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Abstract

Climate change is affecting the quantity, quality, and sources of riverine carbon (C) that
are exported from terrestrial ecosystems to coastal waters. While tropical islands in Oceania
comprise 3% of the Earth’s land mass, they contribute 21% to 38% of total organic carbon (OC)
flux to the world’s oceans. This study focuses on climate change induced shifts in carbon exports
on the Wailuku River, Hawai‘i, USA. Concentrations of coarse particulate organic carbon
(CPOC), fine particulate organic carbon (FPOC), dissolved organic carbon (DOC), dissolved
inorganic carbon (DIC) were measured as well as carbon: nitrogen (C:N) ratios, CPOC
composition, 8'°C values for different carbon forms and species, and §'*0- and &°H of H,O to
identify carbon sources and quality. Concentration and discharge data were used in LOADEST to
calculate current monthly and annual carbon fluxes, as well as potential future fluxes impacted
by climate change. Concentrations of all carbon forms were affected by discharge, except CPOC.
The primary source of OC to the river was leaf litter, and the source of DIC was basalt
weathering; neither changed with discharge. Wailuku river 8'*0 and 8°H values of H,O decreased
with increasing river discharge. Although a large variation in C:N was observed, the quality of
FPOC decreased with increased discharge. Shifts in total carbon fluxes were linked to climate
change driven variations in baseflow, which in turn caused significant variations in DIC, but not
in CPOC, FPOC, and DOC. To best advise public policy and take adaptive management actions
to mitigate the effects of climate change, a better understanding of Oceanic river contributions to
the global carbon flux is needed. An important step in that direction is to quantify the different

forms of carbon that contribute to the riverine carbon budget.
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Introduction

Anthropogenic inputs of CO, to the atmosphere have led to changing climate patterns,
ocean acidification, and altered terrestrial and marine ecosystems (Doney et al. 2009; Bauer et al.
2013). This has led to the redistribution of carbon between the atmosphere, terrestrial biosphere,
and oceans (Chapin et al. 2009). To best advise public policy and take adaptive management
actions to mitigate the effects of climate change, a better understanding of global carbon fluxes
are needed (Le Quéré et al. 2014). Global carbon fluxes provide important information about
changes in the size of carbon reservoirs (Siegenthaler and Sarmiento 1993; Post et al. 2009). In
order to plan for the future, it is necessary to quantify how carbon is sequestered in terrestrial and
oceanic systems (Stuiver 1978).

Terrestrial C, both organic and inorganic (Table 1), is transported into the world’s oceans
primarily through rivers, with 0.08—0.13 Gt of total carbon (TC) exported annually (Huang et al.
2012; Drake et al. 2017). Rivers themselves are affected by climate change through changes in
local and global rainfall patterns, which in turn affect discharge patterns in these rivers (Parry et
al. 2007; Struach et al. 2015). Climate driven shifts in hydrologic regimes will alter the quantity,
quality, and source of carbon delivered to coastal waters (Webster et al. 2005). While carbon
exports in large rivers (i.e., the Mississippi and Amazon Rivers) are well studied, comparable
information for tropical rivers, especially on tropical high islands, is lacking (Raymond et al.
2008). Many of these tropical high-island rivers are in Oceania. While this region comprises only
3% of the Earth’s land mass, its rivers contribute 33% of the global sediment flux to the ocean
(Carey et al. 2005), and 21-38% of the total organic carbon (OC) input (Hilton et al. 2008). One
study estimates that this region contributes the greatest per-area flux of dissolved organic carbon

(DOC) to the ocean (Harrison et al. 2005).
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Tropical high island watersheds, characterized by their small and steep terrain (Richey et
al. 2002; MacKenzie et al. 2017), exhibit swift variations in both discharge and carbon fluxes
over short timeframes (Campbell 2009; Richey et al. 2002). In Oceania, one prominent region
susceptible to alterations in riverine carbon fluxes due to precipitation shifts are the islands of
Hawai‘i. A reduction in baseflow attributed to climate-induced changes in rainfall patterns in the
Hawaiian Islands has been observed (Oki et al. 2004; Leta et al. 2016). Given the unique
characteristics of Hawaiian watersheds, notably their steep volcanic terrains, these rivers are
anticipated to display heightened sensitivity to local climate shifts, thereby impacting riverine C
exports to the ocean (Strauch et al. 2017).

In Hawai‘i, it is predicted that the occurrence of storms will become more frequent and
that the overall amount of rainfall and its intensity will also increase (Chu et al. 2009; Chen and
Chu 2014). Furthermore, the length of dry periods between storms is also predicted to increase
(Giambelluca et al. 2008; Fraizer and Giambelluca 2016). This means that the difference
between base- and stormflow discharge will become greater. That, along with disruptive changes
in rainfall patterns, will affect the timing and the relative amounts of the various carbon forms
exported from Hawaiian watersheds to coastal waters and reefs. For example, larger quantities of
OC may be transported during a storm if a river overflows its banks and flushes OC that
accumulated on top of and within the soils during dry periods (Frank et al. 2000). These changes
could potentially disrupt an existing balance that supports commercial, cultural, and ecological
marine life (Syvitski et al. 2003; Fabricius 2005; Weber et al. 2012; Bessell-Browne et al. 2017).
Therefore, it is essential to understand the impact of climate change on rainfall patterns and how

they may affect river discharge and carbon fluxes.
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Of the main Hawaiian Islands, Hawai‘i Island is predicted to experience unique changes
to its rainfall patterns due its location as the most southern and eastern island and the presence of
orographic rainfall from Mauna Kea and Mauna Loa (Chen and Chu 2014; Longman et al.
2015). A shift to more extreme precipitation events, which include more intense droughts and
storms (Chen and Chu 2014). This latter will cause rain to fall on lower elevations (Longman et
al. 2015), where the land use cover and vegetation currently differ from higher elevations (Asner
et al. 2016). This is because Hawai‘i Island is greatly influenced by the orographic effect of
Mauna Kea and Mauna Loa volcanoes (Struach et al. 2017). This lowering in elevation will
decrease the catchment area, potentially reducing or excluding the upland area’s contribution to
the riverine carbon flux.

Past studies of the Hawaiian Islands have focused on large areas and limited sampling to
derive yearly riverine carbon fluxes (MacKenzie et al. 2017; Michaud and Wiegner 2011). In
general, these studies overlook the dynamical nature of Hawai‘i Island rivers and did not
examine climate driven shifts in rainfall elevation on carbon exports, quality, and sources.
Frequent measurements under a variety of discharge rates are needed to calculate more precise
monthly fluxes, which are essential for representing tropical rivers in the global carbon flux.

To build upon past work, four research goals were developed: (1) generate a monthly TC
flux (CPOC, FPOC, DOC, and DIC) for an Hawaiian river, (2) compare C:N ratios for
particulate and dissolved OM in base- and stormflow conditions, (3) determine carbon sources to
the river for different carbon forms using stable isotopes and drift net collections, and (4)
examine how monthly and annual carbon fluxes from the river may change with changes in
rainfall patterns, including a lowering in elevation of the orographic rain inversion layer. To best

advise public policy that mitigates the impacts of climate change, it is necessary to better
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quantify how carbon is sequestered in terrestrial and oceanic systems. An important step in that
direction is to quantify the different forms of carbon that contribute to the riverine carbon budget.
Methods

Site Characteristics

This study focused on the Wailuku River which is located on the northeast side of
Hawai‘i Island, HI, USA (Fig. 1). The Wailuku River’s headwaters start at an elevation of 4,200
m and drain the western slopes of Mauna Kea and Mauna Loa volcanoes into Hilo Bay. At 653
km?, the Wailuku River watershed is the largest in Hawai‘i State, and its land use consists of
native and invasive forests (76.9%), agriculture (22.4%), and urban areas (0.70%) (Parham et al.
2008). The river is fed year-round by groundwater, direct rainfall supplied by the northeastern
trade winds, and surface runoff during storms. Annual precipitation ranges from 3,500 mm near
the coast to 7,500 mm higher elevations (Giambelluca et al. 2013).The historic river discharge
ranges from 0.042 to 2,330 m*/s (USGS 2020). The amount of daily rainfall was provided by
NOAA, whose rain gauge was located at Pi‘thonua PIIH1: Pi‘ihonua (5020) (NOAA 2022).
Baseflow is defined by discharge below 3.8 m’/s, and stormflow above 3.8 m?/s, which was
determined by calculating the Q,s discharge from 2016 to 2021 using 15-minute discharge data.
During this time period, only 25% of all 15-min discharges are larger than 3.8 m?/s, which is
consistent with previous studies of Wailuku River discharge (Wiegner et al. 2009).

The sampling site selected for this study was located at an elevation of 268 m and
approximately 5300 m upriver from Hilo Bay (Fig. 1). The site is 1,780 m downriver from
USGS station no. 1670400 (USGS 2022). The river at our study reach has an open canopy with
little shade and is adjacent to a residential area with 40 homes on one side of the river. The other

side of the river was once used for Saccharum spp. (sugarcane) cultivation, but is now covered
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by Cenchrus purpureus (giant king grass). The riparian zone on both sides of the river consists of
Metrosideros polymorpha (‘Ohi‘a lehua), Trema orientalis (gunpowder tree), Falcataria
moluccana (albizia), and Acacia koa (koa). The river channel is ~5 m wide during baseflow, but
expands to > 46 m during stormflow (Fig. 3). The bedrock geology of the river is basalt.
Watershed soils are predominantly Anidisols, however there are some Histosols located sparsely
on the southern border of the watershed (Deenik and McClellan 2007).
Water Sample Collection

Surface water grab samples were collected with a plastic bucket triple-rinsed with river
water and placed into 1-L acid-washed, high-density polyethylene (HDPE) bottles. A separate
water grab sample was collected to measure total alkalinity (TA) and siphoned and overflowed
with 3-L of river water into a glass biological oxygen demand (BOD) bottle that was pre-rinsed
with deionized water. Water temperature, dissolved oxygen concentration and percent saturation,
and specific conductance were measured on-site in the bucket with a calibrated YSI™ ProSolo
Digital Water Quality Meter. Rainwater was collected using a pre-rinsed with deionized water
and dried funnel and a glass beaker to compare 3'*0- and 6*°H — H,O of rainfall and Wailuku
River water. Rainwater was transferred from the glass beaker to 2 mL glass autosampler vials
with polytetrafluorethylene (PTFE)/silicone septa. River and rainwater samples were stored on
ice until further sample processing at the laboratory.
CPOC Collection

Concurrently with surface water grab sampling, a drift net with 250-um mesh and a
16-cm diameter mouth, equipped with a General Oceanics™ 2030r mechanical flowmeter, was
deployed in the river to collect CPOC. In both base- and stormflow conditions, the drift net was

deployed using a rope and rebar. The drift net was positioned in the river, where it could be
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submerged, allowing water to flow through it. Often these locations were near the river banks
due to safety concerns. When river discharge was high, setduration was approximately 10 min,
and when river discharge was low, net deployment duration was approximately 60 min. Material
caught in the drift net was placed into a 95% ethanol filled Whirlpack. CPOC samples were
placed immediately on ice and transported back to the laboratory. The water volume that was
sampled by the drift net during deployment was initially calculated using the General Oceanics™
2030r mechanical flowmeter (first 20 samples) and later with a USGS Type AA meter connected
to a USGS wading rod. The switch between flow meters occurred during the study because the
General Oceanics™ 2030r mechanical flowmeter rotor did not stay parallel to river flow
throughout the duration of drift net deployment, which resulted in inaccurate water velocity
measurements. A relationship between USGS Type AA meter measurements and the discharge at
the river gage was established and used to back calculate water velocity on the first 20 sampling
dates where the General Oceanics™ 2030r mechanical flow meter was used.
Water Sample Processing and Analyses

Water samples were filtered through pre-combusted (500°C, 6 h) 0.7-um GF/F filters
(Whatman) and frozen. The 0.7-um GF/F filters were dried to constant weight at 70°C then acid
fumigated with 0.1N HCI prior to packing in aluminum tins for analysis. The fine particulate
matter captured on the 0.7-um GF/F filters was analyzed for FPOC and fine particulate organic
nitrogen (FPON) and §"*C-FPOC. FPON was used to calculate FPOC:FPON ratios. Water
samples were analyzed for DOC, total dissolved N (TDN), total phosphorus (TP), orthosilicic
acid (H,Si0,), ammonium (NH,"), nitrate (NO5"), and nitrite (NO,"). Forms of dissolved N were
used to calculate dissolved organic N (DON) concentrations to establish DOC:DON for

assessment of quality. The concentrations of TP and H,SiO, were used in a PyCO2SYS program
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to calculate concentrations of DIC. For §"°C- DIC analysis, river water was filtered through a
0.20-pum filter with a polyvinylidene fluoride (PVDF) membrane and stored in an airtight,
pre-combusted borosilicate amber EPA vial with double silicon septa. Unfiltered river water and
rain samples were used for isotope analysis of 8'*0- and 6*H-H,0. These samples were
refrigerated at 4°C for later analysis. Water samples were also analyzed for pH (Orion star A325

pH meter) and turbidity (Hach 2100Q Turbidimeter).

Dried and acid-fumigated filters were reweighed and subsequently analyzed for FPOC,
FPON on a CHN analyzer (Costech Analytical Technologies; Method EPA 440). River water
DOC and TDN were analyzed by high-temperature combustion [detection limit (DL): 10.00
umol/ L for DOC and 5.00 pmol/ L for TDN, Shimazu TOC-V, TNM-1; Method EPA 415.1 and
ASTM D5176] (Sharp et al. 2002). TP, H,SiO,, NH,", NO; + NO,, were analyzed with Lachat
Quikchem 8500 using series 2 flow-injection analyzer [DL: 0.25 pmol/ L, 1.00 umol/ L, 0.36
umol/ L, 0.07 umol/ L, respectively; Methods EPA 365.5, 366, 349, 353.2]. 8"*C and 8"°N of
potential organic matter sources were both analyzed with standards USGS 40, USGS 41, and
NIST 1547 (Peach leaves). §"°C-FPOC on the Isotope Ratio Mass Spectrometer using L-glutamic
acid and USGS 41 (L-glutamic acid) as standards. §"°C-DOC was analyzed with an OI
Analytical Aurora 1030 TOC, Isomass® PTS-3, Conflo™ 1V, and Thermo™ Delta V advantage
using USGS 40 (L- glutamic acid), USGS 41 (L-glutamic acid), and USGS 61 (Cafteine)
standards. River water). 3"°C — DIC and §'*O- and 8*H - H,0 were both analyzed with a
Thermo™ Gasbench II and Thermo™ Delta V Advantage. Standards for the *C-DIC analysis
were NBS 18 (limestone) and NBS 19 (carbonite), and for the 8'*O- and 6*H-H,O analysis,
USGS 45 (Biscayne Aquifer), USGS 46 (Ice Core), USGS 47 (Lake Louise), and SLAP

(Standard Light Antarctic Precipitation) standards were used. Stable isotope values are reported
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in § units and are calculated using Equation 1, where R = *C/"2C, N/"N, '*0/'°O, *H/'H and
R andara 18 TEpOrted relative to a Pee Dee Belemnite standard for *C/"2C, Air for ’N/'*N, and

Vienna Standard Mean Ocean Water (VSMOW) for '*0/'%0 and *H/'H.

standard

R
Equation 1. 0 = (L”le - 1) *1000

Total Alkalinity

TA measurements were made of unfiltered river samples in the BOD bottles and the
initial pH of the samples was recorded with a Thermo-Orion pH probe (8172 BNWP) using
Orion calibration solutions (pH 7.00 and pH 4.01). One hundred milliliters of each sample were
titrated to pH 3.2 with 0.10 N HCl in accordance with standard methods 2320B (Baird et al.
2017). Titrations were conducted on an Orion 950 auto-titrator using an Orion 960 titrator tower
and a Thermo™-Orion pH probe. Sample processing began immediately upon return from the
field. If the sample was not analyzed within 24 h, the sample was fixed with 0.01 mL of HgCl,.
TA was converted to DIC using PyCO2SYSS, which calculates DIC concentrations using salinity,
water temperature, TP, total silicon (derived from H,Si0,), TA, estimates of pCO,, atmospheric
pressure (Humphreys et al. 2022).
Drift Net Sample Processing

CPOC was sorted and categorized into the following categories: woody debris, leaves,
algae, aquatic and terrestrial animals, other plant parts (flowers, fruit, pollen), and other materials
that do not fit into the previous categories. Insects, fish, and other animals were stored in 95%
ethanol until identification. The separate CPOC categories were dried (70°C), weighed,
combusted (550°C, 4 h), and reweighed. The difference between the initial weight and

post-combusted weight was used to calculate the ash-free dry mass (AFDM) (MacKenzie et al.
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2013). AFDM was measured as a proxy for organic carbon (Stevenson and Bahls 1999; Berkman
and Canova 2007) and converted assuming 51.8% + 4.0% of AFDM is organic carbon (Salonen
etal. 1976).
Sources of Carbon Forms to the River

Direct leaf litter was a potential source of CPOC. Leaf litter collection followed previous
work (Wiegner and Tubal 2010) and was collected in 0.16-m? trays lined with a fine-mesh screen
(1.5 x 2 mm) for two weeks. The §"°C of FPOC and DIC were compared to the "°C of potential
sources [Albizia leaves, African tulip leaves and flower, algae, soil, and grass] to identify which
source contributes to which forms of carbon.
Rainfall Elevation

8'80- and &°H - H,O were used to determine the elevation of the rainfall contributing to
river flow during this study. '"*0- and §°H of H,O values become more negative from
enrichment in 8'°O with increasing elevation (Siegenthaler and Oeschger 1980). Types of
precipitation (i.e. snow, rain) can influence 8'*0- and 6*H values. §'*0- and &°H values of
precipitation and surface water have been observed to be more negative in winter months
compared to summer months (Ehlmann et al. 2005). Furthermore, the 8'*0- and 6*H-H,O values
of water can indicate the type of storm, whether it is synoptically driven or influenced by trade
winds; values from an earlier study on Maui Island were utilized to assess this (Scholl 2007).
Carbon Flux Modeling

To calculate the total annual carbon flux for the Wailuku River, carbon fluxes for each
form (CPOC, FPOC, DOC, and DIC) were modeled with the USGS LOADEST program
concentration- discharge (C-Q) relationships (Runkel 1994). Earlier studies have used this

method (Huntington et al. 2016; Strauch et al. 2017).
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Equation 2.

Inin[Conc.] = a,+a IninQ + azan2 +

a, sin sin (2ndtime) + a, cos cos (2ndtime) +

, L2
asdtlme + a6dtlme

In[Conc.] is the natural log of the carbon form’s constituent flux (mg/ L), Q is river
discharge (ft*/s), dtime is decimal time with 1.0 being a year, and a,, a, ... a, are regression
coefficients. The variables LnQ and dtime are centered variables that account for
multicollinearity which must be accounted for because discharge and time are related.
LOADEST outputs nine different models accompanied with a Akaike Information Criterion
(AIC) score. The selected model was then used to calculate the concentration of the carbon forms
every 15 min, using the measured 15-min discharge data from the USGS gauge. The flux of each
carbon form was then calculated following the methods of Strauch et al. (2017):

Equation 3.

C_Qat

T3
o
Il
o=~

F¢ is the flux of a carbon form; C, is the concentration of a carbon form calculated by the
relationship selected by LOADEST. Q is the discharge from the USGS gauge at 15-min
increments, and T is the time interval that the load represents. Carbon fluxes were converted to
gC m?mo™ by integrating over a month and dividing by the total watershed area below 1828 m,

6.15 x 10* m*. Areas above 1828 m, are where evapotranspiration exceeds rainfall (Struach et al.
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2015), and was not included in the model. The units gC m?mo™ are consistently used in the
literature and facilitate comparison with other locations.
Carbon Flux Modeling Under Different Climate Change Scenarios

To assess the future changes in monthly and annual fluxes of various carbon forms, this
project predicted future discharges for the Wailuku River using August 2021 to December 2022
data as a baseline. These predictions for the Wailuku River discharge were generated with
models of climate-driven shifts in aquifer runoff data for Hawai‘i Island (Timm and Diaz 2009;
Engott 2011). The Wailuku watershed consists of two aquifers: the Hilo aquifer, which drains
Mauna Loa (45.2% of the total), and the Onomea aquifer, which drains Mauna Kea (49% of the
total). The remaining 5.8% of the watershed is located above 1828 m.

Six climate scenarios with the same urbanization model, which was a full development of
urban parcels in the Land Use Pattern Allocation Guide (County of Hawai‘i, 2005; Engott 2011)
were examined, with three scenarios reducing the measured runoff rates by 10.5%, and the other
three increasing them by 17.9%. These percentages were derived from downscaling models that
predicted rainfall changes for Hawai‘i Island throughout the 21* century (Timm and Diaz 2009).
By combining these projected runoff changes with the current annual discharge of the Wailuku
River and the measured carbon fluxes from the study, the goal was to evaluate how predicted
climate scenarios could potentially alter the annual TC fluxes and its composition from the
Wailuku watershed.

The 10.5% reduction in discharge is attributable to climate driven changes in the trade
winds. Three different scenarios were chosen because it is not known precisely how rainfall will
decrease: (1) a consistent decrease throughout the year (Model 1a), (2) a constant baseflow, but

stormflow is 12.1% lower (Model 1b), or (3) a stormflow that remains constant, but baseflow is
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61.7% lower (Model 1c). Similarly, where the discharge from the Wailuku River is expected to
increase by 17.4%, three additional scenarios were chosen because it is unclear how rainfall will
increase: (1) consistent increase throughout the year (Model 2a), (2) constant baseflow, but
stormflow is 20.8% higher (Model 2b), or (3) stormflow remains constant, but baseflow is
100.0% higher (Model 2c¢). Fifteen-min discharge data from USGS for August 2021 -December
2022 were adjusted to reflect the predicted changes in runoff, and new values were used in the
discharge LOADEST regression (Eq. 4) to predict future TC fluxes from the Wailuku River. This
model assumes that our calculated C-Q relationships do not change with climate change.
Statistical Analyses

To meet the assumptions of parametric statistics, data were tested using the Shapiro-Wilk
normality test and F-test for equal variances. If the data did not meet the assumptions of
parametric statistics, log transformations, square root transformations, and reciprocal
transformations were performed on the data to meet the assumptions of the parametric statistics.
If transformed data did not meet the parametric assumptions, non-parametric statistics were used.
A Kruskal-Wallis rank sum test was used to compare overall concentrations of CPOC, FPOC,
DOC, and DIC. A t-test was used to compare log concentrations of CPOC, FPOC, and DOC
between base- and stormflow, whereas for DIC, non-transformed concentrations were used. To
compare CPOC composition (woody debris, leaves, algae, aquatic and terrestrial animals, other
plant parts (flowers, fruit, pollen), and other materials) between base- and stormflow, a Wilcoxon
rank sum test was used. To compare particulate and dissolved C:N ratios between base- and
stormflow, a Wilcoxon rank sum test was used. All statistics were completed in R version 4.0.3
with a = 0.05. Code is in Appendix I.

LOADEST Statistics
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To examine the relationship between discharge with the concentrations of the different
carbon forms, regression analysis was used in the LOADEST program. LOADEST regression
models were accompanied by R? p-value, and Nash Sutcliffe Efficiency (NSE). If the NSE was
below 0, the observed mean was used as the estimate.

Results
River Discharge

Fifty discrete water and drift net samples were collected over a range of discharges (0.24
— 32 m’/s) between August 2021 and December 2022 (Fig. 2). Note, monthly discharge during
this study was often lower than the 94-year monthly average discharge. Of the collected data, 33
samples were collected under baseflow conditions and 17 under stormflow. The cutoff between
the two flow conditions was 3.80 m?/s, which was based on Q,s over the last 5 years and
supported by previous work (Wiegner et al. 2009). Data collection encompassed a smaller range
of discharges than what occurred over the whole sample period. During the sampling period, the
maximum discharge recorded was 1,160.5 m?/s, while the minimum was 0.21 m?/s.

Carbon Forms’ Concentrations

Concentrations of carbon forms in the Wailuku River differed amongst themselves and
between river flow conditions. Overall, DIC had the highest concentration followed by DOC,
FPOC, and CPOC (¥*>=46.9, p <0.0001, Fig. 4). Concentrations of DIC were 1.5 times higher
during baseflow conditions compared to stormflow (t = 6.39, p <0.001). In contrast, DOC
concentration was 2.1 times higher during stormflow compared to baseflow (t =3.796, p <
0.001). FPOC concentration was 7.1 times higher during stormflow compared to baseflow (t =
3.1517, p=0.007). No significant difference was observed between stormflow and baseflow for

CPOC (t=0.439, p=0.671), which overall averaged 2.5 x 10 + 3.1x 10° mg/ L.
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CPOC Composition
CPOC composition was similar between base- and stormflow (Fig. 5). Leaves dominated

the CPOC pool, averaging 31.6 £9.7%. Most leaves were from F. moluccana; however, leaves
from S. campanulata and A. koa were also collected. Filamentous algae were the second most
dominant constituent of the CPOC pool, averaging 28.0 +12.4%. The filamentous algae were of
the genera Spirogyra and Rhizoclonium. Other plants (grass, flowers, and seeds), unidentifiable
material, and woody material comprised 18.4 £16.1%, 11.7 +£14.8%, and 5.7 £10.5%,
respectively. Very few aquatic invertebrates (total 3) and fish (total 4) were caught in the drift
net. The aquatic invertebrates were damselfly larvae (Megalagrion pacificum) and the fish were
Gambusia affinis (mosquito fish), Poecilia reticulata (rainbow fish), and Limia vittate (Cuban
molly). The percent contribution of terrestrial invertebrates, as well as fish, were 1.2 +4.7 % and
3.5 £9.6%, respectively. The terrestrial invertebrate was a honeybee (Apis mellifera).
Riverine Carbon Sources

8"3C-FPOC in the Wailuku River ranged from -30.0 to -25.3%o, averaging -28.9 +1.5%o,
and falling within the range for leaf litter and soil (Fig. 6, Table 2). §"*C-DIC ranged from -2.7 to
-12.5%o, averaging -7.2 £2.0%o0, and reflects the values of weathering of basaltic rocks (Hagedorn
et al. 2016) (Fig.7, Table 2). Neither 3"°C of FPOC and DIC varied with discharge, suggesting
that their sources to the river remained the same regardless of flow condition (Fig 6. & 7).
Organic Matter Carbon to Nitrogen Ratios

The C:N of particulate and dissolved OM were influenced differently by flow conditions
(Fig. 8). The ratio of FPOC:FPON was significantly higher during stormflow (14.5 +9.1)

compared to baseflow (6.9 + 7.6) (w= 65; p < 0.001), whereas the ratio of DOC toDON was
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similar between baseflow and stormflow (52.4 + 77.0, W = 149, p = 0.292). The mean FPOC:
FPON was 5.8x lower than the mean of DOC:DON, suggestive of different sources and quality.
Water Sources

Riverine §'%0 values ranged from -2.7 to -4.3%o, and values decreased linearly with log
discharge (p <0.01, R =0.199) (Fig. 9a). Similarly, riverine 8°H samples ranged from -1.8 to
-24.8%o, with values decreasing non-linearly with discharge (p < 0.003, R?=0.161 ) (Fig. 9b).
River 8*H samples were comparable to that of rainfall samples (t = -0.128, p > 0.906). Riverine
and rainfall "0 followed the same trends at 3°H. There was one outlier for a rainfall sample
collected during baseflow conditions; it had a "0 and 6*H values of -2.2%o and 4.8%o,
respectively. Three rainfall samples were collected under stormflow conditions. Rainfall §'*0 in
stormflow ranged from -2.0 to -4.1%eo.
Concentration to Discharge Modeling

LOADEST regression models for carbon forms’ concentrations, specific conductance,
and discharge measurements from August 2021 - December 2022 were non-linear (Fig. 10, Table
3). There was no significant relationship observed between CPOC and discharge, thus the
observed mean was used. A positive non-linear relationship was observed for FPOC and DOC
with discharge. In contrast, DIC and specific conductance had a negative nonlinear relationship
with discharge. The concentration of DIC had a seasonal trend, with lower concentrations
observed in spring than fall. LOADEST consequently extrapolates discharges outside the
collected discharge ranges.
Monthly and Annual carbon Yields

Monthly yield for the different carbon forms varied with discharge (Fig. 11). The

maximum monthly yield for CPOC, FPOC, DOC, and DIC occurred in October 2021, 179 pg/m?
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mo, 0.131 g/m* mo, 0.351 g/m* mo, and 0.311 g/m? mo, respectively. The smallest monthly flux
occurred in September 2022 for all carbon forms. The yields were CPOC, FPOC, DOC, and
DIC, 3.42 ug/m* mo, 0.0003 g/ m? mo, 0.00244 g/m? mo, and 0.0117 g/m? mo, respectively. The
maximums and minimums of monthly CPOC, FPOC, DOC, and DIC fluxes coincide with
maximum and minimum river discharge averages. Monthly fluxes of CPOC, FPOC, DOC, and
DIC varied. The coefficient of variation from largest to smallest was FPOC, DOC, CPOC, and
DIC, which were 1.92, 1.53, 1.19, and 0.99, respectively. Furthermore, the percent contribution
of CPOC, FPOC, DOC, and DIC to the monthly TC flux varied, mostly driven by temporal
changes in discharge (Fig. 12). CPOC was the smallest component of the TC flux and
contributions are considered negligible. FPOC was the second smallest component of the TC
flux, and ranged from 1.9 to 16.5%. FPOC contribution to TC flux increased with increasing
river discharge. DOC was the largest component of the TC flux during storms, and ranged from
17.0 to 44.3%. DOC contribution to TC flux increased with increasing river discharge. DIC was
the largest component of the TC flux during baseflow, ranging from 39.2 to 81.2%. DIC
contribution to TC flux decreased with increasing river discharge. The annual TC flux for August
2021 to December 2022 was 2.88 gC m? yr' and comprised <0.01% CPOC, 10.2% FPOC,
39.1% DOC, and 52.9% DIC.
Predicted Future Annual carbon Yield Under Climate Change

There are six different climate model scenarios, which model carbon fluxes for the mid
and late century. Of these scenarios, three were based on decreases in discharge, while the other
three increased discharge. These changes were based on predictions of future rainfall due to the
impact of climate change. The largest decrease in TC flux (-19.0%) was the result of a decrease

in base flow by 61% due to expected increase in drought during the mid-century period.
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Furthermore, an increase in base flow by 104% led to the largest increase in TC flux by +31.9%,
due to an expected increase in rainfall during the late century (Fig. 13; Table 6). Under all
scenarios, the largest change in TC fluxes coincided with changes in baseflow and not changes in
stormflow. This was driven by large changes in DIC and not CPOC, FPOC, and DOC.
Discussion

Carbon Forms’ Concentrations and Relationship to Discharge

Coarse POC is often the smallest component of OC and TC in rivers (Table 5) and its
concentration is influenced by decomposition rates and physical barriers (i.e., riparian zones) that
trap CPOC along the river (Wallace et al. 1995). As river discharge increases, CPOC
concentrations are expected to increase as surface flow across the landscape mobilizes CPOC
(Wallace et al. 1995; Recha et al. 2012; Turowski et al. 2016). Concentrations of CPOC in the
Wailuku River (0.002 + 0.003 mg/ L) constitutes ~<0.01% of the annual riverine TC flux, but are
consistent with measurements elsewhere (Table 4). In our study, CPOC concentrations were not
affected by river discharge (Figs. 4 & 10). Other studies have found similar patterns (Galat et al.
1986; Quay et al. 1992) and attribute it to CPOC being sourced from most of the watershed
(Wallace et al. 1995; Quinn et al. 2007). In our study, it might also be that invasive riparian
vegetation (i.e., king cane grass) acted as a barrier that prevented CPOC from entering the river
from surface runoff.

In contrast to CPOC, FPOC comprised the greatest percentage of the particulate OC
(Meybeck et al. 1993). The average FPOC concentration (0.901 £ 2.56 mg/ L) of the Wailuku
River in our study was comparable to values reported in earlier studies of the river (Wiegner et
al. 2009; Wiegner et al. 2017) and other tropical watersheds (Martin et al. 2013) (Table 4). FPOC

comprises approximately 10% of the annual TC delivered to Hilo Bay, which is comparable to
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other rivers in Hawai‘i State and tropical islands elsewhere (Hoover et al. 2002; Hoover and
MacKenzie 2010; Lyons et al. 2015). Concentrations of FPOC are affected by river discharge
(Hoover et al. 2002; Strauch et al. 2018), and the greatest amounts are transported during storms
(Hoover and MacKenzie 2010). Therefore, FPOC contribution to the TC flux varies widely with
monthly weather patterns, and this is consistent with observations of mountainous rivers in
Taiwan (Kau and Liu 1996; Shih et al. 2013). However, FPOC concentrations within the Wailuku
River vary considerably due to the flashy nature of discharge in the Wailuku River (Fig. 1). This
leads to large fluctuations in daily, monthly, and annual FPOC fluxes (Fig. 11) which were
captured in this study by frequent sampling.

DOC in many rivers is the second largest component of the annual TC flux behind DIC
(Lietal. 2017). For the Wailuku River, it comprised 37% of annual TC flux, with average
concentration of 2.94 + 2.26 mg/ L. The concentration range (0.91 to 11.99 mg/ L) is comparable
to earlier studies of the Wailuku River (Wiegner et al. 2009; Michaud and Wiegner 2011;
Wiegner et al. 2017). and other temperate and tropical rivers (Lobbes et al. 2000; Giorgio and
Pace 2008), but roughly half the Oceania and global river average (Huang et al. 2012). This
could be attributed to the relatively young soil age (100 yr -300 kyr) in the Wailuku River
watershed, where there has not been sufficient time for organic matter to accumulate (Vitousek et
al. 2004). DOC concentrations in the Wailuku River were also greatly affected by discharge, a
pattern observed in many locations (Zarnetske et al. 2018). For the Wailuku River, DOC
concentrations were two times higher during stormflow than baseflow (Fig. 4), and may have
resulted from the additional surface and subsurface flow paths to the stream during storms.

The contribution of DIC to the TC flux varies considerably from river to river and is

dependent on watershed lithology (Amiotte et al. 2003). However, it is the largest contributor to
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TC flux globally. DIC comprises ~53% of the annual TC flux, with a mean concentration of 7.28
+2.03 mg/ L, which is comparable to earlier measured values (Paquay et al. 2007). When
compared to rivers with a similar basalt lithology like the Manoa River on Oahu Island, the
Wailuku River’s DIC concentration was lower than low and high elevation measurements for
Manoa River (Hagedorn et al. 2016). In monsoonal rivers of the northern Indian, which are
flashy like the Wailuku River, DIC concentrations are similar (Krishna et al. 2019). However, the
Wailuku River’s concentration of DIC is substantially less compared to North American rivers
with significant limestone bedrock such as the Yukon and MacKenzie Rivers, (Tank et al. 2011)
(Table 4). DIC in the Wailuku River is largely derived from the erosion of basalt rocks. DIC
concentrations were ~ 50% lower during stormflow compared to baseflow. This difference may
be attributed to a dilution effect caused by increased surface runoff during storms (Paquay et al.
2007; Rosentreter and Eyre, 2019). This assumes the amount of transported DIC is not
significantly increased or decreased during stormflow, but that its concentration is being diluted.
This effect has been observed in other rivers, including those in Australia (Rosentreter and Eyre,
2019), North America (Tank et al. 2011), and India (Krishna et al. 2019).
Carbon Forms’ Sources

Riverine CPOC is defined as OM greater than 1 mm in diameter and may consist of plant
material, woody debris, and terrestrial and aquatic material (Iroumé et al. 2020). Its composition
is primarily determined by the proximity of vegetation to the river and is often dominated by leaf
litter (Larned et al. 2000; Alin et al. 2007; Chang et al. 2012). However, this is not always the
case, as different CPOC inputs have different decomposition rates leading to variations in the

composition of the total CPOC pool (Wallace et al. 1995). For the Wailuku River, leaf
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litter—mostly F. moluccana (31.6 £9.71% of total CPOM) and filamentous algae (28.0
+12.4%)—dominated the CPOC pool, and this did not change with discharge (Fig. 5).

The dominance of leaf litter to the CPOC pool is not surprising as Hawai‘i lacks leaf
shredding macroinvertebrates (Benstead et al. 2009; Raposerio et al. 2014; Alin et al. 2007). In
contrast to our findings, other studies have found CPOC composition to change with river
discharge, with an increase in woody debris and decrease of leaves at higher flow rates (Wallace
et al. 1995; Rowland et al. 2016; Haas et al. 2003). Our observations can be explained by the
presence of large boulders and the dense riparian zones in the Wailuku River. Boulders narrow
the river channel, trap woody debris, and limit its contribution to the CPOC pool (Diez et al.
2000; Larranaga et al. 2003; Molinero et al. 2019). The dense riparian zones trap CPOC and
limit the transport into the river (Wallace et al. 1995).

Sources of FPOC to rivers are usually leaves, and can be determined from stable carbon
isotope and C:N measurements (Andrews et al. 1998). For the Wailuku River, FPOC had §"*C
values ranging from -30.0 to -25.3%o, with an average of -28.9 +1.5%o, are comparable to leaves
from C; plants found along the Hamakua Coast of Hawai‘i Island, Athyyrium sandwichianum,
Psidium guarana, and M. polymorpha (Osher et al. 2003). The FPOC:FPON ratio ranged from
1.14 to 38.69, which is indicative of F. moluccana and S. campanulata at higher values. For the
Wailuku River, no relationship was found between §'*C-FPOC and discharge, suggesting the
FPOC source remains the same under different discharge conditions (Fig. 6).

However, the stormflow FPOC:FPON (14.5 + 9.1) was higher than the ratio at baseflow
(6.9 £7.6), suggesting the opposite of the stable carbon isotope measurements - source changed
between base- and stormflow conditions, which suggests higher hydrologic connectivity between

different source pools during stormflow. The C:N ratio of POM was observed to increase
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between base flow and storm flow in earlier studies of the Wailuku (Michaud and Wiegner 2005;
Wiegner et al. 2009), as well as in rivers in Europe and Africa (Harmelin-Vivien et al. 2009;
Spencer et al. 2016). The observation can be explained on the basis that during baseflow, FPOC
has a longer time to decay while in the river before being mobilized. This residence time would
then allow the organic matter to decay through respiration, which would decrease the carbon
content of the POM in the river. The C:N ratio of leaf litter has been observed to decrease over
time due to its decomposition (Davis III et al. 2003; Perez et al. 2010), which led to a lower
carbon concentration (Yang et al. 2009). This could be explained by the preferential mobilization
of carbon and immobilization of nitrogen on leaves by fungal and microbial colonization during
the breakdown process (Allan et al. 2021).

If the breakdown of CPOC is a large source to the FPOC pool, and its composition does
not vary between discharge conditions, this may explain why the §"*C-FPOC did not change with
discharge. However, an earlier study on the Wailuku River found "*C-FPOC to be more negative
during stormflow conditions compared to baseflow conditions (Atwood et al. 2012). This
difference may result in changes to the riparian vegetation over the last decade. Studies from
other locations have found 6"*C-FPOC to stay constant with discharge (Martin et al. 2013) or
increase with discharge (Krusche et al. 2002).

Sources of DOC to rivers are usually soils (Sachse et al. 2005). While stable carbon
isotopes for DOC for this study are still pending analysis, C:N ratios are available to provide
some insights into source. The DOC:DON ranged from 9.61 - 444.65, with an average of 52.4
+77.0 (Fig. 8), which falls in the range of soils in the watershed. However, soil samples from the
sample site had an observed C:N of 17.08. This value falls in the range of previous studies of the

Wailuku River (Wiegner et al. 2009; Michaud and Wiegner 2010; Roberts et al. 2016), is
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comparable to other tropical island forest watersheds (McDowell et al. 2019), and suggests that
the DOM is of a different source from the FPOM, and is of a lower quality. DOC: DON values
varied significantly between baseflow and stormflow such that no statistical significance could
be determined (Fig. 9).

Sources of DIC to rivers are atmospheric CO,, weathering of rocks, and respiration of
organic matter within the river network (Das et al. 2005). For the Wailuku River, the average
8"3C DIC was -7.2 £2.0%o, a value comparable to that observed to the upstream, less polluted
sites of the Manoa Stream on Oahu Island (Hagedorn et al. 2016). The DIC source to the Manoa
Stream was sourced to be the chemical weathering of aluminosilicates in basalts (Li et al. 1988,
Dessert et al.2003; Ren et al. 2017; Hagedorn et al. 2016). The chemical weathering of basaltic
rocks is caused by the microbial oxidation of organic matter (Li et al. 1988; Borker et al. 2019)
(Table 2). The breakdown of OM increases the concentration of carbonic acid which is a weak
acid. The carbonic acid reacts with minerals in the basalt (Wilson 2004). Additionally, the §'*C
of DIC did not change with discharge conditions suggesting that the source remained constant
under different hydrological conditions (Li et al. 2017, Cai et al. 2015). Other studies have
observed seasonal variations in the §"*C DIC, with increased inputs of material from surface flow
(Hélie et al. 2002; Morana et al. 2015). However, in Hawai‘i, like other Oceanic Islands,
geochemical weather was the dominant source of DIC to the river (Figs. 6 & 7) (Alin et al.
2008).

Water Sources to the Wailuku River

Stable isotopes of oxygen (8'*0) and hydrogen (6*°H) in water provide valuable

information about water sources to rivers, including their geographic origin, precipitation source

(snow melt and rainfall), and groundwater interactions (Bowen et al. 2011). The Wailuku River
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has an average 6'°0 and 6”H of water of -3.2 £0.4 %o and 9.0 +£4.1%o, respectively. These values
are comparable to what was observed for the Western and Southern Hawai‘i Island (Tillman et
al. 2014; Fackwell et al. 2020) and the windward side of Maui Island and suggest that the
discharge in the Wailuku River is strongly influenced by orographic rainfall (Scholl 2007).
Additionally, "0 and 6*H of river water decreased with increasing discharge (Figs. 9 a & b),
which was observed in a similar mountainous catchment in Hawai‘i? (Hamden et al. 2016).

There are three factors that influence the observed relationship between %0 and &°H-
H,0O and discharge (Scholl et al. 1996). These are (1) Raleigh distillation from orographic rainfall
driven by the trade winds, (2) changes in precipitation from rainfall to snowfall, and (3) rain
shadows from the leeward side of Mauna Loa and Mauna Kea. With regard to the first, Raleigh
distillation is the process by which §'*0 and 6*H-H,O decrease with increasing elevation (Scholl
2007; Tillman et al. 2014; Fackwell et al. 2020). Snowfall values for 8'*0 and §°H are lower than
those for rainfall as observed in Alaska (Lachniet et al. 2016). Consistent with this, we observed
the lowest riverine? 8'30 values when it snowed on Mauna Kea and Mauna Loa on 11/30/21 -
12/6/21. A comparable relationship was observed in West Hawai‘i Island, where winter
precipitation samples had a lower §'*0 than summer samples (Fackrell et al. 2020). Finally, rain
shadow from Kona Storms are not caused by trade winds and thus have lower 6'*0 and &°H
values than orographic rainfall (Scholl 1997).

Changes in trade wind precipitation on Hawai’i Island will likely impact the elevation of
rainfall and where this water enters the Wailuku River. It is anticipated by the year 2100, the
trade wind inversion base, which influences high-elevation rainfall, will decrease by 160 m
(Longman 2015). This will decrease the Wailuku River's catchment size by roughly 2-7%, or

approximately 1,155 — 4,042 km?, thereby reducing the contribution of high-altitude carbon to
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the Wailuku River TC flux. This carbon is believed to be in the form of DIC, given that
higher-elevation areas, characterized by open terrain and increased rock formations would have
increased chemical weathering. High elevations in the Manoa Stream on Oahu Island have
shown to have higher concentrations of DIC compared to lowland areas (Hagedorn et al. 2016).
This will lower the amount of DIC the Wailuku transports to Hilo Bay. Furthermore, decreased
rainfall elevation will lead to a larger proportion of the OC flux from lower elevations forest,
which are dominated by alien invasive species rather than native plants (Asner et al. 2016).
Current Monthly and Future Carbon Fluxes

Tropical riverine carbon flux studies that calculate annual fluxes based on a few
measurements often ignore the dynamic nature of these rivers, which can lead to under- and
over-estimates of TC fluxes due to limited sampling (Raymond et al. 2008). For example, a
single storm event can transport a majority of a year’s flux (Hoover et al. 2002; Wiegner and
Mead 2009; Strauch et al. 2018), or a single month may carry most of the annual TC flux (Shih
et al. 2018; Argerich et al. 2016). In our study, ~ 40.3% of the annual 2022 TC flux occurred in
May 2022, whereas September 2022 contributed only 1.5% to the annual TC flux (Fig. 11). We
also observed large monthly variations in the various carbon forms that comprise the monthly TC
flux. Based on our monthly sampling, FPOC contributed from 1.9% - 16.5% of the monthly TC
flux, DOC 17.0% - 44.3%, and DIC 39.2% - 81.2%. Note, CPOC contribution is negligible.
Monthly contributions contrast with average contributions to the annual TC flux: FPOC 6.1%
(0.0173), DOC 29.01%, (0.0627), and DIC 64.9% (0.0899). These numbers emphasize the need
for more frequent sampling to capture this variability for more accurate estimates of the monthly
and annual TC fluxes. Furthermore, multiple forms of carbon are need to be sampled to construct

accurate watershed budgets.
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In a study of 24 rivers on the windward coast of Hawai‘i Island, FPOC and DOC
comprised 28% and 72% of the TOC flux (Michaud and Wiegner 2011). Similarly, in our study
with FPOC and DOC contributing 22% and 78%, respectively, to the TOC flux. In an earlier
study of the Wailuku River, FPOC and DOC were 50% and 41%, respectively, of the TOC flux
(Wiegner et al. 2009). Differences between these two Wailuku River studies may be a result of
different hydrological conditions over the different study periods. In our study, the average
monthly discharge for the Wailuku River was 38.9%, less than the 94-yr average (Table 6), and
under these conditions, FPOC would comprise a smaller portion of the TOC flux.

TC fluxes and carbon compositions for the perennial rivers and submarine ground
discharge for the entire Hawai‘i Island have been estimated (MacKenzie et al. 2017). In our
study, we found DIC to be 53% of the TC flux for the Wailuku River compared to 25% for the
entire island (MacKenzie et al. 2017). The higher contribution of DIC may be attributed to the
Wailuku River’s location on the windward side of the island, where increased rainfall leads to
enhanced chemical weathering of basaltic rock. Furthemore, the Wailuku River has an annual
yield of 1.37 gC m™? yr' compared to 8.18 gC m™ yr! for the entire island (MacKenzie et al.
2017), or 16.7% of the total yield. This suggests changes to the Wailuku watershed will have a
significant impact on the TC delivered to coastal waters of Hawai’i Island.

Climate change is expected to significantly alter river runoff because of changes in
precipitation from enhanced ocean evaporation due to rising air and sea surface temperatures
(Labat et al. 2004; Piao et al. 2007). This will impact east Hawai‘i Island as changes to
watershed runoff are expected (Struach et al. 2014). In east Hawai‘i, it is predicted that the
occurrence of storms will become more frequent and that the overall amount of rainfall and its

intensity will also increase (Chu et al. 2009; Chen and Chu 2014). Furthermore, the length of dry
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periods between storms is also predicted to increase (Giambelluca et al. 2008; Fraizer and
Giambelluca 2016).

Recent east Hawai‘i Island’s climate projections show trends with elevation. In general
higher elevation areas will decrease in rainfall by 8-16%, and lower elevations will either
increase or not change compared to current levels (National Science Foundation OIA #2149133).
In general, rainfall at lower elevations is not expected to significantly change in the Wailuku
watershed, but is expected to decrease by up to 11% at higher elevations by the mid-century
(National Science Foundation OIA #2149133). Late-century projections expect rainfall to
increase by up to 5% at lower elevations and decrease by 16% at higher elevations (National
Science Foundation OIA #2149133). These changes are expected to overall decrease runoff in
the Wailuku watershed by as much as 75% by mid-century (Mizukami et al. 2022) and increase
runoff by as much as 100% for the late century (Mizukami et al. 2022). These values for both
mid-century and late-century are higher than those projected here. However, the projections here
are more spatially detailed and take into account changes in baseflow and stormflow.

To predict future carbon fluxes, the ratio between baseflow and stormflow discharge was
varied to model changes in droughts and rainfall (Huntington et al. 2016). Although this method
provides first-order estimates of total carbon fluxes, it does not consider other factors that result
from climate change such as its impact on forest growth, temperature, and phenology. These
impacts will affect carbon fluxes, reactivity, and sources.

For the mid-century time period, when a decrease in rainfall and runoft is expected, a
reduction in TC flux is predicted by as much as 9-20% compared to current conditions (Fig. 13;
Table 6). The biggest reduction will be in FPOC and DOC pools. The reduction in FPOC and

DOC is due to the fact they are transport limited, that is, the amount transported by the Wailuku
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depends on river discharge. A decrease in rainfall lowers the average discharge. Coastal waters
will see less OM in drier conditions. A decrease in FPOC and DOC also changes the overall
composition of TC, as DIC is not transport limited; it will become a larger component of the total
carbon flux.

During the mid-century when decreased rainfall and runoft are expected, the TC flux may
decrease by 10.0 - 19.0% under current levels. In the late-century increased rainfall and runoff
are expected, the TC flux may increase by 18-32% over current levels. The biggest shift in the
TC composition will be in DIC as FPOC and DOC do not scale equally with DIC. Models 1c and
2c¢ (Fig. 13; Table 6), where there are only shifts in baseflow, had the most impact on TC fluxes.
Models that estimate TC fluxes under drier conditions (Model 2), such as those expected during
late-century, observed a greater change in TC fluxes than models that estimated TC fluxes under
wetter conditions (Model 1). Late-century shifts in river discharge are expected to have a bigger
impact on TC fluxes than upward shifts.

Conclusion

In order to understand the dynamic nature of high tropical island rivers like the Wailuku
River, accurate measurements of the TC pool and the carbon forms that comprise it are needed.
A single month can transport the bulk of riverine TC for an entire year. With more frequent
sampling, along with a better understanding of carbon sources and watershed transport dynamics,
more accurate predictions of how climate change will influence carbon fluxes is necessary. For
example, under drier conditions, the contributions of different carbon forms to the TC flux
decreased disproportionately when compared with wetter conditions. Additionally, as rainfall
patterns change and the elevation of the inversion layer lowers, the Wailuku River's catchment

size 1s expected to decrease by 2-7%. This may lead to changes in carbon contribution from
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high-altitude regions dominated by native vegetation to lower elevations dominated by invasive
vegetation, agriculture, and development affecting the quality of the material exported
downstream. Tropical rivers on volcanic islands are small and steep with rapid ridge-to-reef
connections, changes in the timing, amount, and quality of carbon exported downstream may
affect organisms in coastal food webs that depend on these inputs, many of which are

ecologically, commercially, and culturally important (Atwood et al. 2012).
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Tables

Table I. Mean (+SE) concentrations of coarse particulate organic carbon (CPOC), fine
particulate organic carbon (FPOC), dissolved organic carbon (DOC), and dissolved inorganic
carbon (DIC) from the Wailuku River, Hawai‘i Island, USA, from August 2021- December
2023. Baseflow is defined by discharge below 3.8 m’/s, and stormflow above 3.8 m?/s, based on

Q,; over the last 5 y

vears and supported by previous work (Wiegner et al. 2009).

C Form Size Flow Condition | # of Samples | Mean + SE (mg/ L)
CPOC >] mm Baseflow 18 0.004+0.003
Stormflow 4 0.001+0.001
FPOC 0.7 um -1 mm Baseflow 32 0.336+0.393
Stormflow 12 2.405+4.672
DOC <0.7 um Baseflow 26 2.08+0.97
Stormflow 15 4.4243.03
DIC <0.2 um Baseflow 32 8.28+1.35
Stormflow 16 5.28+1.62
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Table 2. LOADEST estimates constituent loads and fluxes based off of a time series of
discharge. LOADEST generated relationships for discharge and concentration for coarse
particulate organic carbon (CPOC), fine particulate organic carbon (FPOC), dissolved organic
carbon (DOC), dissolved inorganic carbon (DIC) for the Wailuku River, Hawai‘i Island.
Observations for models are from grab samples and 15-min discharge (USGS 2021) from August
2021 through December 2023. In the equation column, “Observed mean” is the mean of all data
for that form. The dtime* and LnQ* columns are multicollinearity functions which are included
in the equation column (Runkel 2004). LOADEST input and output units are in ft*/s and mg/ L.

Constituent Equation R dtime* | LnQ*
CPOC Observed mean (0.002497) - NA NA
FPOC Ln(Conc) =-0.7863 + 0.2940[Ln(Q) - 4.6890 ] | 31.93 | 2022.260 | 4.6890

-0.4433(dtime -2022.260)
DOC Ln(Conc) =0.9697 + 0.1682[Ln(Q) - 4.8117] | 18.94 NA 4.8117
DIC Ln(Conc) =1.8779 - 0.1484[Ln(Q) - 4.6923] - | 44.93 | 2022.251 | 4.6923

0.1365(dtime - 2022.251)
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Table 3: Observed riverine concentrations of coarse particulate organic carbon (CPOC), fine
particulate organic carbon (FPOC), dissolved organic carbon (DOC), and dissolved inorganic
carbon (DIC) for world rivers. Concentration is in mg/ L.

River Year CPOC

FPOC

DOC

DIC

Mississippi 2005- 2006 2214
River at Baton

Rouge

4344

3.69*

29.05%

Amazon River 1986 <0.1®
at Vargem

Grande

2.7%

3.6"

8.76"

Yukon River at | 2003-2006 -
Stevens

Village, Alaska

0.88 - 3.71¢

4.66+1.01°¢

14.11 - 18.55¢

MacKenzie 2003-2006 -
River at

Tsiigehtchic

4.37 £0.07°

Mekong River 2005 -
in Southern
Vietnam and

Cambodia

3.9%

20.94°

Congo Riverat | 2011-2012 -

Brazzaville

1.12 - 1.44€

6.1 -10.7¢

37.2+4.2"

South Arctic 1994-1997

Ocean

1.34+1.03M

6.64 +3.13M

Wailuku River
at various
locations

2007 - 2011 -

0.18 - 13.65'

0.34 -4.10"'%

0.21 - 8.37"

A Cai et al. 2015

B Richey et al. 1990

© Guo and Macdonald 2006
P Tank et al. 2012

E Berg et al. 2007

FLietal 2013

G Spencer et al. 2012

" 'Wang et al. 2013
"Wiegner et al. 2009
"Wiegner et al. 20017

K Michaud and Wiegner 2009
L Paquay et al. 2007

MLobbes et al. 2000




Table 4. Annual yields of different carbon forms from various regions. Information includes
name, particulate organic carbon (POC) yields, dissolved organic carbon (DOC) fluxes, and
dissolved inorganic carbon (DIC) yields. Units are in g C/ m?y.

River Year CPOC flux | FPOC flux DOC flux DIC flux

Amazon River 1986 1.14 5.14 4.84 18.24
at Vargem
Grande

Yukon River at | 2001-2009 - - - 5.378
Pilot Station

MacKenzie 2000-2009 - 1.2¢ 0.9¢- 1.06" 3.74%
River at
Tsiigehtchic

Mississippi - - 0.4° 0.6° -
River

Congo - - 0.5 3.3° -
River at
Brazzaville

A Richey et al. 1990

B Tank et al. 2012

€ Telang et al. 1985

P Coynel et al. 2005 originated from data from Meybeck and Ragu [1996]
ELobbes et al. 2000
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Table 5: Predicted annual total carbon (TC) flux for the Wailuku watershed, Hawai‘i Island,
USA, as well as contributions from the different carbon forms: coarse particulate organic carbon
(CPOC), fine particulate organic carbon (FPOC), dissolved organic carbon (DOC), and dissolved
inorganic carbon (DIC). All of the models/ baselines start using the calendar year of 2022.
Climate models: 1a decrease in discharge by -10.5%, 1b decrease in stormflow by 12.1%, and Ic
decrease in baseflow by 61%; 2a increase in discharge by 17%, 2b increase in stormflow by
20.8%, 2c increase in baseflow by 104%. Modeled factors are from climate and urbanization
models for the Hilo and Onomea runoff predictions (Engott 2011). Baseflow is defined by
discharge below 3.8 m’/s, and stormflow above 3.8 m?/s, based on Q,s over the last 5 years and
supported by previous work (Wiegner et al. 2009). Units are in gC/ m? y.

Climate Model CPOC FPOC DOC DIC TC
Baseline 3.58E-4 0.102 0.478 0.787 1.368
la 3.22E-4 0.089 0.423 0.719 1.231
1b 3.28E-4 0.089 0.426 0.740 1.255
lc 2.89E-4 0.091 0.410 0.606 1.108
2a 4.21E-4 0.126 0.578 0.904 1.608
2b 4.09E-4 0.126 0.571 0.867 1.565
2c 4.77E-4 0.125 0.613 1.066 1.804
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Table 6: Monthly mean (+SE) discharge for the sample period and the 94-yr monthly average for
the Wailuku River, Hawai‘i Island, USA (USGS 2021). The sample period is from August 2021-

December 2022.
Month - Year Sample Period (m’/s) 94-yr Average (m’/s)
August - 2021 79.7 £40.1 272.5£1051.4
September - 2021 85.9 £130.0 159.3 +478.4
October - 2021 582.1 £1743.0 170.2 £403.5
November - 2021 89.8 £184.6 354.9 £983.3
December - 2021 326.6 £396.0 339.9 +880.4
January - 2022 56.6 £56.4 278.1 £1031.2
February - 2022 21.845.7 282.1 £855.8
March - 2022 55.2 £65.4 369.8 £869.0
April - 2022 232.4+146.9 348.91 £785.4
May - 2022 463.8 £951.3 202.6 £397.9
June - 2022 35.7+17.9 114.1 £283.7
July - 2022 91.2+110.4 189.3 £475.9
August - 2022 58.7 +48.8 272.5 £1051.4
September - 2022 48.7 £100.0 159.3 +478.4
October - 2022 304.8 £1273.8 170.2 £403.5
November - 2022 77.6 £153.8 354.9 +£983.3
December - 2022 208.4 £342.7 339.9 +880.4
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Figure 1: Map showing sampling site on the Wailuku River, Hawai‘i Island, USA. Location of
the USGS station no. 1670400 is located upstream from the sampling site. Data are taken from
the Hawai‘i Statewide GIS program. Rainfall data were for the Hilo International Airport and

were obtained from the NOAA National Climatic Data Center.
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Figure 2: Daily rainfall and discharge from the Wailuku River, Hawai‘i Island, USA, from
August 2021- December 2022. Rainfall (red) data were for the Hilo International Airport
(NOAA 2022). Discharge (blue) data for the Wailuku River (USGS 2022). The 94-yr daily
average (dotted black) for the river is shown (USGS 2022).
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Figure 3 (a&b): Images of the sampling site on the Wailuku River, Hawai‘i Island, USA; (a)
image during baseflow (<3.8 m’/s) on August 28, 2021, with a discharge of 2.18 m?/s, (b) image
during stormflow (>3.8 m*/s) December 6, 2021, with a discharge of 193.0 m*/s. Cutoff for

baseflow and stormflow is based on Q,s of discharge from previous work (Wiegner et al. 2009).
The study was conducted between August 2021 — December 2022. Photo Credits: Walter Boger
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Figure 4: Mean (=SE) concentrations of coarse particulate organic carbon (CPOC), fine
particulate organic carbon (FPOC), dissolved organic carbon (DOC), and dissolved inorganic
carbon (DIC) from the Wailuku River, Hawai‘i Island, USA, from August 2021- December
2023. Baseflow is defined by discharge below 3.8 m’/s, and stormflow above 3.8 m*/s, which
was based on Q,s over the last 5 years and supported by previous work (Wiegner et al. 2009).
Concentration of each carbon form was compared between base and storm flow using a t-test.
Statistical significance shown by * for 0.01 <p < 0.05; ** for 0.001 <p <0.01; *** for p <
0.001.
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Figure 5: Comparison of coarse particulate organic carbon (CPOC) composition between (a)
base- (<3.8 m%/s) and (b) stormflow conditions (>3.8 m*/s) on the Wailuku River, Hawai‘i Island,
USA, from August 2021- December 2023. Baseflow is defined by discharge below 3.8 m’/s, and
stormflow above 3.8 m?/s, which was based on Q,s over the last 5 years and supported by
previous work (Wiegner et al. 2009).
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Figure 6: Relationship between 8'"°C of fine particulate organic carbon (FPOC) and discharge for
the Wailuku River, Hawai‘i Island, USA (USGS 2022). Data were collected between August
2021 — December 2022. §°C of algae, leaves, grass, and soil represent sources for the §°C of
FPOC of the Wailuku river samples. §"°C of leaves and soil values and ranges are based on
observations from this study around the Wailuku River alongside and previous measurements
from the Hamakua Coast, Hawai‘i Island (Osher et al. 2003).
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Figure 7: Relationship between 8"°C of DIC and river discharge for the Wailuku River (USGS
2022). Data were collected between August 2021 — December 2022. §'*C of atmosphere,
chemical weathering, algae, grass, soil, and leaves are shown on figure. Values for algae, leaves,
grass, and soil are from samples collected at the sampling site, as well as from Osher et al.
(2003). Values for air are calculated using 8"*C of atmospheric CO, during this period recorded at
Mauna Loa (NOAA 2023) and the equations for 8"°C of DIC equilibrium from Quay et al.
(2003).
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Figure 8: Mean (+SE) mass ratios for FPOC:FPON and DOC:DON baseflow (<3.8 m?/s) and
stormflow (>3.8 m?/s) for the Wailuku River, Hawai‘i Island, USA, from August 2021-
December 2023. Baseflow is defined by discharge below 3.8 m?/s, and stormflow above 3.8 m’/s,
which was based on Q,5 over the last 5 years and supported by previous work (Wiegner et al.
2009). Concentration of each carbon form was compared between base and storm flow using a
Wilcoxon Rank-Sum test. Statistical significance shown by * for 0.01 < p < 0.05; ** for 0.001 <

p <0.01; *** for p < 0.001.
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Figure 9: Relationship between a) §'%0- and b) §°H- H,O and discharge for the Wailuku River,
Hawai‘i Island, USA (USGS 2022). Data were collected from August 2021- December 2022.
The linear regression model with R? and p-value between log discharge stable isotope are on
each figure.
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Figure 10: Relationships between coarse particulate organic carbon (CPOC), fine particulate
organic carbon (FPOC), dissolved organic carbon (DOC), and dissolved inorganic carbon (DIC)
and discharge for the Wailuku River, Hawai‘i Island, USA. Samples were collected from August
2021 through December 2022. Discharge data are from the Wailuku River (USGS station no.
1670400. (https://waterwatch.usgs.gov)
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Figure 11: Calculated monthly yields coarse particulate organic carbon (CPOC), fine particulate
organic carbon (FPOC), dissolved organic carbon (DOC), and dissolved inorganic carbon (DIC)
from August 2021- December 2022 on the Wailuku River, Hawai‘i Island, USA. Concentrations
of carbon forms at 15-min intervals were calculated by LOADEST regressions that relate carbon
forms’ concentrations vs. discharge (Table 2 and Figure 10).
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Figure 12: Monthly percent contribution of coarse particulate organic carbon (CPOC), fine
particulate organic carbon (FPOC), dissolved organic carbon (DOC), and dissolved inorganic
carbon (DIC) from August 2021- December 2022 on the Wailuku River, Hawai‘i Island, USA.
Percentage contributions of CPOC, FPOC, DOC, and DIC are calculated from fluxes shown in
Figure 11.
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Figure 13: Climate models’ predicted annual total carbon (TC) flux for the Wailuku watershed,
Hawai‘i Island, USA, as well as contributions from the different carbon forms: coarse particulate
organic carbon (CPOC), fine particulate organic carbon (FPOC), dissolved organic carbon
(DOC), and dissolved inorganic carbon (DIC). All of the models/ baselines start using the
calendar year of 2022. Climate models: 1a decrease in discharge by -10.5%, 1b decrease in
stormflow by 12.1%, and 1c decrease in baseflow by 61%; 2a increase in discharge by 17%, 2b
increase in stormflow by 20.8%, 2c increase in baseflow by 104%. Modeled factors are from
climate and urbanization models for the Hilo and Onomea runoff predictions (Engott 2011).
Baseflow is defined by discharge below 3.8 m’/s, and stormflow above 3.8 m?/s, which was
based on Q,5 over the last 5 years and supported by previous work (Wiegner et al. 2009). Units
are in gC m? yr'.
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Appendix I

R-Code for Statistical Test.

Attached below is the R-Code for a statistical test conducted in this study.

Hitt----

#Source

source <- read.csv(file = "source.csv"

# 180- H20

Im_model <- Im(X180.H20 ~ log10(Discharge), data = source)

equation <- paste("y =", round(coef(Im_model)[2], 4), " * log10(Discharge) + ",
round(coef(Im_model)[1], 4))

r_squared <- round(summary(Im_model)$r.squared, 4)

# 2H- H20

Im_model2 <- Im(X2H.H20 ~ log10(Discharge), data = source)

equation2 <- paste("y =", round(coef(Im_model2)[2], 4), " * logl0(Discharge) + ",
round(coef(Im_model2)[1], 4))

r_squared2 <- round(summary(lm_model2)$r.squared, 4)

# FPOC/FPON

groupl <- Source$FPOC.FPON[Source$Discharge < 3.8]
group2 <- Source$FPOC.FPON[Source$Discharge >= 3.8]
wilcox_result <- wilcox.test(group1, group2)

print(wilcox_result)
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#DOC/DON

groupl <- Source$DOC.DON][Source$Discharge < 3.8]
group2 <- Source$DOC.DON[Source$Discharge >= 3.8]
wilcox_result <- wilcox.test(group1, group2)

print(wilcox_result)

#13C-FPOC

groupl <- Source$13C.FPOC[Source$Discharge < 3.8]
group2 <- Source$13C.FPOC[Source$Discharge >= 3.8]
wilcox result <- wilcox.test(group1, group2)

print(wilcox_result)

#13C-DIC

groupl <- Source$13C.DIC[Source$Discharge < 3.8]
group2 <- Source$13C.DIC[Source$Discharge >= 3.8]
wilcox_result <- wilcox.test(group1, group2)

print(wilcox_result)

#CPOC

groupl <- loadest$CPOC[Source$Discharge < 3.8]
group?2 <- loadestSCPOC[Source$Discharge >= 3.8]
t result <- t.test(groupl, group2)

print(t_result)

59



#FPOC

groupl <- loadest$FPOC[Source$Discharge < 3.8]
group?2 <- loadest$FPOC[Source$Discharge >= 3.8]
t_result <- t.test(groupl, group2)

print(t_result)

#DOC

groupl <- loadest$DOC[Source$Discharge < 3.8]
group?2 <- loadest$DOC[Source$Discharge >= 3.8]
t result <- t.test(groupl, group2)

print(t_result)

#DIC

groupl <- loadest$DIC[Source$Discharge < 3.8]
group?2 <- loadest$DIC[Source$Discharge >= 3.8]
t result <- t.test(groupl, group2)

print(t_result)
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