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Abstract The global coastal zone is characterized by high biological productivity and
serves as an important channel through which materials are transferred from land to the
open ocean, yet little is known how it will be affected by climate change. Here, we use
Kaneohe Bay, Hawaii, a semi-enclosed subtropical embayment partially surrounded by a
mountainous watershed and fed by river runoff as an example to explore the potential
impact of climate change on the pelagic and benthic cycling of nitrogen. We employ a
nine-compartment nitrogen cycle biogeochemical box model and perturb it with a set of
four idealized climate scenarios. We find that hydrological changes play a dominant role in
determining the ecosystem structure, while temperature changes are more important for the
trophic state and stability of the ecosystem. The ecosystem stability against storm events
does not significantly change under any scenario. The system remains autotrophic in the
future; however, it becomes significantly less autotrophic under drier climate, while it turns
slightly more autotrophic under wetter climate. These findings may have implications for
other high island watershed and coastal ecosystems in the tropics and subtropics.
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1 Introduction

The coastal ocean is a key domain for the global biogeochemical cycles of the elements
and plays a major role in regulating nutrient transport from the land to the open ocean
(Smith and Hollibaugh 1993; Ver et al. 1994; Mackenzie et al. 1998; Tanaka and Mac-
kenzie 2005; Mackenzie and Lerman 2006; Mackenzie et al. 2011; Regnier et al. 2013).
The coastal zone receives nutrient input fluxes [e.g., nitrogen (N) and phosphorus (P)] from
river, dust, groundwater, land-derived inputs, and upwelling inputs from the open ocean.
Although the coastal ocean accounts for only 10 % of the global ocean surface area, it is
responsible for 25 % of global ocean primary production and 80 % of global organic
carbon (C) burial (Smith and Hollibaugh 1993). Tropical and subtropical island coastal
regimes support critical ecosystems (e.g., mangroves, coral reefs, and near-shore fisheries)
and provide numerous economic, cultural, and esthetic benefits for coastal populations
(Guidry et al. 2012). The physical, chemical, and biological properties of these coastal
ecosystems are controlled by a variety of often coupled and interactive factors [e.g.,
watershed land-use patterns; river runoff; dissolved and particulate loads of runoff;
exchange with the open ocean through both offshore and onshore advection and diffusion
and upwelling; tidal mixing; seasonal and longer-term evaporation and precipitation var-
iability (Summerhayes 1995)]. These subtropical and tropical coastal zones are therefore
highly susceptible to cultural eutrophication and climate change-related processes such as
ocean warming, ocean acidification, deoxygenation, and extreme events involving heavy
precipitations [e.g., (Rabouille et al. 2001; Doney 2010; Gruber 2011; Rees 2012; Sene-
viratne et al. 2012)]. The coastal zone hosts complex interactions and feedbacks in the
coupled pelagic and benthic system, and it is worthwhile to explore how coastal ecosys-
tems might be shaped by ongoing and future environmental and climate changes by means
of modeling.

This study takes the Kaneohe Bay ecosystem as an example. Kaneohe Bay is a sub-
tropical shallow embayment (often referred to as an estuary) located on the eastern
windward side of the island of Oahu, Hawaii [Fig. 1 of (Tanaka and Mackenzie 2005)].
The bay has an average depth of 8 meters (m), and its dimensions are approximately 13 km
(km) long and 4 km wide (Smith et al. 1981). The average residence time of bay water is
between 5 and 8 days and up to 30 days in the south basin [e.g., (Smith et al. 1981; Lowe
et al. 2009)]. A large barrier reef extends across the central portion of the distal bay, and
numerous patch reefs are found within the bay. A northwest—southeast trending basin with
a maximum depth of 12 m and floored by fine-grained carbonate sands and mud is located
landward of the barrier reef with terrigenous sediments along the coastal margin of the bay.
Annual precipitation rates in the Kaneohe Bay watershed vary from approximately 100 to
350 cm year~! and have a long-term yearly mean of 250 cm (Giambelluca et al. 2008).
Approximately three-fourths of total runoff to Kaneohe Bay enters the southern basin via
Kaneohe Stream. The mean discharge rate for Kaneohe Stream is 0.20 m® s™' (Ringuet
and Mackenzie 2005; Hoover and Mackenzie 2009; Drupp et al. 2011). Tidal range is not
large (<2 m), and the tide is diurnal (Ringuet and Mackenzie 2005; Ostrander et al. 2008).
General bay circulation is driven by the diurnal tidal cycle, incoming wave, and wind
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Fig. 1 All-sky surface radiation (a), LST (b), SST (c), and precipitation changes (d) of the CMIP5 model
grid cell containing Kaneohe Bay. The location of the selected model grid cell is 21.25N and 156.25W (cf.
the actual bay location is 21.27N and 157.48W)—note that the Hawaiian Islands are not resolved in any
models used for the CMIPS5 project. Solid lines are mean projections; shaded area show corresponding 16
ranges. Red, blue, green, and orange are the color designations used for projections based on RCP2.6, 4.5,
6.0, and 8.5, respectively. See text for further details

forcing, although the southern basin exchange is effectively isolated from wave and ocean
swell energy and is primarily driven by trade wind (Ostrander et al. 2008; Lowe et al.
2009). The relatively sluggish circulation in the southern basin allows the signature of
anthropogenic pollution to be exhibited more clearly than in other parts of the bay.

The Kaneohe Bay has a unique history, making the bay’s ecosystem an ideal site
for biogeochemical studies. In the surrounding mountainous watershed area, a human
population of approximately 73,000 resides within the two towns of Kaneohe and Kailua
(US-Census-Bureau 2012). During the post-contact period (i.e., post-Western contact with
the native Hawaiians in the year 1778 by Captain Cook), human settlement of the Kaneohe
Bay watershed became significant in the 1950s. Settlement and development led to sig-
nificant sewage discharge of inorganic N and P and organic C to the southern bay water.
The bay was heavily polluted until the sewage outfalls were diverted out of the bay in
1978. The water quality and trophic state of the ecosystem before and after the sewage
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Fig. 2 Conceptual diagram of KECOM. The numbers and letters in the reservoir boxes denote the reservoir
designations used for model equations. Descriptions of the fluxes are provided along the arrows in
correspondingly designated colors

diversion were extensively studied [e.g., (Smith et al. 1981; Jokiel et al. 1993)], and
monitoring and observational studies continue today [e.g., (Laws and Allen 1996; Ringuet
and Mackenzie 2005; Scheinberg et al. 2005; Tanaka and Mackenzie 2005; Cox et al.
2006; Fagan and Mackenzie 2007; Hoover and Mackenzie 2009; Drupp et al. 2011;
Shamberger et al. 2011; Massaro et al. 2012)].

Our study focuses on the N cycle. It has been shown that the bay ecosystem is currently
limited by N under baseline conditions (Smith et al. 1981; Laws and Allen 1996), while a P
limitation emerges under extreme perturbations such as storm attacks (Ringuet and Mac-
kenzie 2005; De Carlo et al. 2007). Thus, the N cycle plays a key role in determining the
trophic state of the ecosystem. N also affects the stability of the ecosystem (i.e., the time
for the ecosystem to recover from a perturbation). Note, however, that addressing the N
cycle alone misses other potentially important processes such as changes in the coral reef
community due to rising temperatures and ocean acidification (Buddemeier et al. 2004;
Carpenter et al. 2008; Drupp et al. 2011), which may affect and be affected by processes
involving the N cycle (Smith et al. 1981; Jokiel et al. 1993).

Various climatic and environmental changes in Hawaii have already been reported. The
direct solar irradiance measured at Mauna Loa, Hawaii, for the last five decades has
exhibited interannual and decadal variations reflecting background stratospheric aerosol
loads, punctuated in a few instances by abrupt drops caused by volcanic eruptions
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(Solomon et al. 2011). Other factors such as local cloud cover and air pollution influence
more strongly the surface radiation that actually reaches the bay. Since 1975, land surface
temperature (LST) measured at stations located in the Hawaiian Islands have been
increasing at a mean rate of 0.163 °C decade™", a rate close to the global-mean estimate
despite Hawaii’s subtropical location (Giambelluca et al. 2008). Since the late 1970s, the
diurnal temperature range observed in Hawaii has been decreasing (Giambelluca et al.
2008), which is possibly an indication of the enhancing anthropogenic greenhouse effect
(Stone and Weaver 2002; Braganza et al. 2004; Meehl et al. 2004). Sea surface temperature
(SST) measured at a station at Koko Head, Oahu, has been rising at a rate of
0.15 °C decade ™' since the 1950s (Jokiel and Brown 2004). The inshore water temperature
of the bay may have been influenced by the recent elevation of open ocean SST as well as
by other local conditions such as tides, bay currents, and fluctuations in solar radiation and
wind field. The SST measured in the inner part of the barrier reef in the central portion of
Kaneohe Bay [Coral Reef Instrumented Monitoring Platform (CRIMP2) buoy] for the past
several years does not show any annualized temperature change (Eric De Carlo, personal
communication, November 12, 2012). Observed changes in precipitation patterns since the
1980s show more frequent light precipitation events but less frequent moderate and heavy
precipitation events (Chu et al. 2010). The dominant direction of the trade winds measured
at land and buoy stations has been shifting from northeast to east during the past 30 years
(Garza et al. 2012).

This study tackles the following question: how might the southern Kaneohe Bay eco-
system be affected by the future climate change? We employ an N cycle model describing
pelagic and benthic ecosystem processes in the southern Kaneohe Bay watershed (Tanaka
2002; Tanaka and Mackenzie 2005) and probe the sensitivity of the bay’s N cycling to a
range of solar irradiance, water temperatures, residence times, runoff rates, and intensities
of a single storm-driven precipitation event. Our study then investigates annualized eco-
system responses under selected states of future climate that may impact the bay at the end
of the twenty-first century. Furthermore, we look into how future climate change might
influence the ecosystem stability.

2 Model Description and Experimental Setup
2.1 Model Description

We employ the Kaneohe Bay ECOsystem Model (KECOM) (Tanaka 2002; Tanaka and
Mackenzie 2005; Fig. 2) . KECOM is a nine-compartment box model describing major N
cycle processes occurring in the pelagic and benthic components of the southern Kaneohe
Bay ecosystem. KECOM is one of the few dynamic modeling approaches to elucidate the
ecosystem dynamics in Kaneohe Bay (Caperon 1975; Tanaka and Mackenzie 2005). The
model setup (i.e., governing equations, parameter values, and initial reservoir sizes) is
based on previous studies (Tanaka 2002; Tanaka and Mackenzie 2005). Below, we
highlight the model structure directly relevant to this study.'

The model contains nine reservoirs in the pelagic and benthic systems of the southern
Kaneohe Bay: ammonium, nitrate, dissolved organic nitrogen (DON), particulate organic

! KECOM written using the software package of STELLA® version 9.1.4. The time step of model runs is
21 years (& 1.1 h). This time step is chosen to ensure numerical stability in the simulations of the fast
N turnover in the modeled food web. The fourth Runge—Kutta method is used for numerical integrations.
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nitrogen (PON), pelagic autotrophs, pelagic heterotrophic bacteria, pelagic heterotrophs,
benthic autotrophs, and benthic heterotrophs. The reservoirs are connected via fluxes
representing N cycle processes such as decomposition of PON to DON, respiration,
assimilation, grazing, remineralization, N-fixation, nitrification, denitrification, water
exchange, riverine discharge, excretion, and deposition and resuspension of PON (non-
exhaustive). The sediments are treated outside of the model boundary. However, fluxes to
and from the sediments (e.g., PON deposition and resuspension, remineralization, N-fix-
ation, and denitrification) are provided in the model and play important roles in regulating
nutrient dynamics. The bathymetry of the southern bay is assumed to fall into the following
two types: the shallower reef sediments and the more extensive and deeper lagoon sedi-
ments. All the benthic biota is assumed to live on the reef environment because the reef
biota is far more important than the lagoon biota with respect to the nutrient cycling of the
bay.

Dynamic equations representing fluxes are given in various forms. Most of the fluxes
are described by first-order kinetic equations (i.e., the flux magnitude assumed proportional
to the size of the reservoir where the flux originates) or zero-order equations (i.e., the flux
magnitude assumed to be constant over time). Allochthonous fluxes such as evaporation,
precipitation, residual flow, stream input, and water exchange are zero-order equations.
The rate of the residual flow is adjusted to maintain the hydrological balance of the
southern bay when, for example, a storm event is added through an elevation of the river
flow. The river flow in the model contains nitrate, DON, and PON at the concentration of
50, 25, and 25 pmol N/, respectively [Table 1 of (Tanaka and Mackenzie 2005)]. The
ammonia concentration in the river runoff is assumed to be zero; ammonia is detected in
the actual river flow, and its level generally depends on the flow rate (Hoover and Mac-
kenzie 2009; Wong 2013), but the dissolved inorganic nitrogen (DIN) in the streams is in
most cases dominated by nitrate. It is assumed that there is no sewage input into the bay in
the model although minor discharge of non-point-source sewage remains. Equations for the
fluxes describing biological metabolism take more complicated forms as discussed below.

Biological metabolism of the heterotroph reservoirs is regulated by two factors: nutri-
ent/food availability and water temperature. Autotrophic reservoirs have an additional
regulating factor: light availability. Functional forms representing these three regulating
factors are summarized in Table 1.

e Light regulation: Pelagic autotrophs are assumed to be homogeneously distributed
vertically as well as horizontally in the bay water having an equal depth of 9.51 m,
while benthic autotrophs are assumed to be situated at an equal depth of 0.65 m on the
reef sediments (Smith et al. 1981). Due to the vertical distribution of pelagic
autotrophs, the equation describing the light limitation for pelagic autotrophs is more
complex than that for benthic autotrophs. The inhibition of photosynthesis under strong
irradiance during midday is taken into account.

e Temperature regulation: Autotrophs and heterotrophic bacteria (Q10 values of 1.9) are
assumed to be less sensitive to the water temperature change than heterotrophs (Q10
values of 2.7) (White et al. 1991; Laws et al. 2000).

e Nutrient/food regulation: The nutrient/food limitation for all the biotic reservoirs is
modeled using a third-power Michaelis—Menten kinetic function because the standard
Michaelis—Menten kinetic function (i.e., to the power of one) does not provide a
sufficient stability for our modeled ecosystem to dampen perturbations [Figs. 3. 18 and
3.19 of (Tanaka 2002); (Tanaka and Mackenzie 2005)]. This choice, while somewhat
arbitrary, is well within the range of parameterizations that have been discussed and
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Table 1 Factors regulating biological metabolism described in KECOM

Biotic reservoir Regulating factors
Light Temperature  Nutrient/food
Pelagic autotrophs (4) % o e—,{%cxp(—&;) _ ef’%} where oc@10a (Toay=25) %
By ={cw + cas([N3] + [Na]) }zpay
Heterotrophic bacteria (5) N/A echA(Tsuy—ZS) (Nhfxl)zf\:&;i‘s)w
Pelagic heterotrophs (6) ~ N/A e (Tay=25) (N3+5\]/\:TI\]/\5[4)X§£T}:)“MM
Benthic autotrophs (7) I o1 =(I/Ton) \where oc@0a (Toy=25) (N1a+N1p) MM

Lot (Nia+Npp) MM (P7) MM

IR = [Oe*{F\erCm([NiH[NA])}ZR

Benthic heterotrophs (8) ~ N/A ocaion (Toy=25) %

The numbers within the parentheses after the reservoir names correspond to those given in Fig. 3 and
reservoir designations used for model equations. cpp, ¢pi, Cas, and c,, denote an average photoperiod as a
fraction of a day, a correction term for the effect of surface photo-inhibition during midday, an attenuation
coefficient of phytoplankton self-shading and detritus, and an attenuation coefficient of water and substances
other than chlorophyll and PON, respectively. Iy and I,y indicate a daily averaged irradiance level during
photoperiod just below the sea surface and an optimal irradiance level to yield maximum primary pro-
duction, respectively. zgay and zg are the mean depths of southern Kaneohe Bay and reef sediments,
respectively. N; is the N mass of reservoir i; [V;] is the N concentration of reservoir i. P; is the Michaelis—
Menten kinetic constant used to describe the metabolism of reservoir j. cypy is the power applied to the
Michaelis—-Menten kinetic functions used in this model. Tg,, is the average temperature of Kaneohe Bay
water. cqioa and cqion are coefficients for temperature regulations of autotrophs (including heterotrophic
bacteria) and heterotrophs, respectively. These coefficients take values of 0.0633 and 0.1, respectively. For
further details of the coefficients and parameters appearing in this table, see Table 4 of (Tanaka and
Mackenzie 2005)

adopted for the study of nutrient or food limitation of organisms [e.g., (Dugdale 1967;
Pace et al. 1984; Fennel 1995; Laws et al. 2000; Gross et al. 2004)].

Note that changes in surface radiation and water temperature do not influence the
magnitudes of fluxes other than biotic fluxes discussed above.

Denitrification and N-fixation fluxes (see (Galloway et al. 2004; Gruber 2008) for
overviews) have a large influence on the N budget of the bay. Certain species of hetero-
trophic bacteria utilize denitrification processes in the anoxic environment and respire large
amounts of organic matter by using nitrate as electron acceptors. Denitrification is thought
to be quantitatively more important in the sediments than in the water column. We
approximate the rate of denitrification occurring in the sediments as well as in the water
column to be proportional to the size of the nitrate reservoir. N-fixation is undertaken
primarily by autotrophs but also by bacteria in environments where fixed N is unavailable.
The N-fixation flux (i.e., an influx to the ammonium reservoir) is assumed to be propor-
tional to the total size of the pelagic phytoplankton and heterotrophic reservoirs.

The initial reservoir masses are estimated based on the measurements collected through
the Coastal Intensive Site Network (CISNet) observational campaign (Tanaka and Mac-
kenzie 2005; Cox et al. 2006). KECOM has been tuned based on observations (Hoover
2002) and produces a steady state representing the present annual-mean baseline condition
of the bay ecosystem. The initial reservoir sizes are summarized in Table 1 of (Tanaka and
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Mackenzie 2005), and the initial magnitudes of fluxes are shown in Fig. 3.2 of (Tanaka
2002). Furthermore, KECOM has been applied to investigate the ecosystem response to a
storm perturbation (Tanaka and Mackenzie 2005), and the directions of the changes in the
state variables agree reasonably well with observational data obtained for a storm event
during May 6, 2002-May 15, 2002 (Ringuet and Mackenzie 2005).

2.2 Future Climate Scenarios

We construct future climate scenarios by synthesizing relevant literature and output of large-
scale state-of-the-art Earth System Models (ESMs). The ESM output we use is obtained from
the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al. 2011). The ESM
runs are driven by the Representative Concentration Pathways (RCP) (Moss et al. 2010), a set
of four emissions scenarios of greenhouse gases and relevant components reflecting possible
socioeconomic development pathways until the year 2300 that lead to stabilizations of the
total radiative forcing at 2.6, 4.5, 6.0, and 8.5 W/m>, respectively. All the four scenarios share
a common historical emission trajectory from the year 1850 to 2005. Results for the model
grid cell containing Kaneohe Bay are shown in Fig. 1.? Different colors represent socio-
economic uncertainties, while shaded areas show physical climate and biogeochemical
uncertainties. It should be pointed out that projections of the future climate pertinent to the
bay are suffered from the inability of ESMs to spatially resolve how local orographic features
influence local climate processes.” The number of regional modeling and statistical down-
scaling studies that circumvent this problem is limited.

With these difficulties in mind, we design four types of annual-mean climate scenarios
of the bay at the end of the twenty-first century (Table 2). Projections of the ESMs show a
range of warming toward the end of this century. Climate scenarios I and I’ address a
moderate warming and scenarios II and II’ a more enhanced warming. Future precipitation
amounts are projected to decrease in winter but increase in summer (Timm and Diaz 2009),
leading us to consider two alternate sets of future hydrology. The first set of scenarios
(I and II) envisions a drier climate than that of today, which is likely to result in less cloud
cover (i.e., stronger surface radiation) and reduced river runoff. In contrast, the second set
of scenarios (I’ and II’) attempts to mimic conditions of a wetter climate compared to the
present day, which may result in a decrease in surface radiation and an increase in river
runoff. Thus, in setting up the climate scenarios, we change the following four parameters:
solar radiation, water temperature, water exchange, and river runoff.*

2 When multiple runs using a same emissions scenario are available from a single model, one run is chosen
based on visual inspection (Jan Sedlacek, personal communication, 23 November 2012). Selected runs from
each model are simply averaged, although weighting among models is an issue of ongoing debate (Knutti
2010).

3 The current upward trend of the global-mean surface temperature is likely to continue for the next several
decades owing to the biogeochemical and physical inertia arising from the long residence time of CO; in the
atmosphere (Archer et al. 2009) as well as the slow heat transfer processes in the ocean (Solomon et al.
2010) even if anthropogenic emissions of greenhouse gases, pollutants, and aerosol precursors are drasti-
cally reduced in the near future [(Tanaka and Raddatz 2011); further references therein]. However, while
global-mean surface temperatures are projected to increase for the next several decades, how that increase,
in turn, influences the regional and local climate pattern germane to Kaneohe Bay is not as well-known.
4 The precipitation and evaporation parameters are kept at their respective reference levels for the present
day (Tanaka and Mackenzie 2005). Changes in these parameters within substantial ranges of 20 % do not
result in any significant adjustments in reservoir sizes (results not shown). Water exchange is far more
important in controlling the hydrological budget of the bay.
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Table 2 Illustrative future climate scenarios of Kaneohe Bay used in our analysis

Future climate scenarios Surface radiation =~ Water temperature ~ Water exchange  River runoff
I Drier warmer climate 10 % / 2°C / 10 % 10 % \,
r Wetter warmer climate 10 % \, 2°C / 10 % \ 10% /
II  Drier hotter climate 10 % / 4°C 10 % \ 10 % \,
I’ Wetter hotter climate 10 % 4°C / 10 % 10%

“ /77 and “\” indicate an increase and a decrease, respectively. In the reference case, the water temperature
is 25 °C; the rate of water exchange is 2.2 x 10° (m*/year); the rate of river runoffs (base rates excluding
storm-related discharges) to the southern Kaneohe Bay is 2.78 x 107 (m*/year). References are found in
Table 4 of (Tanaka and Mackenzie 2005)

Surface radiation: In the CMIPS5 runs (Fig. 1a), mean surface radiation levels do not
significantly change till the end of the twenty-first century (only slight increases of up
to 1 %), and the uncertainty ranges remain substantial, irrespective of the underlying
emissions scenarios. In our climate scenarios, all-sky surface radiation reaching the bay
surface is varied by 10 % positively or negatively on the basis of the uncertainty range
in CMIP5 runs, which are their conceivable limits to explore maximum ecosystem
changes. The use of the upper and lower limits of the uncertainty ranges partly
compensates for the possible underestimates of decadal changes in model-based surface
radiation [e.g., (Ohmura 2009; Wild 2009; Skeie et al. 2011)].

Water temperature: The bay water temperature is assumed to rise by 2 or 4 °C relative
to the present-day temperature based on the year 2100 SST ranges shown by the
CMIP5 models (Fig. 1c). SST shows about the same level of warming as that of LST
(Fig. 1b). The actual bay temperature is subject to not only the ambient SST but also
local factors such as tides, currents, solar radiation, and wind field that are not well
resolved by the CMIP5 models. Note that the level of warming in this paper is defined
relative to the present-day level, unlike the 2 °C warming discussed as a climate policy
target, which is defined relative to the preindustrial level.

Water exchange: Mixing in the southern bay is primarily driven by wind (Ostrander
et al. 2008; Lowe et al. 2009). The dominant direction of the measured trade winds has
been shifting from northeast to east during the past 30 years (Garza et al. 2012), leading
to the shortening fetch that results in a reduced mixing of the southern bay. We assume
that the mixing efficiency of the bay is reduced by an arbitrary level of 10 % at the end
of this century.

River runoff: The CMIPS5 runs do not clearly show the direction of the future change in
precipitation, but the range of precipitation becomes slightly larger toward the future in
all the four cases. In these model simulations, however, orographic precipitation, a
process that is critical to ecosystem dynamics of the Kaneohe Bay, is not spatially
resolved. A downscaling study shows a 5-10 % decrease in the wet-season
precipitation and a 5 % increase during the dry season due to a change in wind
direction during the late twenty-first century (Timm and Diaz 2009). A hydrological
modeling study (Safeeq and Fares 2012) showed that future runoff rates of streams in
western Oahu have a large uncertainty spanning between negative and positive
estimates of runoff, depending on precipitation, watershed vegetation, and temperature.
In our scenarios, we consider possibilities of 10 % increase and 10 % decrease in
annual-mean river runoff rates. Extreme events followed by heavy precipitation
(Norton et al. 2011) are not taken into account in the assumptions of the future base
flow rates.
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2.3 Experimental Setups

Our experimental setups are designed to investigate how the ecosystem adjusts to the given
climate scenarios at the annual-mean level as well as how the ecosystem responds to a
storm perturbation under such scenarios. In year 0, all the runs start with the same initial
condition. In sensitivity runs, different climate scenarios are imposed in year 0. Such initial
changes in climate lead to a phase of adjustments for as long as several months. In year 0.8
(after the completions of initial adjustments), all the runs are perturbed by a synthetic storm
event for approximately 3 days, during which the rate of river flow is elevated by fivefold.
Model runs continue till year 2.0, when storm perturbations decay and the steady state is
recovered. Several notes follow:

e Such spinup runs are short but sufficient for our modeling approach. Under each
scenario imposed, the ecosystem finds a new equilibrium within a few months. The
short equilibration time is due to the absence of long-term sedimentary processes in the
model.

e The magnitude and the duration of this storm perturbation are consistent with those
used in (Tanaka and Mackenzie 2005). Such a perturbation size is comparable to
observed storm-generated changes in river runoff rates to Kaneohe Bay (Hoover 2002;
Ringuet and Mackenzie 2005).

e The composition of the river water is assumed to be invariant during the storm
perturbation, although in reality, it varies depending on the timing and the magnitude of
an actual storm event [(Hoover and Mackenzie 2009); Eric De Carlo, personal
communication, December 22, 2012].

e The experimental setups assume that coefficients determining biological metabolism
are the same with those estimated for the present ecosystem, which implies that the
biological community structure under new climate scenarios are assumed to be
invariant. This assumption can be debatable in consideration of the increases in alien
algae in benthic systems (Smith et al. 2001, 2002), for example.

Furthermore, we perform a series of sensitivity analyses with respect to each of the
following parameters to understand fundamental characteristics of the model ecosystem.’
Results are shown in Supplementary Material and discussed in text where necessary.

e Storm perturbation: The rate of river flow during the storm event is elevated by 2.5-,
7.5-, 5.0- (reference), 10-, and 12.5- fold for approximately 3 days (Figure S1).

e Surface radiation: The solar irradiance is varied between 80 % and 120 % of the
reference magnitude with 10 % intervals to address possible changes in surface
radiation at the bay due to cloud cover change and air pollution (Figure S2).

e Water temperature: The bay water temperature is assumed to be 21, 23, 25, 27, and
29 °C, with 25 °C being the reference (Figure S3).

e Water exchange: The rate of water exchange between the southern bay and the central
bay (leading to open ocean) is increased and decreased by 10 and 20 % from the
reference rate (Figure S4).

e River runoff: The rate of river runoff is changed between 80 and 120 % of the reference
rate with 10 % intervals (Figure S5).

5 Except for the first set of experiments, the absolute magnitude and period of the storm perturbation are
kept the same as the reference experiment for the present-day condition.
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e Biological metabolism: The power of the Michaelis—Menten kinetics (cpyv) used for
the biotic reservoirs consistently (Table 1) is varied from 2.0 to 4.0 with an interval of
0.5. In the reference case, the third power is used for all the biotic assimilation and
grazing (Figure S6).

2.4 Trophic State Estimation

The trophic states are calculated using a N-based method (Kemp et al. 1997), in which the
net ecosystem production (NEP) is characterized as an imbalance between DIN and total
organic nitrogen (TON). In our study, NEP is defined as the magnitude of the net N transfer
from the inorganic N pool (consisting of ammonium and nitrate reservoirs) to the organic
N pool (comprising DON, PON, and all pelagic and benthic biotic reservoirs). Figure 4
shows several ways to estimate the NEP at steady state. If the net N transfer from the
inorganic N pool to the organic N pool is positive (or the total fluxes are larger than the
total respiration), the NEP is positive and the ecosystem is characterized as being auto-
trophic. Otherwise, the ecosystem is heterotrophic. It should be noted that the trophic state
in our approach refers to all the N in the pelagic and benthic system as well as the
sediments that are responsible for short-term nutrient regeneration and PON resuspension
because the model does not take long-term processes in the sediments into account.

3 Results and Discussion
3.1 Steady States Under Future Climate

Each climate scenario has a varied impact on the ecosystem response (Fig. 3). In the
following, we discuss the new steady states under the future climate scenarios and compare
them with sensitivity results with only one climate parameter varied from present-day
values (Figures S2 through S6). Such comparisons can be justified by a relatively strong
linearity of the different effects—i.e., the sum of the responses to individual changes is
relatively close to the response of all forcings (Table 3).°

Overall, our results suggest that the hydrological change has a larger impact on the
steady state than the change in temperature (Fig. 3). This can be mostly explained by
changes in the riverine input (Figure S5), which is assumed to decrease by 10 % under the
drier climate (scenarios I and II) and increase by 10 % under the wetter climate (scenarios
I’ and II’). The ecosystem as a whole slightly loses N under the drier climate; on the
contrary, the ecosystem significantly gains N under the wetter climate (Fig. 3j). The same
applies to the total pelagic N (Fig. 3k) and the total benthic N (Fig. 31). The relative
fraction of the benthic N out of the total N (29.8 % under the present-day condition)
decreases slightly under the drier climate (28.9 and 29.5 % under scenarios I and II,

© It is generally shown in Table 3 that the directions of changes in reservoir sizes under the future climate
scenarios (Fig. 3) can be inferred by linear syntheses of directions of reservoir responses to corresponding
individual parameter changes (Figures S2 through S6). However, it is not always so, which is most evident
in the results for surface radiation and water temperature (Figures S2 and S3). In particular, the pelagic
phytoplankton reservoir exhibits a strong nonlinear response to the cooling (Figure S3e). In the results with
respect to water exchange and river runoff, nonlinearity is weaker (Figures S4 and S5) but does appear when
these parameters are varied across larger ranges (e.g., up to £60% changes) (results not shown). The
nonlinearities discussed here stem from the nonlinear formula used to describe the radiation and temperature
control of biological metabolism (Table 1).
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Fig. 3 Responses of the ecosystem to storm perturbations under illustrative present-day and future climate
scenarios. The setup used for the run under the present-day climate is consistent with that used in (Tanaka
and Mackenzie 2005). Details of the four future climate scenarios are summarized in Table 2 and discussed
in the text. All the runs using the future climate scenarios start from the same present-day condition but
under different climate scenarios, resulting in phases of initial adjustments. After the initial adjustments are
complete (in year 0.8), storm perturbations are added in all the runs. Absolute magnitudes and durations of
storm events are kept the same throughout the five runs

respectively) and increases under the wetter climate (32.1 and 32.8 % under scenarios I’
and I, respectively).

Interestingly, directions of changes in reservoir sizes are consistent under all the future
scenarios [except for benthic heterotrophs (Fig. 31i)]. These results may point to a shift in
ecosystem species composition in the future—however, such a statement would need to be
supported by a more detailed modeling study because our model represents ecosystem
species only in a simplified way. Below we discuss a few selected aspects of the results.

e The DON concentration becomes higher in all the four future scenarios. The sensitivity
results indicate that the enhanced DON concentration is due to the warming, and the
reduced mixing assumed in all the scenarios. The increase in the DON concentration
under the warming is a result of feedbacks among biotic reservoirs, the respiration rates
of which are temperature-dependent. In our model, temperature changes influence only
biotic fluxes (Table 1). The higher DON concentration is accompanied by the lower
concentration of heterotrophic bacteria, which is the only biota that grazes upon DON
in our model. The enhanced DON level with a reduced mixing is due to the fact that the
DON concentration outside the southern basin (i.e., central basin) is lower than that in
the southern basin [Table 1 of (Tanaka and Mackenzie 2005)].

e The abundance of heterotrophic bacteria is projected to decrease (by up to about 50 %)
under all the future climate scenarios. This is predominantly due to the warming
(Figure S3), followed by the change in river runoff (Figure S5). Higher temperature
leads to a decrease in heterotrophic bacteria, which is a combined effect of the
temperature-dependent respiration fluxes of all the biotic reservoirs. The decreased
bacteria population is accompanied by the higher concentration of pelagic heterotrophs,
which suppresses the bacteria population. An elevated rate of river runoff, which
contains higher concentrations of nitrate, DON, and PON than in the bay water
[Table 1 of (Tanaka and Mackenzie 2005)], induces the increases in all the reservoirs
except for the bacteria and the benthic autotrophs. The rate of river runoff is assumed to
decline in the drier climate scenarios, which leads to an increase in the bacteria
reservoir size. But such an effect is not strong enough to compensate the suppression of
the bacteria reservoir caused by the warming.

3.2 Trophic States Under Future Climate

Changes in the ecosystem trophic states and N budgets under the climate scenarios are
shown in Fig. 4. The NEP of the present-day ecosystem is positive, indicating autotrophy.
Under the drier scenarios (I and II), the level of autotrophy significantly declines (by 13
and 16 %, respectively). On the contrary, under the wetter scenarios (I’ and II’), the
autotrophic level slightly rises (by 3.7 and 0.81 %, respectively).

To understand what controls the NEP, we first look into the gross DIN:TON loading
ratio (DIN/TON thereafter), which is shown to have a positive relationship with the NEP in
several US estuaries (Boynton and Kemp 2008). However, our range of DIN/TON is small
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Fig. 4 N budgets and trophic states of the bay ecosystem under illustrative present-day and future climate.
Estimates of the aggregated input and output are based on the model ecosystems equilibrated under different
climate states (Table 2 and Fig. 3). The inorganic N pool is the sum of the ammonium and nitrate reservoirs;
the organic N pool contains all the other biotic and abiotic reservoirs (Fig. 2). The magnitudes of the
numbered input and output are sums of the sizes of the associated fluxes listed in the figure

(from 12.3 to 14.1 %), and a consistent relationship is not identified in our results (Fig. 5),
indicating that factors that are not captured by the DIN/TON are important in determining
the NEP in our model.

Our results reveal that it is primarily the temperature that determines the NEP (Fig. 5).
A change in each climate parameter causes a shift in the estimates of the NEP and DIN/
TON along a unique direction. Within the parameter ranges we considered, the water
temperature has the largest influence on the NEP, followed by the river runoff. In fact,
these two parameters largely explain the estimates of the NEP and DIN/TON under the
future climate scenarios. While the NEP is more or less linearly related to the river runoff
rate, the temperature-dependence of the NEP is nonlinear as a result of the exponential
formula for the temperature sensitivity of the biological metabolism (Table 1). The NEP
becomes increasingly larger with lower temperature.

The impact of the surface radiation, which negatively influences the NEP, may appear
counter-intuitive at first but is a result of feedbacks in the nutrient cycle. Figure S2 shows
that under enhanced surface radiation, the pelagic autotroph biomass adjusts to an elevated
level and is accompanied by an increase in the pelagic heterotroph biomass. The benthic
system responds differently: Benthic autotrophs respond to the enhanced radiation in the
beginning negatively due to the shading effect of the pelagic phytoplankton bloom but
return back to their initial level; benthic heterotrophs, however, find a new different
equilibrium. These complex feedbacks are responsible for the change in NEP estimates
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Fig. 5 NEP and gross DIN/TON input of the southern Kaneohe Bay under various climate conditions.
Estimates of NEP and gross DIN/TON input of the southern Kaneohe Bay under the present-day and four
future climates (Table 2 and Fig. 3) are compared with those under the sensitivity cases in which climate
parameters are varied individually from the present-day values (Figures S2 through S6). The experimental
setups and the trophic state estimation method are described in Sects. 2.3 and 2.4, respectively. The plots
and their explanations are coded in corresponding color. Symbols up arrow and down arrow indicate
“increase” and “decrease”, respectively

under different solar irradiance, although this result is contingent on various assumptions in
our model.

One assumption that may significantly change our current results is the stream water
composition that is kept constant in the future and also invariant between the baseline and
storm conditions, although observations show otherwise (Hoover and Mackenzie 2009;
Wong 2013). This assumption may have a sizeable impact on the NEP estimates because
the river runoff is an important factor in determining the NEP (Fig. 5).

3.3 Ecosystem Stability Under Future Climate

In this section, we discuss how the changes in future climate influence the ecosystem
stability, which is in our definition the timescale of the ecosystem to return back to its
steady state after being perturbed by an external forcing. Under the future climate, most of
the reservoirs show faster recoveries from storm perturbations than under the present-day
climate (Figs. 3a through 3i), although the overall period of recovery in terms of the total N
remains virtually unchanged (Fig. 3j). In other words, some reservoirs undergo oscillations
along the perturbation decay, but these oscillations are largely canceled out at the eco-
system level.
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Our results indicate that the ecosystem stability is influenced more by changes in
temperature than in hydrology. The lower the water temperature is, the less stable the
ecosystem is (Figure S3). The temperature influences the ecosystem stability through the
temperature sensitivity of biological metabolism, in which magnitudes of respiration fluxes
become smaller under lower temperature. The hydrological impact on the ecosystem
stability is not very evident because the ecosystem exhibits a higher stability under lower
surface radiation (Figure S2) and under reduced river runoff (Figure S5). These effects
work in opposing directions when the results under the climate scenarios I and I’ (or II and
IT’) are compared.

The foregoing results are not very dependent on the particular magnitude of perturba-
tions used in our experiments (Figure S1). The magnitudes of the changes in the reservoir
masses in response to a perturbation are, at first approximation, linearly related to the
perturbation magnitude. The phase of the fluctuations in the reservoir masses is nearly
consistent across different storm sizes. In other words, key features of the model response
remain the same under different storm magnitudes.

Note, however, that the preceding results are contingent on the formulation of biological
metabolism (Table 1). The stability of our modeled ecosystem strongly depends on the
assumed power coefficient of the Michaelis—Menten kinetic function as shown by a
mathematical e:igenanalysis7 [Figs. 3.18 and 3.19 of (Tanaka 2002); (Tanaka and Mac-
kenzie 2005)] as well as numerical simulations (Figure S6).

4 Concluding Remarks

We explored annual-mean impacts on the Kaneohe Bay ecosystem under conceivable
future climate changes toward the end of this century. Our future climate scenarios include
a set of cases addressing different levels of warming [i.e., moderate warming (scenarios I
and I') and enhanced warming (scenarios II and II’)] as well as hydrologically contrasting
cases [i.e., drier conditions (scenarios I and II) and wetter conditions (scenarios I’ and II")].
By using an N cycle biogeochemical model of the pelagic and benthic ecosystem of the
Kaneohe Bay, we investigated changes in the ecosystem steady state, trophic state, and
stability under such climate scenarios.

Given assumptions in our model and future climate scenarios, our results indicate
several fundamental features and possible future changes in the ecosystem.

e Hydrological changes are more important in determining the ecosystem structure than
temperature changes. In the drier future, the ecosystem as a whole slightly loses N. The
N distribution in the ecosystem moves marginally toward the pelagic system. On the
contrary, in the wetter future, the entire ecosystem gains N significantly and the N
balance shifts toward the benthic system. The directions of changes in the ecosystem
components are mostly consistent under all the scenarios. Among them, the DON
concentration increases and the heterotrophic bacteria are suppressed.

7 The eigenproperty of the model, which is derived both analytically and numerically (Tanaka 2002; Tanaka
and Mackenzie 2005), can then be more utilized in future studies. Eigenproperties of ecosystem models are
widely used in the field of mathematical ecology [e.g., (May 1973)] although their limitations in revealing
ecosystem stabilities are debated (Neubert and Caswell 1997; Hastings 2004; Verdy and Caswell 2008). To
our knowledge, only several empirical modeling studies obtain eigenproperties (Carpenter et al. 1992;
Cottingham and Carpenter 1994; Laws 1997; Tanaka and Mackenzie 2005; Montoya et al. 2009).
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e Temperature changes influence NEP more strongly than the hydrological changes do,
although NEP is tightly coupled with both hydrological and climatic conditions. The
current autotrophic state continues in the future—however, the ecosystem becomes less
autotrophic under drier climate but slightly more autotrophic under wetter climate. In
terms of single climate parameters, the temperature has the largest impact on NEP,
followed by the river runoff. The larger the warming is, the less autotrophic the
ecosystem becomes. A larger river runoff makes the ecosystem more autotrophic.

e Temperature changes affect the model response to a storm perturbation more strongly
than hydrological changes. Oscillating behaviors exhibited in individual reservoirs
decay faster under hotter climate, although the overall ecosystem stability is not
significantly affected by temperature changes.

Disturbing the N cycle may alter the ecosystem structure, trophic state, and stability of
the ecosystem because N is the limiting nutrient of the bay ecosystem. These findings are
germane for tropical and subtropical ecosystems in similar settings.

While these insights obtained from our current modeling approach are useful, there are
limitations. First, the model KECOM does not account for the linkages between the N
cycle and the cycles of other elements such as C and P [cf. (Ver et al. 1999; Gruber and
Galloway 2008; Mackenzie et al. 2011)]—in other words, N cycle processes are assumed
to be insensitive to any change in other biogeochemical cycling processes. Second, the
pelagic and benthic systems are combined and treated as single domains within which N
cycle processes are assumed to take place homogeneously. Third, our model setup
addresses only annual-mean changes in the ecosystem. Fourth, long-term processes in the
sediments [i.e., early diagenesis (Berner 1980)] are not described in the model. Fifth, our
assumption on the strength of the assimilation and grazing kinetics of the biota [i.e., the
power constants of the Michaelis—Menten kinetics (Tanaka and Mackenzie 2005)] strongly
influences the model response to a storm perturbation.

Thus, future studies would benefit by addressing how the interconnected cycles of C, N,
and P of the bay ecosystem feedback on each other as a result of the global and regional
climate change. In addition, adding an oxygen cycle to the model would allow an explicit
evaluation of the oxygen state of the bay ecosystem. We think that the time is ripe for an
implementation of other element cycles to the model also because multiple-year data for
continuous monitoring of water quality parameters in the Kaneohe Bay are now available
[i.e., CRIMP and CRIMP2 projects (Drupp et al. 2011)] and essential for such coupled
model tuning. However, actual implementations of these developments need to be care-
fully assessed because building a more complex model does not necessarily promise a
better scientific understanding [e.g., (Anderson 2005)].

The climatic influence of the ecosystem structure, trophic status, and stability would
have implications for the overall future health of the bay ecosystem as well as its esthetic
and recreational value. Further modeling studies on the bay ecosystem are therefore not
only useful for the advancement of scientific understanding of the bay ecosystem but also
possibly preservation of these coastal ecosystems.
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