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ABSTRACT 

 

Incorporating Climate Variability to Marine Spatial Planning of Aquaculture in the Southern 

California Bight  

 

by 

 

Jade Fernanda Sainz Garduño 

 

Marine aquaculture is the most rapidly growing food sector and has great potential for 

expansion as part of a sustainable vision for seafood production in the future. Marine spatial 

planning for aquaculture is crucial to identify the best areas for productivity and profitability 

and to avoid conflict with other uses of the space. Given that climate change will likely change 

the answers to these spatial planning questions, effective marine spatial plans for aquaculture 

must assess expected changes and identify efficient adaptation strategies. To this end, we 

propose a novel approach to define climate change responsive marine spatial planning of 

aquaculture. We use the Southern California Bight (SCB) as a case study.  

First, we focus on understanding the effects of interannual variability over site selection. In 

Chapters I and II, we use a historical reanalysis of environmental data to run aquaculture 

models of Mediterranean mussels, striped bass and giant kelp (mussels, fish, and kelp). We 

use empirical orthogonal functions and principal component analysis to identify spatial and 

temporal patterns of variability. We found that decadal variability has significant impacts on 

the productivity and profitability of farms. The different farmed species had quite different 
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responses. Mussels had good productivity regions spread along the coast with the highest 

productivity in the northern region. By contrast, fish had highest productivity sites in the south 

given warmer temperatures, but differences among southern sites were small. Kelp production 

is limited to the northern-most region and productivity differences among sites were striking.  

Finally in Chapter III, we look to the future and incorporate climate projections up to year 

2100 to understand the effects of future climate change on site selection for mussels, kelp, and 

fish species. Given that mean conditions and interannual variance are both relevant 

components of climate, we analyzed both effects on future aquaculture productivity.  

Variability in production is projected to be most striking for kelp, followed by mussels. Fish 

production actually benefits from warming temperatures, and the increasing trend in the mean 

predominates over interannual variability. General lessons from historical records and future 

forecasts suggest that kelp and mussels are more prone to variability given their dependance 

on nutrients and plankton controlled by ocean conditions. By contrast, since fish are fed in 

aquaculture, the long term trend in temperature is the biggest driver of fish production. 

Ignoring variability, therefore, might have greater consequences for the profitable siting of 

kelp and mussel farms. Monitoring systems are valuable to both characterize productivity 

variation and to enhance the empirical foundation for better forecasts that can help create 

climate resilient marine spatial planning. Our results show that spatial patterns of productivity 

remain consistent despite growing climate variability and climate change until optimal 

thresholds for growth are reached. Selection of species and sites resilient to current and 

upcoming environmental conditions are important steps in the planning process. Although this 

work focuses on a single coastline region, it provides an analytical framework that can be 
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expanded to other regions of the globe to help design optimal adaptation strategies tailored to 

each region’s specific climate dynamics.  
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I. Spatial Planning of Marine Aquaculture Under Climate Decadal 

Variability: A Case Study for Mussel Farms in Southern California 

 

As originally published in Sainz, J.F., Di Lorenzo, E., Bell, T.W., Gaines, S.D., Lenihan, 

H.S., and Miller, R.J. (2019). Spatial Planning of Marine Aquaculture Under Climate 

Decadal Variability: A Case Study for Mussel Farms in Southern California. Front. Mar. 

Sci., 6, 253. doi.org/10.3389/fmars.2019.00253 

 

ABSTRACT  

 
The growth of marine aquaculture over the 21st century is a promising venture for food 

security because of its potential to fulfill the seafood deficit in the future. However, to 

maximize the use of marine space and its resources, the spatial planning of marine aquaculture 

needs to consider the regimes of climate variability in the oceanic environment, which are 

characterized by large-amplitude interannual to decadal fluctuations. It is common to see 

aquaculture spatial planning schemes that do not take variability into consideration. This 

assumption may be critical for management and for the expansion of marine aquaculture, 

because projects require investments of capital and need to be profitable to establish and thrive. 

We analyze the effect of climate variability on the profitability of hypothetical mussel 

aquaculture systems in the Southern California Bight. Using historical environmental data 

from 1981 to 2008, we combine mussel production and economics models at different sites 

along the coast to estimate the Net Present Value as an economic indicator of profitability. We 

find that productivity of the farms exhibits a strong coherent behavior with marketed decadal 
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fluctuations that are connected to climate of the North Pacific Basin, in particular linked to the 

phases of the North Pacific Gyre Oscillation (NPGO). This decadal variability has a strong 

impact on profitability both temporally and spatially, and emerges because of the mussels’ 

dependence on multiple oceanic environmental variables. Depending on the trend of the 

decadal regimes in mussel productivity and the location of the farms, these climate fluctuations 

will affect cost recovery horizon and profitability for a given farm. These results suggest that 

climate variability should be taken into consideration by managers and investors on decision 

making to maximize profitability.  

A. Introduction  

Aquaculture is a promising alternative to fulfill seafood consumption by 2050 (Diana et 

al., 2013) and it is expected that about 60% of all seafood will come from aquaculture by 2030 

(World-Bank, 2013). Marine aquaculture in particular is a promising sector because of the 

availability of space within countries’ Exclusive Economic Zones (EEZ) in comparison with 

other aquaculture sectors (Kapetsky, 2013; Lovatelli, 2013; Gentry et al., 2017). This is 

especially true when moving further offshore because space is less limited than inshore 

environments (Gentry et al., 2017) and the environmental impacts over the sea floor and 

sensitive environments such as coral reefs are reduced (Bostock et al., 2010). 

The National Oceanic and Atmospheric Administration of the United States (NOAA) 

indicates that imports comprised 90% of the seafood consumed in the US in 2015 (NOAA, 

2016) and about half of those imports come from aquaculture (NOAA, 2017). Given the 

continuous rising demand of seafood and the opportunities that producing domestic seafood 

represent, there is increasing interest in expanding aquaculture in the United States (Lee et al., 
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2001). The United States is the 17th largest producer worldwide, and global production is 

dominated by Asian countries like China and India (FAO, 2016). Principal products from the 

United States are catfish, crawfish and trout for freshwater, and salmon and oysters for marine 

aquaculture. Freshwater production is by far more important in terms of volume: 234,615 

metric tons for freshwater and 41,080 metric tons of marine production in 2014 (NOAA, 2015). 

A National Marine Aquaculture Policy has been developed to plan the activity to have 

minimum impact over the ecosystems while fulfills its role as source of jobs and local 

sustainable seafood (NOAA, 2011). 

Given the interactions of marine aquaculture with natural habitats (e.g. benthic impacts, 

disease, invasive species introduction, entanglement) and human uses of the marine space (e.g. 

fishing, recreation, viewshed), farm siting must be developed under careful marine spatial 

planning frameworks that inform site selection (Sanchez-Jerez et al., 2016) and also estimate 

the site-specific costs associated with aquaculture (Lester et al., 2018). However, although 

spatial plans for marine aquaculture consider environmental variables to optimize growth rates 

and feasibility, the incorporation of natural variability is often ignored, despite the fact that 

climate variability and change are recognized as important drivers of productivity in marine 

aquaculture (Cochrane et al., 2009; Saitoh et al., 2011; Liu et al., 2013). This can lead to bias 

in the predicted productive capacity of aquaculture projects and sites, and if climate variability 

is not considered in spatial planning, the huge potential for marine aquaculture might be 

compromised by unnecessary costs (Callaway et al., 2012). 

Understanding the impacts of environmental variability over aquaculture zones may lead 

to more reliable marine spatial planning schemes. This information should be of significant 

interest to managers and investors because it reduces uncertainty and increases our 
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understanding of the long term profitability of aquaculture sites (Handisyde et al., 2006). The 

incorporation of climate is one of the key elements in the implementation of the Ecosystem 

Approach to Aquaculture (EEA) (Soto, 2008) particularly now that offshore aquaculture is 

taking its first steps towards expansion. 

Marine Aquaculture in Southern California  

     California is one of the states with the highest seafood demand (Morris, 2015) opening a 

window of  opportunity for marine aquaculture to grow sustainable seafood and provide 

economic benefits to the region. However, current and prospective farmers are facing 

challenges related to the permitting process which needs to be streamlined 

(CaliforniaSeaGrant, 2015) and coordinated between state and federal institutions, depending 

on the location of the project (Bryniarski, 2015). While permission frameworks for federal 

waters are being developed (> 3 miles from the coastline up to the EEZ), waters closer to the 

shore face conflicts with other uses of the space and also need approval from multiple agencies 

(Tiller et al., 2013). Concerns on the environmental impacts and spread of disease on wild 

populations potentially caused by marine aquaculture projects have been raised by 

environmental groups and local fishermen (Weisser, 2016) as in many regions in the world 

(Froehlich et al., 2017).  

     Despite such difficulties, marine aquaculture is finding its way in Southern California 

waters and thriving. Currently, there are few marine aquaculture sites operating in this region: 

Oyster aquaculture has been explored for this area but still remains concentrated in Northern 

California (Kettmann, 2015). However restoration efforts are being developed to enhance 

native Olympia oyster in wetlands of the region (Grant, 2017). Abalone are cultivated in 

seaside tanks, and there are two successful commercial marine aquaculture mussel farms in the 
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Santa Barbara Channel and the San Pedro Shelf. An upcoming project for mussel aquaculture 

in Ventura is just waiting for approval to start operating. The cultivation of kelp is also under 

development for future production of biofuels and agricultural products (Cohen, 2017). 

     Given its relevance for biodiversity and the placement of important marine protected areas, 

marine spatial planning is crucial to preserve and utilize the marine resources of the SCB with 

an ecosystem approach, particularly in a very crowded coastal region (Lester et al., 2018) with 

a population of greater than 22.6 million people (U.S.CensusBureau, 2010). In a planning 

exercise Lester et al., 2018 found that the SCB could potentially host many hundreds of farms 

without compromising other uses of the space or biodiversity. In addition, SCB is attractive to 

farmers and investors for its geographical features, the inshore regions are semi protected from 

the stronger currents of the Pacific (Kettmann, 2015), and there is a low incidence of storms 

and hurricanes (King et al., 2011; Shoffler, 2015). However internal variability mechanisms, 

such as the El Niño Southern Oscillation, the North Pacific Gyre Oscillation and the Pacific 

Decadal Oscillation (ENSO, NPGO and PDO) have a big influence over the productivity of 

the SCB, and climate change is also expected to modify the climatic norm in the region 

(Roemmich et al., 1995; Bograd et al., 2003; Snyder et al., 2003; Lluch‐Belda et al., 2005). 

     In this study we focus on a single type of marine aquaculture that has been projected to be 

successful in the region given its social acceptance and minimum impact on the surrounding 

environment: Mediterranean mussels. Mussels are sensitive to environmental variables 

(Schneider et al., 2010; Kroeker et al., 2014; Gaylord, 2018) so it is expected that farmed 

mussels will need to consider how environmental variability of this region will affect 

productivity and profitability to develop spatial plans and adaptation strategies accordingly.  
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B. Methods 

Description of the Area of study  

     The Southern California coastal region, also known as Southern California Bight (SCB), is 

the coastal area of the Eastern Pacific located between 31.6 and 35 degrees North latitude and 

120 and 116 West longitude, from Point Conception in the north to Punta Banda, in Baja 

California Mexico in the South (SCCWRP, 1973; Schiff et al., 2016). The region of this work 

covers only the USA portion of the SCB, which is the delimited region of study: Point 

Conception down to the Mexico border in San Diego, Southern California (122°W - 117°W;  

32°N - 35°N). The SCB is a platform with multiple submarine canyons and the presence of the 

California Channel Islands that shape a complex oceanography within the region (Jackson, 

1986; DiGiacomo et al., 2001). 

     The SCB is within the southern limit of the California Current, one of the four Eastern 

Boundary Current Systems in the world where Ekman type upwelling promotes a high 

productivity that sustains fisheries and biodiversity (Carr, 2001). Point Conception, which 

marks the northern limit of the SCB is the transition between two major marine 

biogeographical regions: the Oregonian which is primarily influenced by the cooler 

temperatures of the southward California Current and the Californian characterized by warmer 

waters (Valentine, 1966; Airamé et al., 2003; Zacherl et al., 2003). These oceanographic 

features position the SCB as a climatic and biogeographic transition zone, and an important 

biodiversity hotspot, hosting diverse ecosystems such as estuaries and kelp forests (SCCWRP, 

1973; Daley, 1993; Schiff et al., 2016).  
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Further classifications based on marine taxa find two bioregions within the SCB: the 

Southern Californian that goes from Point Conception to Santa Monica Bay; and the 

Ensenadian from Santa Monica Bay down to Punta Eugenia in Mexico (Blanchette et al., 2008; 

Briggs et al., 2011; Chivers et al., 2015). Increased primary productivity and lower 

temperatures are found towards the north in the SCB  (Southern Californian bioregion) due to 

the influence of coastal upwelling processes from the north (Mantyla et al., 2008). In 

comparison, the south  of the SCB  (Ensenadian region) tends to be warmer and lower in 

nutrients due mainly to the northward superficial and sub superficial countercurrents that flow 

along the inshore (Bray et al., 1999; DiGiacomo et al., 2001). The SCB is characterized by 

seasonal upwelling of ocean nutrients (Di Lorenzo, 2003) and strong decadal climate 

variability associated with the basin-scale climate variability (Di Lorenzo et al., 2008; Di 

Lorenzo et al., 2009; Bell et al., 2015). 

Environmental forcing and spatial domain  

     Historical environmental data was obtained from the Regional Ocean Model System 

(ROMS) (Shchepetkin et al., 2005) 4D Historical Reanalysis for the California Current System 

(Moore et al., 2011a, 2011b, 2011c). The domain of the reanalysis covers the SCB region down 

to the San Diego border (122°W - 117°W; 32°N - 35°N) (Figure 1a), where daily values of 

four environmental variables were extracted (salinity, temperature, current velocity, mixed 

layer depth) in daily values for the period 1981-2008. The model grid has 1/10 x 1/10 degrees 

(~121 km2) of horizontal resolution and 42 vertical terrain-following depth layers; only <200 

m of vertical depth were considered for this domain.  
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     The reanalysis forcing data extracted from the UCSC Ocean Modelling and Data 

Assimilations website (http://oceanmodeling.pmc.ucsc.edu) was subdivided into 223 ‘sites’ 

along the coastal boundaries of the SCB. Each site represents a geographical location where a 

mussel farm is located  (Figure 1a). 

The mussel aquaculture production model  

     In order to incorporate the effects of climate variability into mussel production, we 

simulated the growth of Mediterranean mussels Mytilus galloprovincialis with a Dynamic 

Energy Budget (DEB) model approach, adapted to aquaculture conditions. First developed by 

(Kooijman, 1986, 2010), the DEB theory is useful to understand functional relationships of the 

organisms with the environment. The central paradigm of the DEB theory is the k-rule, which 

describes the fractions of energy that are allocated between somatic maintenance or 

reproduction (Sarà et al., 2012), incorporating the uptake and use of substrates (e.g. food, 

nutrients, light) by the organisms and the use of these resources for maintenance, growth, 

maturation and propagation by different life stages. The DEB model takes the individual as its 

central form of organization, but it has been applied to other organizational levels such as 

populations and ecological relationships (Kooijman, 2010). DEB models are also used for 

aquaculture and shellfish research to analyze growth and survival of bivalves in relation with 

environmental variables such as temperature, variable food and salinity (Pouvreau et al., 2006; 

Sarà et al., 2012; Maar et al., 2015). Particularly for mussels, empirical data has helped on 

calibrating DEB-type models, and to validate the application of this modelling approach to 

simulate mussel growth under variable conditions and across locations (Van Haren et al., 1993; 

Rosland et al., 2009; Thomas et al., 2011). 
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According to DEB theory, temperature ‘activates’ the basal activities of the organisms on a 

molecular level and directly regulates growth rates. The model is set to apply the principles of 

the k-rule when the mussel reaches a size of maturity and from then it starts to apportion energy 

towards gonads in addition to body biomass. If food supply and temperature levels are not 

adequate, mussels will starve. 

The DEB model used in this project is based on the work of (Muller and Nisbet, 

2000) which was adapted by (Lester et al., 2018) to simulate mussel growth in response to four 

relevant environmental drivers: temperature (°C), current velocity (cm s-1), mixed layer depth 

(m) and particulate organic carbon (POC mg cm-3). Biological parameters used in the model 

are shown in  Table 1, and most of them gathered from the Add-my-Pet 

website (https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/; Kooijman, 2014). In our 

analysis, the UCSC reanalysis that is used to reconstruct the historical evolution of the DEB 

model drivers did not contain POC. In order to estimate the time dependent changes in POC 

fluxes we used salinity anomalies at 50 meter depth. The use of this proxy is motivated by 

previous studies showing a tight correlation between variations in the halocline and nutricline 

along the CCS (Di Lorenzo et al., 2005; Di Lorenzo et al., 2008). The salinity proxy was 

calibrated using an existing set of POC data for the period 2000-2001 that was used originally 

to develop the mussel model (Lester et al., 2018). Given that we are interested in the relative 

change from one year to the other, the calibration procedure involves adjusting the 2000-2001 

mean of the salinity proxy with that from the POC dataset and re-scaling the standard deviation 

to match that of the POC for the same period. The resulting scaling factors are then applied to 

all other years. 
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Table 1. Mussel model growth model parameters and environmental forcing variables. 
 

Inputs Parameter Value Source 

Energy conductance vref 0.01359 cm d-1 Kooijman et al. 2014 

Maintenance rate coefficient kMref 0.00447539 d-1 Kooijman et al. 2014 

Maintenance ratio Maintratio 0.446888 Kooijman et al. 2014 

Yield of reserves from food yEX 0.696818 mol mol-1 Kooijman et al. 2014 

Yield of structure from 
reserves 

yVE 0.878007 mol mol-1 Kooijman et al. 2014 

Aspect ratio dm 0.1989 Kooijman et al. 2014 

Fraction of reserves committed 
to growth + maintenance 

K 0.9283 Kooijman et al. 2014 

Conversion efficiency of 
reserves to gonad 

kr 0.95 Kooijman et al. 2014 

Density of structure Mvdensity 0.0041841 mol cm-3 Kooijman et al. 2014 

Maturity at puberty Ehp 97.41 J Kooijman et al. 2014 

Chemical potential of reserves me 550000 J mol-1 Kooijman et al. 2014 

Structural length at puberty Lp 0.753047 cm Kooijman et al. 2014 

Max specific feeding rate Jxmax 0.0000783383 mol C d-1cm-2 Kooijman et al. 2014 

Arrhenius temperature Ta 3243 K Kooijman et al. 2014 

Reference body temperature Tref 293 K Kooijman et al. 2014 

Half saturation constant Fh 0.0000000121 mol C m-3 Kooijman et al. 2014 

Carbon content Ccontent 0.034 Kooijman et al. 2014 

Initial length Lwinit 0.03 cm Kooijman et al. 2014 

Initial mussels ninit 41,600,000 This study  

Environmental Forcing   
Temperature Temp K UCSC Reanalysis  

Current speed V cm d-1 UCSC Reanalysis 

Mixed layer depth Mld M UCSC Reanalysis 

Salinity (proxy for food) Xc mol C cm-3 UCSC Reanalysis 
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     The biological model was evaluated in order to obtain its sensitivity to environmental 

variables. The analysis showed that temperature and POC were the most significative forcing, 

explaining 51% and 42% of the productivity annual variance, while current speed and mixed 

layer depth only accounted for 4% and 3% respectively. The analysis was done by running the 

model with small perturbations in each variable on a sequence to obtain variations of 

production, then fitting to least squares method to obtain the percentage of importance of each 

factor or variable.  

     In our adapted version of the DEB mussel model we simulated the change in biomass of an 

initial number of mussels (41,600,000) over a period of 365 days, which were seeded every 

year on October 1st. and harvested once they reach the commercial size of 23 g. The time of 

harvest is an important metric for productivity used in our analysis and is calculated every year 

along the 28-year period. It is expected that mussels in productive sites will reach the 

commercial size sooner in a cultivation year, resulting in a time factor of 1 plus the fraction of 

the remaining year. For example, if mussels were seeded in October of 2000 and grew up to 

23 g in April 2001, the site will have a factor of 1.5 because it took only 6 months for this site 

to reach a commercial size. The final individual weight was then multiplied by the harvest 

factor and the total number of individuals to calculate the final mussel production weight of 

the farm. This resulted variable (mussel production) was used to develop the subsequent 

analysis.   

     The model not only took into account the growth of the mussels but mortality due to 

starvation as well. As part of the model, death due to starvation occurs when somatic 

maintenance requirements cannot be met. Detrimental temperatures for mussels of 24 °C 

(Anestis et al., 2007) are reached only in a minimum time and space for the period and region 
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used in this study, so we expect that mortality due to temperature is not a major factor. Natural 

mortality is also not considered given the period of cultivation is just the grow out phase of the 

mussels. Mortality caused by predators was also set to zero. 

     Each of the 223 sites contained a hypothetical farm within the dimensions of 4 km2. 

Infrastructure and production capacities can vary from farm to farm, for example, mussel farms 

at the Prince Edward Island Region produced ~414 tons per km2 (Canada, 2006); farmers in 

the Santa Barbara coast produce around 445 tons per km2 (Commission, 2018) and finally 

mussel farmers in Ensenada, Mexico produce 60 tons per km2 (Diaz, 2018). In our case, the 

production capacity of each site is set for about ~251 tons per km2.; this means that each site 

would produce 1,005 tons per farm, ranging in production from 274.67 tons up to 1354.67 tons 

from the less to the most productive farms, after considering the additional time factor 

described above. Our farm arrangement was based on Lester et al. 2018 but adapted to our 

farm dimensions and production capacity: 32 longlines, each longline with 3,962 m of fuzzy 

rope, and a density of 328 mussels per m of fuzzy rope.  

Historical reconstruction of productivity 1981-2008 

     Mussels were seeded each year in October and harvested when reaching commercial size 

at 23 g every year, over a period of 28 years from 1981 to 2008. The choice of the 1981-2008 

period is motivated by the availability of a high-resolution historical reanalysis of the 

California Current System conducted by UCSC. This reanalysis assimilates the long-term 

hydrography from the CalCOFI dataset and all available satellite information with a state-of-

the-art regional ocean modeling systems to generate the best available estimate of ocean 

conditions over this period. This simulation was computed for the 223 locations distributed 

over the SCB. The historical environmental data was coupled with the mussel production 
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model to perform a hindcast of mussel production. The mussel model was run every year using 

environmental data for the four forcing variables that the model feeds on. With this hindcast 

method, time series of mussel production were obtained for the 223 sites (Figure 1). The 

resulting time series were used to estimate the spatial statistics and covariance analysis in order 

to identify profitable regions based on mean productivity and variance. 

     It is important to mention that spatial constraints used for the zonification of aquaculture 

(marine protected areas, other uses of the space) were not considered. The purpose of this study 

is to understand how sites gain or lose aquaculture productivity in response to environmental 

variability. The resulting information can be further explored for identifying ideal regions for 

aquaculture productivity and farms profitability.   

 

Figure 1. Region of study and schematic of time series of production. (a) The Southern 
California Bight (SCB) region was subdivided in 223 sites or locations (red circles). (b) 
Production time series of 3 representative sites of the three main regions in the SCB, for the 
1981-2008 period, as an example of variability in production year by year. Each production 
is calculated on an annual time step and is considering the time of harvest 
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Variability Analysis  

a. Spatial statistics 

The spatial statistics over the 28 years of the mussel production hindcast were performed 

in order to visualize productivity and stability of production for the 223 sites (Figure 2). The 

mean productivity map (Figure 2a) shows high values along the coast with higher 

concentration south of Pt. Conception. On the other hand, the map of variance in productivity 

shows low values south of Pt. Conception and along the coast (Figure 2b). Taking the ratio of 

the mussel biomass production standard deviations over the mean (coefficient of variation) 

allows us to identify regions where production is stable (low values in Figure 2c) — that is the 

mean production is large compared to the year to year variation. This led to the recognition of 

three regions with clusters of sites in the North, Central and South where mussel farms are 

likely to be the most stable in terms of production and profit (Figure 2c). Aquaculture clusters 

reflect the geographical regions previously defined for the SCB as Southern Californian, and 

Ensenadian, having the central region of Santa Monica bay as a transition area (Blanchette et 

al., 2008). 
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(a) 

 

(b) 

 

(c) 

 

 

 

Figure 2. Spatial statistics of mussel production (a) Long-term mean of production from the 
mussel model along in the Southern California Bight (SCB) at the 223 sites. (b) Standard 
deviation of mussel production. (c) Ratio between standard deviation and long-term mean of 
production expressed in percentage.  

b. Empirical Orthogonal Functions and Principal Component Analysis 

     To characterize the variability and the level of coherence across the 223 sites, we performed 

Empirical Orthogonal Functions (EOF) and Principal Component Analysis (PCA) to 

decompose the variance map of mussel production (e.g. Figure 2b). The PCA allows to extract 
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and quantify the coherent dominant variability across the sites (e.g. mussel farms) and 

understand the extent to which this variability is linked to dominant climate modes in this 

region. After assembling a matrix of the yearly production anomaly estimate at the end of the 

growing season (e.g. one year after the seeding of the farm in October) at each site, we 

computed the covariance matrix of the anomalies and decomposed it in eigenvalues and 

eigenvectors. The eigenvectors associated with the largest eigenvalues are referred to as 

Empirical Orthogonal Functions (EOF) and correspond to the dominant spatial patterns of 

variability (Lorenz, 1956; Di Lorenzo et al., 2008). In the case of the mussel production, the 

first EOF (Figure 3a) explains 83% of the total variance and exhibits the same spatial structure 

as the total variance map (Figure 2b), implying that this pattern of variability is coherent across 

all sites. The temporal variability of the first EOF was extracted by projecting the EOF1 onto 

the matrix of yearly production anomaly estimates and is referred to as the first Principal 

Component (PC1) (Figure 3b). The time series of PC1 exhibits strong low-frequency 

fluctuations that are not connected to interannual events such as El Niño (e.g. there is no 

evidence for strong fluctuations associated with the 1982 and 1997 events). This suggest that 

other climate dynamics of the Pacific exert a more dominant control on mussel productions.  



 

 
17 

(a)

 

(b) 

 
Figure 3. EOF and PC of mussel production. (a) Dominant Empirical Orthogonal Function 
(EOF) of the annual anomalies in mussel production. The EOF1 explains 83.08% of the 
interannual variability. (b) The time series associated with interannual fluctuations in EOF1, 
also referred to as the first Principal Component (PC1). PC1 is evaluated 20 months after the 
date of farm initiation due to the lag of harvest with respect on the environmental data.  

c. Links to North Pacific climate variability 

     The first mode of spatial variation (EOF1) and its temporal variation (PC1) was further 

explored to analyze what features of the climate are relevant for aquaculture production. The 

first principal component (PC1) shows synchrony (Figure 4a) and high correlation (r » 0.67,  

p-value < 0.001) with the North Pacific Gyre Oscillation Index (Di Lorenzo et al., 2008). The 

relationship between modeled production and the NPGO Index is also demonstrated by the 

correlation of the PC1 with global sea surface temperature anomalies (SSTa from the NOAA 

ERSSTa v3) (Figure 4b), which exhibits the typical NPGO SSTa pattern. Mussel production 

variability in the SCB correlates not only locally with SSTa but with the rest of the Pacific 

Basic domain, demonstrating that such variability does not respond to regional scale variability 

but to global decadal trends associated with Pacific climate modes such as the NPGO.   
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(a) 

 

(b) 

 
Figure 4.  PC and climate of the North Pacific. (a) NPGO index (red) for the entire available 
record and PC1 of mussel production (blue). (b) Correlation between PC1 and Pacific sea 
surface temperature anomalies (SSTa) reveals a large-scale climate pattern resembling the 
North Pacific Gyre Oscillation (NPGO). Net Present Value and optimal site selection 

   To analyze the effects of environmental variability over the economic value of the 

aquaculture sites, an economic model component is added based on the final mussel production 

at the end the year. The economic indicator used in this work is the Net Present Value (NPV), 

commonly used in economics and finance to analyze the feasibility of productive projects, 

including aquaculture (Whitmarsh et al., 2006; Liu et al., 2007). NPV also provides important 

information on the time of investment recovery and the value of the investment in present time.  

The calculation of NPV (Equation 1) utilizes information on investments and costs of running 

a farm minus the cash flow derived from profits of the farm. Profits are based on the revenues 

of selling mussels at gate price to distributers year by year. Real farms often increase their 

production gradually up to their maximum capacity. However we assumed that farms would 

work at full capacity from the beginning (Lester et al., 2018). The discount rate selected was 

8.07% which is the average for the aquaculture industry in developed countries for 1991-2015 

(Ruiz Campo et al., 2018).  
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      All information on costs of running a farm were taken from (Lester et al., 2018) and adapted 

to the characteristics of our farm model (Table 3). 

a. NPV: constant vs. variable 

     To show the importance of climate variability over profitability we compare a constant NPV 

against a variable NPV approach. Constant NPV was calculated with a constant production, 

using the mean production of the 28 years for each farm site simulating lack of variability in 

order to simulate zonification exercises where environmental conditions are assumed constant. 

Variable NPV was computed using the yearly production across 10 year horizons (see example 

in Figure 5). To do this, we selected periods of 10 years starting from 1981 until 2008; the next 

period would start in year 1982 and end in 1992 and so on, giving in total 18 NPV periods for 

each of the 223 sites. In Figure 5, we show two examples of starting the farm in different years 

(e.g. 1991 vs 1993/1994) for two sites located in the Northern region and SCB. Clearly, 

depending on the decadal trend in a specific site, certain farms do not recover costs over the 

10-year horizon (e.g. Figure 5a, red timeseries). 

𝑁𝑒𝑡	𝑃𝑟𝑒𝑠𝑒𝑛𝑡	𝑉𝑎𝑙𝑢𝑒 =.
𝐶0

(1 − 𝛿)6
−

6789

679

𝐶:;<6 

 

CInit = Initial investment  

CA= Annual profits  

t   = Time period  

𝛿 =Discount rate  

 

Eq. (1) 
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(a) 

 

(b) 

 
Figure 5. Constant vs variable net present value example. Net present value (NPV) 
calculations on a 10-year horizon, indicating net present value for sites 38 (a) and 86 (b), both 
located in the Northern region of the SCB. NPV profile if calculated constant (averaged) across 
the 28 years of simulation is represented by the dashed black line. The red line indicates the 
NPV profile obtained for period 1991-2001 indicating less profits than a posterior NPV profile 
(blue line) calculated for periods after. Horizontal line indicates the time when the investments 
are recovered at the time at intersection with NPV lines. The ranking procedure. 

A practical approach to better understand the effects of variability over site selection is a 

ranking system to organize all sites from best to worst based on the performance of the sites 

year by year. We developed two separate rankings, one for mussel productivity only and the 

other for NPV. Ranking both separately allows us to identify productive sites vs sites with 

economic constraints, which are reflected on their NPV such as distance from port and effects 

of variability. The ranking procedure complements calculations of the mean and standard 

deviations. While spatial statistics provide useful information on productivity and stability, the 

ranking incorporates the variability behavior into NPV calculations and informs investors and 

managers with a list of best sites for mussel aquaculture, making the selection more 

straightforward (see Supplementary Table 4 and Table 5, and Figure 9 for geographical 

reference). 
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The first rank (productivity ranking) was developed by positioning the sites from best to 

worst based on final weight of mussels every year. For example, the site with best tonnage and 

time of harvest performance will be number one at that specific year and the process continues 

for all the years of the environmental data available (28 years/ranking total). It is expected that 

sites with less variability will stay on similar positions in the ranking year by year, while sites 

with more variability will flip positions more drastically. A final rank is calculated to obtain 

the best site, based on the prior 28 years’ performance.  

The second rank is calculated with the NPVs calculated for the 10 year periods. Therefore, 

18 annual ranks are calculated for this particular ranking. Similar to the productivity rank, a 

final rank that summarizes the results of all 18 NPV periods is calculated. The top values in 

these rankings indicate the best sites to place farms from an economic perspective.  

C. Results  

Production of mussels varies year by year across the 28-year modeled period Figure 1b. 

Using spatial statistics of production (Figure 2) we find that the region around Pt. Conception 

shows the highest yield and less overall year to year variations implying stable production rates 

though time. Productivity in the southern region tends to be less compared to the north and 

similar to the center region. Lower productivity in the southern SCB is likely linked to the 

seasonal presence of the warm countercurrents coming from the South (DiGiacomo et al., 

2001) and a stronger effect of variability over temperatures in these areas (Kim et al., 2015). 

However, the southern region tends to be more stable than the center. Some sites in the southern 

portions of the SCB show high mean production and low standard deviations exhibiting more 

spatial heterogeneity compared to the north. Sites where the mean production is highest are 
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also the sites where the time of harvest is shorter – that is mussels reach the harvest size sooner 

(Figure 6). 

Along the coast, overall production values are higher compared to offshore locations. Sites 

closer to the coast show a low std/mean ratio compared offshore sites, which are characterized 

by high values of the std/mean ratio (>30%) implying less sustained production and more 

interannual uncertainties. Offshore waters tend to be more oligotrophic than coastal waters in 

the SCB (Eppley, 1992; Kim et al., 2009) which explains this productivity gradient from the 

shore.    

 

Figure 6. Mean harvest time length. Color indicate the number of days required to grow 
mussels up to the commercial size (23 g).  
 

Despite the yearly variability in production (Figure 1b) there is evidence of significant 

low-frequency variability that gives rise to decadal trends in the time series of production. This 

behavior was analyzed and linked to climate regimes of the SCB. The EOF decomposition of 

the variance of mussel production  shows that the first mode (EOF1) recovers the main features 

of the standard deviation pattern (Figure 3a), which account for the largest fraction of variance 

(~83%). The temporal variability of this pattern shown by PC1 (Figure 3b) confirms a very 
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strong low-frequency variability shared across all sites. Given that the farms have no memory 

from one year to the next (i.e. farms are re-seeded every year), the low-frequency changes must 

be associated with cumulative integration effects associated with the environmental drivers 

(e.g. SSTa, mixed layer depth, current speed and food supply) (Di Lorenzo et al., 2013). 

Interestingly, there was no clear signature of interannual variations associated with the El Niño 

Southern Oscillation (ENSO) and most of the variance was on decadal timescales. Further 

analyses of the PC1 revealed that the low-frequency variance is linked with the regional 

expressions of large-scale climate variability in the Pacific Basin (Figure 4b), specifically the 

NPGO mode.  

In terms of profitability of the sites, the North region shows high NPV and stability. 

Recovery times are shorter than the other two regions (around 4 years). These two aspects give 

the northern region an advantage over the other two regions. As mentioned before, productivity 

in the south is less than the center but stability is better. Not surprisingly, the NPV in the center 

region is less stable than the North and the South and recovery times can also take longer (from 

4 up to 8.5 years). The lack of profitability in some sites can be attributed to economic factors 

(long distance from ports) or being located in an unsuitable environmental conditions for 

mussel growth. 

The calculation of all eighteen NPV periods also displayed spatial and temporal 

heterogeneity. All regions’ NPV curves vary depending on the time periods where projects 

initiate. This means that there are good productions during specific time periods, so a temporal 

component related to productivity and profits is also identified. Given the principal component 

analysis pointed at the NPGO as the main driver for mussel productivity, we matched the NPV 

profiles with the numerical index to illustrate possible effects of decadal variability over 
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profitability of the farms. As representative examples, during 1988-1998 the NPGO index is 

moving towards a negative phase and during the period 1990-2000 the index stays on negative 

(Figure 7a). In contrast, period 1994-2004 shows upward direction indicating transition 

towards a positive phase, and finally period 1997-2007 is mostly positive. These four periods 

were linked with NPVs of representative farm sites of the identified northern, center and 

southern regions (Figure 7 b, c, d). 

(a) 

 

(b) 

 

(c)  

 

(d)  

 
Figure 7. First principal component and NPGO index with selected NPV periods. (a) NPGO 
index (grey) for the period of available environmental data (1981-2008) and PC1 of modeled 
mussel production (black). The time periods highlighted in green (1988-1998), blue (1990-
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2000), red (1994-2004) and orange (1997-2007) indicate different phases of the NPGO. (b, c, 
d) NPV profiles of the corresponding stages of NPGO for representative sites of the north, 
center and south of the SCB. 

 

The profitability at all sites depends on the phase of the NPGO. For example, on Table 

2 the periods 1988-1998 and 1990-2000, both considered to be negative, result in a drop in 

NPVs, while in the following two periods the profitability is considerably higher, and all sites 

follow this behavior. The critical period in terms of profitability is 1990-2000, where most 

sites dropped profitability compared to other periods. Choosing to start a project in this period 

results in economic loss for sites with less productivity and highly sensitive to variability. 

Period 1994-2004 displays the best NPVs for all the sites, which indicates good timing to 

initiate an aquaculture project of this nature.   

         Table 2. NPV periods matching with negative and positive phases of the NPGO. 
  

 10 year NPV by NPGO periods (Millions of USD) 
Phase Negative Positive 

Years 1988-1998 1990-2000 1994-2004 1997-2007 

North 3.043 2.870 3.820 3.776 

Center 0.220 -0.224 2.431 1.643 

South 2.066 1.769 3.726 3.088 

 

Best ranked sites are highly productive (> 1000 tons annually, based on its global long term 

mean) and the variation low compared to their mean production values (<0.26 std/mean ratio). 

If ranked by production, the northern region concentrates most of the top sites (Figure 8a). Not 

surprisingly, site 97 located in the northern region was found to be rated the top site of the 
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productivity ranking (Figure 8a). However, the NPV ranking (Figure 8b) was more 

heterogeneous. 

(a) 

 

(b)  

 
(c)  

 
 

 

Figure 8. Spatial ranking and best sites according to NPV.(a)(b) Individual ranking displayed 
spatially showing top sites in yellow down to bad sites in dark blue. Color bar and the size of 
the marker indicates the site rank.(c) Farm sites above the mean organized from best to worst 
displaying the minimum and maximum (blue vertical lines) and average (colored dots) values 
in million USD (Y axis). The X axis shows the ranking order, where sites organized from best 
to worst. Sites are represented by each of the blue vertical lines and the color on the average 
dot represent the region where the site is located. The numbers above and below the vertical 
lines are the site identification numbers. Legend shows the number of sites in each region and 
the proportion of total sites.Discussion.  



 

 
27 

Variability is a big challenge for aquaculture developed in the marine environment. Efforts 

to understand the effects of variability include seasonal forecasts, which provide farmers with 

reliable climate information to plan along with the environmental forcing from week to months 

ahead  (Spillman et al., 2014; Hobday et al., 2016). Climate change is considered a problem of 

longer time scale, expected to alter variables important for bivalve productivity. GIS suitability 

methods (Handisyde et al., 2006; Saitoh et al., 2011; Liu et al., 2013); (Aura et al., 2017) and 

end-to-end models address productivity under ocean acidification and carrying capacity (Bell 

et al., 2013; Guyondet et al., 2015) to identify winner and loser species (Filgueira et al., 2016; 

Froehlich et al., 2018), and provide a very complete understanding on how the environment 

influences mussel performance in a farm (Matzelle et al., 2015). In general, this particular body 

of work is based on a sensitivity-type approach, where key variables for bivalve production are 

changed based on the most feasible scenarios projected for climate change in the future. 

Our work presents two methods that help incorporate climate variability into zoning plans 

for aquaculture and site selection. First, we propose EOFs and PC analysis to identify what 

decadal trends are the most important depending on the region and species that are planned to 

be cultivated, and the ranking method can inform decisions for selection and valuation of sites 

which is important for managers, investors and farmers. A key difference with previous work 

is that we approached aquaculture production as time dependent based on the historical 

evolution of environmental forcing. In this context, modeled mussel production time series in 

the SCB showed dependence on decadal fluctuation, which is consistent with positive and 

negative phases of the NPGO.  The calculation of the NPV is inherently a time dependence 

problem because is calculated according to continuous years of costs and profits.   
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Time dependence is also reflected on the ranking system developed in this work. The 

results from a single year of mussel aquaculture production in the SCB could lead stakeholders 

to assume that all sites found in the north are the most profitable. However, adding variability 

led to interesting results. An analysis of the production ranking shows that certainly, the 

majority of the good sites are found in the north, but it also shows some good sites in the south 

(Figure 8a). Local oceanographic conditions might play an important role on this. For example, 

site 205 which is located in the region south (North San Diego) has the 27th place on the 

production rank (Table 4). North San Diego has been found to have an important nutrient flux 

from upwelling (Howard, 2014). A sudden change on the spatial trend occurs in the NPV rank 

(Figure 8b and c). Productive and profitable farm sites can be found across all the SCB. Sites 

found in the central and southern regions, as well as outside of the identified clusters in the 

statistical analysis were above the ranking’s mean. The reason for this behavior is that NPV 

rank summarizes the interplay between productivity, variability and the economics of the sites 

(distance from ports, wave height, etc.). The proposed ranking system thus provides additional 

criteria for spatial planning and allocation of aquaculture areas and increases the resolution for 

site selection.  

It is clear that there are sites that are less productive which results in lower income (NPV), 

but since the production of those sites are more stable, their incomes are quite constant over 

all periods. Such sites have stability that allows decisions on expansion with low risk (e.g. site 

180, located at region south). On the other hand, there are sites that are highly productive but 

their fluctuations rate them as optimal in some periods and causing losses in other periods (e.g. 

site 124, at the Central region of the SCB). This behavior may encourage adaptive spatial 
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management for marine aquaculture: sites could produce other species during decades when 

mussels are not profitable.  

There is little empirical work that directly links productivity of farms with climate trends 

has been developed in comparison to other food production sectors such as fisheries. ENSO 

has been found to have effects over  productivity of cultured  green mussels in New Zealand 

due to indirect inputs on nutrients (Zeldis et al., 2008) and over calcification and growth in 

scallops cultivated in an upwelling region in Chile (Lagos et al., 2016). Despite the big 

influence of ENSO over regional productivity, we did not find significant correlation with 

ENSO. The productivity signal of ENSO appears to be more relevant during certain years 

depending on its strength (Kahru et al., 2000; Bograd et al., 2001; Kim et al., 2009). ENSO 

influences precipitation in the SCB (Schonher et al., 1989; Cayan et al., 1999) and such indirect 

effects over mussel productivity could be explored using this historical approach in 

combination with end-to-end models mentioned above adapted to this goal. Adequate 

environmental data resolution and quality are relevant to approach the effects of climate and 

aquaculture performance through modelling (Montalto et al., 2014). 

Availability of mussel larvae is very important for farmers who in most cases capture 

mussel spat from the wild. Reduced mussel larvae abundance followed a seawater chlorophyll-

a concentration weakening in 2009–2010 that coincides with positive phases of MEI and PDO 

in Northern Patagonia, Chile (Lara et al., 2016). For study sites in Oregon, the role of the 

NPGO is relevant on recruitment and food availability (Menge et al., 2009) and filtration rates 

of later stages of mussels (Menge et al., 2011) which potentially reinforces the relationship 

between the NPGO and aquaculture success. The SCB region seems to have more 

heterogeneous patterns in recruitment and growth in comparison with Northern California 
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(Smith et al., 2009), so further empirical work is required to confirm the influence of the NPGO 

over these variables for recruitment and growth of mussels in the SCB. This opens a window 

to link ecological research and aquaculture productivity, in collaboration with the aquaculture 

industry in the SCB. Analysis of mussel larvae along with grow out experiments are two 

possible paths to corroborate the findings of our modeling work.  

      The Importance of Natural Decadal Variability 

The initial focus of this study was to evaluate the role of interannual variability (e.g. 

ENSO) because the initial annual runs revealed a year by year variation on the productivity of 

mussel farms in the SCB. However, our results revealed that the decadal-scale variability 

associated with large-scale Pacific climate may be more important in planning frameworks for 

mussel aquaculture. The EOFs analysis demonstrated that mussel productivity in the SCB is 

highly coherent in space and correlated to the decadal variability of the NPGO compared to 

little influence of interannual-like phenomena like ENSO.  

The emergence of decadal-scale fluctuations in the mussel production as opposed to 

interannual events is ascribed to the fact that farms are sensitive to multiple drivers. The 

integration of these multiple forcing tends to extract and amplify the lowest frequency 

variability that is common to the different drivers (Di Lorenzo, 2018). It is likely that 

productivity of aquaculture farms of other species that rely on multiple environmental drivers 

like food and temperature (e.g. bivalves and algae) will also have similar decadal fluctuations. 

For example, decadal oscillations of natural giant kelp forests have been linked to the NPGO 

in California (Bell et al., 2015). Future kelp aquaculture in the SCB will likely be affected in a 

similar fashion. In contrast, assuming that oxygen is not limiting, farmed fish which are highly 
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sensitive to temperature may exhibit stronger interannual variability associated with the ENSO 

extremes.  

Decadal forcing is known to impact ecosystems in the Pacific Basin (King et al., 2011) 

and the California Current upwelling system (Chhak et al., 2007; Di Lorenzo et al., 2008). The 

NPGO index is earning increasing relevance in explaining productivity switching regimes with 

important consequences on marine ecosystems along the California Current (Di Lorenzo et al., 

2008), including the Southern California Bight (Nezlin et al., 2017).  

Decadal-scale variability has also been observed in natural populations of the 

Greenland smooth cockle Serripes groenlandicus in the Barents Sea, where growth 

mechanisms were correlated to increased riverine discharge influenced by a negative phase of 

the North Atlantic Oscillation Index (NAO) (Carroll et al., 2009).  

There is a strong relationship between the NPV and decadal trends. NPV periods that 

coincide with negative phases of the NPGO display a generalized reduction in profitability. 

However, there is spatial heterogeneity on how the farm sites respond to negative phases of 

the NPGO. On the other hand, the positive periods also move profitability up at most of the 

sites. This can be critical especially when starting a new aquaculture venture when big 

investments are at risk.  

The results of our bioeconomic analysis highlights the possibility of predicting 

production based on the decadal climate state.  From a management perspective, dependence 

of mussel aquaculture on decadal fluctuations is a remarkable statement: there are decades of 

‘good years’ and decades of ‘bad years’ for mussel aquaculture. Although is still unclear the 

extent to which these climate decades can be predicted (Meehl et al., 2010; Meehl et al., 2016; 
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Liu, 2018; Liu et al., 2018), this information would allow managers and investors to plan 

accordingly the best times to invest in such venture.  

E. Conclusions 

     The effect of the variable behavior of production of mussels over site selection of 

aquaculture was an initial motivation of this work. Our climate sensitive analysis of 

productivity showed that the spatial heterogeneity of the SCB as well as its climate regimes 

resulted in a variable panorama in production and profitability that raises questions on the use 

of constant environmental conditions (e.g. temperature and nutrient fluxes) in the spatial 

planning of aquaculture farms such as mussels. 

Our results indicate that climate variability is a key component of the site selection process 

for marine aquaculture. Finding a good site location is important, however selecting the right 

time to start a mussel farm is also key to success.  We highlight the importance of taking into 

account decadal trends in addition to the short term climate.  

The strong relationship between decadal variability and mussel productivity in the SCB 

resulted in different investment recovery scenarios. This decadal trend causes alternation in the 

profitability between “good” and “bad: decades of some farm sites. Understanding aquaculture 

planning in the context of marine climate variability is critical for the planning and zonification 

of marine aquaculture. In addition, this knowledge can benefit managers and investors because 

they will be able to know when to expand, move, hold, or change the species to be farmed in 

order to keep the food and investment security.  
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We propose that the industry and all stakeholders involved in spatial planning of marine 

aquaculture consider environmental variability and climate trends that might be crucial for the 

success of their operations.  

Considerations about the impact of climate to be further explored. 

     Although this study only considered four environmental variables in mussel farms 

simulations, the framework presented here can be improved with the addition of variables 

important for aquaculture production. Such variables include the effects of harmful algal 

blooms (HABs), hypoxia and ocean acidification, particularly because of recent climate 

extremes that led to prolonged warm events and HABs along the California Current (Moore et 

al., 2008; Hallegraeff, 2010; Gruber, 2011). Although upwelling is the main source of nutrients 

in the SCB (Howard, 2014), additional sources of nutrient inputs should also be considered. 

For example runoff in the SCB is strongly influenced by interannual variability in precipitation 

(i.e. El Niño) (Nezlin et al., 2005).  

     Stronger North Pacific decadal variability in the Northeast Pacific is also predicted in future 

climate (Joh et al., 2017; Liguori et al., 2018), so the effects of changes in such mechanisms 

must be also be explored because they may lead to decades of enhanced profit but also decades 

of extreme loss.  

F. Supplemental information   

Table 3. Costs of running a mussel farmAll information on costs of running a farm were taken 
from (Lester et al., 2018) and adapted to the characteristics of our farm model. Such 
arrangement does not affect the total productivity of the sites since NPV computations are done 
separately from the growth numeric model. Costs of running a farm are divided on fixed costs 
and variable costs, assuming variable are costs related to location, and such calculations also 
based on the supplemental information from (Lester et al., 2018) with the difference that labor 
is considered a fixed cost. Variable costs include the effect of the time of harvest (Harvest 
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Factor) where, despite sooner harvest is a plus for a site, costs are increased due to the extra 
labor needed for multiple harvests. Chosen gate price of kg of mussels is based on a value 
between (Lester et al., 2018) and (Buck et al., 2010). 

 
Inputs Description  Value 

Starting costs  Initial investment needed to start 
a mussel farm 

$3,941,300 

Fixed annual operating costs Costs that do not vary with 
location 

$ 777,040 

Variable annual operating costs  Cost vary depending on 

a) Distance from port to 
farm 

b) Maintenance for depth 
and wave height 

c) Harvest factor 

Annual averaged variable costs 
across sites 

 

 

   $ 570,610 

 
Total annual costs (Fixed + 
Annual average variable costs) 

$ 1,347,650 

Mussel market price 
 

$ 2.3 per kg 

 
Table 4. Final rank by production (kg). Minimum and maximum values obtained along the 
28 year period are shown, as well as long term means.  Only the first 54 sites are shown 
based on best profitability in NPV.  

Rank Site By Production  Avg TM rank Min Prod. (kg) Mean Prod. (kg) Max Prod. (kg) 

1 95 6.64 521486.2 1265504.2 1455452.98 

2 77 8.71 541199.76 1256338.13 1439643.34 

3 86 9.32 517880.94 1255076.36 1445163.36 

4 68 10 557355.97 1252621.82 1443448.13 

5 59 12.64 557328.75 1242980.79 1436745.87 

6 107 13.86 463151.6 1237791.63 1422003.68 

7 51 15.07 541074.36 1233334.4 1428585.3 

8 45 20.36 515149.04 1216656.36 1416513.76 

9 102 22.75 396515.71 1200247.84 1406085.85 

10 94 23.32 407540.07 1197590.55 1420224.67 

11 85 27.25 411312.85 1190559.73 1415287.47 

12 76 27.5 417380.36 1189530.23 1417480.39 
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13 40 28.96 474112.85 1192586.78 1413818.66 

14 112 29.14 343746.39 1186483.08 1410170.93 

15 67 31.25 428394.14 1182817.74 1415407.5 

16 27 34.89 477209.91 1175678.51 1390630.6 

17 106 36 368487.43 1169443 1403750.81 

18 35 36.64 446851.18 1170026.91 1391595.26 

19 66 37.75 373369.07 1164953.1 1401978.08 

20 75 38.36 365841.96 1161770.37 1398428.36 

21 84 40.68 357469.89 1155624.18 1392985.45 

22 31 40.89 429562.23 1159732.29 1385053.57 

23 58 43 379331.88 1151831.6 1403204.51 

24 93 46.86 329917.81 1142690.6 1380497.49 

25 23 48.82 554868.8 1143670.66 1358149.51 

26 196 51.57 370956.48 1114818.74 1399573.27 

27 205 52.07 349207.53 1108808.25 1398355.84 

28 22 54.14 522963.38 1128872.4 1366826.09 

29 116 54.39 268213.53 1129727.12 1402564.87 

30 21 55.39 487730.29 1121912.09 1370560.73 

31 50 55.61 352250.98 1121500.63 1385586.46 

32 20 57.75 454451.82 1110560.72 1372348.53 

33 74 58.04 279862.87 1118787.2 1378267.81 

34 101 58.5 306203.09 1122557.69 1374613.07 

35 26 58.64 375811.74 1111900.33 1371382.77 

36 181 61.36 349577.52 1098355.27 1406648.57 

37 213 61.68 395981.95 1079825.3 1403070.57 

38 57 61.79 300664.9 1109840.34 1373133.22 

39 65 62.25 289841.44 1115171.72 1368718.32 

40 176 62.54 376507.87 1100418 1396017.79 
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41 223 62.82 476135.08 1097065.53 1485372.44 

42 222 63.82 501196.86 1099691.59 1470876.52 

43 111 64.54 257382.9 1111917.65 1382665.32 

44 204 65.07 360520.3 1076692.51 1389282.04 

45 19 65.46 401401.52 1084259.9 1369371.13 

46 188 65.96 363024.27 1085936.28 1364689.39 

47 83 66.82 269158.89 1104276.72 1371490.21 

48 218 67.54 492579.3 1070963.43 1414849.68 

49 44 67.86 329453.76 1096425.48 1376861.55 

50 219 68.93 384386.58 1064455.35 1441072.99 

51 212 69.29 392763.08 1058387.2 1404142.38 

52 221 69.68 460554.34 1084370.14 1466660.24 

 
 

Table 5. Final rank by NPV. Only the sites that never have negative NPV values are shown 
(best 52 sites).  

Rank Site By NPV  Avg NPV rank Min NPV (USD) Max NPV (USD) Mean NPV (USD) 

1 86 1.22 3225493.84 4385598.6 3891059.74 

2 205 4.11 2831538.83 4547189.67 3565647.11 

3 181 4.28 2485424.55 4348106.49 3428847.55 

4 95 4.56 2869445.19 3927007.06 3481734.03 

5 112 5.89 2393839.92 4302308.37 3375865.93 

6 77 6.78 2760838.23 3857035.29 3385621.01 

7 176 8.67 2282438.46 4190533.7 3246045.18 

8 85 9.5 2349854.29 3933275.23 3190216.99 

9 147 10.94 1844304.04 4399731.83 3153420.12 

10 116 11.67 1802670.52 4347351.4 3141489.45 

11 167 12.39 2030687.66 4171418.92 3119676.11 

12 107 12.72 2435832.81 3739799.06 3129760.37 
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13 146 13.28 1838219.14 4286081.04 3097427.89 

14 94 14.94 2217755.81 3792540.75 3041015.59 

15 76 16.06 2188063.81 3755982.56 3027623.61 

16 196 17.56 2208907.08 3776065.4 2924478.04 

17 145 20.72 1469961.31 4041380.53 2809785.03 

18 204 21.56 1768694.9 3969722.26 2813146.93 

19 68 23.61 2195002.32 3281628.04 2828710.43 

20 171 26 1557476.43 3726307.22 2678298.56 

21 141 26.22 1309542.46 3893306.48 2631784.97 

22 211 27.44 1057252.42 4214122.44 2718952.65 

23 106 27.83 1710246.56 3512451.79 2636905.68 

24 111 28.5 1210845.6 3871524.8 2595406.56 

25 140 28.78 1234041.01 3874466.15 2597440.92 

26 175 29.78 1452854 3850611.34 2552575.87 

27 188 30.39 1751530.82 3568243.1 2573170.64 

28 195 30.61 1594924.25 3808138.66 2575858.55 

29 84 33.56 1425379.79 3425507.59 2496507.44 

30 102 35.33 1639263.98 3244185.42 2469924.47 

31 150 36.11 978996.5 3863398.96 2428582.93 

32 219 36.72 1012704.69 3817337.29 2495717.13 

33 166 37 1131744.97 3772522.13 2407565.7 

34 67 37.17 1589581.42 3183959.78 2437612.29 

35 180 38.11 1313399.32 3753865.48 2379960.38 

36 163 38.22 1265836.76 3489919.85 2403270.63 

37 212 38.56 745260.83 3787562.1 2368090.87 

38 115 39.56 757680.98 3845271.77 2345654.81 

39 93 41.11 1164292.98 3373147.85 2323839.3 

40 75 42.28 1305684.78 3196388.12 2317942.39 
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41 194 42.61 890139.11 3902269.9 2277103.92 

42 154 43.78 846210.6 3689052.79 2258859.2 

43 210 44.28 621927.57 3782608.8 2261913.33 

44 162 44.89 910314.77 3496546.14 2233948.44 

45 101 45.89 1017105.5 3353425.29 2224673.49 

46 139 46.17 719928.23 3617550.17 2211014.93 

47 110 47.83 541238.88 3784360.87 2180544.9 

48 158 51.17 844819.83 3412383.2 2122790.72 

49 144 53.5 503021.57 3652888.42 2070014.69 

50 136 54.83 680873.62 3353148.13 2053338.4 

51 203 56.33 614932.41 3427504.62 1991947.37 

52 66 58.28 986933.88 2840388.9 1972297.56 

 

 

 

Figure 9. Farm site locations with identifying number. 
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Appendix on Mortality 

The model not only took into account the growth of the mussels but also mortality due to 

starvation. In the model, death due to starvation occurs when somatic maintenance 

requirements cannot be met. However, in the formation of the model (originally based on 

Mytilus edulis), Muller & Nisbet (2010) state that this model “highlights the need for better 

mechanistic models of mortality.” We concede that additional information on mortality would 

strengthen this manuscript. We took the reviewer’s advice and investigated mortality due to 

thermal stress. We used data from Anestis et al. (2007) to model % mortality of Mytilus 

galloprovincialis due to temperature effects. Data from a laboratory experiment showing the 

effect of high ambient temperature on mussels (Figure 1A in Anestis et al. 2007), were 

collected using ImageJ software and a mortality rate look up table was generated by 

interpolating between the four temperature treatments using the interp1 function with a 

piecewise cubic spline in Matlab (figure shown below). Anestis et al. (2007) found that there 

was < 1% mortality at temperatures less than 24 ºC. We estimated the % mortality of all farms 

based on high seawater temperature events using this look up table. We were conservative and 

estimated mortality based on the number of consecutive days ≧ 24 ºC and used the highest 

ambient temperature recorded during this run as the temperature input for the look up table. 

We only found that only 3 of the 223 sites maintained consecutive days of ≧ 24 ºC 

temperatures during our period of study. These sites all had between 5 and 6 consecutive days 

with maximum temperatures = 24.03 ºC. We estimate this would lead to a mortality of 1.86% 

at these three sites. Therefore, we expect that mortality due to temperature is not a major factor 

in the geographic range of our study. 
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There are multiple sources of mortality, food driven mortality, which is accounted for in 

the model, environmental causes of mortality such as temperature (shown here) and predation, 

which was outside the scope of this study. Predation can be a major source of large-scale 

mortality of these farms (e.g. by diving ducks, Bernard Friedman, personal communication), 

but the spatial and temporal patterns of this effect are difficult to predict. 

 

Figure 10. Mussel mortality analysis. The plot of the left was taken from Anestis et al. 2007 
and shows the % mortality of Mytilus galloprovincialis (the same species in our manuscript) 
during consecutive days for four temperatures ≧ 24 °C. The plot on the right is the % 
mortality look up table derived from the data shown in the left.  

II. Marine spatial planning of fish and kelp aquaculture considering 

climate variability in the Southern California Bight.  

A. Introduction  

In Chapter I, we compared  fixed vs variable climate scenarios of mussel aquaculture farms 

along the Southern California Bight.  As outcomes of that work, Sainz et al. (2019) pointed out 

that aquaculture of mussels in this region probably respond strongly to decadal modes of 

variability, particularly to the North Pacific Gyre Oscillation (NPGO), which is characterized 

by its influence on the nutrient dynamics of the California Current along with the Pacific 
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Decadal Oscillation (PDO) (Nezlin et al., 2017). Another key lesson of that work was that the 

best areas for the cultivation of mussels chosen at one point in time remain consistently highly 

ranked despite the large impacts of climate variability on yearly productivity. Both findings 

reinforce the relevance of performing marine spatial planning for aquaculture and considering 

decadal trends of variability in the planning process. 

Yet, different aquaculture systems growing different types of species potentially pose their 

own unique management challenges in terms of climate variability in environmental forcing. 

Sensitivity to climate forcing can be different between aquaculture species due to differences 

in their physiological traits (Froehlich et al., 2016).  This suggests that while mussels might be 

sensitive to decadal variability, other species might respond more strongly to interannual 

variability or other features of the climate of the region. Filter-feeding organisms rely on the 

nutrient variability of the surrounding environment (Fry et al., 2018), while fish in aquaculture 

are not food limited since food is provided by farmers. However, temperature modifies the 

efficiency of feed conversion in cultivated fish, which impacts costs (Besson et al., 2016). 

The aquaculture spatial planning framework developed by Lester et al. (2018) identified 

the most productive areas in the Southern California Bight for three types of aquaculture: 

Mediterranean mussels, striped bass, and sugar kelp.  However, this analysis ignored climate 

variability by forecasting production based upon patterns for a single year. In Chapter 1, we 

extended this approach by using 28 years of environmental data to identify the most important 

climate modes for productivity of mussels. Here in Chapter II, we expand this exercise to test 

our framework on a broader range of aquaculture species. We used the same species of fish as 

Lester et al. (2018): striped bass (Morone saxatilis, henceforth referred to as fish) that is 
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commercially successful in the area1. Instead of sugar kelp, we chose giant kelp (Macrosystis 

pyrifera, henceforth referred as kelp), given its importance as a local species of the region. 

In this chapter, we explore the effects of climate variability over site selection for striped 

bass and giant kelp farms (fish and kelp). We use available environmental forcing (updated 

timeline: 1980-2017) and empirical based aquaculture simulation models to generate time 

series of harvested biomass. We develop a forcing transfer function of production to 

understand how both species integrate the physical forcing into growth. Such transfer functions 

are then analyzed in the context of the regional climate.  The objective of this chapter is to 

identify differences or similarities between the two types of aquaculture in the context of a 

variable environment, and apply this knowledge to marine spatial planning and optimal site 

selection.  

B. Methods  

Spatial Domain and Historic Environmental Forcing Data 

     A  dataset of forcing variables for the years 1980-2017 was obtained from the 4D Historical 

Reanalysis Product for the California Current System (Moore et al., 2011a, 2011b; Moore et 

al., 2011c)  for the domain of the SCB coastal region (122°W – 117°W; 32°N – 35°N) with a 

maximum water depth of 500 m. This product was developed using Regional Ocean Model 

System (ROMS) (Shchepetkin et al., 2005) and incorporated observation data from CalCOFI, 

which makes this product very appropriate for the needs of the aquaculture models and the 

 
1 A commercial farm exists in Ensenada, on the Mexican side of the San Diego border, which is 

considered within the Southern California Bight, but this particular spot was not selected for our study.  
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resolution of the area of study. This product is available from the UCSC Ocean Modeling and 

Data Assimilations website (http://oceanmodeling.pmc.ucsc.edu/). The forcing data were 

subdivided in a grid with 223 aquaculture sites along the SCB (Figure 11) with a resolution of 

1/10 x 1/10 degrees (~121 km2). All environmental data curation was done in Matlab_R2018b. 

 

Figure 11. Southern California Bight (SCB) domain and aquaculture sites in red. 

We used temperature as the single relevant forcing variable for fish aquaculture. 

Temperature drives growth rates, respiration rates, and food consumption rates on fish farms 

(Besson et al., 2017). In addition to direct temperature effects on growth, kelp requires 

nutrients provided by the surrounding environment. Therefore, the kelp aquaculture growth 

model considers the impacts of variation in nitrogen, a key limiting nutrient for kelp, as well 

as temperature. In Southern California, nitrate concentration has a consistent relationship with 

water temperature (Zimmerman et al., 1984). We used a temperature to nitrate (T2N) 

relationship developed by Snyder et al. (2020) for the region of study to compute a timeline of 
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nitrate concentration. In this T2N relationship, nitrate concentrations are driven to near zero 

around 17 ºC. Forcing variables are described on Table 6. 

 
Table 6. Environmental variables for the two aquaculture models used (fish and kelp) 

Species Variable Units Source 
Striped Bass, 
Giant Kelp 

Temperature  
 Deg C UCSC Reanalysis 

Giant Kelp Temperature to 
Nitrate proxy µmol L-1 Snyder et al. 2020 

 

Aquaculture Simulation Models  

Aquaculture models were designed to simulate organisms’ growth under farming 

conditions. In these models, growth is the integration of biomass forced by the selected 

environmental variables. Every cell of the domain grid (~121 km2) contains a hypothetical 

farm, adding up to 223 geographical locations or ‘sites’ distributed across the SCB (Figure 11) 

where kelp or fish would grow based on the environmental forcing gathered for that specific 

location. The farm characteristics and parameters of the fish and kelp models are described in 

supplemental Table 7 and Table 8.  Although real farms have the capacity to have multiple 

cohorts of organisms and harvest continuously, our models are set to simulate growth of a 

single cohort per year. The resulting time series of biomass is used for the climate variability 

analyses. The aquaculture models were done in Matlab R2018b. 

a. Fish Model (Striped bass)  

The fish model describes the daily weight gain of fish based on the Thermal Growth 

Coefficient (TGC) theory (Iwama et al., 1981). This model proposes that fish growth rate is a 

function of weight and daily temperature. A thermal coefficient is obtained from empirical 



 

 
45 

growth rates and temperature data and then used to model fish growth at different locations 

and times. This model has been used to analyze the effect of environmental variability on 

growth rates, particularly during the juvenile phase, which is the grow out stage in fish 

aquaculture (Iwama et al., 1981; Cho, 1992; Young Cho et al., 1998; Alamar et al., 2016; 

Besson et al., 2017) and also has been used for bioeconomic applications (Besson et al., 2017). 

A TGC coefficient for striped bass (Morone saxatilis) was computed based on initial and final 

weights of the fish in farms (personal communication with farmers) and temperatures of the 

region. By solving final weight (Wf) in Equation 2, the growth prediction is obtained from the 

daily effective temperatures over the period (Equation 4).  

 
where:      
 

     Wf = Final weight = 1500 g, 
                 Wi   = Initial weight = 20 g, 
                 1-b = 1/3 (Mayer et al., 2008), 
                 TGC = 0.00140 
 

The fish model simulates the outgrowth phase of juveniles of 20 g starting on October first 

of each year. The cultivation cycle is 18 months and a typical harvest weight is ~ 1.5 kg. The 

Thermal Growth Coefficient (TGC) 
 

TGC =
WB

8CD −WE
8CD

∑TGHII
 

 

 
Eq. (2) 

Corrected temperature index (Besson et al., 2016) 
 

𝑇GHII =
𝑇HK6 ∗ (𝑇MN6N − 𝑇O<;) ∗ (𝑇MN6N − 𝑇ONP)

(𝑇MN6N − 𝑇O<;) ∗ (𝑇MN6N − 𝑇ONP) − Q𝑇MN6N − 𝑇HK6R
S 

 
Eq. (3) 

 
Final Weight 
 
WB = T𝑊<

8/W + 𝑇𝐺𝐶	𝑥	[𝑇GHII\
W
 

 

 
Eq. (4) 
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total yield of a farm (in tons) is computed as the modeled fish weight multiplied by the number 

of fish in each farm. Expressing the yield over 18 months can be confusing when comparing it 

with the other species or when used to compute the yearly profits of a farm. As a result, we 

linearly distributed yields into each 12 month period to simplify analyses. This yearly linear 

distribution does not modify the impact of climate variability.  

b. Kelp Model (Giant kelp, Macrosystis pyrifera)  

A simple kelp aquaculture model was designed to simulate giant kelp yield based on a 

seawater nitrate-based kelp growth curve (Bell et al., 2015) and a temperature-based decline 

curve that forecasts kelp decline when temperature exceeds 21ºC (Cavanaugh et al., 2019). 

Both curves are derived from Landsat-derived kelp canopy biomass data from the region. 

Temperature and nitrate, the two forcing variables used in this kelp model, are known to 

be key drivers for kelp growth (Fram et al., 2008) and physiological performance (Fernández 

et al., 2020). However, there are other relevant physical and ecological drivers of biomass in 

natural kelp stands such as wave disturbance and urchin herbivory (Lafferty, 2004; Reed et al., 

2011; Bell et al., 2015) that were not considered, because they likely play far less important 

roles in aquaculture with appropriate management and site selection. To validate this model, 

both observations and model outputs (yield in tons) were analyzed in terms of their consistency 

with the climate of the region (see Kelp Model Validation appendix)). 

In this model, outplant occurs on January 1st starting from an initial outplant of 126,000 

sporophytes with 100 g of individual weight approximately (see Table 8). Biomass is computed 

in a quarterly time step according to surface seawater nitrate concentration and temperature 

during each quarter. Harvest occurs on December 31 each year so the complete cultivation 

cycle lasts 12 months.  



 

 
47 

Historical Reconstruction and Variability Analysis  

The fish and kelp models were run yearly from 1981 to 2017 with the observed 

environmental forcing across the region. This historical reconstruction of production generates 

a 3D matrix of 223 sites and 36 years. Basic spatial statistics including spatial mean, standard 

deviation and std/mean ratio were performed to get an initial diagnosis of the domain 

variability in production. We then used empirical orthogonal functions (EOF) and principal 

components (PC) analysis, a technique commonly used in climate science (Lorenz, 1956; 

Radiarta et al., 2008; Deser et al., 2009) to extract the main spatial and temporal components 

of variability in aquaculture production.  

SST Transfer Function Model  

To understand how low frequency and high frequency climate processes are being 

incorporated by the farmed species, we developed a simple auto regressive model type 1 (AR1) 

or transfer function. This method provides more accurate correlations with SSTa and climate 

trends of the Pacific than only using principal components, because it considers all variability 

that is being transferred into growth during the cultivation period.  

A first step was to find the physical forcing pattern that best matches with the PCs of 

production. There will be an inherent time lag between forcing and aquaculture production 

because species’ growth is integrating climate variability over time. This pattern of variability 

or lag is used to set the temporal memory of the AR1 model. We use the forcing pattern with 

the highest match to correlate with the production PC1 and projected to obtain its temporal 

index. The index is then incorporated in the AR1 model or transfer function by the equations: 
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where: SST_Forcing (t) is the correlation pattern of best SST Forcing pattern(t) and the PC1 

of production compacted in a single vector (index) of production, divided by the length of the 

farming cycle ‘damping’ function  (18 months for fish or 12 months for kelp). 

 Correlation with Climate trends 

Resulting AR1 model outputs are correlated with the most important modes of climate 

variability of the North Pacific: ENSO, PDO, and NPGO (http://www.o3d.org/npgo/) (Jacox 

et al., 2019). Because the progression of the climate trends is sequenced (Xu et al., 2021), we 

also explored the correlation with the AR1 model outputs with a 1 year lead to account for this 

evolution.  

Net Present Value 

Net present value (NPV) calculations were added as a bioeconomic component to 

understand the profitability of the farms using the historic time series of production.  We used 

the same NPV equation used in Chapter I (Equation 1) to indicate if the farm recovered the 

initial investment and was profitable over a 10-year horizon. The NPV calculation is done 

every year. NPV for 1982 uses the estimated production of the years 1982 to 1992, and the 

next NPV uses 1983 to 1993 estimated productions, and so on.  Although the biological model 

runs for 12 months, the economic model for kelp adjusts costs to the time of maximum yield 

in the year.  For example, if the maximum yield occurs in the second quarter of the year, the 

 
dFISH(t)/dt = SST_forcing(t) 	− Fish/18	m 

 
Eq. (5) 

 
dKELP(t)/dt = SST_forcing(t) 	− Kelp/12	m 

 
Eq. (6) 
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farm only runs until the second quarter because the kelp model does not increase yield beyond 

that date. The most productive sites keep production growing until the end of the year, so the 

cost model keeps the costs running all year round. Final NPVs at the end of the 10 years were 

used to rank sites based on economic value. Details on investments amounts and other 

economic parameters are listed in Table 7 and Table 8.  

Ordinal Site Selection (Ranking) 

An overview of production time series shows that, in both species, all sites respond to 

climate variability similarly, and they have parallel patterns of variation (Figure 17b). This 

result suggests that the most productive regions are the most resilient, and that moving to 

another region in ‘bad’ years is not a good strategy to counter variability.   

We designed a ranking system to increase resolution within regions as a means to visualize 

site to site differences in variability.  Aquaculture sites were ordered from best to worst in an 

ordinal ranking system. Every year, an ordinal number was assigned to each site based on its 

performance with respect to the other sites. For example, the site with most production will 

have the 1st place in this ranking for that particular year, but it could be that the same site ranks 

far lower in the next year. At the end of the studied period (1980 -2017) we obtain 36 ordinal 

numbers for each site, which is the length of the studied period. We then averaged across the 

full time series to obtain a final ranking. This final ranking is a practical indicator of site 

performance along the period of study and gives relevant information for investments and site 

selection from the standpoint of picking a site.  

We developed two rankings to identify best sites for kelp and fish: one based on production 

(tons of aquaculture biomass) and a second one for NPV (Millions of US dollars). Having two 
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separate rankings helps to identify differences between production and economic feasibility. 

Such differences could be due to distance from port or growth rates.  

C. Results 

Spatial Statistics 

Optimal areas for kelp farming are found in the northern region of the SCB, whereas fish 

grows better in the south. These general spatial patterns are consistent with the results of Lester 

et al. (2018), although our results show a broader array of good sites for fish in the center 

region as well. Mean fish production of the area between 1981-2016 is 971 tons and southern 

farms produce around 800 tons more than the northern farms. Standard deviation is between 

100-200 tons. Production means of fish are large compared to their standard deviations, so 

ratios indicate production along the studied timeline is quite stable (15-20% ratio). Mean kelp 

production of the period 1982-2017 is ~800 tons, but only the northern region is productive. 

Kelp production in the northern region fluctuates about 200 tons across years. Kelp production 

ratios are unstable in transitional areas (Figure 12).  

Empirical Orthogonal Functions / Principal Components  

Spatial EOF maps show areas with most significant variation towards the south for fish 

and in the north for kelp (Figure 13). A notable feature in the fish PC1 is that production in 

years 2000 to 2010 is lower than the previous decades.  Kelp  PC1 does not show a particular 

decadal behavior, but production increases considerably in years 2000 to 2010, by contrast to 

the behavior of the fish production in the same decade. These production differences might be 

associated with cold or warmer phases of decadal variability in the region. First principal 
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components of both species captured anomalous conditions around years 2014-2015 possibly 

as a result of the marine heat wave nicknamed ‘The Blob’. During these years, reported sea 

surface temperatures in the NE Pacific (Alaska to California) were about 2.5 – 4 °C above 

mean (Bond et al., 2015; Zhu et al., 2017) and its impacts remained until 2016 (CalCOFI, 

2016). These anomalous conditions explain the considerable peak in fish production while kelp 

shows a drastic drop, as shown in their PC1. 

Detrimental temperature in the kelp model was set to 21 ºC and nitrate was near zero at ~ 

17ºC.  For the fish model, detrimental temperature was set at 26 ºC according to reported range 

temperatures for this species (Davis, 2004). Temperatures of > 26 ºC were reached in the 

environmental data used, but just in a single month and in a single location (July, 2016, site 

147 located at the southern portion of the SCB). However, this was a single mortality event 

which did not have impact in the climate analysis.  

 

Figure 12. Spatial statistics of fish and kelp production. Mean production, standard deviation, 
Ratio of fish production (tons) for fish (a, b, c, respectively, time period: 1981-2016) and kelp 
farms  (d, e, f, time period: 1982-2017). 
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Figure 13. Empirical orthogonal functions and Principal Components. First empirical 
orthogonal functions (EOF1) spatial map (a, d) first principal component (PC1) (b, e), red 
dashed circle indicates approximate dates of The Blob marine heatwave. Percentage of 
variance explained by PC1 of fish and kelp production (c, f, 94.39% and 90.49% respectively).  

Transfer function  

Correlation between fish and kelp principal components and Pacific SST shows a very 

similar pattern (Figure 14 a, d) and time series (Figure 14 b, e) in both species, only being 

different by the sign given kelp shows sensitivity to colder temperatures. These patterns show 

that both fish and kelp are sensitive to the same type of low frequency variability of the Pacific 

Basin. However, this low frequency is integrated into biomass in slightly different ways. 

During the development of the transfer function, the temporal pattern with most correlation 

was the one with 1 month lag for kelp and a 9 months lag for fish. This indicates that kelp is  
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more sensitive to interannual variation and has less memory from 1 year to the next, while the 

fish has more memory so it shows a lagged response. When these patterns are incorporated to 

the AR1 model, they produce different time series because of these disparate time integrations.  

 

 

Climate trends  

Correlation of AR1 vs the climate indices is high and significant for both PDO and NPGO 

in fish. PDO is also relevant for kelp, but given that kelp responds to higher frequency 

variation, the interannual component of ENSO becomes more important (Figure 15b). 

Although at different proportions, fish and kelp AR1 time series have strong correlation with 

low frequency variability of the North Pacific. Low frequency variability in this region has 

Figure 14. Development of AR1 model. Maps of forcing patterns of correlation first 
principal components of production (PC1) vs SST of the Pacific Basin (a, d). Time 
series index of forcing pattern (b, e) and temperature transfer function (AR1) model vs 
first principal components of production (c, f).
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contributions from the different climate modes used in this analysis: PDO, NPGO, ENSO (Di 

Lorenzo et al., 2015).  

AR1 of both species are capturing the contribution of all these different modes at different 

phases and times also because they are not independent. NPGO and the PDO are connected 

with a 1 year lead, with NGPO typically leading the cycle (Joh et al., 2017). When adding a 1 

year lead (-365 days) to the AR1 models the NPGO becomes the most important climate trend 

for both species (Figure 13b). While all the climate trends incorporated in this analysis: PDO, 

NPGO, ENSO are relevant in the climate of the North Pacific (Chenillat et al., 2012) the NPGO 

strongly impacts the nutrient dynamics at latitudes of the region of study (Di Lorenzo et al., 

2008; Di Lorenzo et al., 2009; King et al., 2011).  

 

Figure 15. Transfer function for fish and kelp production vs climate indexes relevant for 
the Pacific. Pacific Decadal Oscillation (PDO), North Pacific Gyre Oscillation (NPGO) 
and El Nino Southern Oscillation (ENSO) (a) and with 1 year lead (b) 
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Net Present Value (NPV) 

As in Chapter I, 10 years NPV horizons that overlapped negative and positive phases of 

the NPGO were analyzed to see economic impact. NPV calculations tend to smooth out 

variability, because it incorporates 10 years of production in a final NPV value. The 10-year 

horizons show that periods of negative and positive phases of the NPGO can have considerable 

impact over profits. Figure 16 shows how negative (1990-2000) NPGO results in higher profits 

for fish given increased temperatures, while decreased upwelling and therefore nitrate 

availability decreases profitability for kelp farms. During the positive phase (1997-2007) the 

inverse happens. 

 

Figure 16. 10-year NPV horizons for fish and kelp.NPV 10- year horizons for fish and kelp 
calculated for production during  periods of negative  (1990-2000) and positive (1997-2007) 
phases of the NPGO. Each horizontal line represents a site, strategically chosen to show 
spatial differences. Color of horizontal lines correspond to colored points (sites) in the map.  
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Ranking  

Similar to the previous analysis, the spatial maps of the ranking show very well defined 

areas of differential production: North, Central and South. Best sites for kelp are restricted to 

the North portion of the SCB, while for fish the highest production happens in the South 

because of warmer temperatures which is congruent with the MSP work done by Lester et al 

2018. By looking at the best to worst ordinal plots we see that both species medians happened 

toward the minimum values (Figure 17 c, d). One of the differences in rankings between both 

species is that kelp’s best sites are more extreme outliers relative to the patterns for fish. The 

slope of the rankings is far steeper for kelp sites compared to more gradual declines for site 

rankings of fish. This indicates that a focus on site selection is likely more important for kelp 

aquaculture than for fish aquaculture. Interannual variability in rankings of sites by NPV is 

smaller than for production, because 10 years of production are integrated into annual site 

rankings. Since NPV rankings also includes issues other than site to site variation in production 

(e.g., costs due to distance from ports) the order of site rankings differ somewhat. 
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D. Discussion  

Climate variability. 

The application of the AR-1 model to our historical hindcast of aquaculture production 

illustrates that variability in the physics is expressed differently in fish and kelp because of the 

differing ways such taxa are affected by climate forcing. Fish show a 9 month lag, which 

creates a longer memory that integrates all forcing during that time. By contrast, kelp only had 

a 1 month lag, because its growth is more sensitive to higher frequency variability. Functional 

Figure 17. Fish and kelp production rankings by region. (a)Spatial maps of mean production 
ranking. Color bar show production and size of marker indicates position in ranking. Color 
polygons  show regions: red = Northern Region, green Central Region, blue = Southern 
Region. (b) Mean production time series by region. Color corresponds with each region. (c) 
Ordinal ranking plot for sites: x axis indicates ranking going from best to worst (1 to 223). 
Black dot is the median in production along the period of study. Color vertical lines indicate 
maximum and minimums in production and color corresponds with each region. Horizontal 
line is the mean ranking. All sites above the line are considered best. (d) Ordinal ranking 
using 10 year NPV along the analyzed timeline  
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physiologies (Froehlich et al., 2016) and life spans of these species contribute to these 

differences as well.  

According to our results, decadal variability seems to be the most relevant driver of 

modeled aquaculture production both fish and kelp in the SCB. PDO and NPGO promote 

deepening of the mixed layer depth and delivery of nutrients to the euphotic zone (Nezlin et 

al., 2017) . Positive (cold) phases of the NPGO favor upwelling and availability of nutrients 

for kelp in both wild populations (Cavanaugh et al., 2011) and aquaculture (Snyder et al., 

2020). Conversely, negative NPGO phases correspond to warmer waters, which stimulate fish 

growth rates in farms. This association of higher fish productivity in warmer phases of the 

NPGO for aquaculture contrasts with patterns in wild fish populations, because colder phases 

of the NPGO promote upwelling that enhances the availability of pray for fish (Sydeman et 

al., 2013). 

ENSO teleconnections also influence SST and nutrient availability in the SCB (Fagan et 

al., 2019) and precipitation (Cayan et al., 1999; Du et al., 2020). Runoff is a source of nitrogen 

in the area (McPhee-Shaw et al., 2007), although less relevant than upwelling (Howard, 2014). 

In addition, decadal variability (NPGO, PDO) was more dominant than interannual variability 

(ENSO) according to our results.  

 Implications for site selection   

Our results are consistent with Lester et al. (2018) finding most productive areas for kelp 

in the north, and fish production higher in the south. In addition, we found that the most 

productive zones remain being more productive despite environmental variability (Sainz et al., 

2019). These results highlight the value of spatial planning to increase resilience of aquaculture 

farms in a variable environment.  
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According to the rankings, kelp is more sensitive to environmental forcing and this is 

reflected through higher variability among sites. Local dynamics of the sites such as internal 

waves could mark a big difference in kelp forest particularly during seasons of nitrate scarcity 

(Fram et al., 2008; Brzezinski, 2013). Fish farms seem to have a more homogeneous 

distribution of ranks than kelp, perhaps due to their dependance on temperature only. It is 

possible that increasing the number of forcing variables will change the distribution in the 

ranking. For example, current velocities are relevant for fish swimming performance and 

health (Hvas et al., 2018; Yuen et al., 2019; Allen et al., 2021). 

Despite the high productivities of fish towards the south region, increased temperatures can 

influence recurrence of  harmful algal blooms (HABs) (Moore et al., 2008; Gobler et al., 2017; 

Trainer et al., 2020) and hypoxia (Levin et al., 2015; Howard et al., 2020) events which were 

not including in this analysis. Given the our framework is a historical reconstruction, 

incorporating past hypoxia and HAB events could be interesting when contextualized with the 

climate variability of the region. For example, positive phases of the NPGO can be beneficial 

for mussels and kelp productivity, but upwelling has been linked to the shoaling of hypoxic 

waters in the SCB and northern regions (Low et al., 2021) and past domoic acid events in the 

Santa Barbara Channel (Sekula-Wood et al., 2011). HAB monitoring systems and forecast 

models are key tools to incorporate possible impacts in the aquaculture and fishing industries 

particularly in a future warmer marine environment (Anderson et al., 2021). 

E. Conclusions. 

The NPGO is known to have important implications for the climate and biology of the 

California Current System, in particular near SCB (Di Lorenzo et al., 2008). Positive (high 
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upwelling) phases of the NPGO can have a big impact on the productivity of aquaculture farms, 

particularly for filter feeders.   

Key differences between fish and kelp imply that fish are more resilient to climate 

variability, but our analysis assumes no limitations in food, conflicts with other uses of the 

space, and impacts related to hypoxia, HABs or parasitism. In addition, striped bass, our model 

species, has a very wide thermal range  (Cook et al., 2006) with juveniles preferring warm 

thermal niches of 24 to 28 º C (Coutant, 1990), and thrives in temperatures reported for this 

region in sea cage aquaculture farms (Del Rio-Zaragoza et al., 2021). Given that giant kelp 

seems to be more sensitive to environmental variability, environmental monitoring systems 

can increase kelp aquaculture’s resilience and even help to optimize productivity (Snyder et 

al., 2020). 

Marine aquaculture in other regions might be impacted by climate variability differently 

than this case study. For example, ENSO might have more relevance to regions closer to 

tropical latitudes. In addition, climate change is known to modify the norm of the regional 

climate including the California Current system (Di Lorenzo et al., 2010; King et al., 2011; 

Sydeman et al., 2013; Bakun et al., 2015). Future applications of this framework should also 

consider the impacts of future climate change on these sources of variability.  

Our framework confirms the value of marine spatial planning for aquaculture given that, 

for this particular region and the species used, most productive sites are also the most resilient 

to climate variability. Although the generality of this finding needs exploration in other 

settings, in the SCB good sites remain good and bad sites continue to be bad across decades of 

variation. Whether this relative consistency of rankings persists in the face of future climate 

change remains to be evaluated. 
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F. Supplemental Information  

Table 7. Fish farm configuration, biological and economic parameters 
Fish Farm Characteristics 
Description Value Unit Source 
Number of Cages 16 units Thomas et al. (2019)  
Cage radius  15 m acuasesor.conapesca.gob.mx 
Cage depth  14 m acuasesor.conapesca.gob.mx 
Volume per cage  9896.02 m3 acuasesor.conapesca.gob.mx 
Stocking density 98960  Fish/cage Besson et al. 2016 
Total Stocking Fish per farm  1583360 individuals Calculated in this study  
Harvest Density  20 Kg/m3 acuasesor.conapesca.gob.mx 
Estimated Total Yield  variable tons Calculated in this study  
Fish Biological model input  
Description Value Unit Value 
Initial fish Weight 20 [g] Lester et al. 2018 
Final fish Weight 2000 [g]  Calculated in this study  
Max biological weight 57 [kg] fishbase.org 

Thermal Growth Coefficient 0.0010053 [g/ºC] Calculated in this study 
1-b   1/3 [dimensionless] Mayer et al., 2008 
Growth period length 540 [days] pacificoaquaculture.com  

Mortality  10 %  Besson et al. (2016) 
Fish optimal temperature 24 [ºC] Davis (2004) 
Min. temperature2 8 [ºC] Davis, 2005 
Max. temperature3 26 [ºC] Davis, 2004 
Mean daily temperature variable [ºC] UCSC Reanalysis data  
Fish Economic model input 
Description Value Unit Source 
Growth period / work days 540 [days] pacificoaquaculture.com  

Discount rate 0.0876 [dimensionless] 
Ruiz-Campo & Zuñiga-Lara, 
2017 

Cage cost (cage and machinery) 68750 [usd] Pers. Comm. Industry 

Boat cost  (2 boats) 1,000,000 [usd] 
grandseaboat.en.made-in-
china.com 

Permits 10000 [usd] greenwave.org 
Wage payroll 12 [usd] Min. wage California, as of  2019 
Daily work hours 12 [hours]  Calculated in this study  

 
2 Minimal temperature when fish stops eating. Fish dies after 14 days of not eating. 
3 Max. temperature when fish stops eating and  is stressed. Fish will die after 5 days of 

not eating. 
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Number of employees 40 [units] Thomas et al. (2019) 
Gas cost 1 [usd/L] psmfc.org 
Mean boat speed 12.8 [km/h] Lester et al. 2018 
Boat efficiency 60 [L/h] Lester et al. 2018 
Cage maintenance 6,899 [usd]/m3 Rubino, 2018 
Boat maintenance 30,000 [usd] Rubino, 2018 
Juvenile cost 1.5 [usd/plants] Thomas et al. 2019 
Food cost 2 [usd/kg] skrettingusa.com 
Food convertion rate  500 [dimensionless] calculated in this study 
Management cost per kg 1 [usd/kg] calculated in this study 
Gate price  5 [usd/kg] capecodtimes.com 

 
Table 8. Kelp farm configuration, biological and economic parameters 
NOTE: Despite the biological model runs for 12 months, the economic model for kelp adjusts 
costs to the time of maximum yield in the year.  For example, if the maximum yield happens 
in the second quarter of the year, the farm only runs until the second quarter because the kelp 
model does not increase yield beyond that date. The most productive sites keep production 
growing until the end of the year, so the cost model keeps the costs running all year round.  
Kelp Farm Characteristics 
Description Value Unit Source 
Number of longlines 600 Longlines Based on Lester et al., 2018 
Longline length  210 m Lester et al., 2018 
Separation between Longlines 2 m Lester et al., 2018 
Initial weight per plant  100 g Based on Celis Plá et al. (2012) 
Total individuals  126,000 plants Calculated in this study  
Final individual weight   10 kg Correa et al. (2016) 
Final density  ~10 Kg/m Camus et al. (2019) 
Final total weight  1260  Tons/year Variable (calculated) 
Kelp Biological model inputs  
Description Value Unit Source 
Sea Surface Temperature  variable C UCSC Reanalysis  
Nitrate proxy  variable  µmol L-1 Snyder et al., 2020 
Detrimental Temperature  21 C Cavanaugh et al. 2019 
Starting biomass percentage 0.2 % Calculated in this study  
Cultivation period length 12 months Calculated in this study 
Kelp Economic model inputs  
Description Value Unit Source 
Wet weight  Variable  kg Calculated in this study 
Discount rate  0.0807 dimensionless Ruiz Campo et al. (2018) 

Initial investment  910,000 USD 
Based on Lester et al 2018, and  
Froehlich et al. 2019  
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Fixed costs   126,000 USD 
Based on Lester et al 2018, 
hatchery  

Variable costs:    
Growth Period/work days Variable  Months  Calculated in this study 

Wage payroll 12 USD/hr 
Minimum wage California as 
of 2019 

Daily work hours 12 hours Calculated in this study  
Number of employees  10  Calculated in this study 
Gas cost  1.1 USD/L psmfc.org 
Mean boat speed 12.8 Km/h Lester et al., 2018 
Boat efficiency  60 L/h Lester et al., 2018 
Gate price  3 USD/kg Lester et al., 2018 

 

Kelp Model Validation appendix 

To validate the kelp model, we compared Landsat pixel biomass with biomass outputs of 

the model (Figure 18). The model does not take wave disturbance or other processes, such as 

herbivory, into account as these would likely differ in the farm environment compared to a 

natural kelp forest. This explains the differences between both time series. However, 

standardized means of kelp observations vs kelp model outputs, and their probability 

distributions (PDFs) show consistency (Figure 19).  

Finally, we used standardized means as indexes of production and correlated each of them 

with SST data of the Pacific (NOAA, cite). Figure 20 shows that both modeled and observed 

biomass have a similar correlation pattern, which suggest observed data behave similarly to 

modeled outputs.  

Kelp forests  in Sothern California, are influenced by large scale patterns (NPGO, PDO ) 

but they are also very susceptible to coastal local dynamics such as wave height, local 

upwelling and ecological dynamics (urchin barrens) (Harrold et al., 1985; Lafferty, 2004; Bell 



 

 
64 

et al., 2015) . Given that farms do not have the same ecological limitations of a natural forest, 

physical forcing should be the  primary driver of production.  

Temperature is a good indicator of nitrate in the SCB (Zimmerman et al., 1984) and we 

used the most up to date temperature to nitrate data (Snyder et al., 2020). However, advection 

is known to have big influence in transport of superficial waters potentially affecting 

temperature to nitrate measurements, particularly towards southern region of the SCB (Di 

Lorenzo et al., 2005). Similarly, other sources such as internal waves and runoff should be 

explored as these are known to provide nutrients to kelp forest in this area (Brzezinski, 2013). 

 

Figure 18. Time series of kelp observations vs kelp model outputs. Map of kelp observations 
along the SCB and comparison between model (blue dashed line) and observations (red dashed 
line) at different locations (a)(b)(c). 
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Figure 19. Standardized means of kelp observations vs model outputs and pdf distributions  
  

 

Figure 20. Correlation between SSTa with kelp biomass and model output indexes. Large 
scale climate patterns in both kelp biomass  and model predictions are consistent and respond 
to similar large scale climate drivers and show typical patterns of Pacific decadal variability.  
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III. Marine Spatial Planning of Aquaculture  in the Southern 

California Bight based on Future Climate Projections.  

A. Introduction 

Marine aquaculture is projected to be one of the most efficient food systems in terms of 

carbon emissions (Ray et al., 2019; MacLeod et al., 2020) and ecosystem interactions if 

planned properly (Alleway et al., 2019; Clavelle et al., 2019). The sustainable expansion of 

marine aquaculture will depend on adequate planning and regulatory frameworks (Couture et 

al., 2021). Incorporating climate change into marine spatial planning of aquaculture increases 

resilience and adaptation capacity of this industry (Gentry et al., 2017; Grebe et al., 2019) and 

aligns marine aquaculture with the Sustainable Development Goals, including food security 

(FAO, 2017). 

Climate change due to anthropogenic emissions is already impacting the oceans and it will 

continue being a big challenge for marine ecosystems management, including food production 

(IPCC, 2019). As in many other sectors of ocean food production, including fisheries (Cheung 

et al., 2010; Lam et al., 2016) and biodiversity  (Doney et al., 2012; Pecl et al., 2017), global 

studies on marine aquaculture under climate change indicate that, as a general guide, tropical 

regions will mostly decrease their production potential given lower latitudes will be more 

vulnerable by intolerable temperatures and decreased primary productivity, while temperate 

regions will have a considerable increase in production potential (Handisyde et al., 2006; 

Klinger et al., 2017)  although the impacts of disruptions in upwelling systems located in these 

latitudes (e.g. the California Current) over ecosystem dynamics and primary production are 
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still difficult to understand (Xiu et al., 2018) and impacts over coastal dynamics are uncertain 

(García-Reyes et al., 2015).  In terms of species, potential for finfish aquaculture expands 

compared to filter feeders towards the end of the century at a global scale (Froehlich et al., 

2018). Marine aquaculture of finfish might be limited by its reliance on fishmeal (Naylor et 

al., 2005) although development of alternative feeds and improved fisheries management could 

offset this limitation (Merino et al., 2012).   

In a parallel yet slightly different situation than fisheries in the move, “climate change will 

affect where mariculture development can take place” (Kapetsky, 2013). Modeling work 

suggests that optimal areas for aquaculture will move geographically (Sarà et al., 2018) which 

highlights the need to move from static towards adaptive marine spatial frameworks, capable 

of incorporate the non-linear nature of a changing climate (Craig, 2019).  

Each region has a different set of challenges in the face of climate change, depending on 

exposure and adaptation capacities (Brugere, 2015). Extreme events already happening around 

the world give a glimpse of what is expected to happen under future climate change (Brander 

et al., 2017). In the California Current System (CCS) acidification events caused massive 

oyster larvae die offs in Washington State (Clements et al., 2017), and marine heatwaves that 

persisted between 2013 to 2015 generated a hotspot area for Pseudo-nitzschia harmful algal 

blooms (HABs) in Northern California (Trainer et al., 2020).  

Studies at regional scale help to develop possible scenarios and adaptation/mitigation 

strategies for aquaculture on a case by case basis. The coarse resolution of climate change 

projections (1 °C) makes it difficult to evaluate the impacts of climate change at a higher scale. 

If available, downscaled climate products coupled with aquaculture end-to-end models allow 
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scenario building and provide relevant information for spatial and risk management (Filgueira 

et al., 2014; Guyondet et al., 2015; Matzelle et al., 2015; Hobday et al., 2016).  

Available literature focuses on future trends in aquaculture production under climate 

change. For example, Froehlich et al. (2018) maps aquaculture production of finfish and 

bivalves identifying areas with increased and declining potential. Klinger et al. (2017) analyses 

changes in potential for finfish with different thermal ranges. Climate change is modifying the 

variance in internal variability patterns (Sydeman et al., 2013; Bonino et al., 2019) and the 

incidence of extreme events (IPCC, 2019). Despite studies have highlighted the relevance of 

climate variability for aquaculture spatial management and site selection (Liu et al., 2013; 

Sainz et al., 2019) the relationship between future productivity of aquaculture and changes in 

variance of regional variability is not clear.   

The aim of this study is to understand how climate change will influence spatial planning 

and site selection at a regional scale, in the Southern California Bight (SCB). We test three 

aquaculture species of interest: giant kelp (Macrosystis pyrifera) striped bass (Morone 

saxatilis) and Mediterranean mussels (Mytilus galloprovincialis) (henceforth kelp, fish and 

mussels, respectively) using three separate models for each species, coupled with downscaled 

climate change projections. We compare projected changes in aquaculture productivity, spatial 

patterns, and account for variability fluctuations and their effects on spatial management and 

site selection.   

Climate Change in the Southern California Bight  

The Southern California Bight (SCB) has gained a lot of interest for aquaculture 

development and has been selected as one of the first Aquaculture Opportunity Areas to 
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develop sustainable aquaculture in the United States of America (NOAA, 2020). However, 

ongoing and future farm projects could be susceptible to the risks imposed by climate 

variability and change projected for this region.  

The SCB is biogeographic region located towards the south of the California Current 

System, one of the most productive regions due to Ekman coastal upwelling characteristic of 

the Eastern Boundary Upwelling Systems (EBUS) (Iles et al., 2012; Stone et al., 2020). In the 

SCB, delimited by Point Conception in the north and Punta Colonet in the south (Fumo et al., 

2020), cooler equatorward waters of the California Current start mixing with warmer waters 

of the California Undercurrent (Lynn et al., 1990; Snyder et al., 2003) generating an area of 

sharp biophysical transition (Harms et al., 1998). 

The SCB has shown signs of biological declines due to changes in oceanographic 

conditions, including phytoplankton concentration and different species composition (Bograd 

et al., 2015) and zooplankton declines due to warming surface waters by 1.5 ºC (Roemmich et 

al., 1995). However, these changes have been largely attributed to regime shift  and decadal 

variability instead of anthropogenic climate change (Holbrook et al., 1997; Di Lorenzo et al., 

2005; Kim et al., 2007). 

It is expected that in the California Current System the increased temperature gradient 

between the land and ocean due to anthropogenic warming will influence upwelling (Bakun et 

al., 2015). In the SCB, future upwelling could be more intense during upwelling seasons, but 

upwelling may be decreased in other seasons (Snyder et al., 2003) and during  short upwelling 

events (Iles et al., 2012). Increased stratification might also be a risk factor for oxygen 

depletion, which is an effect already happening in the SCB (Bograd et al., 2008). Although 

major hotspots for ocean acidification are located in more northern regions of the California 
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Current, including the Oregon and Washington (Peterson et al., 2017), it expected that the SCB 

will also experience decreased pH in surface waters (Hauri, 2012). Incidence of marine 

heatwaves is also expected to increase as a consequence of climate change in the California 

Current and the SCB  (Fumo et al., 2020). 

B. Methods 

Aquaculture simulation models  

Aquaculture models were used to simulate annual production using environmental forcing 

as model inputs in each of the 223 locations described in previous chapters (Figure 1 and Figure 

9). A Dynamic Energetic Budget (DEB) type model is used for Mediterranean mussels (from 

now on referred as mussels) growth simulation  (see Chapter I, Methods), a thermal growth 

coefficient (TGC) model for striped bass (fish), and a nitrate-temperature curves growth model 

for giant kelp (kelp) (see Chapter II, Methods).  

Environmental forcing  

We obtained climate projections of relevant variables from 3 Earth System Models (ESMs) 

from the CMPI5 project (Taylor, 2012):  GFDL-ESM2M, - IPSL-CM5-MR, HADGEM2-ES 

for the period 1980 – 2100 under the RCP 8.5 pathway (IPCC, 2013). The downscaled ROMS 

projections forced by these 3 ESMs were developed by Pozo Buil et al. (2021). These 

projections were used to run our farms on a monthly time step. The resolution of the ROMS 

data was of 1° x 1°and then interpolated to the 4 x 4 km scale of our farm grid, for the domain 

of the SCB (32-35 N and -122 -117 W). 
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Table 9. Environmental forcing for aquaculture models (model projections) 
Variable   Unit  Source Species 

Sea surface temperature 
(SST) 

°C Pacific, ROMS: GFDL, 
HAD, IPSL 

Fish, Kelp, Mussel 

Nitrates 
10 m from surface,  

µmol m-3 

Pacific, ROMS: GFDL, 
HAD, IPSL 

Kelp 

Current speed  cm s-1 ROMS: GFDL, HAD, 
IPSL 

Mussel 

Mixed layer depth  m ROMS: GFDL, HAD, 
IPSL 

Mussel  

Particulate Organic 
Carbon (POC) mg m-3 LIM model, ROMS: 

GFDL, HAD, IPSL 
Mussel  

 

Particulate Organic Matter (POC) reconstruction (LIM model for POC)  

Particulate Organic Matter (POC) is positively correlated to phytoplankton concentrations 

in the SCB (Miller et al., 2013), and it was used as food for mussels by Lester et al. (2018) so 

we used POC to force our mussel aquaculture model as well. However, the complete timeline 

of available POC data was from 1997 to 2020. We developed a linear inverse model (LIM) to 

reconstruct POC for the complete timeline of our climate projections (1980 – 2100) using the 

methods published in Xu et al. (2021). The kernel for the LIM model was developed using 

available POC data  gathered from the NASA Ocean Data website at a 4 km resolution 

(available in: oceandata.sci.gsfc.nasa.gov) and SST data from the NOAA 'Extended 

Reconstructed Sea Surface Temperature (ERSST)' dataset with a resolution of 2° from 1857 

up to June 2018 (Smith et al., 2004).  

The LIM model is defined as 

 

 𝑑𝐱
𝑑𝑡 = 𝐋𝐱 + 𝛜 (7) 
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where 𝐋 is the dynamical operator, 𝛜 is the temporally varying white noise forcing. 𝐱 

represents the state vector, which in our study is 

{𝐱!
(𝑡)

𝐱"(𝑡)
|, 

with 𝐱!(𝑡) the leading principal components of POC anomaly and 𝐱"(𝑡) the leading principal 

components of the SST anomaly. Anomalies of POC and SST data were computed as the 

difference between the seasonal cycle mean and the observed data of the corresponding 

month (i.e. January – all Januarys mean). To define x we used used 2 PCs of POC, and 15 

PCs of SST of the Pacific (140°E to 100° W, 20° to 70° N), which explain 76.43 % and 

84.97% of the variance of POC and SST, respectively. The most probable state from (1) is 

 𝐱(𝑡 + 𝜏) = 𝐆(𝜏)𝐱(𝑡) = exp	(𝐋𝜏)𝐱(𝑡) (8) 

which therefore represents the ensemble-mean forecast at lead 𝜏. For reconstruction, 𝜏 = 1 

month. After solving 𝐆(𝜏 = 1) based on the data from 1997 to 2020, the reconstruction process 

using the state vector of the century length SSTa is as followed: 

 {𝐱�!
(1)

𝐱�𝟐(1)
| = 𝐆(𝜏) { 𝟎

𝐱"(0)
| ,																					𝑡 = 0 (9) 

  

 {𝐱�!
(2)

𝐱�𝟐(2)
| = 𝐆(𝜏) {𝐱�!

(1)
𝐱"(1)

| ,																					𝑡 = 1 (10) 

  

 … (11) 

  

 			{𝐱�!
(𝑇)

𝐱�𝟐(𝑇)
| = 𝐆(𝜏) {𝐱�!

(𝑇 − 1)
𝐱"(𝑇 − 1)

| ,																				𝑡 = 𝑇 − 1 (12) 
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Thus, we obtain the reconstructed POC of the century by concatenating [𝐱�1(1), 𝐱�1(2), … 

, 𝐱�1(𝑇)] and project them back to the EOF space.   

To confirm POC is being calculated properly we compared anomalies of POC 

observations with reconstructed POC: 

 

Figure 21. POC reconstruction vs POC observations 
 

We then use the temperature anomalies of high resolution climate change projections 

(GFDL, HAD, IPSL) to reconstruct POC for the complete time line used in this study (1980 

– 2100). 

There is no clear trend in available primary productivity for the SCB (Supplemental , and 

our model proxy for POC does not show a trend (see supplemental Primary productivity trend 

analysis). However, climate projections indicate a decline in nitrate in the region, which seems 

to be a logical pathway given POC and nitrate concentrations are often correlated (Martiny et 

al., 2013). In order to add the trend of nitrates to POC, the trend and amplitude of nitrates of 

the models (GFDL, HAD, IPSL) was computed for each location of our grid individually to 

generate a scaling factor that produces an equivalent trend in POC data.  
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Projections of aquaculture productivity under Climate Change 

a. Time series of production and spatial statistics.  

The aquaculture models are run with the 3 climate forcing projections separately in each 

of the 223 locations and for the entire time line of environmental data (1980-2100). The 

resulting time series are averaged to generate a unique production time series per forcing model 

(GFDL, HAD or IPSL) to understand differences between them Figure 23. To describe general 

behavior, we computed an ensemble of the three averaged production time series which is used 

in the subsequent variability and ranking analysis.  

b. Variability and Trend Analysis  

Internal variability and trends are components of the climate projections that impact 

aquaculture productivity. The variability and trend analysis was made to explore the 

implications of using each factor in spatial planning. The trend is calculated for each 30-year 

period (e.g. 1980-2010, 2011-2040, 2041-2070, 2071-2100). The standard deviation of the 

mean production (detrended) of each period was computed and contrasted vs the net change 

difference between the end point and initial point of the trend (blue and red lines respectively 

in example in Figure 22). When the red curve is above the blue curve, it means that trend is 

more important than the variability. Such simple analyses can help farmers to understand what 

they should worry about, either the trends in production or the expected interannual variability 

during a selected time period.  
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Figure 22. Example relevance of trend vs variability. 

As described in Chapters I and II, Empirical orthogonal functions (EOF) and principal 

components (PC) for the production of the 3 species were calculated by each model separately 

(GFDL, IPSL, HAD) therefore obtaining 3 EOFs and 3 PCs of production for each species.   

c. Ranking  

The ranking was calculated for production using a mean ensemble of the three production 

time series (using GFDL, IPSL, and HAD data) and a second ranking using an ensemble of net 

present values projected for 10 years for the time period (1980 – 2100). See Methods, Chapter 

II, for description of the ranking system. 

C. RESULTS  

Production time series  

Figure 23 shows the mean time series of aquaculture production of all of the farms, using 

each model forcing separately (GFDL, IPSL, HAD) and an ensemble of them.  Fish production 

has an upward trend for all of the individual forcing models. Since the fish aquaculture model 

only uses temperature, the model accurately follows the increasing trend in temperature. GFDL 
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data have a less pronounced trend compared to IPSL and HAD, but all of the three projections 

show an increase in variability towards the second half of the century.  

Kelp production shows significant differences between climate forcing models. In two of 

the models (HAD and IPSL) the two forcing variables that feed the kelp model (temperature 

and nitrates) have a decreasing trend (Figure 23), although the declines are less pronounced in 

nitrates. Historical patterns suggest resilience of kelp forests to heatwaves, as long as nitrate is 

not scarce (Fernández et al., 2020; Schmid et al., 2020). In a sensitivity analysis performed for 

the kelp model nitrate showed the most impact in kelp growth. Nitrate dynamics are different 

in each of the climate models, and slight differences in nitrate concentrations explain the 

significant differences in kelp production when using one forcing or the other.  

Mussel mean time series show a decreasing trend in production similar to the pattern of 

POC forcing. However, production time series using GFDL, IPSL or HAD forcing are not 

substantially different in magnitude and show similar behavior in both trend and variability.  
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Figure 23. Mean time series of production 1980-2100. Top three figures show each individual 
model and middle three figures show ensemble mean. Gray shadow is std of all three curves. 
Bottom three figures show time series of most relevant forcing by individual model.  

Relevance of variability vs trend   

As observed in the time series analysis (Figure 23), trends in the forcing help to explain 

the trends in aquaculture production. However, these time series show a variability component 

that can also be relevant. Figure 24 (panels a, b, c) show a principal component ensemble 

(averaged principal components of the 3 models, amplitude shown in the dashed lines) in blue, 

and the trend calculated for periods of 30 years. Each 30-year period shows that the trends are 

mostly decreasing for kelp and mussel, or increasing in case of the fish.  
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According to the relevance of trend vs. variability plots (Figure 24 d, e, f), the increasing 

trend is most relevant for fish production, since the red trend line exceeds detrended variability 

(blue line) along most of the timeline. This pattern changes in the last 30 year period, which 

coincides with increased variability shown in the principal component (Figure 24a) over the 

same period. For kelp, variability is very important along the entire time period, despite a 

general decreasing trend in production. For mussels, there are periods of dominance by both 

trend and variability.  
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Figure 24. Analysis of variability vs Trend calculated for 30-year periods. Principal 
component of production with trend for each period (a, b, c).  Relevance of trend over 
variability (d, e, f) show net change in trend, (red line), std of detrended mean production (blue 
line), and variance of the trend (black line). Curves in these panels are absolute values, so 
upward or downward lines do not represent behavior. 

Ranking of sites based on future projections 

a. Fish production ranking 

The best region of the SCB for fish production is the south (blue) followed by the center 

(green). This pattern remains during most the period. However, variance increases gradually 



 

 
80 

and uniformly amongst regions. In the last 30 year period, (2070-2098) production in the 

southern and center regions becomes highly unstable. Particularly in the south, temperatures 

start to be detrimental for this species of fish towards the end of the studied period, and 

mortalities happen often in this region. This last period ranking shows the transition between 

the south and center regions, that become similar in production. Over the projected time period, 

the northern region improves in performance as productivity increases substantially and 

mortality crashes do not happen.  

The fish NPV ranking plots show less variance because every calculated NPV incorporates 

the production of 10 years in the future. In the NPV ranking the declining transition of the 

south to less profitability happens earlier in the 2040-2069 period. Although variance impacts 

both the south and the center regions, the center region becomes more stable and profitable 

than the south. The south eventually becomes unprofitable in the spatial ranking, a product of 

the frequent crashes in production.   
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Figure 25. Fish ranking time series and spatial maps. 

b. Kelp production ranking 

The best region for kelp production is in the north (red) followed by the center (green). 

Production in the south is largely non-existent. Unlike the temporal changes in fish rankings, 

kelp production patterns remain relatively consistent across all periods. Production decreases 

slightly across all regions, and interannual variance remains relatively consistent. However 

sites in the center show a slight increase in production towards the end of the period. The NPV 

rankings for kelp show that fewer sites in the north are actually profitable than the number that 

have significant production. 
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Figure 26. Kelp ranking time series and spatial maps. 

c. Mussel production ranking 

The best region for mussel production is in the north (red), and the worst is in the south 

(blue). Sites in the center (green) span almost the entire range of production rankings, which 

is far more spatially heterogeneous than the fish and the kelp. Similar to kelp, this pattern 

remains consistent during all time periods. Production decreases over time in general across 

all of the regions, but mostly at the south. Variance also remains similar across the periods of 

study. The NPV rankings for mussels show that a sizeable fraction of sites in the south and 

center are unprofitable, and the fraction grows over time. 
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Figure 27. Mussel ranking time series and spatial maps. 

D. DISCUSSION  

Our results confirm the importance of developing marine spatial plans for aquaculture. 

Selecting the best sites now fortunately brings some confidence that such sites will remain 

productive and profitable in the future for all three species in our case study. As shown in the 

ranking patterns (Figures 25, 26 and 27) individual sites stay relatively consistent along the 

periods of time. This brings confidence that marine spatial plans developed to optimize 

productivity may have value in the SCB for several decades until thermal tolerances are 

reached.  
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Selecting adequate species is an important step for planning profitable farms. In addition 

strategies such as selecting breeding can add further resilience to climate change (Klinger et 

al., 2017; Reid et al., 2019). For this case study, we selected a fish species that has a wide 

thermal range and benefited from increasing temperatures. Productivity of fish increases 

considerably overtime, but eventually decline when temperatures go higher than 26 deg C in 

the southern region. In the case of the mussel and kelp, these species are toward the southern 

limits of their distribution ranges in the California Current. Therefore, it is expected that the 

poleward shift of temperatures will affect them more profoundly than the fish species that was 

modeled. Indeed, our models show a decrease in production in both kelp and mussel. Farming 

species that are already near their thermal limits will undoubtedly lead to greater expected 

declines in productivity. In the latitudes of the SCB, picking species that are closer to the 

equatorward edge to their range, as opposed to the poleward edge of the range is more likely 

to generate benefits over time. A strategy could be to focus on switching species (if this is 

ecologically and economically possible) instead of switching locations, as suggested 

previously (Kapetsky, 2013; Sarà et al., 2018). 

Although we confirmed that the ranking of sites remain similar across time for these three 

species, we do not suggest that the impact of climate change and variability is negligible. 

Productivity in all species respond to the climate change signal and variability in the forcing. 

The temperature forcing in the models (GFDL, IPSL, and HAD) show an increasing trend with 

a parallel decrease in POC and NO3. The aquaculture models consequently show an increasing 

trend in fish (which depends only on temperature), while kelp and mussels have a decrease in 

production. The domain of this study is quite small (only the SCB), but the gradient in 
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conditions is quite steep. Therefore, the modest poleward shift of optimal sites observed here 

may not be representative of patterns in other regions.  

The analyses of the production time series show fluctuations that correspond with internal 

variability of the region projected by the climate models (Figure 23). The effects of such 

variability over aquaculture production is different for the three species used. For fish, the 

general climate trend is stronger than the impact of interannual variability in most of the time 

series. What this means is that fish farmers will benefit most from picking sites that increase 

production in the long term. This assumes that feeds, oxygen, or other unstudied issues are not  

limiting factors.  

For kelp, farmers will benefit from paying more attention to interannual variability and its 

impacts on kelp farms, both now and in the future. Literature highlights the role of decadal 

variability in particular for natural kelp forests (Parnell et al., 2010) and the viability of kelp 

farms in this region (Snyder et al., 2020). By not considering variability of the region, kelp 

production and profitability could be over or underestimated.  

Finally, mussel farmers will be faced with likely impacts from both the climate change 

trend and variability. Decreasing production along with strong effects of variability should be 

expected. Historical distribution of biological communities of Mediterranean mussels in the 

California Current have contracted southwards contrary to poleward expansion expected from 

climate change. This is mostly attributed to a switch to a cold phase of the PDO (Hilbish et al., 

2010) supporting the influence of decadal variability over this species. Despite this species 

prefer warmer waters (Lockwood et al., 2011), the projected decreasing trend in productivity 

shows future temperatures might reach their detrimental thermal limit around 24ºC (Anestis et 
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al., 2007). The impact of variability remains relatively consistent over time, so it is another 

factor to consider, as suggested in Chapter I.  

We concur with Hobday et al. (2016) that climate change projections are relevant for the 

spatial planning of aquaculture at a long term. However, when available, knowledge on internal 

variability can be valuable for farmers to know what to expect during the term of their leases. 

For example, leases for cultivation of bivalves and fish in California state waters are for 25 

years and 5 years respectively (California Department of Fish and Wildlife (2016). Within such 

time frames, particularly the extent of the bivalve leases, decadal shifts could occur in internal 

variability and its impacts over productivity can be most concerning for farmers. There are 

scientific limits to our ability to prescribe climate change impacts and decadal variability 

predictions changes (Meehl et al., 2010; Liu et al., 2018) but our work aims to help with 

scenario building and planning (Couture et al., 2021) . 

We limited the environmental forcing to key variables, and did not consider other 

elements such as aragonite saturation, oxygen, incidence of harmful algal blooms, increasing 

storms, which are important variables of concern for marine aquaculture planning in the face 

of climate change (Cochrane et al., 2009; Barsley, 2013; Brander et al., 2017; Reid et al., 

2019).  However, this framework helps to start thinking about how to include climate 

variability and change into management plans for marine aquaculture. NPV calculations need 

to be computed including the uncertainty increases by climate change estimated in economic 

theory (Sumaila et al., 2011). 

We analyzed species individually instead of in functional groups, but we share the 

lessons of previous work that certain latitudes (temperate) and species might be benefited in 
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the future (Froehlich et al., 2016, 2018), so it is worth investing in species that are not 

already near their thermal maximum and match them with the region of interest accordingly.  

Finally, the lessons found in this work might not hold for other regions. In our area of 

study, the gradient in temperature and productivity is quite steep across a modest stretch of 

coastline. In addition, the oceanographic features of the SCB include a semi-permanent gyre 

in the Santa Barbara Chanel (Harms et al., 1998; Oey et al., 2001). The gyre provides a source 

of upwelling that boosts kelp and mussel productivity, and therefore contributes to maintaining 

the general spatial pattern of productivity in the future.  

Every region has different temperature, nutrient and ecological dynamics, and different 

species have different needs and tolerances. For example, the pace of change might dominate 

production and the spatial patterns might change more dramatically in other areas. The 

framework we have developed, however, can be applied in a case by case basis, to explore if 

a particular marine spatial plan based on conditions and uses today will remain effective or 

need to be restructured to be more climate resilient going forward.  

E. CONCLUSIONS   

Developing well-designed marine spatial plans in the present has many potential 

environmental, economic and social benefits. Fortunately, in our case study, optimal areas for 

conditions today remain productive choices despite many future effects of climate variability 

and climate change. This brings some confidence for the feasibility of aquaculture farms over 

the coming decades. Whether this site resilience in the face of climate change holds for other 

locations remains to be tested. 
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Selecting species with thermal ranges that are resilient to future conditions is one practical 

strategy to adapt to climate change. The SCB is located towards the equatorward geographical 

distribution limit of Mediterranean mussels (Shinen et al., 2009) and is in the middle of the 

distributional range of giant kelp (Edwards et al., 2005; Ramírez-Valdez et al., 2017). Average 

productivity for these species is likely to decrease significantly over the next century. On the 

other hand, aquaculture for the candidate fish species in this study is currently optimal in the 

southern region of the SCB and becomes more productive over time all across the SCB –  

expanding profitable locations for cultivation in the future.  

Although the overall site rankings of average aquaculture production stay relatively 

consistent over many decades, interannual variability across the region changes substantially. 

Interannual variability is greatest for kelp, followed by mussels. Both depend heavily on 

nutrients provided by the environment. Since fish productivity is not dependent on food 

availability, its dynamics are less variable over time. These conclusions are drawn for a set of 

three species in a particular geographic region, but our framework is designed to forecast the 

effects of future climate dynamics on the productivity and economic gains from aquaculture in 

coastal settings across the globe.   

F. SUPPLEMENTAL INFORMATION  

Primary productivity trend analysis 

Timeseries of yearly average California Current Primary Organic Carbon Production of the 

models used (GFDL, HAD, IPSL ) for the California current do not seem to have a strong trend 

(Figure 28). Although anomalies plot show a slight negative  trend for the HAD model in 



 

 
89 

particular, the CMIP5 Ensemble confirms that the negative trend is not very marked and while 

some models might have a stronger trend, along the coast and the scale of the southern 

California Bight, these trends can be noisy (Figure 29). Spatial plots show a decline 

productivity in the SCB comparing to historical periods (2006-2050 and 2050 to 2099) in most 

models and the ensemble (Figure 30). 

 

Figure 28. Primary productivity projections for the California Current (time series). Data 
available and Figures plotted using the NOAA PSL website 
https://psl.noaa.gov/ipcc/ocn/timeseries.html. Caption generated by website: “Timeseries of yearly 
average California Current Primary Organic Carbon Production by All Types of Phytoplankton for the 
1976-2099 period. The simulations are forced using historical emission (1976 to 2005) and RCP8.5 
scenario for future projection (2006 to 2099). A 1-year running mean is applied. Figures show, in colors, 
GFDL-ESM2M ,HADGEM2-ES, IPSL-CM5A-MR and ENSMN ensemble mean, in light grey, the 
spread of all the CMIP5 models, and in medium grey, and dark grey, 80% and 50% the spread of all 
the CMIP5 members, respectively. Left panel shows the mean values and right panel shows the 
anomalies relative to the 1976-2099 climatology”.  
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Figure 29. Primary productivity projections for the California Current (maps). Data available 
and Figures plotted using the NOAA PSL website https://psl.noaa.gov/ipcc/ocn/ccwp.html  for 
CMIP5 maps. Caption: “Primary Organic Carbon Production by All Types of Phytoplankton 
for GFDL-ESM2M, HADGEM2-ES, IPSL-CM5A-MR and ENSMN interpolated on a 1x1 
grid for the entire year; Difference in the mean climate in the future time period (RCP8.5: 
2050-2099) compared to the historical reference period (1956-2005)”. Rectangle shows the 
domain of the SCB.  
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Figure 30. Time series of environmental forcing used to run aquaculture models, separated by 
model (GFDL, HAD, IPSL). Last two panels show POC reconstructed with the LIM model. 
However, the development of the LIM model required to detrend the SST data. We assumed 
that in this region nitrates are proportional to POC. We added the NO3 trend to the POC data 
to be consistent. The trend component of the NO3 was added to the POC by calculating trend 
and relative amplitude in the NO3 . The trend and relative amplitude of NO3 data are normalized 
to generate an equivalent trend properly scaled to POC. 
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