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A B S T R A C T   

Integrated aquaculture systems combining macroalgae with traditional fish and shellfish production represent an 
ecologically sound and economically attractive solution for farmers. To evaluate the potential of growing sugar 
kelp (Saccharina latissima) at existing oyster (Crassostrea virginica) farms in Narragansett Bay (NB; Rhode Island, 
U.S.), we developed an ecosystem model based on individual Dynamic Energy Budget models for kelp and oysters 
forced offline by a coupled 3D hydrodynamic-water quality model. Kelp growth during the cold winter months 
provides ecosystem services through the removal of nutrients in the bay as well as serving as an additional source 
of revenue for farmers. Locations with the most nutrient-rich waters at the northern end of the bay seem most 
suitable for kelp aquaculture, with oyster growth also reaching maxima at the same locations. Predictions of kelp 
biomass grown on lines ranged from 0.97 kgWW m–1 at the easternmost site at the Bay Entrance to 2.03 kgWW m–1 

at the northernmost site in the Upper Bay, or 1.6 and 3.4 tons ha–1 on 6 m spaced line-farms, respectively. For 
denser production in 1.5 m spaced line-farms, estimates ranged between 6.5 and 13.5 tons ha–1. Depending on 
the different farm setups, we estimated the potential profits (based on delivered cost for consumer product) at 
$4,468 for a 6 m spaced line-farm of 1 ha and $17,872 for a 1.5 m spaced line-farm. The N and C fixation of kelp 
ranged depending on spacing of longlines and time of harvest but reached maximum values of 1117 and 6184 kg 
ha−1, respectively. These estimates offer valuable information that should help producers and managers in their 
decision to direct efforts and investments into this developing activity in the U.S.   

1. Introduction 

Estuarine and coastal ecosystems provide essential goods and ser
vices including provision of fisheries, foraging and nursery habitat, 
filtration, and detoxification (Barbier et al., 2011). However, they are 
also increasingly affected by anthropogenic activities through eutro
phication, overfishing, pollution, and habitat degradation (Lotze et al., 
2006; Worm et al., 2006; Barbier et al., 2011). This has led to increasing 
investments in coastal restoration as well as motivating coastal com
munities to search for alternative solutions to sustain livelihoods. In this 
context, aquaculture has become the fastest growing form of aquatic 
food production and now represents more than half of all seafood pro
duction globally (FAO, 2020). Unfortunately, the rapid development of 

aquaculture has led to some negative social-ecological impacts, partic
ularly from large-scale fish farms (Bostock et al., 2010). Culture of lower 
trophic level species are generally far less damaging to the environment 
and can even improve the health of ecosystems (Gallardi, 2014). 
Although great efforts have been undertaken to mitigate the negative 
impacts from aquaculture, different approaches are needed that deliver 
aquatic food within ecological limits while conserving and/or restoring 
ecosystem goods and services. 

Integrated aquaculture, i.e., raising multiple species of different 
trophic levels to recreate natural ecosystem dynamics, has been prac
ticed by many societies throughout history. Shellfish and seaweeds 
provide a range of valuable ecosystem goods and services (Cabral et al., 
2016; Smaal et al., 2019) and similar functions can be ascribed to their 
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commercial cultivation. Those functions include provision of food 
(Grant and Strand, 2019; FAO 2020), wildlife habitat for fish and mobile 
invertebrate species (Tallman and Forrester, 2007; Theuerkauf et al., 
2021), water quality regulation (Chopin et al., 1999; Gallardi, 2014; 
Smaal et al., 2019), coastal protection (Jackson and Winant, 1983; 
Ysebaert et al., 2019), and carbon sequestration (Tang et al., 2011). In 
the last decade, an increasing body of literature has highlighted and 
promoted these approaches to offer solutions that ensure sustainable 
ecological, social, and economic objectives (e.g., Chopin et al., 1999; 
Holdt and Edwards, 2014). As a result, shellfish and seaweed aquacul
ture is increasingly considered as a solution to mitigate negative 
anthropogenic impacts in aquatic environments while also providing a 
wide array of ecosystem goods and services (European Commission, 
2012; Froehlich et al., 2017). 

While the U.S. ranks among the world leaders in fisheries production, 
aquaculture remains a modest industry with little growth. Shellfish 
production has been at a relatively constant level since 2014, although it 
still leads U.S. aquaculture production in value (NMFS, 2021). Most of 
the growth in U.S. aquaculture comes from new seaweed cultivation, 
especially in New England (Kim et al., 2019) and Alaska (NOAA Alaska 
Fisheries Science Center, 2022). Seaweed aquaculture can maintain its 
momentum by emphasizing its environmental benefits, the diversifica
tion of its products, and the cultivation of a variety of native species. 
Moreover, the combination of shellfish with seaweed aquaculture could 
also be a diversification opportunity for shellfish farmers towards eco
nomic stability in an industry where success is deeply conditioned by the 
increasing variability of environmental factors and markets (Smith, 
2019; Stankus, 2021). However, complex permitting processes and so
cial resistance to aquaculture are often cited as barriers to expansion 
(Knapp and Rubino, 2016). For example, empirical research from Rhode 
Island shows that public support for farms is positively associated with 
societal impacts rather than those associated with environmental im
pacts (Dalton and Jin, 2018). Another impediment to aquaculture 
growth is uncertainty surrounding the growth potential of organisms, 
which affects the economic potential of farms (Gibbs, 2009). Little is 
known regarding suitable conditions for seaweed and shellfish inte
grated aquaculture in the U.S., and spatially explicit estimates are 
needed to assist in site selection. A better understanding of the pro
duction potential of the surrounding ecosystem could help managers 
and farmers choose the right kind of aquaculture to grow a marketable 
product, while also decreasing potential negative environmental im
pacts and maximizing ecosystem services. 

Ecosystem modeling is an important tool for aquaculture that can 
generate valuable information for planning and predicting ecological 
and economic suitability (Ferreira et al., 2007). Scenario building allows 
the exploration of management strategies and environmental risks to 
both the farming industry and the natural environment where it is 
implemented. Most ecosystem models integrate time and space to un
derstand complex physical, chemical, and ecological dynamics, partic
ularly in coastal areas where most shellfish and seaweed aquaculture 
facilities are located (e.g., Dowd, 2005; Cranford et al., 2013). The 
complexity of coastal ecosystems imposes a common trade-off between 
the generality and replicability (or simplicity) of a model and its realism 
(or precision; Matthewson and Weisberg, 2009; Kellner et al., 2011). 
One modeling approach often used is individual-based modeling, in 
which the growth of an organism (finfish, shellfish, or seaweed) is pre
dicted based on experienced environmental conditions. Combined with 
a detailed formulation of physical variables (to ensure realism) and a 
mechanistic implementation of individual bioenergetics (to ensure 
generality; Guyondet et al., 2015; Lavaud et al., 2020), this approach 
allows for a quantitative assessment of temporal dynamics, which is 
needed to evaluate the benefits of integrated aquaculture (Barrett et al., 
2022). 

In this study, we build an ecosystem model to investigate the pro
duction potential and spatial variability of kelp and oyster growth in 
integrated aquaculture settings across the Narragansett Bay ecosystem 

(Rhode Island, U.S.). Existing models for the individual bioenergetics of 
sugar kelp (Saccharina latissima) and eastern oyster (Crassostrea virgin
ica) were combined with a coupled hydrodynamics-water quality model 
to evaluate the influence of biogeophysical processes on the growth 
potential of kelp and oysters at existing shellfish leases in Narragansett 
Bay. Specifically, we used model simulations to identify optimal 
geographic locations and harvest timing for kelp farming. This 
ecosystem model provides new estimates of kelp and oyster growth 
potential that should help inform farmers and local managers in their 
decision to adopt integrated kelp and oyster aquaculture in Rhode Island 
and elsewhere where their growth is feasible. 

2. Material and methods 

2.1. Study site 

The ecosystem model presented in this study was developed for 
Narragansett Bay (NB), a 381 km2 estuarine system along the Northeast 
coast of the U.S (Fig. 1a) where oyster farming is well developed. Most of 
the farming is conducted using on-bottom rack and bag systems, but this 
can be variable and include floating bags. For this study, we only focus 
on on-bottom culture and divide the oyster farm sites in NB into several 
sub-areas that roughly correspond with the local geography, and which 
lie along the dominant north-south hydrographic gradient (Fig. 1b). 
From north to south, the salinity generally increases from the Upper Bay 
through the Mid and Lower Bay sub-areas and is highest at the Bay 
Entrance sites. Nutrient concentrations (e.g. nitrate) exhibit a reversed 
gradient, with highest values in the Upper Bay and lowest values in the 
Bay Entrance sub-area. The Sakonnet sub-area in the easternmost 
portion of NB is somewhat isolated geographically from the rest of the 
Bay by the narrow entrance at its northern end but is significantly 
influenced by freshwater discharge from the Taunton River (the east
ernmost river entering NB shown in Fig. 1a). Hydrographically, the 
Sakonnet sub-area is like the Mid Bay sub-area. The oyster farm sites in 
the Sakonnet sub-area are somewhat shallower than elsewhere in the 
Bay. 

2.2. Ecosystem model 

The ecosystem model is composed of three models: a coupled 
hydrodynamics-water quality model (OSOM-CoSiNE) and two individ
ual bioenergetic (Dynamic Energy Budget; DEB) models, one for kelp 
and one for oysters (Fig. 2). The OSOM-CoSiNE model consists of a 3D 
hydrodynamics module simulating the circulation and hydrography 
(temperature and salinity), and a biogeochemical module computing the 
lower trophic level ecology of NB to provide concentrations of dissolved 
inorganic carbon (DIC), dissolved inorganic nitrogen (DIN), and 
plankton. Photosynthetically active radiation (PAR) was derived from 
radiative forcing from the North American Regional Reanalysis (Venolia 
et al., 2020). Temperature, PAR, and nutrient concentrations were used 
as forcing variables for the kelp model to predict blade growth (blade 
length; cm). Temperature and plankton concentration were used as 
forcing variables for the oyster model to predict shell (and tissue) 
growth (shell height; cm). 

2.3. Hydrodynamics-water quality model 

The three-dimensional hydrodynamics of NB were computed using 
the Ocean State Ocean Model (OSOM; Sane et al., 2020), which is an 
application of the Regional Ocean Modeling System (ROMS; Shche
petkin and McWilliams, 2005). The model domain extends from the 
upper reaches of NB to the mid-shelf off the southern New England coast 
(Fig. 1a). The spatial grid consists of 1000 × 1100 cells with a curvi
linear varying horizontal resolution of approximately 85 m near the 
head of NB and 475 m at the southern boundary. There are 15 
terrain-following vertical levels. Other model properties including 
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vertical and horizontal viscosity and diffusivity, bottom drag, open 
boundaries forcing, and tidal forcing are described in detail by Sane 
et al. (2020). 

The model was forced with spatially and temporally variable winds 
from the North American Mesoscale analyses (https://www.ncei.noaa. 
gov/data/north-american-mesoscale-model/access/historical/analysis 
). Surface heat fluxes, except for upward longwave radiative flux, which 
was computed from the model surface temperature, were assumed to be 
spatially uniform (but still temporally variable). Net shortwave flux and 
downward longwave fluxes were obtained from the North American 
Regional Reanalysis model (http://www.emc.ncep.noaa.gov/mm 
b/rreanl) at the grid point located in the ocean just south of the NB 

mouth. Meteorological variables needed to compute sensible and latent 
heat fluxes were obtained from local PORTS stations (http://www. 
co-ops.nos.noaa.gov) and from T.F. Green Airport (located along 
upper NB) and these fluxes as well as surface momentum fluxes were 
computed using the COARE bulk formulae (Fairall et al., 2003). 

Freshwater volume fluxes into the OSOM model domain from rivers 
and wastewater treatment facilities were applied as point sources at the 
locations shown in Fig. 1b. For most rivers, measured fluxes were ob
tained from United States Geological Survey (USGS) gaging stations, and 
these values were adjusted to account for the ungauged drainage area 
between the gaging stations and the model input locations (Ullman 
et al., 2019). The discharge of ungauged rivers was estimated from 

Fig. 1. Map presenting (a) the ecosystem model domain and (b) the location of study sites at existing oyster farms in the Narragansett Bay considered as potential 
sites for integrated kelp-oyster aquaculture. WWTFs stand for Waste-Water Treatment Facilities. Oyster shell height data collected at the Wickford and Rome Point 
farms were used to calibrate the oyster bioenergetics (Dynamic Energy Budget; DEB) model. 

Fig. 2. Conceptual scheme of the ecosystem model for kelp-oyster aquaculture. The hydrodynamic-water quality (OSOM-CoSiNE) model provides forcing variables 
to the individual kelp and oyster bioenergetics (Dynamic Energy Budget; DEB) models. 
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nearby gauged rivers using regression techniques as described in Ull
man et al. (2019). The salinity of inflowing river water was set to zero 
while the daily water temperature was specified using an empirical 
regression using air temperature and water temperature from the prior 
day (Ullman et al., 2019). Nutrient concentrations in river water were 
specified using linear interpolation of observations from the Narragan
sett Bay Commission and the U.S. Geological Survey. Volume fluxes as 
well as nutrient concentrations for the discharges from the three main 
wastewater treatment facilities into NB were obtained from the plant 
operators. 

The lower trophic level pelagic ecology of NB was simulated using 
the Carbon Silicate and Nitrogen Ecosystem (CoSiNE) model (Chai et al., 
2002; Xiu and Chai, 2011; Zhou et al., 2017; Liu et al., 2018). CoSiNE is 
fully coupled with the realistically forced OSOM hydrodynamics model. 
The model state variables include four nutrients (nitrate, ammonium, 
phosphate, and silicate), two phytoplankton classes (small phyto
plankton and diatoms), two zooplankton classes (micro- and mes
o‑zooplankton), two detritus classes (nitrogenous and silicious detritus), 
as well as dissolved oxygen, total inorganic carbon, and total alkalinity. 
Details of the model formulations are described in Chai et al. (2002) and 
Liu et al. (2018). Nutrient regeneration in the CoSiNE model involves 
water-column processes only. Because inputs from riverine and waste
water treatment facilities dominate nutrient dynamics in this system 
(Nixon et al., 1995), benthic regeneration processes can be neglected. 
The sum of the biomasses of small phytoplankton, diatoms, micro
zooplankton, and nitrogenous detritus (mmol N m–3) was used as the 
“food” input in the oyster DEB model. 

The coupled OSOM-CoSiNE model was run with a time step of 15 s. 
Model results were output at 0.5 h intervals and were averaged to the 
hourly or daily values needed for the kelp or oyster models respectively. 

2.4. Kelp and oyster DEB models 

The individual bioenergetic models used for kelp and oyster are 
based on Dynamic Energy Budget (DEB) theory (Kooijman, 2010). 
Although applied to extremely different organisms, the DEB models for 
kelp and oyster rely on the same basic principles. Energy contained in a 
substrate, in the form of DIC and nitrate for kelp or the summed “food” 
variable described above for oysters, is assimilated into reserves (one for 
each substrate). Reserves are then used to fuel metabolic processes such 
as maintenance, somatic growth, development, and reproduction. All 
parameters and equations for these models are available in Tables S1 
and S2. 

The kelp DEB model was developed and calibrated by Venolia et al. 
(2020) and the same set of parameters and initial conditions were used. 
The model was run on an hourly time step from 1st November 2017 to 
23rd April 2018 (i.e., the winter period), which represents a standard 
growth season for kelp aquaculture in the area, at the end of which algae 
are harvested and new seed lines deployed the next fall. The kelp blade 
growth was modelled for an individual grown 1 m underwater at all 
selected farm site across NB (Fig. 1). Simulations started with a seedling 
of 50 mg with initial state variables for Nitrogen reserve (mEN) and 
Carbon reserve (mEC) set at 2 mmol molV–1 (i.e., moles of carbon per 
mole of structure V) and 10 mmol molV–1, respectively. PAR was esti
mated based on the method described by Venolia et al. (2020), using the 
same shortwave radiation forcing as was used for the OSOM-CoSiNE 
model runs. At each location we calculated the expected wet biomass 
(in kgWW m–1) that could be harvested on a 1-ha farm using weight 
outputs from the model (in gDW ind–1), a seeding density of 87 ind m–1 

(mean of 24 samples collected in May 2019, standard deviation: 32; 
Table S5), and a dry weight to wet weight ratio of 0.10 (mean of 34 
samples collected in April 2018, standard deviation: 0.03) for a farm 
equipped with 100-m lines spaced by 1.5 or 6 m (as experimented on 
southern New England farms by Yarish et al., 2017). 

The oyster DEB model was developed and validated by Lavaud et al. 
(2017). The same set of parameters was used except for the functional 

response to food availability (XK), which was calibrated for this study 
based on field growth data from two oyster farms (Wickford and Rome 
Point, Fig. 1b) in lower Narragansett Bay and chlorophyll-a concentra
tion measurements obtained from the nearby University of Rhode Island 
Graduate School of Oceanography’s long-term phytoplankton sampling 
site (station “GSO-phyto” in Fig. 1b). Near-surface and near-bottom 
chlorophyll-a at this site was obtained from seawater samples pro
cessed for immediate extraction and quantified by fluorometry as 
described by Graff and Rynearson (2011). The model was run at the 
same locations as the kelp model on a daily time step from 1st May 2017 
to 31st December 2018 (oysters are usually harvested in their second 
year of growth). Simulations of oyster shell growth were initiated uni
formly across locations with a shell height of 1 cm, half of the maximum 
reserve density (Em = {ṗAm}/v̇) and an empty reproduction buffer. The 
OSOM-CoSiNE model outputs for the sum of small phytoplankton, di
atoms, microzooplankton, and detritus expressed in mmol N m–3 was 
transformed into chlorophyll-a concentration assuming a conversion 
coefficient of unity (Marra et al., 1990; Dugdale et al., 2012) and used as 
food source in the oyster DEB model. All parameters and equations for 
these models are available in Tables S3 and S4. 

2.5. Revenue analysis of farm-scale operations 

Potential biomass was then converted to a monetary value using an 
average farm-gate price of $1.32 kg–1 or $0.60 lb–1 (fresh) for farmed 
seaweed in Maine, which is the most recent average price available at 
the time of writing (Maine Department of Marine Resources, 2020; 
McKinley Research Group, 2021). Predicted revenue (PR, reported in $ 
ha–1) was calculated as: PR = biomass × density × line length × space ×

price, where biomass is the DEB model derived individual biomass at 
harvest (kgWW ind–1), density is the seeding density (ind m–1; see 2.3), 
line length is the length of a seeding line (100 m), space is the space 
between lines (1.5 or 6 m; as experimented on southern New England 
farms by Yarish et al., 2017), and price is the average farm-gate price. 

Market size for oysters is 3 in (7.4 cm) and they usually reach this 
threshold during their second year in Connecticut (U.S.). However, the 
U.S. oyster market is generally based on unit prices independent of 
oyster size. Since the present model does not represent a population but 
a generalized individual, we did not calculate the value of produced 
oysters in this study. 

2.6. Ecosystem services 

Kelp uses some elements present in the water such as nitrogen (taken 
up by the algae as NO3

–, NO2
–, or NH4

+) and carbon dioxide to grow. The 
removal of N and C contributes to the mitigation of nutrient runoff and 
carbon emissions and as such constitutes ecosystem services that can be 
quantified through the bioenergetic DEB model. Potential N and C net 
uptake (kg N/C ha–1) from kelp was output from the DEB model at each 
location for an average individual and scaled up to a farm setting using 
the equation: Uptake = W × density × line length × space, where W is the 
mass of total N or C in an individual algal thallus (kg ind–1). Because the 
contribution of reserves in C and N to W may vary through time, we 
report the value of N and C net uptake both at the time of harvest, i.e., at 
the end of the simulation, as well as the maximum through time. This 
distinction may indicate that harvest should occur earlier to maximize 
the nutrient removal service provided by kelp growth. 

3. Results 

3.1. OSOM-CoSiNE model outputs 

The temporal dynamics of environmental variables outputted from 
the OSOM-CoSiNE model followed a seasonal pattern, more pronounced 
at the sub-surface where kelp is grown, than near-bottom where most 
oysters grow (Figs. 3-4). Near-surface temperature reached a minimum 

R. Lavaud et al.                                                                                                                                                                                                                                 



Ecological Modelling 481 (2023) 110370

5

in early January before slowly rising again (Fig. 3a). Near-bottom 
temperatures were also lowest in early January and reached a 
maximum in early August (Fig. 4a). Near-surface nitrate concentration 
was highest in early November (maximum values within regions ranging 
between 5.9 and 16.4 µmol N L–1) and lowest in April (minimum values 

<1 µmol N L–1 at all sites) with values between 2 and 11 µmol N L–1 also 
observed in all sites except at the Bay Entrance in January–March 
(Fig. 3b). Near-bottom oyster food concentration showed high vari
ability with peaks throughout the end of spring and the summer with 
maximum values up to 12 to 16 µmol N L–1 (Fig. 4b). PAR, which is not 

Fig. 3. Mean near-surface temperature ( ◦C; a, d), near-surface nitrate concentration (μmol N L–1; b, e) computed by the ROMS-CoSiNE model and PAR (molphoton m–2 

h–1; c) between 01 November 2017 and 23 April 2018 by region (graphs on the left) and through time at the selected oyster farms in Narragansett Bay (maps on the 
right). These forcing variables were used in the kelp DEB model. The same PAR data were used at each site. 
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an output from the model, also varied according to the time of the year 
with minimum average values in December and maximum values at the 
end of the study period in April (Fig. 3c). 

Outputs from OSOM-CoSiNE model were used to force the kelp and 
oyster models over different time periods: for 6 months (Nov. 2017–Apr. 

2018) for kelp and for 20 months (May 2017–Dec. 2018) for oysters. To 
illustrate the spatial variability of forcing variables for each model (near- 
surface temperature and nitrate for kelp, and near-bottom temperature 
and food concentration for oysters), the mean values of the OSOM- 
CoSiNE output variables were computed over the different model time 

Fig. 4. Mean near-bottom temperature ( ◦C; a, c) and near-bottom oyster food concentration (μmol N L–1; b, d) between 01 May 2017 and 31 December 2018 by 
region (graphs on the left) and through time at the selected oyster farms in Narragansett Bay (maps on the right). These forcing variables were used in the oyster DEB 
model. Food is computed as the sum of small phytoplankton, diatoms, microzooplankton, and nitrogenous detritus. 
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periods. For kelp growing mostly during winter months, near-surface 
temperatures were coldest at the shallow sites along the western side 
of the bay and in the Sakonnet River and highest in the deeper areas of 
the Mid and Lower Bay (Fig. 3d). Mean near-surface nitrate concentra
tions were highest in the Upper Bay (>7.5 µmol N L–1) and lowest at the 
Bay Entrance (2.2 ± 0.1 µmol N L–1; Fig. 3e). During the nearly 2-year 
oyster period, mean near-bottom temperatures were highest (>15 ◦C) 
in the Upper Bay and in the shallow areas in the western Mid Bay and the 
Sakonnet River and lowest in the eastern Lower Bay and at the Bay 
Entrance (Fig. 4c). Mean near-bottom oyster food concentration 
exhibited a similar north-south gradient, with higher values in the Upper 
Bay and decreasing southward (Fig. 4d). 

3.2. Kelp and oyster growth potential 

Mean predicted kelp blade length at the end of the cultivation period 
in April varied from 50 ± 1 cm at Bay Entrance sites to 74 ± 5 cm at the 
Upper Bay sites (Fig. 5a). Final mean predicted length at the Sakonnet 
sites (62 ± 3 cm) was between that of the Lower Bay (58 ± 1 cm) and 
Mid Bay sites (73 ± 2 cm; overlapping with Upper Bay site in Fig. 5a). 
Predicted kelp growth slowed greatly in the last month at sites near the 
entrance of NB, while moderate to high growth rates were still simulated 
in other parts of the bay. Model predictions of kelp mass ranged from 
0.97 kgWW m–1 at the easternmost site of Bay Entrance to 2.03 kgWW m–1 

at the northernmost site in Upper Bay, or 1.6 tons ha–1 and 3.4 tons ha–1 

on 6 m spaced line-farms, respectively (Figure 6a; 6.5 tons ha–1 and 13.5 
tons ha–1 with 1.5 m spaced line-farms). The averages for the entire bay 
amount to 1.45 ± 0.05 kgWW m–1 or 9.6 ± 0.3 tons ha–1 (2.4 ± 0.1 tons 
ha–1 with 1.5 m spaced line-farms). 

Mean predicted oyster height at the end of the cultivation period in 
November varied from 6.5 ± 0.3 cm in sites at the Bay Entrance to 7.8 ±
0.3 cm in the Upper Bay sites (Figs. 5b, 6b). As for kelp simulations, 
predicted growth of oysters in Sakonnet sites (7.4 ± 0.0 cm) was be
tween that of oysters growing in Lower Bay (7.1 ± 0.1 cm) and Mid Bay 
sites (7.5 ± 0.1 cm; Figs. 5b, 6b). Because this study focuses on the 
integration of kelp production to existing oyster farms, simulations for 
oysters ended during their second year of growth. Extrapolation of 
simulations assuming a repetition of environmental conditions from 
2018 in 2019 indicate that all oysters except those at the Bay Entrance 
sites easily reach market size in their third year of growth (data not 
shown). 

3.3. Production value potential 

Average minimum of 6.7 ± 0.3 tons ha–1 at Bay Entrance farms, 
average maximum of 12 ± 1.4 tons ha–1 at Upper Bay sites (Table 1). 
These estimated yields at the Bay Entrance and in the Upper Bay would 
translate to $2222 and $3998 for 6 m spaced line-farms and to $8887 
and $15,991 for 1.5 m spaced line-farms, respectively. Maximum reve
nue at one site in Upper Bay was estimated at $17,872 for a 1.5 m spaced 
line-farm while the minimum estimate at the Bay Entrance was $2138 
for a 6 m spaced line-farm. 

3.4. Ecosystem services 

A gradient in N uptake from kelp was predicted by the model from 
the Bay Entrance to the Upper Bay locations with values ranging from 10 
± 0 kg N ha–1 at harvest time in a 6 m spaced line-farm from the Bay 
Entrance to 1117 ± 332 kg N ha–1 at maximum in a 1.5 m spaced line- 
farm from the Upper Bay (Table 2). The difference between values at 
harvest time and at maximum reflect the decrease in N reserves observed 
toward the end of simulations (Fig. 7). Predicted C uptake from kelp 
through photosynthesis ranged from 1185 ± 161 kg C ha–1 in a 6 m 
spaced line-farm from the Mid Bay region to 6184 ± 157 kg C ha–1 in a 
1.5 m spaced line-farm from the Lower Bay (Table 2). 

4. Discussion 

Model simulations indicated that both farmed kelp and oysters 
should grow well across wide swaths of NB, although not as well as some 
nearby observations, and that the timing for harvest is critical for 
maximized growth. Predicted kelp blade length ranged between 50 and 
74 cm and biomass between 0.97 and 2.03 kgWW m–1 over the cultiva
tion season, which stands at the lower range of observations of 0.2 to 7.8 
kg m–1 (Table S5). Yarish et al. (2017) also obtained higher yields in a 
pilot study in Long Island Sound and Southeastern New England (1.6 to 
14.8 kg m–1). These authors report, however, that growth was limited in 
their Rhode Island and Massachusetts sites. At the time of harvest in our 
study, apical frond loss can become common in NB, which has been 
correlated with temperature stress and wave action (Krumhansl et al., 
2014), mechanical stress of biofouling (Brown et al., 1997), and overall 
blade length (Sjotun, 1993). Additionally, the limit on growth could be a 
result of a reduction in N reserves toward the end of the season (see 
Figure S4a), in link with a decrease in N concentration in the water 

Fig. 5. Predicted mean kelp blade length (a) and oyster shell height (b) at existing oyster farms in Narragansett Bay. The area around the curves represents the 
standard error of the mean of predictions from farms grouped by location in the bay. 
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(Fig. 3b), indicating an N shortage for growth. While increases in light 
flux and temperature in the spring favor C assimilation in kelps, the basic 
somatic maintenance costs are also expected to increase (Figure S4b). 
But with a limited supply of N, the growth rate of algae starts to 
decrease. 

Another factor potentially affecting our kelp growth estimates is 
competition with microalgae in Upper Bay sites. As the coupling of the 
ROMS-CoSiNE model to the kelp and oyster DEB models was operated 
offline, no feedback interaction from kelps or oysters on the 3D model 
occurred. The filtration activity of oysters feeding on phytoplankton and 
the competition for light and nutrients between macro- and microalgae 
could positively influence the actual availability of essential substrates 
for kelp growth. The lower kelp biomass predicted by the model 

compared to available data could also be due to the average seeding 
density of 87 ind m − 1 used in our calculations, which is lower than 
values reported in a case study in Norway by Forbord et al. (2020). It is 
very likely that not all seeded kelp develops into fully grown thalli, 
especially at high densities. Yarish et al. (2017) reported farm-scale 
biomass production values of 1.0 tons ha–1 on 6 m spaced line-farms 

Fig. 6. Spatially explicit predictions of mean kelp biomass per hectare (tons ha−1) at harvest (a) and oyster shell height (cm) after two growth seasons (b) at existing 
oyster farms in Narragansett Bay. Kelp potential production is presented for a 1.5 m spaced line-farm; the color scale for a 6 m spaced line-farm would vary between 
1.5 and 3.5 tons ha–1. 

Table 1 
Biomass and farm-gate value (USD) estimates of kelp grown on a 1-ha farm with 
100-m lines spaced by 1.5 or 6 m.  

Location Biomass (kg 
m–1) 

Biomass (kg ha–1) Value ($ ha–1)   

1.5 m 6 m 1.5 m 6 m 

Upper Bay 1.82 ± 0.21 12,115 ±
1425 

3029 ±
356 

15,991 ±
1881 

3998 ±
470 

Mid Bay 1.77 ± 0.11 11,821 ±
754 

2955 ±
189 

15,603 ±
995 

3901 ±
249 

Lower Bay 1.29 ± 0.08 8613 ±
561 

2153 ±
140 

11,369 ±
741 

2842 ±
185 

Sakonnet 1.45 ± 0.18 9657 ±
1211 

2414 ±
303 

12,747 ±
1599 

3187 ±
400 

Bay 
Entrance 

1.01 ± 0.04 6733 ±
253 

1683 ±
63 

8887 ±
334 

2222 ±
84 

Average 1.45 ± 0.27 9639 ±
1816 

2410 ±
454 

12,724 ±
2397 

3181 ±
599  

Table 2 
Nitrogen (N) and Carbon (C) fixation by kelp grown on a 1-ha farm with 100-m 
lines spaced by 1.5 or 6 m at the time of harvest, at time of maximum weight, and 
cumulated over a growing season (173 days).  

Location Time Fixed Nitrogen (kg N 
ha–1) 

Fixed Carbon (kg C ha–1)   

1.5 m 6 m 1.5 m 6 m 

Upper Bay harvest 635 ±
545 

159 ±
136 

4766 ±
1961 

1192 ±
490  

at 
maximum 

1117 ±
332 

279 ±
83 

4766 ±
1961 

1192 ±
490 

Mid Bay harvest 258 ± 61 65 ± 15 4741 ±
644 

1185 ±
161  

at 
maximum 

945 ± 58 236 ±
15 

4741 ±
644 

1185 ±
161 

Lower Bay harvest 63 ± 19 16 ± 5 6184 ±
157 

1546 ±
39  

at 
maximum 

563 ± 79 141 ±
20 

6184 ±
157 

1546 ±
39 

Sakonnet harvest 117 ± 39 29 ± 10 5977 ±
294 

1494 ±
74  

at 
maximum 

663 ±
183 

166 ±
46 

5977 ±
294 

1494 ±
74 

Bay 
Entrance 

harvest 39 ± 2 10 ± 0 5134 ±
183 

1283 ±
46  

at 
maximum 

245 ± 19 61 ± 5 5134 ±
183 

1283 ±
46  
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and 4.4 tons ha–1 on 1.5 m spaced line-farms which is within our esti
mates that ranged between 1.7 ± 0.1 and 12 ± 1.4 tons ha–1. Note that 
the different line spacing scenarios used in our simulations represent a 
simple scale up of individual dynamics and not different model runs. 
Moreover, the depth at which the growing lines are set is another factor 
that can impact kelp harvest biomass through light availability. We 
assumed that algae were grown at a depth of 1 m at all growing sites, like 
Forbord et al. (2020) who used depth of 1 to 2 m, while Yarish et al. 
(2017) did not specify this information. 

As for many organisms, inter-individual variability in physiological 
traits can be important, and accounting for this pattern could lead to 
more accurate predictions and remove the need for rule-of-thumb esti
mates (Koch and De Schamphelaere, 2020). We started simulations with 
uniform oyster height across stations/sites (1 cm), which does not ac
count for the environmental history that individual oysters would have 
experienced while growing at these different locations since their 
deployment (usually around 3–4 mm). This starting size was based on 
data collected for the calibration of the half-saturation coefficient 
(Figure S3), but more variation should be expected. Additionally, 
different oyster culture practices (e.g., line, raft) would also likely in
fluence growth compared to traditional on-bottom culture (modeled in 
this study), with possible impacts on light availability and nutrient cir
culation and availability for kelp (Strohmeier et al., 2005) 

The highest growth rates for farmed kelp and oysters were predicted 
in the Upper Bay sites, where both organisms benefited from higher 
concentrations of nitrate and near-bottom concentrations of phyto
plankton, respectively. The elevated nitrate concentration predicted in 
this area, which is consistent with observations (e.g., Oviatt et al., 2017), 
is due to the location of three large wastewater treatment facilities and 
two of the largest tributary rivers at the northern end of the Bay (Fig. 1). 
Freshwater runoff could, however, pose a limit to growth because sugar 
kelps prefer high salinity waters, particularly at lower latitudes (Mon
teiro et al., 2021). Salinity is not currently included in the kelp DEB 
model but could be added as a forcing variable as has been done for 
other organisms living in environments subjected to high salinity vari
ations (Lavaud et al., 2017). 

Oyster farms located at the Bay Entrance appear to be the least suited 
for kelp cultivation as suggested by the smaller simulated blade lengths 
(Fig. 5a). Lower phytoplankton concentration in more open waters has 
been used to explain reduced growth rates in bivalves in studies on 
offshore aquaculture (Palmer et al., 2021). Farms located further south 

of NB would also involve higher operation costs due to the distance to 
site and the exposure to wave action potentially involving heavier gear 
to secure lines. With production potential yielding about half of the 
value expected at Upper Bay locations (Table 2), the development of 
kelp aquaculture at the entrance of NB might be limited, according to 
model outputs, although kelp has been successfully grown along 
southern New England shorelines, including Connecticut and Massa
chusetts (Kim et al., 2019; Heidkamp et al., 2022). One factor that may 
compensate lower growth is the density of farm lines which previous 
studies suggested could provide high yield in tightly spaced (1.5 m) lines 
(Yarish et al., 2017; Umanzor et al., 2021). However, most experimental 
studies conducted on existing farms generally adopt wider separation 
(about 5–6 m) between lines (e.g., Tabassum et al., 2017; Grebe et al., 
2021) and feedback from farmers is needed to evaluate the practicality 
of working and maintaining such a design in a more exposed environ
ment such as the NB Entrance. 

Our ecosystem model demonstrates significant quantities of N are 
removed from the system via kelp growth (Table 2). However, the bio- 
extraction capacity (estimated between 10 and 1117 kg N ha–1) 
showed high variability depending on the location in NB and line 
spacing. The estimated range encompasses values of 19 to 176 kg N ha–1 

calculated by Grebe et al. (2021) in a recent study on kelp aquaculture 
potential in Maine and those of 10 to 139 kg N ha–1 obtained by Kim 
et al. (2015). As for biomass production, which N uptake is directly 
linked to, various assumptions regarding farm characteristics may 
explain the higher range of N removed by kelp in our study, including 
line spacing, initial seeding density, duration of growing season, and 
harvest date. As shown in Table 2, maximum blade length does not 
necessarily mean maximum N removal (through harvest) as N avail
ability tends to decrease later in the growing season, with more uptake 
from both macro- and micro-algae due to higher biomass and a reduc
tion in runoff. The predicted drop in N content in kelp tissue at the end of 
the simulated period may be surprising considering the capacity of sugar 
kelp to store nitrogen (Stekoll et al., 2021). However, other studies also 
showed reductions in N content in kelp tissues particularly at the end of 
the growth season (Kim et al., 2015; Stekoll et al., 2021). More data on 
the temporal dynamics of N in kelp tissue could be used to refine model 
parameters related to the mobilization of N reserves and the needs for 
structural N maintenance. 

The development of macroalgae cultivation is also seen as a miti
gation tool for C emissions from land-based activities (Doumeizel et al., 
2020; Park et al., 2021), although these impacts are limited when 
macroalgae are harvested vs. buried in the deep ocean (Dolliver and 
O’Connor, 2022). Similarly, it should be possible to evaluate the C 
removal potential from oysters through biocalcification. This can be 
achieved within the DEB framework as bio-calcified products can be 
computed as a weighted sum of mineral fluxes resulting from metabolic 
processes (see Pecquerie et al., 2012, or Galli et al., 2016, for examples 
of biocalcification in DEB). The current model for S. latissima still re
quires upgrades to account for dark respiration and produce net esti
mates of C uptake (Venolia et al., 2020), but the structure of the model 
could be transferred to any macroalgal or microalgal species. 

With the offline coupling of the hydrodynamic model to bioenergetic 
models for kelp and oysters, the present work constitutes a first step in 
evaluating the production potential for integrated aquaculture in NB. 
Further developments including the budgeting of nutrients within the 
system would allow the quantification of N fluxes using the current 
modeling approach. Such an analysis based on individual DEB models 
was recently undertaken in Eastern Canada to evaluate the relationship 
between opportunistic macroalgae growth, mussel aquaculture, and 
natural bivalve species (Lavaud et al., 2021) and could be applied in 
future studies in NB. As kelp competes for nutrients with phytoplankton, 
which constitute the main food source of oysters, the indirect effect of 
kelp on oysters could be assessed to maximize production efficiency. 
Nevertheless, such impacts are likely minimal because: 1) optimal 
growth periods for kelp and phytoplankton are temporally decoupled 

Fig. 7. Predicted mean N mass from kelp tissue at existing oyster farms in 
Narragansett Bay. The area around the curves represents the standard error of 
the mean of predictions from farms grouped by location. 
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(until mid-late spring), and 2) the scale of kelp deployment in existing 
farms is relatively small compared to the rest of the bay. Our model 
could also be used in forecasting mode to mechanistically predict the 
system production potential based on future climate predictions (Jiang 
et al., 2022). 

Our ecosystem model simulations provide estimates of the growth 
potential for kelp at existing eastern oyster farms across NB. Results 
demonstrate there are potentially significant ecological and economic 
benefits of such operations. These predictions offer a promising outlook 
and should help producers and managers in their decision-making pro
cess for this relatively new industry in the U.S. Following assumptions 
from Yarish et al. (2017) who conducted an analysis of the kelp pro
duction industry in northeastern U.S., we showed that kelp farming in 
NB would generate economically sustainable yields in the upper and 
middle sections of the bay. Combined with existing oyster farming op
erations, several operational costs would likely be reduced due to similar 
technologies being used: gear and operation tools like boats, mooring, 
processing facilities would be used for both species. Varying yields due 
to forcing parameters controlling kelp growth (N load, temperature, 
PAR) would likely have an impact on handling time at harvest and 
during processing, which is hard to quantify at this stage without 
additional work on economic and environmental condition scenarios. 
We have described how the time of harvest impacted the bio-extraction 
capacity of N from the system. The timing of harvest would also have 
important economic effects because as the season progresses and 
seawater warms up, apical frond loss increases (Sjøtun, 1993; Krum
hansl et al., 2014). Using real-time monitoring of environmental con
ditions at a particular site would allow precise determination of when 
harvest should occur. This capacity and the availability of data has been 
greatly increased in recent years with the deployment of monitoring 
stations through federal or state programs. Finally, the farming of 
another product grown on the same aquaculture lease can constitute a 
means of diversification, with the added benefit of decoupled growth 
through time (oysters primarily grow during summer months while kelp 
grows and is farmed only during winter months). The present study 
provides quantitative estimates of the potential for integrated kelp and 
oyster aquaculture that will be useful for the development of this type of 
industry. 
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