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Abstract Groundwater dependent ecosystems (GDE) are increasingly recognized as critical components
of sustainable groundwater management, but are threatened by multiple drivers of environmental change.
Despite this importance, data that link drivers of hydrologic change to GDEs are scarce. This study adapts a
land-sea modeling framework by calibrating marine models with macroalgal experiments to quantitatively
assess impacts of climate and land use change on submarine groundwater discharge (SGD) and subsequent
habitat suitability for a native (Ulva lactuca) and an invasive (Hypnea musciformis) macroalgae in nearshore
GDEs in Kona, Hawai'i. Lab analyses demonstrate that while U. lactuca grows optimally in low-salinity,
high-nutrient waters, H. musciformis appears constrained to a salinity threshold and exhibits low growth

in low salinity despite high nutrient concentrations. Land-sea model results predict that while a dry future
climate (Representative Concentration Pathway 8.5 mid-century) coupled with increased urban development
will likely reduce SGD, protecting native forests may prevent further loss of SGD quantity. This prevention
thus partially mitigates the decline in habitat suitability of U. lactuca due to the combined effects of climate
and land use change. Findings also suggest that, in contrast to the native U. lactuca, reductions in SGD may
favor H. musciformis growth if introduced to Kona. Collectively, this study demonstrates the importance of
considering multiple drivers of environmental change on GDESs. This study bridges experiments with models
to spatially map changes in species abundance beyond their current habitat conditions, and thus informs
management actions that can explicitly incorporate future human and climate-related impacts.

1. Introduction

There is a growing global need to incorporate the protection and restoration of groundwater dependent ecosystems
(GDEs) into groundwater management and policy (Burnett et al., 2020; Elshall et al., 2020; Klgve et al., 2014;
Rohde et al., 2017; Wada et al., 2020). GDEs encompass a wide range of systems, including anchialine pools,
coastal springs, water caves, indigenous aquaculture systems, and coral reefs, which all often have high cultural
and ecological value (Eamus & Froend, 2006; Gibson et al., 2022). Although varied, these systems are highly
adapted to and dependent on low-salinity and optimal-nutrient subsidies from submarine groundwater discharge
(SGD; Cantonati et al., 2020; Dulai et al., 2021). Via this “invisible pathway,” SGD transports terrestrial ground-
water to the coastline in both diffuse and discrete (point source) manners (e.g., Duarte et al., 2010; Taniguchi
et al., 2019). The quantity and quality of the SGD that flow into these GDEs, however, is impacted by multiple
interacting drivers of environmental change (Boulton, 2020; Dulai et al., 2021; Taniguchi et al., 2019). Threats
from climate change and land use on water resources have great potential to rapidly affect GDEs, especially
in hydrologically permeable settings with shallow coastal aquifers like the Hawaiian Islands and other Pacific
Islands (Nunn et al., 2016).

As an important component of nearshore ecosystems, diverse marine macroalgae are conspicuous indicators
of GDE health (Duarte et al., 2010). In extreme cases when nutrient inputs are elevated to unsuitable levels
(associated with land-based sources of pollution such as wastewater mismanagement and excessive agricultural
inputs), invasive growth blooms can occur (Amato et al., 2018, 2020; Dailer et al., 2010; Smith et al., 2002).
These growth blooms can have deleterious effects on GDEs and their associated native species, and often smother
coral reefs (Conklin & Smith, 2005; Smith et al., 2002). This can lead to the deterioration of a reef's structure,
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resulting in a further loss of biodiversity (e.g., Lapointe, 1997; Rosado-Torres et al., 2019). Although a majority
of macroalgae species are intolerant of freshwater (Dulai et al., 2021), some native species are highly adapted
to low salinity and elevated nutrients associated with SGD (Amato et al., 2018; Dulai et al., 2021; Huisman
et al., 2007). The complex integration of both nutrients (bottom-up control; resource availability) and herbivores
(top-down control; predator actions) plays an important role in coastal ecosystems (Littler et al., 2006; Smith
et al., 2001, 2010) as coastal waters experience near continuous eutrophication while herbivorous fish stocks are
in historic decline. Many coastal communities are forced to seek mitigation for these negative effects of changing
land use and sources of pollution. Invasive algal blooms have been seen across the world in, for example, Florida,
Jamaica, and Bermuda (e.g., Bell, 1992; Lapointe, 1997; Lapointe & O’Connell, 1989). Most of these regions are
heavily influenced by SGD, which transports anthropogenic nutrient-enriched waters to the coastline, allowing
algae to grow rapidly.

In Hawai‘i, native algal species (known in the Hawaiian language as limu), such as Ulva lactuca (limu palahalaha),
inhabit SGD-influenced systems (Amato et al., 2016; Huisman et al., 2007), have high cultural value as traditional
food sources (Abbott, 1978; Abbott & Shimazu, 1985; Abbott & Williamson, 1974; Duarte et al., 2010), and
are commonly eaten by native fish (S. Chulakote, personal communication, 27 September 2022). Invasive algal
species, such as Hypnea musciformis, however, threaten native species by smothering healthy coastal ecosystems.
For example, blooms of these co-occurring species on Maui have resulted in an estimated $20 million per annum
cost in lost revenue (Dailer et al., 2010; Smith et al., 2002; Van Beukering & Cesar, 2004). This study therefore
seeks to directly test and better understand the potential role of nutrient-rich SGD conditions in facilitating (or
preventing) the invasion of Kona by the well-known, highly invasive, H. musciformis (Williams & Smith, 2007).
Changes in SGD quantity and quality can modify conditions to favor invasive algae growth, which may cause
significant disturbances to GDEs (Dailer et al., 2010; Stamoulis et al., 2017). With the social-ecological importance
of GDEs coupled with increasing development pressure and a drying climate (Elison Timm et al., 2015; Fukunaga
& Associates, Inc., 2017; Gibson et al., 2022), the Keauhou aquifer, located on the west coast of Hawai'i Island, has
become a pertinent aquifer when discussing how water and land management influence these important resources.

This work combines lab and field data with stacked land-sea modeling to assess the combined impact of salinity,
nutrients, and temperature on the growth and distribution of two important macroalgae species—the culturally and
ecologically important U. lactuca and the broadly distributed, highly invasive H. musciformis. Typically, species
distribution models use field data to calibrate, predict, and validate the range of current species occurrence. This,
however, impedes the study's ability to extrapolate species distribution to environmental conditions outside those
within the sample space and time (Elith & Leathwick, 2013). This work, therefore, assesses the possibility of H.
musciformis invasion beyond its current distributional range by leveraging lab data to predict where this invasive
species can potentially settle and increase along the Kona coastline if introduced to Hawai'i Island.

In this study, a ridge-to-reef framework (Delevaux et al., 2018) is adapted to the Keauhou aquifer as an archetype
system to examine how environmental drivers, impacted by climate change and human activities, may influ-
ence SGD quantity and quality, and links these drivers to the growth distribution of macroalgae. Specifically,
we assess: (a) the relative influence of a dry future climate (Representative Concentration Pathway (RCP) 8.5
mid-century), future urban development, and native forest conversion scenarios on nearshore water quality; and
(b) how these changes could impact the spatial distribution and abundance of U. lactuca and H. musciformis. In
sum, this novel study expands the predictive range of a land-sea modeling framework by using manipulative lab
experiments, validated with field data, to forecast the impact of land use and climate change on both culturally
important and highly invasive algal species in tropical environments. This study exemplifies stakeholder-driven
science aimed to highlight and protect GDEs in the context of the public trust doctrine in Hawai'i. Various
resource managers are now working to better understand the links between changes in water quality, quantity and
GDE health, including use of indicator algal species (Adler & Ranney, 2018).

2. Materials and Methods
2.1. Study Site

The Keauhou aquifer (426 km?) is located in the north Kona district on the western coast of Hawai'i Island, and
encompasses the southern flank of Hualalai volcano (Figure 1a). The Keauhou aquifer is hydrogeologically
complex, where groundwater occurs as a thin freshwater lens near the coast and a high-level aquifer located
approximately 6 km inland (e.g., Fackrell et al., 2020; Oki, 1999; Okuhata et al., 2021). A hydrogeologic structure,

OKUHATA ET AL.

20f 19

85U017 SUOWILLIOD 8AIERID 3|qeal|dde au Aq peusenob ase SajoiLe YO ‘88N Jo s8N Joj Aelg1 8ulUQO /8|1 UO (SUOIIPUCD-PUE-SWLB)/L0D A8 | IM"Ake.q 1 [pul [UO;/:SdL) SUOTIPUOD pue SW.e | 8y} 89S *[£20z/20/6T] U0 Akeiq1Tauljuo A8|IM ‘E6SE0MMEZ0Z/620T 0T/10pwod Ao | m Aselq puljuo'sgndnBe//:sdny woiy pepeojumod ‘. ‘€202 ‘SL6. 76T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research

10.1029/2023WR034593

(@

basal
aquifer

Hualalai

GW model domain

[ Keauhou aquifer
== high-low divide

10 ,&
N

C—Jkm

@ well measurement
/A SGD measurement
== high-low divide

[0 Keauhou aquifer

=Kl
P 7

Hawai'i

Island

B3 MwQ model domain &

(c)

algae field survey site
algae model domain
GW pourpoint
high-low head divide
Keauhou aquifer

Figure 1. (a) Study site area; (b) Groundwater (GW) and marine water quality (MWQ) model domains and measured calibration points; (c) GW pourpoints, locations
of nine algae survey sites in relation to SGD plumes, and algae model domain; (d) Ulva lactuca sample; (e) Hypnea musciformis sample.

referred to as the high-low head divide, is believed to exist within the subsurface and provides a partial barrier
for groundwater flow from the high-level aquifer to the basal lens (Oki, 1999). The thin freshwater lens, referred
to as the basal aquifer (150 km?2), is characterized by low head levels and is thought to be fed by local recharge
and groundwater flow from the high-level aquifer. The basal lens feeds numerous coastal brackish SGD springs
(Figure 1b) which have varying discharge rates that range from a few hundred to thousands of cubic meters per
day. The locations and approximate discharge rates of the SGD springs were previously determined by Johnson
et al. (2008) using aerial thermal infrared imagery in combination with geochemical tracer quantification of SGD.

Downstream, the dominant benthic substrate is narrow fringing reefs, with generally high coral cover due
to low wave action (Delevaux et al., 2018; Smith et al., 2016). The nearshore coast of Kona comprises a
reef region, where biota are particularly well represented with large areas of aggregated coral and colonized
volcanic rocks with boulders (Analytical Laboratories of Hawai'i, no date). Large regions of sandy substrate
and smaller areas with native seagrass also form major habitat types. Macroalgal growth along the Kona coast
is most common in the rocky intertidal zone (Figure 1c) where herbivory is limited by wave action or geologic
barriers (i.e., cliffs, tidepools). Along the Keauhou coastline (and across the State of Hawai'i), a native alga,
U. lactuca (Figure 1d), is a dominant constituent of the algal community, particularly near SGD springs.
Comparatively, the aggressive invasive species, H. musciformis (Figure le; Williams & Smith, 2007), is not
currently found on Hawai'i Island (Smith et al., 2002), but may have a devastating impact on the native algae
and coral distributions if it were to spread from the nearby island, Maui. Below the tide line and outside the
protected tide pools, most macroalgal growth is controlled by herbivore pressure and limited nutrients (Smith
et al., 2001), thus herbivore resistant turf and crustose algal forms are more commonly observed in deeper
waters.

The Keauhou aquifer, particularly land area overlying the upland high-level aquifer, contains large tracts of native
forest, much of which is threatened by higher-water-use invasive plant species or by conversion to non-native
grasslands through overgrazing or fire (Bremer et al., 2021). Given the importance of watershed management
for groundwater resources and biodiversity conservation, a number of conservation organizations work to protect
these native forests. Recently, the Hawai‘i Department of Water Supply commissioned a study to evaluate the
areas where watershed protection strategies would yield the most benefits for groundwater recharge. It was found
that over 50 years, forest protection could save up to 6.1 million m? of fresh water across the Keauhou and
Kealakekua aquifers (Bremer et al., 2021). Additionally, development in the region overlying the coastal Keau-
hou aquifer is continuously expanding, where approximately 28% of the land is currently classified as urban
development and approximately 38.4 km? of land has been granted permits for future development (Fukunaga &
Associates, Inc., 2017; National Oceanic and Atmospheric Administration, 2006).
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Figure 2. Overview of the parallel work streams (black vs. gray arrows) of the adapted ridge-to-reef framework. (a) Scenario
coverages were applied to the baseline models to yield (b) groundwater and (c) marine water quality results and (d) predict
the spatial distribution of U. lactuca and H. musciformis under the various scenario assumptions. (¢) Manipulative algal
growth experiments were used to characterize the (f) regression models, which were used to (d) predict the spatial distribution
of U. lactuca and H. musciformis. (g) Field surveys were used to validate the modeled distribution of U. lactuca.

2.2. Project Framework

This study adapted and applied a ridge-to-reef framework (Delevaux et al., 2018), which follows two paral-
lel workflows that combine groundwater (GW), marine water quality (MWQ), and marine biomass predictive
models to assess the impact of management scenarios. In the first workflow (following the black arrows in
Figure 2), land use and climate change scenarios pertinent to this study area were developed to examine potential
futures for climate, urban development, and native forest protection (further described in Section 2.3). These
scenarios were applied to a previously developed groundwater model (Okuhata et al., 2021) to simulate ground-
water flow, salinity, temperature, and nutrient concentrations, which were diffused at the coast with depth and
wave power to generate MWQ results for each new management scenario.

In the second workflow (following the gray arrows in Figure 2), the framework was augmented by designing
lab-based manipulative algal growth experiments to calibrate a new marine spatial predictive model. The spatial
predictive model was then used to characterize the response of U. lactuca and H. musciformis biomass to change
in SGD conditions (i.e., nutrients, salinity, and temperature) and predict the range of suitable habitat along the
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Table 1
Generalized Descriptions of Each Modeled Scenario
# Scenario name Climate Development Forest
0 Baseline Current climate Current development Existing native forest
1 Climate change Future (RCP 8.5 mid-century) Current development Existing native forest
2 Urban development Future (RCP 8.5 mid-century) Permitted development® Existing native forest
3 Native forest conversion + Urban development Future (RCP 8.5 mid century) Permitted development® Forest invasion

Permitted development includes an increase in wastewater effluent that is assumed to be treated in the Kealakehe Wastewater Treatment Plant.

Keauhou coast as a result of the study-pertinent scenarios. Field surveys were used to ground-truth the current
modeled distribution of U. lactuca and to gain confidence while extrapolating the lab data to the modeled change
in U. lactuca and H. musciformis distribution.

2.3. Climate and Land Use Change Scenarios

Future scenarios developed for this study aim to project the relative influence of climate change, urban develop-
ment, and native forest conversion on groundwater quantity and quality, coastal water quality, and algal growth and
spatial distribution (Table 1). The urban development and native forest protection scenarios were co-developed
with land and water management stakeholders in the Kona region (see Bremer et al., 2021; Wada et al., 2021).

Scenario 0 (Baseline) assumes current land use (; State of Hawai'i, 2022) combined with the most up-to-date
groundwater recharge conditions (1984-2008 period; Engott, 2011) and groundwater withdrawal rates
(1990-2017; Commission on Water Resource Management, unpublished data, 2018). See Okuhata et al. (2021)
for full description of the baseline groundwater model scenario.

Scenario 1 (Climate Change) assumes current land use with a dry future climate (RCP 8.5 mid-century rainfall
projections; Elison Timm et al., 2015). Future groundwater recharge was calculated as:

Gr = (Rc — Rr) X 0.45 + G¢ (1)

where G = future groundwater recharge, R = current rainfall (Giambelluca et al., 2013), R = future rainfall
(RCP 8.5 mid-century; Giambelluca et al., 2013), and G = current groundwater recharge. The change in rainfall
is translated to recharge using the USGS recharge to rainfall ratio (0.45) for the Keauhou aquifer (Engott, 2011).
Although RCP 8.5 was initially considered an extreme scenario, we are already projected to overshoot this
scenario based on current emissions (Schwalm et al., 2020). As such, the baseline climate is used as a low-range
potential future climate and RCP. 8.5 mid-century as a mid-to upper-range climate projection.

Scenario 2 (Urban Development) assumes RCP 8.5 mid-century rainfall conditions (as in Scenario 1), but
also evaluates the impact of future permitted development (which includes an increased water demand of
64,080 m3/d (Fukunaga & Associates, Inc., 2017)). Under this scenario, it is assumed that existing native forests
within the Keauhou aquifer, which have substantial fog interception, are protected from the invasion of either
higher-water-use canopy species or from conversion to non-native grassland areas.

Scenario 3 (Native Forest Conversion + Urban Development) assumes RCP 8.5 mid-century rainfall conditions
and future permitted development (as in Scenario 2), but assumes that native forests are not protected. Under this
scenario, non-native forests are assumed to expand at a 5% rate in lower elevation areas, and non-native grass-
lands are assumed to expand at a 2% rate in higher elevation areas (Bremer et al., 2021). While ecohydrology data
are limited in Hawai‘i, available data suggests that a typical invasive canopy species (strawberry guava; Psidium
cattleianum) have higher evapotranspiration rates than a typical native forest species (‘Ohia lehua; Metrosideros
polymorpha) (Giambelluca et al., 2014), and that forests capture more fog drip than grasslands in areas above
~760 m elevation (Engott, 2011). These land cover changes were translated into recharge using a water balance
approach where the avoided loss of freshwater yield was modeled as the sum of the avoided increase in actual
evapotranspiration (AET) and the avoided loss of fog interception. AET without forest protection used a regres-
sion approach (Wada et al., 2017), which includes a large spatial dataset of current annual AET and a series of
climatic and vegetation predictor variables across Hawai‘i Island. Changes in fog interception above ~760 m
were modeled following Engott (2011) (see Supporting Information S1 — Section 1).
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2.4. Groundwater Model Development

This study used a three-dimensional, density-dependent, multi-species numerical groundwater model previously
developed by Okuhata et al. (2021) using the program SEAWAT (Langevin et al., 2008), which ran in transient
mode. The new climate and land use change scenarios pertinent to this study were applied to the groundwater
model to simulate groundwater flow, salinity, temperature, and nutrient concentrations, which served as the
foundation of the first project workflow. Specific details regarding model development can be found in Okuhata
et al. (2021) and Wada et al. (2021). Briefly, the model domain spans across the basal Keauhou aquifer and
further offshore, with a top elevation that follows topography and bathymetry, and a bottom elevation of 550 m
below msl. For this particular study, the model grid was refined around coastal spring locations for better accu-
racy (107,991 cells total). The horizontal span of the grid cells therefore range from 40 to 490 m.

The top of the inland model domain was assigned recharge values based on the USGS Hawai'i Island water
budget model (Engott, 2011). The ocean floor was assigned a general head (i.e., head dependent) boundary
condition with a conductance of 1 m%d/m? and salinity of 35 ppt (Okuhata et al., 2021). Coastal springs were
simulated as point drains (i.e., head-dependent sinks) and therefore assigned conductance values proportional to
measured discharge rates (Okuhata et al., 2021). The top two layers of the eastern model boundary were assigned
a specified flow value of 388,399 m3d to represent groundwater flux from the high-level aquifer. This value
was determined based on recharge calculations from Engott (2011) and also considers the reported volume of
groundwater withdrawn from high-level pumping wells (16,310 m?/d) to accommodate the current water demand
(Commission on Water Resource Management, unpublished data, 2018). The specified flow assigned to the east-
ern boundary condition for each scenario considered the increased pumping to account for future water demands
(64,080 m?/d) as well as the reduced recharge from the upland Keauhou aquifer according to climate change and
forest protection assumptions. This boundary condition was also assigned salinity, nitrogen (N) and phosphorus
(P) concentrations of 0.26 ppt, 1.0 mg/L, and 0.1 mg/L, respectively, based on high-level aquifer well measure-
ments (Okuhata et al., 2021). The flux concentrations were held constant for all scenarios.

Land use was divided into three main categories: natural background (including forests, shrublands and pastures),
golf courses (State of Hawai'i, 2022), and urban development, which was further divided into three intensity
levels (low, medium, high; ). Each land use category and intensity level was assigned an annual recharge nutrient
concentration (refer to Table 1 in Okuhata et al., 2021). The Kealakehe Wastewater Treatment Plant (WWTP)
currently receives approximately 6,400 m?* of sewage per day, which is treated and disposed into a percolation
basin that eventually discharges into the ocean (e.g., Wilson Okamoto Corporation, 2019; Wada et al., 2021).
There are approximately 7,400 onsite sewage disposal system (OSDS) units installed within the study area, and
84% of those units are cesspools (State of Hawai'i, 2022; Whittier & El-Kadi, 2014). On average, N and P concen-
trations are 60.5 mg/L and 16.5 mg/L, respectively, in wastewater effluent released from cesspools (Whittier &
El-Kadi, 2009). Further details regarding land use, development, and wastewater infrastructure can be found in
Supporting Information S1 - Section 1.

The model includes 35 pumping wells with average withdrawal rates that range from six to 17,000 m3/d. Pump-
ing rates were documented from 1990 to 2017 and obtained from the State of Hawai'i’s Commission on Water
Resource Management (CWRM). The model was calibrated with 54 water levels from wells measured by
CWRM between 1944 and 2008. Salinity, N and P concentrations were calibrated with 20 well measurements
(Tachera, 2021) and 13 SGD plume measurements (H. Dulai, University of Hawai'i at Manoa, unpublished data,
2019) (Figure 1b). The model was further calibrated using two years (12/1/2019—2/28/2021) of tidal data from
the Kawaihae station (National Oceanic and Atmospheric Administration, 2021). Simulated transient salinities
were calibrated against transient salinities measurements collected during the same time period (H. Dulai, Univer-
sity of Hawai'i at Manoa, unpublished data, 2021). It is important to note that the measured coastal conditions
were obtained from a single SGD plume location, and therefore is not representative of all plume conditions, thus
explaining some of the observed mismatch. This is most notable with the temperature calibrations, particularly
in areas surrounding the Kealakehe WWTP, where the wastewater likely influences measured temperatures. The
simulated and measured results can be found in Supporting Information S1—Section 2. An additional identical
numerical model was used to simulate groundwater temperatures. Based on ocean water samples, the nearshore
ocean floor boundary was assigned a temperature of 27°C. The OSDS and WWTP points were assigned a typical
wastewater temperature of 25°C (Babcock et al., 2004). Recharge was assigned a temperature of 22°C based on
groundwater measurements sampled near the water table, and the eastern boundary condition was assigned a
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temperature of 21°C based on average temperatures measured from high-level pumping wells. To aid in reducing
computational expense, salinity was the only other parameter assigned to this temperature model, which served
as an additional calibration parameter and common factor to integrate the two simulated models.

2.5. Marine Water Quality Model Development

The modeled SGD and associated nutrient loads from each SGD plume (referred to as pourpoints, Figure 1)
were diffused into the marine environment using a previously developed MWQ model (Delevaux et al., 2018;
Wada et al., 2021). The water quality model implements a non-linear decay function up to 1.2 km offshore (Knee
et al., 2010) and incorporates the impedance of moving planimetrically through water with a composite of two
marine drivers known to affect diffusion (depth (m) and wave power (KW/m)) (Fabricius, 2005; Yu et al., 2003)
(see Equation 2). The offshore threshold was based on aerial thermal infrared imagery measurement (Johnson
et al., 2008) representing the offshore extent of the cold groundwater plumes from the study site and consultation
with local experts.

N; = n x e(=</%) 2)

where N; = Grid cell value for diffused submarine groundwater discharge (m*/week) and nutrients flux (kg/
week) per pourpoint i, n = Submarine groundwater discharge volume (m3/week) and nutrient load (kg/week) at
each pourpoint (obtained from the GW model), ¢ = diffusion factor layer value at each grid cell (unitless), and
D, = distance threshold from the shore for each pourpoint (set to 1.2 km).

Then, all the individual groundwater and nutrient plumes from each pourpoint were summed to obtain the aggre-
gated SGD and nutrient plume at the study site scale, per management scenario. It should also be noted that the
locations of MWQ results are predetermined based on the simulated SGD plumes. Therefore, the lack of results
along some sections of the coastline does not mean that nutrients are unable to enter the ocean in these areas.
This model poses several limitations. It is a diffusive approach that accounts for wrapping around coastal features,
but does not capture the nearshore advection forces that push SGD or nutrients in specific directions (Halpern
et al., 2008). The model was applied at the weekly scale to align with the length of the lab experiments (further
discussed in Section 2.6.1). To link the MWQ model to the algae experiment, we divided the weekly nutrient
loads (kg/week) converted to grams per week by the weekly SGD (m?) to obtain the nutrient concentrations
(g/m3) of water discharging into the marine environment.

2.6. Algae Predictive Modeling
2.6.1. Manipulative Experiments

To adequately predict the effects of environmental change at a fine-scale local ecosystem level, it was important
to first define important relationships between the ecosystem and the physiological traits of the organisms that
thrive within its parameters. Through manipulative experiments on two relevant algal species (H. musciformis
and U. lactuca), the physiological attributes of these organisms are described and compared in the context of an
SGD gradient from oceanic to groundwater seep conditions, and the predicted outcomes of these two species are
assessed within the framework of known climate change threats.

Eight iterations of the experiment were conducted from September—November 2021. Each iteration ran as follows:
Six individual plants of H. musciformis and U. lactuca were collected during a negative low tide at Wawamalu,
O'ahu, and were immediately transported in seawater to the Marine Macrophyte Lab greenhouse at the Univer-
sity of Hawai'i at Manoa. All plants were kept in approximately 2 L of unfiltered seawater in 10 L aquaria for
8 days in a partially shaded outdoor area to acclimate and draw down internal nutrient supplies following Dailer
et al. (2012). Tanks were aerated, covered with clear plastic lids, and periodically checked for salinity changes;
seawater was not changed during the drawdown phase. The day before the start of the experiment, algae were
sectioned into four replicate pieces, each 0.28-0.3 g in wet weight using a Sartorius TE214S digital analytical
balance (precision to 0.0001 g; Sartorius AG, Gottingen, Germany), and returned to the aquaria.

The experiment commenced the following morning at 08:00 with photographs, rapid light curves (RLCs) meas-
uring photosynthetic efficiency, and wet weighing of each individual (24 per species). Randomly chosen repli-
cates were patted dry with paper towel three times and weighed with the Sartorius TE214S balance then placed
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Table 2 in individual jars with 700 mL of seawater at the correct dilution for each
Salinity and Nutrient Concentrations for Experimental Algal Treatments treatment. Treatments consisted of paired salinity and nutrient concentra-
. tions to simulate a gradient from coastal ocean to coastal spring conditions
Water quality ) ) > . : ) .
parameter 0 1 2 25 3 4 with decreasing salinity ranging from 35 to 11 ppt and increasing nitrate
. ranging from 14 to 80 pmol (Table 2). These values (as well as phosphate
Salinity (%o) 35 35 28 28 18 11
and temperature) follow Johnson et al. (2008) results from naturally occur-
Nitrate (pmol) Ls 143271 529 529 800 1o Kona SGD inputs. Seawater was pre-filtered with a 0.22 pm Millepore
Phosphate (pmol) 0005 0.005 0.5 1.64 164 379  Stericup® filtration system (Millepore Sigma, Darmstadt, Germany), diluted
Note. All treatments were run at ~20, 27, and 30°C. with deionized water to achieve the various salinities, and stored in 20 L

carboys. After all replicates were placed in jars, each received the appropri-

ate inoculation of nitrate and phosphate (Table 2) and were equipped with
air tubes that gently agitated and aerated the water. For simplicity in the text, we refer to these combined nitrate/
phosphate inoculations as “nitrate” (N). Eight jars were nested in clear, plastic, water-filled bins, and were raised
on plastic egg crates above 500-W titanium aquarium heaters (Finnex TH-05005; Illinois, USA). Three daytime
temperatures (~20, 27, 30°C) were maintained within the bins from 06:00 to 18:30 every day during the exper-
iment. Evening and nighttime temperatures dropped to ambient (~17-20°C) in the air-conditioned greenhouse.
Bins were arranged side-by-side under a PVC pipe structure covered in one layer of light-colored shade-cloth
that reduced ambient irradiance by ~50% with minimal obstruction. Water changes and fresh inoculations were
done every 2 days and to avoid bin effects, each set of jars was moved counterclockwise to the adjacent bin and
their positions within the bins were shifted from front to back. Bin temperatures were adjusted accordingly. Wet
weight was subsequently measured on the fifth and ninth days, which concluded the experimental run and yielded
a total of two replicates per treatment/temperature combination. The entire process was repeated seven times with
a final total of 16 replicates.

Wet weight was recorded and growth rate percent was calculated using the equation:
(wy = wi)/wi) x 100 (3)

where f = final and i = initial wet weight (w). This equation is commonly used (Dailer et al., 2010) and eliminates
the need for assumptions of steady or exponential growth because these parameters have not been well docu-
mented in U. lactuca or H. musciformis (Lobban and Harrison, 1994).

Growth data were analyzed by species using linear mixed-effects model packages Ime4 and ImerTest in R
Statistical Software (v2021.09.0 R Core Team). Graphs were plotted using the ggplot2 package (v3.3.6,
Wickham, 2016). The model formula specified treatment and temperature as fixed effects and run (to account for
irradiance changes over time), RLC order (final processing order), lunar phase (affecting U. lactuca only), and
plant ID (inherent plant variability) as random effects. The best model fit for U. lactuca included plant ID, lunar
phase, and run as random effects whereas plant ID, run, and RLC order provided the best fit for H. musciformis
(Barr et al., 2013), and in each case avoided issues of singularity. Bartlett's test was used to check for equal vari-
ance, and Welch's Analysis of Variance (ANOVA) was used for significance testing. Subsequently, ad hoc pair-
wise comparisons using the Games Howell test were run (where appropriate) to identify significant differences
between the treatments.

After identifying important knowledge gaps in the dataset, the experiment was repeated but focused on two new
treatments (Treatment O: 35 ppt/0.5 pmol N and Treatment 2.5: 28 ppt/53 pmol N) at the three temperatures.
For this iteration, 48 plants of each species were collected, acclimated, and one 0.28-0.30 g piece per plant was
placed in 700 mL of seawater to commence the experiment as described above. Data were added to and analyzed
with the original dataset. Several U. lactuca replicates in treatment 2.5 (Table 2) experienced significant tissue
sloughing, likely due to reproduction, and thus this treatment was omitted from the analysis.

2.6.2. Macroalgal Spatial Predictive Modeling—Calibration

Boosted regression trees were calibrated to derive the relationship between change in algae weight and environ-
mental drivers in these SGD simulations (salinity, temperature, N and P, Table 2) (Elith & Leathwick, 2013).
Two separate models were calibrated, one for U. lactuca and one for H. musciformis, to determine the most
influential SGD associated drivers (among the simultaneously tested drivers) and characterize the relationships
between the modeled algae and the SGD drivers using response curves. The change in biomass of U. lactuca and
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H. musciformis measured during the manipulative experiments were used as the response variables and a square
root transformation was applied to improve the normality of the response variable distributions. The boosted
regression trees were run using a Gaussian (normal) distribution given the continuous nature of the response
variables. The calibration (training) and cross-validation (CV) percent deviance explained (PDE) were used as
metrics of model performance (U. lactuca Training PDE: 21.2% and CV PDE: 18.5%; H. musciformis Training
PDE: 23.2% and CV PDE: 15.0%). The two predictive models were used to predict the spatial change in habitat
suitability of U. lactuca and H. musciformis across the study area following the development of the groundwater
and MWQ models.

2.6.3. Macroalgal Spatial Predictive Modeling—Scenario Application

The two calibrated predictive models were applied to spatially extrapolate the change in habitat suitability of U.
lactuca and H. musciformis across the study area by using the modeled SGD drivers under current conditions and
each future scenario. These geospatial predictors (60 m X 60 m) were the outputs of the groundwater and MWQ
models. Salinity and temperature were derived from the groundwater model and the nitrogen and phosphorus
concentrations were derived from the MWQ models. The current distribution of both algal species were mapped
using the predictive models and the field data for U. lactuca was used to validate the U. lactuca model. The H. musci-
formis model could not be ground-truthed because it is not currently present within the study area. After mapping the
predicted biomass of both species under each scenario, the area (ha) where U. lactuca biomass is likely to increase or
decrease, and the area where H. musciformis biomass could increase if introduced to Hawai'i Island, were computed.

2.6.4. Macroalgal Spatial Predictive Modeling—Field Validation

To validate the predicted habitat suitability of U. lactuca, the percent cover of U. lactuca was quantified in the
field using a quadrat-based point-intercept method (Figure 2g). Based on the known locations of major SGD
plumes (Johnson et al., 2008) simulated in the models, seven SGD-influenced sites and two non-SGD sites
were selected for 10-m transect surveys to analyze benthic cover along the Keauhou coastline. To establish the
transect surveys, GPS start points were generated at four distance strata from known SGD plume locations (for
SGD-influenced sites: 0-20 m, 20-50 m, 50-200 m, and 200-500 m) and three stratified depths (intertidal,
0-2 m, and 2-5 m). If U. lactuca was present, adjacent start points were moved within the appropriate depth
and distance strata to include the U. lactuca patch and a new GPS point was recorded. Five to 10 transects were
surveyed per site depending on logistics and site conditions. At the 2—-5 m strata, presence of U. lactuca was not
expected, thus photo surveys were instead conducted to note the absence of U. lactuca and the characteristics
of the surrounding environment. Benthic cover data was gathered within 0.25 m? quadrats placed at 1 m inter-
vals on alternating sides of the transect tape, with 16 classification points per quadrat (Stamoulis et al., 2017).
As predicted, H. musciformis was not observed in the field. Additional information regarding field methods
are provided in Supporting Information S1—Section 3. To validate the U. lactuca model, the predicted change
in habitat suitability values at each survey site were extracted, and the modeled values were compared to the
observed percent cover using a linear regression analysis (with p-values).

3. Results and Discussion
3.1. Baseline Land-Sea Modeling
3.1.1. Algae Manipulative Experiment Results for Simulated SGD

Ulva lactuca growth increased with increasing proximity to simulated SGD pourpoint conditions. The highest
mean 8-day growth rate (50.0%) occurred in the treatment with the largest increase in nutrients (80 pmol N)
paired with the largest decrease in salinity (11 ppt), regardless of temperature (Figure 3a). Significant differences
in U. lactuca growth rates were found, in particular, between the oligotrophic 35 ppt/0.5 pmol N treatment and
all other treatments (p < 0.01) and between the 35 ppt/14 pmol N and 11 ppt/80 pmol N treatments (p = 0.02).
Temperature did not have a significant effect on growth (p = 0.85). Further details of the statistical analysis can
be found in Supporting Information S1—Section 4.

In general, H. musciformis growth decreased with proximity to simulated SGD pourpoint conditions, although
the relationship was more complex. Two treatments had virtually the same 8-day mean growth rates and were the
highest among all treatments (35 ppt/14 pmol N [35.3%] and 28 ppt/53 pmol N [34.6%]; Figure 3b). We deter-
mined that salinity was a major factor in H. musciformis growth when we paired 28 ppt salinity (as in treatment
2) with 53 pmol N (as in treatment 3). The mean growth rate for this new treatment (treatment 2.5; 34.6%) was
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Figure 3. Boxplot of 8-day growth rate by treatment for (a) Ulva lactuca and (b) Hypnea musciformis. Mean of salinity/nutrient treatments indicated by black dots.
Significance results of pairwise comparisons denoted (a, B, C) with reported mean value above individual boxes. X-axis labels represent salinity in parts per thousand
(ppt) and amount of nitrate in pmols. Colored data points represent temperature and the purple horizontal line indicates zero growth.

statistically higher than that of both treatments 2 (p = 0.05; 19.9%) and 3 (p = 0.005; 23.8%). When salinity
decreased to 18 ppt and below, the mean growth rate of H. musciformis decreased, even with an increase in
nutrients (Figure 3b). As with U. lactuca, the effect of temperature on the growth rate of H. musciformis was not
significant (p = 0.27). Additional studies are underway to clarify the non-linear relationship with nutrients-SGD
conditions to aid model interpretation.

3.1.2. Influences of SGD Quality on Ulva lactuca and Hypnea musciformis Growth

Ulva lactuca and H. musciformis had similar mean 8-day growth rates—30.6% and 35.3%, respectively— in full
oceanic salinity (35 ppt) with modestly elevated nutrients (14 pmol N). Ulva lactuca, however, demonstrated
higher growth rates in conditions similar to groundwater seeps (treatment 4). After 8 days, the mean biomass
increase in U. lactuca was 50.0%. This suggests that this native species is adapted to thrive along Hawai'i’s coast-
lines where abundant SGD springs decrease coastal salinity and increase nutrient concentrations.

In contrast, growth rates of H. musciformis declined with decreasing salinity despite increasing nutrient concen-
trations. With a moderate salinity decrease from 35 to 28 ppt and a near double increase in nitrate (14—27 pmol N),
H. musciformis mean growth significantly declined from 35.3% to 19.9% (p = <0.001). The nitrate concentration
needed to bring the 28 ppt growth rate back in range with the 35 ppt growth rate, was more than three times
greater (from 14 to 53 pmol N). These results suggest that SGD-dominated conditions are unsuitable for this
invasive species but also indicate that it would grow adequately in Kona if coastal salinities were to increase to
28 ppt, assuming the nutrient inputs also remained adequately high. Based on these data, the likely mean growth
rate for U. lactuca at 28 ppt/53 pmol N would be between 38.1% and 45.4% and would still be higher than that
of H. musciformis (34.6%). This is important because conditions reverse, in favor of H. musciformis, as salinity
increases above 28 ppt, and these conditions are likely to occur off the coast where SGD waters mix with ocean
water. Similar patterns were observed in regions of Maui where H. musciformis grew in bloom conditions off
the coast, impacting the nearshore zones (Dailer et al., 2010). Our results are a clear indication that algal phys-
iological characteristics are important factors in determining species-specific distributions in SGD-influenced
ecosystems and highlight native species vulnerability to changes in ecosystem parameters.

3.1.3. Ulva lactuca and Hypnea musciformis Model Calibration

The U. lactuca and H. musciformis regression models, which describe the relationship between the environmental
drivers and change in algae weight, were calibrated using data from the manipulative experiments. Ulva lactuca
demonstrated a positive, linear growth rate with decreasing salinity and increasing N concentrations (Figure 4a).
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Figure 4. Regression modeling response curves for (a) Ulva lactuca and (b) Hypnea musciformis with respect to the modeled
parameters: salinity, temperature, nitrogen, phosphorus. Temperature and phosphorus curves are not shown for U. lactuca
because those two parameters were not important predictors of the U. lactuca model. Percentages represent the relative
predictive importance of each parameter. Dashed purple horizontal line indicates zero growth.

Results from the regression model suggest that temperature and P are not important predictors for U. lactuca. For
H. musciformis, a dip in the fitted function between 3-5 and 8-10 g/m?3 N was observed (Figure 4b). The dip was
due to the fact that H. musciformis requires higher salinities to maintain a positive growth rate, but the experimen-
tal treatments followed a gradient that paired high N with salinity concentrations too low to maintain a positive
growth rate. It is also noted that H. musciformis growth was positively associated with increasing salinity. These
salinity-nutrient findings suggest that H. musciformis will not grow near freshwater sources but could leverage
high nutrient conditions within a narrow, moderately-high salinity range.

3.1.4. Baseline Groundwater, Marine Water Quality, and Spatial Predictive Model Results

Due to the non-linear relationship between the hydrologic parameters (hydraulic head, salinity, N, P) exhibited
in the Keauhou coastal aquifer, accurate calibration results are difficult to obtain (Okuhata et al., 2021). None-
theless, the hydraulic head is well calibrated under density-dependent conditions, with an RMSE of 0.39 m. At
simulated SGD pourpoints, salinity concentrations range from 12 to 27 ppt (Figure 5a) and N concentrations
range from 0.5 to 7.0 mg/L (Figure 5b). Significantly higher concentrations are simulated within the Keauhou
aquifer system downstream of point-source pollution locations, such as cesspools and the Kealakehe WWTP.

The spatial predictive model, which uses water quantity and quality results from the groundwater and MWQ models
as inputs, estimates that U. lactuca biomass ranges from 0.02 to 0.13 g (Figure 5c). This is compared to field meas-
urements of U. lactuca percent cover, which range from 0% to 26% (Figure 5c). A statistically significant relation-
ship (p < 0.001) was found between the observed U. lactuca cover from field surveys and the predicted biomass
produced from the predictive model (Figure 5d). Therefore, the baseline model (Scenario 0) served as a reliable
tool to assess the spatial change in U. lactuca biomass and to test scenario applications. As previously mentioned,
because H. musciformis is currently not found along the Kona coastline, it could not be validated in the field.

3.2. Climate and Land Use Influences on Groundwater and Marine Water Quality

Changes in groundwater and MWQ vary across the Keauhou basal aquifer and across all scenarios (Table 3).
Because temperature and P were not considered to be important predictors of the U. lactuca regression model,
SGD quantity, salinity, and N will be the primary predictors discussed here.
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Figure 5. Baseline groundwater and marine water quality results. (a) Salinity calibration; (b) Nitrogen calibration; (c) Baseline spatial distribution of U. lactuca
biomass and U. lactuca field measurements; (d) Validation plot between observed and predicted U. lactuca. The plotted observed U. lactuca is transformed using the
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Table 3

3.2.1. Scenario 1: Climate Change

Future climate models following RCP 8.5 mid-century project lower rainfall (Elison Timm et al., 2015) and thus
reduce groundwater recharge over the Keauhou aquifer by 37%. Therefore, under the assumptions of Scenario 1:
Climate Change, hydraulic head will decline and the smaller hydraulic gradient will ultimately result in a loss of
SGD quantity. Specifically, SGD quantity is projected to decline by —255,000 m*/month (Figure 6a) in compar-
ison to baseline results. With less SGD exiting, saltwater may flow into the aquifer, which increases the average
salinity by 2.5 ppt within the SGD plumes. Additionally, N concentrations are projected to increase slightly
within the aquifer because nutrients sourced from existing urban development and wastewater infrastructure will
not be as readily diluted. The marine quality model shows a clear correlation between an increase in groundwater
nitrogen concentrations and an increase in nitrogen mass loading in the marine water (Figure 6a), which demon-
strates that terrestrial nutrient sources travel downgradient toward the coastline. Overall, groundwater and marine
water temperatures are not projected to be significantly affected by climate change induced reductions in precip-
itation, where the simulated change in temperature remains within 1°C (Figure 6a). Finally, growth experiments

Change in Total SGD Quantity, Average Salinity, and Total Nitrogen Flux at SGD Plumes, and Predicted Macroalgae Biomass Distribution for Each Scenario

Scenario

Change in groundwater parameter Change in macroalgae predicted biomass distribution

SGD Average Increase habitat Decrease habitat  Increase habitat Decrease habitat
quantity salinity ~ Nitrogen  suitability of U.  suitability of U.  suitability of H.  suitability of H.
(m3/mo) (ppt) (kg/mo) lactuca (ha) lactuca (ha) musciformis (ha) musciformis (ha)

Impacts of climate change (relative to baseline results)

Climate change

—255,000 +2.5 +120 +60 —198 +219 —66

Impacts of land use change (relative to climate change results)

Urban development

—162,000 +1.6 +5,000 +112 —106 +209 =59

Native forest conversion + Urban development  —255,000 +2.6 +5,700 +96 —-192 +260 -74

Note. The Climate Change scenario results are relative to baseline model results. The Urban Development and Native Forest Conversion scenario results are relative to
Climate Change scenario results. Positive values indicate an increase and negative values indicate a decrease.

OKUHATA ET AL.

12 of 19

858017 SUOWWOD 8AIIR1D 8|qed! dde au Ag peuleAob ke S3[ole YO ‘85N JO S3INJ 10} A%euq 1 8UIIUO AB|IA UO (SUOBIPLIOD-PLE-SLLBY0D A8 | 1M AtRIq 1 BUI|UO//SANU) SUOHIPUOD PUe SWB | 3U3 89S *[£202/20/6T] UO ARiqiT8uliuo A8 |1 ‘E657E0HMEZ0Z/620T OT/I0p/LI0D Ao 1M Areiq 1 puljuo'sqndnBe//:sdny wouy papeojumod ‘L ‘€202 ‘€L6.7v6T



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Water Resources Research

10.1029/2023WR034593

S1: Climate Change

(relative to baseline)

S2: Urban Development

(relative to climate change)

S3: Native Forest Conversion

+ Urban Development
(relative to climate change)

(a)

Groundwater

Head A (m)

[ increase
decrease

Marine Water Quality

SGD A (m3/month)

[]-499-0

[ 9,999 - -500

B 524,000 - -10,000

A WWTP

Head and SGD flux

Groundwater
Salinity A (ppt)
increase

Salinity

decrease
Marine Water Quality
Salinity A (ppt)
Wsi7-56
H17-36
[Jo-16

A WWTP

Groundwater

Temp. A (°C)
increase
decrease

Marine Water Quality

Temp. A (°C)

Wo21-040

[Ho.11-020

[Jo-o01

[]-0.19--0.10

[ -029--020

W 040--030

A WWTP

Temperature

Groundwater
NA (g/L)
increase
decrease
Marine Water Quality
N A (kg/month)
[ 501 - 2,800
[ 11 - 500
[Jo-10
[J-19-0
B e9--20
B 96.0--100
A WWTP

Nitrogen

(b)

Groundwater

Head A (m)

[ increase
decrease

Marine Water Quality

SGD A (m3/month)

[]-499-0

[ -9.999 - 500

B 524,000 - -10,000

A WWTP

Groundwater
Salinity A (ppt)

increase

decrease
Marine Water Quality
Salinity A (ppt)
Ws7-56
[17-36
[Jo-18

A WWTP

Groundwater

Temp. A (°C)
increase
decrease

Marine Water Quality

Temp. A (°C)

Wo21-040

[ o.11-0.20

[Jo-o0.10

[]-0.19--0.10

[ -029--020

W 040--030

A WWTP

Groundwater
NA (g/L)
increase
decrease
Marine Water Quality
N A (kg/month) A
W 501-2,800
[ 11 - 500
[Jo-10
[J-19-0
B -99--20
B 96.0--100
A WWTP

(c)

Groundwater

Head A (m)

[ increase
decrease

Marine Water Quality

SGD A (m3/month)

[[]-499-0

[ -9,999 - -500

[ 524,000 - -10,000

A WWTP

Groundwater
Salinity A (ppt)

increase

decrease
Marine Water Quality
Salinity A (ppt)
Ws7-56
H17-36
[Jo-16

A WWTP

Groundwater

Temp. A (°C)
increase
decrease

Marine Water Quality

Temp. A (°C)

Wo21-040

[ o.11-020

[Jo-o0.10

[J-0.19--0.10

[ -029--020

W 040--030

Groundwater
NA (g/L)
increase
decrease
Marine Water Quality
N A (kg/month)
W 501 - 2,800
[ 11 - 500
[Jo-10
[J-19-0
B -99--20
W 96.0--100
A WWTP

7

Figure 6. Scenario groundwater and marine water quality results. (a) Climate Change, (b) Urban Development, and (c) Native Forest Conversion + Urban
Development scenario effects on SGD, salinity, temperature, and nitrogen.
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demonstrate that both algae had wide ranges of temperature tolerance (Figures 3a and 3b) and suggest that
temperature would not emerge as a major factor modifying growth in this scenario.

3.2.2. Scenario 2: Urban Development

Under the assumptions of Scenario 2: Urban Development, native forests are protected from the invasion of
higher-water-use plant species, which mitigates an additional loss of recharge that would occur without such
protection (Bremer et al., 2021). Compared to climate change only conditions, this scenario predicts a loss of
—162,000 m3/month of SGD quantity due to recharge reductions from combined climate change and urban devel-
opment effects (Figure 6b). Therefore, the difference in SGD quantity results between Scenarios 1 and 2 (Table 3)
is due to the influence of urban development. Both scenarios assume future climate conditions and native forest
protection, but Scenario 2 also assumes that Keauhou will be further developed according to granted develop-
ment permits (Fukunaga & Associates, Inc., 2017; ). With this development, it is predicted that water demands
will increase by 64,080 m3/d (Fukunaga & Associates, Inc., 2017), and this study assumes that the additional
water demand will be extracted from the pumping wells in the high-level aquifer area. Because of the additional
groundwater that would be withdrawn from the high-level aquifer area, there is a decrease in groundwater flux
entering the basal Keauhou aquifer, which results in increased salinity and less nutrient dilution. Furthermore,
this study assumes that 50% of the additional water demand will be routed to the Kealakehe WWTP as waste-
water effluent (Board of Water Supply, 2021; Okuhata et al., 2021). The additional groundwater extraction and
wastewater effluent result in a significant increase in nitrogen concentrations projected along the coastline. Under
this scenario, nitrogen mass loads will increase by 5,000 kg/month relative to climate change conditions, which is
almost 42 times greater than the nitrogen loads predicted with climate change only (Table 3).

3.2.3. Scenario 3: Native Forest Conversion + Urban Development

If native forests are not protected, permitted land is developed, and climate change assumptions persist, recharge
is projected to be reduced by 45% (in comparison to 37% reduction under only climate change). Therefore, under
the assumptions for Scenario 3: Native forest Conversion + Urban Development, SGD quantity is projected to
decrease by —255,000 m*/month relative to only climate change conditions (Figure 6¢) because of a decrease in
groundwater recharge caused by climate change, increased groundwater extraction to meet higher water demands,
and increased evapotranspiration rates as a result of invasion by higher-water-use forest species. The effects of
forest protection are most evident between Scenarios 2 and 3, where the only modeled difference is the protection
of native forests. Therefore, if high-water-use species are allowed to invade native forests, SGD quantity will
be further reduced by 93,000 m3/month (Table 3). Due to this change in freshwater flux, the average salinity
is projected to increase by 2.6 ppt and N loads by 5,700 kg/month, which are both higher than the native forest
protection scenario despite both scenarios including additional urban development.

3.3. Predicted Habitat Suitability Change
3.3.1. Ulva lactuca Habitat Suitability Change

Compared to the baseline scenario, U. lactuca habitat suitability under Scenario 1: Climate Change diminishes
along 198 ha (Table 3; Figure 7a). The reduced recharge caused by climate change effects is a dominating factor
that negatively impacts the habitat suitability of U. lactuca by increasing salinity. Habitat suitability, however,
will also expand along 60 ha, primarily in areas where nitrogen is expected to increase, thus counteracting influ-
ences of salinity. The remaining scenarios both assume a dry future climate, so changes in habitat suitability are
compared to Scenario 1: Climate Change rather than baseline results. Thus, under Scenario 3: Native Forest
Conversion + Urban Development assumptions, where both urban development ensues and native forests are not
protected, U. lactuca habitat suitability diminishes along a larger area of 192 ha (Figure 7¢). Under these scenario
assumptions, SGD flux will decrease because of increased groundwater withdrawal and reduced recharge caused
by climate change and higher-water-use forests and grasses, which ultimately does not favor U. lactuca growth.
Under these same assumptions, however, habitat suitability will expand by 96 ha due to increased N loads asso-
ciated with future urban development (particularly around the WWTP). In contrast, under Scenario 2: Urban
Development assumption, where native forests remain protected, habitat suitability of U. lactuca only diminishes
along 106 ha while expanding along 112 ha (Figure 7b). This is likely due to the combination of adverse salinity
increases caused by reduced SGD and beneficial nitrogen increases as a result of urban development. These two
opposing effects counterbalance spatial distribution changes and this relationship emphasizes the importance of
simultaneously evaluating all water quantity and quality parameters that may influence coastal ecosystem health.
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Figure 7. Compiled predicted habitat suitability change of (a)—(c) U. lactuca biomass and (d)—(f) H. musciformis occurrence for each scenario. Results in panels (a)
and (d) are relative to baseline scenario results. Results in panels (b), (c), (e), (f) are relative to climate change scenario results.

In all three scenarios, the expansion of U. lactuca habitat suitability primarily increased in areas with the most
significant elevation of nutrient levels. These areas include the Honokohau Harbor, which is downgradient of the
Kealakehe WWTP, and near the densely-populated town of Kailua-Kona (Figure 7). Kailua-Kona is expected to
be further developed and the model assumes that wastewater effluent produced from the increased development
will be directed to the Kealakehe WWTP, which will introduce additional nutrients to the localized areas. There-
fore, the coastlines adjacent to those specific areas will discharge a higher nitrogen flux, which will result in
increased U. lactuca growth. While these scenarios suggest overall positive outcomes for U. lactuca, the growth
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experiments did not address growth rates in higher nitrogen conditions, especially at full salinities. Further, the
growth experiments targeted U. lactuca in isolation, thus not accounting for interactions in the coastal ecosystem
(i.e., grazing by urchins and other herbivores).

3.3.2. Hypnea musciformis Habitat Suitability Change

In contrast to U. lactuca, all three scenarios increase habitat suitability for H. musciformis. In all scenarios, there
is areduction in SGD discharge due to climate change, additional pumping, decreased recharge, or a combination
of the three. This decline in freshwater results in an increase in salinity, and because H. musciformis prefers salty
water, a decline in freshwater availability promotes growth. Under the Scenario 1: Climate Change, 219 ha of the
coastline will promote the occurrence of H. musciformis, while only 66 ha of the coastline would be considered
unsuitable (Table 3; Figure 7d) compared to baseline scenario results. Relative to climate change only conditions,
209 ha of the coastline will be suitable for H. musciformis growth while 59 ha will be unsuitable under Scenario
2: Urban Development (Figure 7e). Comparatively, and also relative to climate change only conditions, Scenario
3: Native Forest Conversion + Urban Development designates 260 ha of habitable coastline and 74 ha of inhab-
itable coastline (Figure 7f).

Increased salinity simulated at the pourpoints will drive conditions back into tolerance for H. musciformis
(Figure 3b), therefore promoting growth of this invasive species. Hypnea musciformis growth along this
SGD-nutrient gradient, however, is non-linear, thus making growth estimates difficult to predict in the absence
of growth data. Expanded physiological studies in the upcoming manuscript (Richards Dona et al., in prep) aim
to clarify patterns.

4. Conclusions

Populations of diverse marine algae reflect evolving SGD conditions, which are typically representative of
various land and water management practices applied at watershed levels. Thus, these marine algae serve as
important indicators of nearshore GDE health in the context of multiple drivers of environmental change (Dulai
et al., 2021). In Hawai‘i, particularly within the Keauhou aquifer, there is increasing attention to the importance
of understanding the impacts of intersecting climate, land, and water management changes on GDEs due to their
important role as public trust resources (Adler & Ranney, 2018). Yet despite the interest in protecting GDEs,
there has been little quantitative work to understand the potential impacts of such drivers on GDEs and indicator
species, such as macroalgae (Dulai et al., 2021). Accordingly, this study combined lab and field work with an
adapted ridge-to-reef modeling framework (Delevaux et al., 2018; Okuhata et al., 2021) to examine how a dry
future climate, urban development, and native forest conversion may influence SGD conditions and the growth
of the native and culturally valuable U. lactuca and the potentially invasive H. musciformis across the Keauhou
aquifer. In-so-doing, this study offers a new approach that integrates manipulative lab experiments with modeling
tools and field data to identify land-sea management solutions that address future impacts of land use and climate
change on GDEs in tropical environments.

While few other algal species have been examined for SGD influence, one pair of congeneric native and invasive
species (Gracilaria coronopifolia and Gracilaria salicornia) have been characterized by growth experiments
under a range of set SGD conditions (Amato et al., 2018; Dulai et al., 2021). Findings from this study add two
new species and suggest that U. lactuca's growth was highest in low-salinity and moderate- to high-nutrient
conditions, which supports the view that many native algae are adapted to SGD habitats (Amato et al., 2018;
Duarte et al., 2010; Huisman et al., 2007). Although U. lactuca is a native species, blooms of this species are not
necessarily a positive outcome if fed by wastewater nutrients. Additionally, because most of the modeled nitrogen
originates from wastewater (Okuhata et al., 2021), it is likely accompanied by other wastewater components (i.e.,
organic pollutants, heavy metals) that may have negative effects on GDEs.

In contrast, growth rates of H. musciformis were not linear, but generally declined with reduced salinity despite
increasing nutrient concentrations. This outcome suggests that H. musciformis is not well-adapted to natural
SGD conditions observed in Keauhou, where nutrients are transported to the coastline via underground conduits.
Hypnea musciformis, however, may become an increasing threat with reduced SGD flow coupled with increases
in nutrients. With so few experimental studies, it is expected that a range of responses will be seen across the
diversity of native algae. Nonetheless, this study establishes an overall new framework for lab experiments that
can test a range of physiological performances in needed efforts to estimate the physiological ecology of invasive
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algae as native habitat ranges of salinity and nutrients are altered to new, non-native ranges. The finding of
non-native intolerance to native habitat abiotic parameters establishes new urgency for testing other invasive
species to establish if those invasives possess hidden characteristics that make them intolerant to native habitats
(an “Achilles' heel”).

Further, the modeled scenarios suggest that a dry future climate (RCP 8.5 mid-century), increased urban devel-
opment, and conversion of native forest to non-native species reduce SGD flux to the coastline, which could have
overall negative effects on U. lactuca. In contrast, these changes appear to favor growth of H. musciformis if it
were to become established across Keauhou's coastline. Although H. musciformis is currently not documented
to exist in Kona, this invasive species may easily spread from the Island of Maui once coastal water conditions
are driven toward H. musciformis-favored conditions. Although a dry climate and increased development are
predicted to have significant negative impacts on SGD quantity, the preservation of native forests appears to serve
as an effective management strategy to mitigate SGD loss. Actionable steps can therefore be adopted to lessen
the loss of SGD when considering tradeoffs between increased development and protecting native forests from
invasion of higher-water-use invasive forest cover and grasslands in the face of climate change. Ecohydrological
data on various forest types, however, is still relatively limited in Hawai‘i and the tropics (Wright et al., 2017),
and future research can help to refine these results.

Finally, this study demonstrates the benefits of using an integrative ridge-to-reef framework to better under-
stand how the quantity and quality of groundwater and coastal waters, driven by watershed management, link to
macroalgal growth under varying drivers of environmental change. By linking lab work, field work, and stacked
models, this novel study demonstrates how U. lactuca thrives on the combination of nutrient-freshwater volumes,
which is mediated by upstream watershed management. Further, this study identifies numerous fine-scale areas
that appear vulnerable to the invasion of H. musciformis along the Kona coastline. The complex relationships
identified throughout this work emphasize the importance of simultaneously evaluating the effect of land cover
and climate change on multiple water quantity and quality parameters that may influence coastal ecosystem
health as well as responses by algae to those parameters. This framework and approach can be adapted to investi-
gate the land-sea effects on marine ecosystems of other coastal aquifers around the world.

Data Availability Statement

Datasets used for this research (model outputs and lab experiments) are available at https://doi.org/10.5281/
zenodo.8084889. Additionally, datasets used for groundwater model calibration are available in the Supplemen-
tary Material of Okuhata et al. (2021) via https://doi.org/10.1007/s10040-021-02407-y.
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