="m8" | CCC == "m9")}{a3 <- a3}else{a3
<- a3 + std.a3}

if(CCC =="m6" | CCC == "m8" | CCC =="m9"){a4 <- ad}else{a4d <- a4 + std.a4}

a5 <-ab +std.ad

a6 <- a6 + std.a6

conc_ugL_0_hi <- mapply(MODEL,flow_ft3 0,decimal_time)

conc_ugL_1a_hi <- mapply(MODEL, flow_ft3_1a,decimal_time)

conc_ugL_1b_hi <- mapply(MODEL, flow_ft3_1b,decimal_time)

conc_ugL_1c_hi <- mapply(MODEL flow_ft3_1c,decimal_time)

conc_uglL_2a_hi <- mapply(MODEL, flow_ft3_2a,decimal_time)

conc_ugL_2b_hi <- mapply(MODEL, flow_ft3_2b,decimal_time)

conc_ugL_2c_hi <- mapply(MODEL flow_ft3 2c,decimal_time)

a0 <- a0 - (2*std.a0)

al<-al-(2*std.a1)

if(CCC =="m4" | CCC == "m7"){a2 <- a2}else{a2 <- a2 - (2*std.a2)}

if(CCC =="m4" | CCC =="m6" | CCC =="m7" | CCC =="m8" | CCC == "m9")}{a3 <- a3}else{a3
<- a3 - (2*std.a3)}

if(CCC =="m6" | CCC == "m8" | CCC == "m9"}{a4 <- ad}else{ad <- a4 - (2*std.a4)}

ab <- a5 - (2*std.ab)

a6 <- ab - (2*std.ab)

conc_uglL_0_lo <- mapply(MODEL,flow_ft3_0,decimal_time)

conc_uglL_1a_lo <- mapply(MODEL,flow_ft3_1a,decimal_time)

conc_uglL_1b_lo <- mapply(MODEL,flow_ft3_1b,decimal_time)

conc_uglL_1c_lo <- mapply(MODEL,flow_ft3_1c,decimal_time)

conc_uglL_2a_lo <- mapply(MODEL, flow_ft3 2a,decimal_time)

conc_uglL_2b _lo <- mapply(MODEL,flow_ft3 2b,decimal_time)

conc_ugL_2c lo <- mapply(MODEL,flow_ft3 2c,decimal_time)

detach(TEMPLATE _load_calc)
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APPENDIX Il (continued)

##H# Attaches new concentration vectors to existing dataframe ###

load_calc <- as.data.frame(cbind(TEMPLATE_load_calc, conc_ugL_0, conc_ugL_1a,
conc_ugL_1b, conc_ugL_1c, conc_ugL_2a, conc_ugL_2b, conc_ugL_2c,
conc_ugL_0_lo, conc_uglL_1a_lo, conc_ugL_1b_lo, conc_ugL_1c_lo, conc_ugL_2a_lo,
conc_ugL_2b lo, conc_uglL_2c_lo, conc_ugL_0_hi, conc_ugL_1a_hi, conc_ugL_1b_hi,

conc_ugL_1c_hi, conc_ugL_2a_hi, conc_ugL_2b_hi, conc_ugL_2c_hi))

#iHt Defines function to calculate partial loads [g (15-min period)-'] with variables x (15-
min concentration, ug/L) and y (discharge, ft*/sec). Factors include: 1,000,000
Mg/g, 1000 L/m?3, 35.315 ft3/m3, and 900 seconds/15-min. ###

p_load_calc <- function(x,y){x/1000000*1000*(y/35.315)*900}

### Calculates partial loads (g/15-min, * 1 SD) for baseline/future climate scenarios ###
attach(load_calc)

p_load 0 <- mapply(p_load_calc, conc_ugL 0, flow_ft3 0)

p_load_1a <- mapply(p_load_calc, conc_ugL_1a, flow_ft3 1a)

p_load_1b <- mapply(p_load_calc, conc_ugL_1b, flow_ft3_1b)

p_load_1c <- mapply(p_load_calc, conc_ugL_1c, flow_ft3_1c)

p_load_2a <- mapply(p_load_calc, conc_ugL_2a, flow_ft3_2a)

p_load_2b <- mapply(p_load_calc, conc_ugL_2b, flow_ft3_2b)

p_load_2c <- mapply(p_load_calc, conc_ugL_2c, flow_ft3_2c)

p_load_0_lo <- mapply(p_load_calc, conc_ugL_0_lo, flow_ft3_0)

p_load_1a_lo <- mapply(p_load_calc, conc_ugL_1a_lo, flow_ft3_1a)

p_load_1b_lo <- mapply(p_load_calc, conc_ugL_1b_lo, flow_ft3_1b)

p_load_1c_lo <- mapply(p_load_calc, conc_ugL_1c_lo, flow_ft3_1c)
p_load_2a_lo <- mapply(p_load_calc, conc_ugL_2a_lo, flow_ft3 2a)
p_load_2b lo <- mapply(p_load_calc, conc_ugL_2b lo, flow_ft3 2b)

p_load_2c_lo <- mapply(p_load_calc, conc_ugL_2c_lo, flow_ft3_2c)
p_load_0_hi <- mapply(p_load_calc, conc_ugL_0_hi, flow_ft3_0)
p_load_1a_hi <- mapply(p_load_calc, conc_ugL_1a_hi, flow_ft3_1a)

p_load_1b_hi <- mapply(p_load_calc, conc_ugL_1b_hi, flow_ft3_1b)
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APPENDIX Il (continued)

p_load_1c_hi <- mapply(p_load_calc, conc_ugL_1c_hi, flow_ft3 1c)
p_load_2a_hi <- mapply(p_load_calc, conc_ugL_2a_hi, flow_ft3 2a)
p

p_load_2b_hi <- mapply(p_load_calc, conc_ugL_2b_hi, flow_ft3_2b)

(
(
(
p_load_2c_hi <- mapply(p_load_calc, conc_ugL_2c_hi, flow_ft3_2c)

detach(load_calc)

### Sums partial load estimates by month (“year_month”), season (“rain_year_season”),
and year (“rainyear”) for baseline and future climate scenarios. Month, season, and year
values are all pre-assigned in input file (“TEMPLATE_load_calc”) ###

monthly_load_g <- as.data.frame(cbind(tapply(p_load_0, year_month, sum),
tapply(p_load_1a,year_month,sum), tapply(p_load_1b,year_month,sum),
tapply(p_load_1c,year_month,sum), tapply(p_load_2a,year_month,sum)
Jtapply(p_load_2b,year _month,sum), tapply(p_load_2c,year_month,sum),
tapply(p_load_0_lo,year_month,sum), tapply(p_load_1a_lo,year_month,sum),
tapply(p_load_1b_lo,year_month,sum), tapply(p_load_1c_lo,year_month,sum),
tapply(p_load_2a_lo,year_month,sum), tapply(p_load_2b _lo,year_month,sum),
tapply(p_load_2c_lo,year_month,sum), tapply(p_load_0_hi,year_month,sum),
tapply(p_load_1a_hi,year_month,sum), tapply(p_load_1b_hi,year_month,sum),
tapply(p_load_1c_hi,year_month,sum), tapply(p_load_2a_hi,year_month,sum),
tapply(p_load_2b_hi,year_month,sum), tapply(p_load_2c_hi,year_month,sum)))

seasonal_load_g <- as.data.frame(cbind(tapply(p_load_0,rainyearseason,sum),
tapply(p_load_1a,rainyearseason,sum), tapply(p_load_1b,rainyearseason,sum),
tapply(p_load_1c,rainyearseason,sum), tapply(p_load_2a,rainyearseason,sum),
tapply(p_load_2b,rainyearseason,sum), tapply(p_load_2c,rainyearseason,sum),
tapply(p_load_0_lo,rainyearseason,sum), tapply(p_load_1a_lo,rainyearseason,sum),
tapply(p_load_1b_lo,rainyearseason,sum), tapply(p_load_1c_lo,rainyearseason,sum),
tapply(p_load_2a_lo,rainyearseason,sum), tapply(p_load_2b_lo,rainyearseason,sum),
tapply(p_load_2c_lo,rainyearseason,sum), tapply(p_load_0_hi,rainyearseason,sum),
tapply(p_load_1a_hi,rainyearseason,sum), tapply(p_load_1b_hi,rainyearseason,sum),
tapply(p_load_1c_hi,rainyearseason,sum), tapply(p_load_2a_hi,rainyearseason,sum),

tapply(p_load_2b_hi,rainyearseason,sum), tapply(p_load_2c_hi,rainyearseason,sum)))
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APPENDIX Il (continued)

annual_load_g<-as.data.frame(cbind(tapply(p_load_0,rainyear,sum),
tapply(p_load_1a,rainyear,sum), tapply(p_load_1b,rainyear,sum),
tapply(p_load_1c,rainyear,sum), tapply(p_load_2a,rainyear,sum),
tapply(p_load_2b,rainyear,sum), tapply(p_load_2c,rainyear,sum),
tapply(p_load_0_lo,rainyear,sum), tapply(p_load_1a_lo,rainyear,sum),
tapply(p_load_1b_lo,rainyear,sum), tapply(p_load_1c_lo,rainyear,sum),
tapply(p_load_2a_lo,rainyear,sum), tapply(p_load_2b_lo,rainyear,sum),
tapply(p_load_2c_lo,rainyear,sum), tapply(p_load_0_hi,rainyear,sum),
tapply(p_load_1a_hi,rainyear,sum), tapply(p_load_1b_hi,rainyear,sum),
tapply(p_load_1c_hi,rainyear,sum), tapply(p_load_2a_hi,rainyear,sum),

tapply(p_load_2b_hi,rainyear,sum), tapply(p_load_2c_hi,rainyear,sum)))
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APPENDIX IV
Observed relationships between discharge (m®/sec) and nitrogen (N) and phosphorus (P)
concentrations (umol/L) in the Wailuku River in Hawai’i Island, HI, USA. Panes correspond to
(a) nitrate + nitrate (NO2> + NO3), (b) ammonium (NH4"), (c) total dissolved N (TDN), (d) total N
(TN), (e) total dissolved P (TDP), and (f) total P (TP). River water samples (n = 66) were
collected from May 2021 to April 2024 and were used to calibrate USGS LOADEST regression
models. For models that only contained discharge components (NO2" + NOs, NH4*, TN, and
TP), regressions (gray lines) are shown with £ 1 SD (purple line/region). Models that also
contained temporal components (TDN and TDP) are displayed as the mean (gray line) of all
concentration pathways (gray region) with the means of £ 1 SD estimates (purple lines) and
corresponding ranges of concentration pathways (purple region).
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