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aquaculture in many regions around the world. These

S. latissima ecotypes that are adapted to regional environ-

hypothesis that recalibrating the temperature parameters of
a dynamic energy budget model using literature data for
S. latissima from regions with a similar climate to the region
of interest would result in more accurate predictions than
using a general species-wide temperature response curve.
Calibrating the model using data from warm regions signifi-
cantly improved model accuracy for kelp cultivation at the
southern end of the species range (Rhode Island, USA) in
cases where the original parameters underestimated growth
but resulted in drastic overestimates when heavy frond ero-
sion occurred. In Tremso, Norway, a cold parameterization
produced extremely accurate predictions: the model
predicted a final frond length of 88.2 cm, compared with
the observed length of 87.5 (+4.70) cm. Our results demon-
strate that recalibrating temperature response curves allows

one model to be applied to kelp aquaculture in different
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regions, an important step toward the prediction of

S. latissima productivity over large areas.

KEYWORDS
aquaculture, dynamic energy budget, ecotype, kelp, macroalgae,
Saccharina latissima, temperature response

1 | INTRODUCTION

Seaweed aquaculture is a rapidly growing sector of the global economy, with increasing recognition of the potential
for seaweed to serve as a low-carbon source of food, biofuel, animal feed, fertilizer, and other products (Aratjo
et al., 2021; Cai et al., 2021; C. M. Duarte et al., 2017, 2022; Kim et al., 2019). Seaweed aquaculture is also associ-
ated with numerous ecosystem services, including nutrient extraction, habitat provisioning, and protection against
coastal erosion (Barrett et al., 2022; Kim et al., 2015; Theuerkauf et al., 2022; Zhu et al., 2020). The majority of the
seaweed cultivated in Europe and North America is the brown algal species Saccharina latissima, commonly referred
to as sugar kelp (Heidkamp et al., 2022; Kim et al., 2019; Sther et al., 2024).

Predicting the potential yield of kelp grown under different environmental conditions is an essential component
of site selection, and therefore a primary concern for farmers. Multiscale modeling is a key tool to support the eco-
logical and economic sustainability of new kelp farms (Coleman et al., 2022; Szther et al., 2024; Zollmann
et al., 2021). To this end, many different mechanistic models for macroalgal growth have been developed to simulate
the growth of cultivated kelp (P. Duarte & Ferreira, 1997; Frieder et al., 2022; Zhang et al., 2016; Zollmann
et al,, 2021), with several specifically created to represent S. latissima (Broch & Slagstad, 2012; Venolia et al., 2020).
However, these models are generally validated for kelp in a specific area within the wide geographical and latitudinal
distribution of S. latissima, which on the east coast of North America ranges from the Canadian high Arctic (Filbee-
Dexter et al., 2019) to Long Island Sound in Southern New England (Egan & Yarish, 1988). On the west coast of
North America, S. latissima cultivation is taking place from Washington through Alaska (Kim et al., 2019). In Europe,
S. latissima is farmed in over a dozen countries, including Spain, Portugal, the United Kingdom, the Netherlands,
Norway, Sweden, and Iceland (Aradjo et al., 2021; Sazther et al., 2024). It is important to account for physiological
variation between populations from such disparate regions, and to select the right model for the location of interest.

S. latissima is believed to have numerous ecotypes across its broad distribution (Bartsch et al., 2008; Gerard &
Du Bois, 1988), with adaptation to environmental conditions driven by a combination of phenotypic plasticity and
genetic and epigenetic changes (Diehl et al., 2023). Regional differences in growth and response to thermal stress
have been observed at the physiological and biochemical levels across multiple life stages of S. latissima (Forbord
et al., 2020; Gerard et al., 1987; Gerard & Du Bois, 1988; Miiller et al., 2008; Olischlager et al., 2014, 2017). For
example, in the Northeast United States, the populations of S. latissima from New York had higher specific growth
rates and lower mortality at elevated temperatures (18 and 20°C) compared with S. latissima from Maine (Gerard
etal., 1987).

Venolia et al. (2020) developed a model for kelp aquaculture in Rhode Island Sound (USA) based on dynamic
energy budget (DEB) theory, a mechanistic framework that has become a cornerstone of ecological modeling in the
over 40 years since its introduction (B. Kooijman, 2010; Lavaud et al., 2021; van der Meer et al., 2014). Venolia et al.
(2020) calibrated their model using field-based growth experiments in Rhode Island, and while it was able to accu-
rately estimate the observed blade length on the final sampling date for many growing lines, the model under-
estimated blade length throughout much of the growing season. This limits the potential use of DEB models for
helping farmers identify optimal harvest dates to maximize yield.
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Comparison of species-varying DEB parameters has yielded important insights about the comparative physiol-
ogy of different species (S. A. L. M. Kooijman, 2014; Lika et al., 2022), but intraspecific genetic and phenotypic vari-
ability remains an underexplored area of DEB research (Koch & De Schamphelaere, 2020; Lavaud et al., 2021). The
S. latissima model developed by Venolia et al. (2020) showed high sensitivity to changes in the parameters used to
represent the temperature sensitivity of metabolic processes, a pattern that has also been seen for non-DEB models
of kelp growth (Strong-Wright & Taylor, 2022; Zhang et al., 2016). The sensitivity of model predictions to changes in
the temperature parameters and the existence of different kelp ecotypes with varying physiological responses to
temperature led Venolia et al. (2020) and Strong-Wright and Taylor (2022) to urge caution in broader geographic use
of their respective models and suggest that the temperature parameters may need to be regionally calibrated.

Venolia et al. (2020) originally calibrated the temperature parameters using literature data from a variety of stud-
ies conducted in Europe, farther north in the species distribution of S. latissima compared with Rhode Island. Here,
we sought to determine whether recalibrating select DEB temperature parameters to account for intraspecific varia-
tion in thermal tolerance could improve the accuracy of growth predictions for cultivated S. latissima without neces-
sitating a full model reparameterization. Our hypothesis was that because S. latissima from Rhode Island is likely to
grow well, recalibrating the temperature response parameters based on growth data from heat-tolerant S. latissima
strains would improve the accuracy of model predictions for kelp aquaculture in Rhode Island.

We also tested the recalibrated model on kelp grown in the middle and northern portions of the species distribu-
tion (Trondheim and Tromsg, Norway), “cold” validations to accompany the “warm” validation that used the Rhode
Island data. Our hypothesis for the cold validation was that the parameters calibrated for a warm climate would per-
form worse than the original model when predicting the growth of S. latissima from Norway, but the parameter set
derived from kelp acclimated to a colder climate would perform better than the original model. We hypothesized that
estimating DEB temperature parameters can be a valuable tool to improve the predictive accuracy of DEB models

for separate populations of the same species.

2 | METHODS

We used standardized rates of S. latissima growth and photosynthesis at various temperatures obtained from the lit-
erature to find new values for the Arrhenius temperature (T,), the upper limit of temperature tolerance (Ty), and the
Arrhenius temperature above the optimal range (Tay) for kelp originating from warmer climates. We repeated this
process using temperature response data from S. latissima originating from colder climates to produce two new
parameterizations (“warm” and “cold”) to compare against the original model. Analyses of Arrhenius temperature
parameters have proven to be valuable in uncovering patterns of thermal sensitivity and identifying how organisms
may respond to the impacts of climate change (Freitas et al., 2007, 2010; Teal et al., 2012).

When not provided in tabular form, literature data were extracted from paper figures using the online software
program WebPlotDigitizer (Rohatgi, 2022). All modeling and data analysis were conducted in the statistical comput-
ing language R (version 4.3.2; R Core Team, 2023). The differential equations in the DEB model were solved using
the ode() function from the deSolve package (version 1.38; Soetaert et al., 2010) and nonlinear least-squares regres-
sion was performed using the nIsLM() function from the minpack.Im package (version 1.2.4; Elzhov et al., 2023).
Other packages used included the tidyverse collection (Wickham et al, 2019) and rstatix (version 0.7.2;
Kassambara, 2023).

21 | Model calibration

The Arrhenius temperature response curve (Equation 1 in Table S2) is a temperature correction function applied to
almost all of the fluxes in the DEB model, with the exception of the photon binding rate (Lorena et al., 2010). The
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shape of the Arrhenius function is dictated by five parameters: T;, Tar, Ty, Ta, and Ty, as well as a reference temper-
ature (Top) that is typically taken to be 293.15 K, equivalent to 20°C. T, is the Arrhenius temperature, representing
the sensitivity of the physiological rates to changes in temperature (Gillooly et al., 2006), which is functionally similar
to the Q10 parameter often used to model thermal sensitivity (B. Kooijman, 2010). T, and Ty represent the lower
and upper bounds of the temperature tolerance range, while Ta; and Tay represent the Arrhenius temperatures for
the rates of decrease in performance at their respective extremes (Freitas et al., 2007). The formulation for the
reduction in rate beyond an optimal range, derived by Sharpe and DeMichele (1977) and Schoolfield et al. (1981), is
based on the idea that the enzymes mediating biological reactions are inactivated at high or low temperatures.

As a relatively cold-adapted species, high temperatures induce greater stress responses in S. latissima than low
temperatures (Heinrich et al., 2012), so we chose to focus on the parameters controlling temperature response at
the upper end of the curve, keeping the values for T;, Ta,, and Tp the same as those used by Venolia et al. (2020).
We used starting values of 6000 for T4, 18,000 for Tay, and 286 for T,. We also constrained the parameter space to
ensure biological realism: lower and upper limits for T, were set at 6000 and 12,500 (B. Kooijman, 2010), limits for
Th were set at 282.15 and 292.15 based on expectations about the upper temperature tolerance of S. latissima, and
limits for Tan were set at 12,000 and 25,000, as Tay is generally much higher than T, (B. Kooijman, 2010).

We first performed the Arrhenius parameter estimation using only the literature used by Venolia et al. (2020)
(Bolton & Luning, 1982; Davison, 1987; Davison & Davison, 1987; Fortes & Lining, 1980; additional details in
Table S3). This ensured our technique of extracting the data from published figures and method of nonlinear regres-
sion could replicate the process used for the original parameterization and would confirm that any differences in Ty,
Tan, and Ty could be attributed to the inclusion of additional data points, not a difference in methodology.

We searched online databases (including Google Scholar and Web of Science, using the keywords “Saccharina”
OR “latissima” AND “temperature”) to find papers documenting S. latissima growth or photosynthetic rates under
different temperatures. Suitable studies were limited to those that included 20°C as one of the experimental temper-
atures, as Arrhenius calibration is typically done using rates standardized by dividing by the rate at 20°C (Freitas
et al., 2007). While we followed this approach for consistency with Venolia et al. (2020), scaling literature by the
maximum rate observed in each experiment instead of the rate at 20°C would greatly expand the collection of data
sets that could be used for Arrhenius calibration (Agtiera et al., 2015; Freitas et al., 2007).

The new calibration studies (Table 1) were grouped as either “cold” or “warm” based on mean summer sea sur-
face temperatures: “cold” locations did not exceed 20°C, while the “warm” locations regularly reached 20°C. We
then performed nonlinear regression on the original standardized rates in combination with the standardized rates
from either the warm or cold locations (1-4 in Table 1) to find “warm” and “cold” estimates of T, Tan, and Tp.

TABLE 1 Sources of new data used for model calibration or validation.

Study Location of origin for kelp Climate

Used for calibration

1 Andersen et al., 2013 Bergen, Norway Cold

2 Gerard, 1997 Walpole, ME, USA Cold

3 Gerard, 1997 Long Island Sound, NY, USA Warm

4 Pedersen, 2015 Limfjorden, Denmark Warm
Used for validation

5 Venolia et al., 2020 Narragansett Bay, RI, USA Warm

[¢) Matsson et al., 2021 Trgmso, Norway Cold

7 Jevne et al., 2020 Trondheim, Norway Cold

Note: Locations where kelp samples originated were designated as “cold” if mean summer sea surface temperatures did not
exceed 20°C in years near the period of sample collection and “warm” if summer temperatures consistently exceeded 20°C.
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2.2 | Model validation

Model predictions using the new parameter sets were tested against the environmental and growth data from Rhode
Island, United States, that were used to validate the original DEB model (Venolia et al., 2020). Improvements in
model accuracy using the new parameters were quantified based on increases or decreases in the root mean square
error (RMSE) between model predictions and the observations. Normality was tested using the Shapiro-Wilk test
and homogeneity of variance was tested using Levene's test. If these assumptions were violated, a Wilcoxon rank-
sum test was used in place of a t-test and a Friedman test (with parameters as groups and location or treatment as
blocks) was used instead of a standard repeated-measures analysis of variance. If the Friedman test showed statisti-
cally significant (p < 0.05) differences between parameter groups, Nemenyi's test (function “frdAllPairsNemenyiTest”
from the R package PMCMRplus, version 1.9.8) was used for post hoc analysis (Nemenyi, 1963; Pohlert, 2023).

We also sought to determine how the “warm” and “cold” parameterizations would perform when applied to kelp
aquaculture farther north in the species distribution. To this end, we forced the model with environmental data asso-
ciated with kelp cultivation studies in Trondheim (Jevne et al., 2020) and Trgmso, Norway (Matsson et al., 2021).
The Trondheim study (Jevne et al., 2020) used a land-based tank cultivation system with four different combinations
of light and nutrient levels. Each tank contained water pumped from either the surface (1 m) or 100-m depth of the
fjord adjacent to the tank setup, containing low- and high-nutrient concentrations, respectively. Tanks were covered
with one or four layers of plant cover filter (high and low-light intensity, respectively). S. latissima in the Trgmso study
was outplanted on horizontal long lines. PAR (photosynthetically active radiation), temperature, and dissolved inor-
ganic nitrate data were provided in Jevne et al. (2020) and Matsson et al. (2021) and are compiled in Figures S1 and
S2. DIC in Trgmso at the time of cultivation was estimated from Table 12 in Jones et al. (2019), while DIC in Trond-

heim was estimated from Possenti et al. (2021).

3 | RESULTS
3.1 | Model calibration

The recalibrated parameters (“literature”) were essentially identical to those provided by Venolia et al. (2020), indi-
cating relatively high inter-user consistency with this methodology for parameter estimation (Table 2). T, and Tan
were much higher for the warm kelp than for the cold kelp; the cold T, was approximately the same as the original
Ta and the cold Tay was lower than the original value, but both warm T, and warm Tay were higher than the
original estimates (Table 2). The warm temperature response curve had a higher maximum standardized rate than

the low temperature response curve, which never exceeded the maximum rate of the original curve (Figure 3).

TABLE 2 Original and new values for Arrhenius temperature parameters used in the dynamic energy budget
model.

Ta (K) Ty (°C) Tan (K)
Warm 8454 10.37 19,266
Cold 6403 11.65 16,328
Original 6314 13.39 18,702
Literature 6372 13.20 18,515

Note: “Original” refers to the values of T,, Tan, and Ty from Venolia et al. (2020), while the other values were obtained from
nonlinear regression to the same data as used by Venolia et al. (“literature”) and from nonlinear regression to the original
data in combination with new data from either warm or cold climates.
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3.2 | Model validation: Rhode Island

Both the warm and cold parameter sets predicted higher growth than the original calibration, with warm model runs
predicting higher growth than model runs using the cold parameters (Figures 1 and 2).

Within the Rhode Island validation, changes in RMSE varied dramatically depending on the year and location
(Table S1). In some cases, the new parameters had a strong positive impact on model accuracy: for example, the
warm curve resulted in a decrease in RMSE by around 6 for both Point Judith Pond North Line 1 in Year 2 and Nar-
ragansett Bay South Line 2 in Year 1. In contrast, using the warm parameters for the two lines planted earlier in the
season in Year 1 at Point Judith Pond increased the RMSE by over 25 (Table S1). These extreme outliers resulted in
a negative mean change in RMSE for warm parameters in Year 1 but a positive median change (Table 3).

A Friedman test where parameter results were matched by site/year showed statistically significant differences
between the RMSE of the warm, cold, original, and recalibrated literature parameters (Friedman rank-sum test,
X2 = 13.714, df = 3, p < 0.01). Post hoc pairwise comparisons using Nemenyi test with a Bonferroni correction rev-
ealed that the significant difference was between the warm and original parameters (p = 0.0025; Table S6).

When we excluded the final measurement date in Year 1 (April 17, 21, or 22, depending on the site), the poten-
tial improvement in model performance using the warm parameters became much more apparent (Table 3). Improve-
ments in RMSE (ARMSE, n = 14 for each parameter set) were significantly greater for warm than cold parameters
(one-tailed Wilcoxon rank-sum test, W = 55, p = 0.0249) when we did not consider the final measurement but were
nonsignificant when it was included (one-tailed Wilcoxon rank-sum test, W = 71, p = 0.114).

In Year 2, where the original model substantially underestimated growth, the warm parameterization decreased
RMSE for all eight cultivation lines, but final predictions were still around 25-50 cm below observed frond lengths
for most lines (Figures 1 and 2). In Year 1, the warm parameters improved model accuracy earlier in the season
(before the fronds experienced heavy erosion) but ended up overestimating final yields, especially at the Point Judith

Pond site where losses resulting from blade erosion were high.
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FIGURE 1 Model predictions for each parameterization versus observed frond length for Year 1 (2017-2018)
and Year 2 (2018-2019) of S. latissima cultivated on three different lines (N, S1, and S2) in Narragansett Bay, Rhode
Island.
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FIGURE 2 Model predictions for each parameterization versus observed frond length for Year 1 (2017-2018)
and Year 2 (2018-2019) of S. latissima cultivated on four different lines (N1, N2, S1, and S2) at Point Judith Pond,
Rhode Island.

3.3 | Model validation: Tramso

Model RMSE using the cold parameters (7.43) was lower than model RMSE using the original parameters (10.98)
(Table 4). RMSE for the warm parameters (17.71) was much higher than either of the other two parameter sets
(Table 4). The high maximum standardized rate of the warm curve meant that the warm parameters severely over-
estimated frond length later in the growing season.

The fact that the cold temperature curve is slightly higher than the original curve between ~5 and 10°C
(Figure 3) meant that the cold parameterization predicted slightly higher growth than the original parameters,
resulting in extremely accurate estimates of frond length in the later portion of the season in Trgmso (Figure 4). With
the cold parameterization, the model predicted a final frond length of 88.2 cm, which was within one standard devia-
tion of the observed length of 87.5 cm (SD +4.70 cm). Similar accuracy was seen for the cold parameterization over
the last 2 months of the growing season, but all parameter sets underestimated frond length compared with the

observed length on the earliest sampling date (June 2018).

3.4 | Model validation: Trondheim

All parameterizations of the model generally overestimated growth rates in low-light tanks and for the high-light,
low-nutrient tanks (Figure 5). However, model predictions were within the range of experimental error for the high-
light, high-nutrient tanks, which represented the high-nutrient situation in deeper waters off the Norwegian coast
(Jevne et al., 2020). For each treatment, the lowest RMSE was obtained using the cold parameters (Table 5). Post
hoc pairwise comparisons following a statistically significant Friedman test (x> = 10.8, df = 3, p = 0.0129) showed
the cold parameterization was significantly more accurate than the warm parameterization (Nemenyi test with a
Bonferroni correction; p = 0.0025; Table S7).
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FIGURE 3 Arrhenius curves corresponding to the original temperature parameters (black line), the warm
parameters (red line), and the cold parameters (blue line). Curves shown resulted from nonlinear least-squares
regression to the original data (black points) added to either the warm data (red points) or the cold data (blue points).

TABLE 3 Performance of dynamic energy budget (DEB) model with new temperature parameters compared with
original DEB model for Rhode Island environmental and growth data.

% lines with Median improvement Mean improvement
Year improved RMSE in RMSE in RMSE
Cold 1 714 1.80 —0.06
Warm 1 571 3.10 —8.45
Cold 1—truncated 85.7 1.80 1.33
Warm 1—truncated 85.7 4.66 0.88
Cold 2 85.7 0.66 0.73
Warm 2 100 2.19 2.39

Note: Truncated results do not include the final measurement date (April 17, 21, or 22, depending on the line) when
calculating root mean squared error (RMSE).

4 | DISCUSSION
4.1 | Temperature response curves

The higher estimates for T, and Tay for warm populations compared with cold populations are consistent with a

reduction in Q10 values observed for kelp grown at low temperatures compared with kelp grown at high
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TABLE 4 Root mean squared error (RMSE) and final frond length (cm) resulting from dynamic energy budget
model forced with environmental data from Tregmso, Norway, compared with the mean final frond length observed
in Trgmso.

RMSE Final length (cm)
Warm 17.71 119.1
Original 10.98 81.2
Cold 7.43 88.2
Observed - 87.5 (+4.70)
Note: Observed value is mean (xSD).
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FIGURE 4 Model predictions for each parameterization versus observed frond length for S. latissima grown in
2018 in Tremso, Norway.

temperatures, which enables the cold-acclimated kelp to maintain a higher percentage of maximum photosynthetic
rates at low temperatures (Davison, 1987).

However, the lower Ty value for S. latissima from warm locations compared with the cold S. latissima (Table 2) is
inconsistent with the literature documenting lower upper limits of thermal tolerance for S. latissima populations in
colder climates (Gerard & Du Bois, 1988; Liining et al., 1978). With T, set at 273.15°C, such low Ty values would
suggest an optimal thermal tolerance range of less than 12°C. It is possible that setting a higher lower bound on Ty
when performing the nonlinear regression could yield a local optimization with a broader and more realistic range of
optimal temperatures. Differences between study methodologies (e.g., duration of pre-acclimation period) could also
have significantly impacted our estimated parameters (Diehl et al., 2021; Terblanche et al., 2007).
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FIGURE 5 Model predictions for each parameterization versus observed frond length for S. latissima from
Trondheim, Norway, grown in 2014 in experimental tanks under two different light and nutrient regimes.

TABLE 5 Root mean squared error values resulting from comparing growth predictions from dynamic energy
budget model forced with environmental data from four different light/nutrient combinations used in a kelp
cultivation experiment conducted in Trondheim, Norway, to observed growth rates of Saccharina latissima under
each treatment.

Parameter set

Cold Original Warm
High light, high N 1.032 1.047 1.319
Low light, high N 0.131 0.133 0.152
High light, low N 0.476 0.488 0.522
Low light, low N 0.352 0.368 0421

Some morphological differences, such as the hydrodynamic streamlining of kelp fronds resulting from exposure
to high current velocities, can be safely attributed to phenotypic plasticity (Buck & Buchholz, 2005; Gerard &
Mann, 1979). On the other hand, the increasing application of modern genetic and genomic tools to S. latissima has
resulted in mounting evidence for a genetic and/or epigenetic basis for physiological and biochemical differences
between S. latissima ecotypes (Augyte et al., 2017; Diehl et al., 2023; Evankow et al., 2019; Heinrich et al., 2012,
2015; Mao et al., 2020; Monteiro et al., 2019; Scheschonk et al., 2023). Substantial progress has been made toward
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understanding the mechanisms (e.g., changes in pigment concentrations and ratios) underlying adaptation and accli-
mation of S. latissima to different thermal and light regimes, as well as exposure to elevated CO, concentrations and
extreme salinities (Andersen et al., 2013; Bischof et al., 1998; Diehl & Bischof, 2021; Machalek et al., 1996; Monteiro
et al., 2021; Olischlager et al., 2014, 2017).

The Arrhenius temperature response curve used in DEB models is based on the concept of enzyme activation
energy (B. Kooijman, 2010; Schoolfield et al., 1981; Sharpe & DeMichele, 1977). In addition to changes in photosys-
tem quantity, size, and thermal stability, alterations in the kinetic characteristics of Calvin Cycle enzymes (particularly
Rubisco) have been implicated in observed differences in photosynthetic efficiency between Arctic and temperate
ecotypes of S. latissima (Andersen et al., 2013; Davison, 1987; Machalek et al., 1996; Olischlager et al., 2017). How-
ever, actual differences in S. latissima photosynthesis are opposite to what would be predicted by the temperature
response curves developed in this study: Arctic kelps produce more oxygen but have lower Rubisco concentrations
compared with temperate kelps at 10°C, demonstrating increased photosynthetic efficiency in the Arctic ecotype
(Machalek et al., 1996; Olischlager et al., 2017).

Somewhat counterintuitively, this increased photosynthetic performance does not result in increased growth,
for example, Olischlager et al. (2017) found that Artic S. latissima grew significantly slower than a temperate ecotype
when both were kept at 10°C and that raising temperatures to 17°C had no effect on the growth rate of the temper-
ate S. latissima. One possible explanation is increased storage of carbohydrates and lipids by the Arctic S. latissima to
endure the long polar night (Olischlager et al., 2014, 2017; Scheschonk et al., 2019). Arctic and Antarctic seaweeds
must store large quantities of polysaccharides like laminarin and mannitol to survive the months of darkness that
occur at extreme latitudes, which may decrease their growth rate compared with temperate kelps that do not have
to build up such reserves (Bartsch et al., 2008; Scheschonk et al., 2019).

In general, the disconnect between the thermal responses of photosynthesis and growth (Davison, 1991;
Kuebler et al., 1991) means that although our “warm” and “cold” Arrhenius parameters may be inconsistent with
physiological changes that allow different ecotypes to have similar short-term photosynthetic responses to tempera-
ture stress (Andersen et al., 2013), our new Arrhenius relationships effectively captured the organism-level response

of different ecotypes to temperature fluctuations.

4.2 | Comparisons with observed growth

The new temperature parameters decreased RMSE for model predictions of most of the 14 model runs in Rhode
Island (7 lines x 2 years), with warm parameters improving model accuracy more frequently than cold parameters
and demonstrating greater median improvements in RMSE. While recalibrating the temperature response based on
data from warm regions did improve model performance enough to be statistically significant, the overall magnitude
of improvements were low. This may limit the practical implications of the new parameterization for this location,
especially for sites that experience heavy erosion. In years/sites where high erosion resulted in net negative changes
in frond length between sampling days, the rapid growth predicted by the warm parameters resulted in major over-
estimates of final blade length.

Overall, applying the new parameters to Rhode Island partially remediated the underestimation noted by Venolia
et al. (2020) and demonstrates the potential of our approach, but underscores the need for an erosion mechanism to
be incorporated into the DEB model. To our knowledge, the Norway validations are the first application of a kelp
DEB model to a cultivation scenario outside the United States. The cold parameterization was shockingly accurate
for Trgmso (Figure 4): if values are rounded to the nearest centimeter, the DEB model perfectly predicted the mean
final observed frond length (Table 4). Such precision is especially remarkable given the many assumptions
(e.g., estimates of initial conditions of the model state variables) and relatively coarse resolution of the nutrient forc-
ing data that went into the model.
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In Trondheim, the model was highly accurate for the kelp grown under low-light and high-nutrient conditions,
representing the environment found in deeper waters (Jevne et al., 2020). The discrepancy between model predic-
tions and observed growth rates in the high-light treatments might be explained by photoinhibition, which is not
accounted for by the model. Light levels reached 250 pmol m™2 s~ in some of the tanks in the high-light treatments,
which is high enough to suppress the growth of S. latissima (Fortes & Liining, 1980).

The results of the cold validations strongly supported our hypothesis that cold parameters would perform better
than the original parameterization, while warm parameters would perform worse than the original. The accuracy of
the cold parameterization suggests that calibrating the Arrhenius temperature response curve using ecotype-specific
data can enable applications of the kelp DEB model developed by Venolia et al. (2020) outside of the geographical
region for which it was initially developed.

Dynamical models of kelp growth are being used to predict farm yields and ecosystem services from kelp aqua-
culture in China, Denmark, Australia, Norway, the United Kingdom, and both the Atlantic and Pacific coasts of the
United States, encompassing a wide range of farm scales as well as temperature, light, salinity, and nutrient levels
(Broch & Slagstad, 2012; Hadley et al., 2015; Jiang et al., 2022; Zhang et al., 2016). Increasing the accuracy of algal
growth models is an important component of expanding the kelp aquaculture industry (Aradjo et al., 2021; Zollmann
et al., 2021), and accounting for the tremendous plasticity of S. latissima across its wide distribution will be an impor-
tant component of realizing this goal. Incorporating spatial heterogeneity in environmental conditions and biological
parameters is crucial when upscaling dynamic growth models to estimate the global potential of seaweed farming,
such as for carbon dioxide removal (Arzeno-Soltero et al., 2023). Additionally, incorporating the possibility of regional
adaptation into species distribution models (SDMs) has been proposed as a method of resolving discrepancies
between model predictions and observed changes in the distribution of S. latissima because of climate change (Diehl
et al., 2023). Our results demonstrate a tangible way to improve the accuracy of large-scale kelp growth models by

introducing regional specificity in modeled temperature response.

4.3 | Future work and implications

B. Kooijman (2010) mentions the complexity of modeling the effects of temperature on photosynthesis and the
increase in carbohydrate storage at low temperatures, acknowledging that optimum temperatures for photosynthesis
are highly plastic and that multiple reserves are needed to allow for process-specific temperature responses. The
DEB assumptions that all physiological processes have the same response to temperature and there is a single
reserve for both short- and long-term resource storage are clearly inapplicable for plant and macroalgae growth
models (Russo et al., 2022). Partitioning the frond biomass into different structures and/or creating within-reserve
compartments with different temporal dynamics would be an important step toward addressing this shortcoming
(Russo et al., 2022; Schouten et al., 2020).

However, given the already strong performance of the kelp DEB model, introducing additional complexity with a
more mechanistically accurate representation of photosynthesis may not be necessary for applied purposes. Explor-
ing differences in the allometric relationships used to convert model state variables into measurable quantities could
be an alternative approach that, as with temperature parameter calibration, accounts for genetic and phenotypic
diversity to improve predictive accuracy without sacrificing model parsimony.

For example, the S. latissima DEB model uses a defined power relationship to convert whole blade dry weight
into blade length (Venolia et al., 2020, taken from Gévaert et al., 2001). These allometric relationships can be signifi-
cantly different even between S. latissima individuals from sites with similar environmental conditions (Campbell &
Starko, 2021). Allometric relationships can also vary temporally—in the Arctic kelp study used for model validation,
length-to-width ratio varied throughout the growing season and was significantly higher for kelp outplanted in
February compared with April or May (Matsson et al., 2021).
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Applications of the kelp DEB model for estimating the production potential of coupled seaweed-shellfish aqua-
culture additionally assumed a dry weight to wet weight ratio of 0.1 for S. latissima (Lavaud et al., 2023). However,
this value can range from below 0.06 to over 0.37 depending on the location and timing of cultivation (Bruhn
et al., 2016; Nielsen et al., 2016). As the economic value of kelp harvested in the United States is typically measured
in dollars per unit wet weight (Coleman et al., 2022; St. Gelais et al., 2022), under- or overestimates of wet weight
yield resulting from inaccurate conversion factors could have major implications for the model-based conclusions
about the potential economic viability of a kelp farm.

Finally, the inability of the DEB model to capture the severe blade-tip erosion that can plague kelp farmers
(Fieler et al., 2021; Zhang et al., 2012) represents a major impediment to the large-scale use of this model. Explicitly
incorporating mechanisms of erosion and dislodgement will be necessary if this model is to be used for predicting
S. latissima production potential on regional, national, or global scales.

With the continuing development of morphologically distinct S. latissima strains, it will be increasingly important
that models can account for intraspecific variation when predicting farm yields. Although this study demonstrates a
promising approach to representing thermal acclimation, the truly global scale of seaweed aquaculture necessitates
the development of additional methods to incorporate regional adaptation, distinct genotypes, and phenotypic plas-
ticity into both DEB and non-DEB mechanistic growth models.
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