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Abstract 

Kelp species provide crucial ecosystem services in nearshore habitats, and the health of 

these populations and the food webs they support has arisen as a pressing concern as oceanic 

conditions continue to change. This study aimed to evaluate the relationship between light 

availability and kelp primary productivity in the model species Saccharina latissima (sugar kelp) 

by measuring in situ growth at various depths on a kelp “ladder”. It determined that the kelp 

grown at 10 meters below the surface showed significantly less growth (change in area, cm2) 

than the other treatments (p = 0.01) potentially due to the fact that the photosynthetically active 

radiation (PAR) (239.29 µmol photons m-2 s-1) that reaches to this depth is below the threshold 

for chlorophyll-saturated photosynthesis. Coupled with spatial kelp abundance models and 

carbon content ratios, these results are a potential foundation for future tools estimating large-

scale kelp productivity across depth. 
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1. Introduction 

In recent years, kelp and its surrounding ecosystems have become a central area of 

interest in global conservation efforts. Because of kelp’s role as an ecosystem engineer, the 

health and abundance of kelp forests is critical not only to the regulation of factors such as pH, 

light availability, and water flow, but also to carbon and nutrient cycling in highly productive 

coastal ecosystems. These biogenic coastal habitats are notably sensitive to disturbance; 

therefore, reductions in kelp quality due to human activity can cause rapid and large-scale 

declines throughout the food web. These changes, in turn, drive shifts in both environmental 

6structure and productivity (Berry et al., 2021; Eger et al., 2023).  

 While the loss of wild kelp forests due to increased oceanic temperatures and 

other abiotic changes has arisen as an urgent concern within marine habitats (Berry et al., 2021; 

Smale,      2020), commercial kelp cultivation remains a successful and important industry in 

many parts of the world (Forbord et al., 2020, Eger, A. et al., 2023). Due to its success, large-

scale kelp cultivation has been proposed as a potential tool for carbon storage, with research 

showing evidence of canopy-forming macroalgae uptaking additional, potentially anthropogenic, 

inorganic carbon (Hepburn, C.D et al., 2011). This approach would aim to offset a portion of the 

effects of anthropogenic carbon dioxide emissions by growing large amounts of kelp on human-

made substrates, or by supplementing existing kelp forests (Strong-Wright & Taylor, 2022).  

For the purposes of this study, sugar kelp (Saccharina latissima) was used as a model 

species due to its rapid growth rates and its relatively well-studied growth patterns. Previous 

research has shown that this kelp – a common commercially-grown species – thrives at surface 

depths of 1-5 m, as opposed to deeper zones where light availability is reduced. However, 

Saccharina production has been shown not to be uniformly influenced by depth, but rather to 
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vary with latitude and seasonality (Forbord et al., 2020). This suggests that the intensity of light 

is a key factor determining new biomass production. Because of its ecological, cultural, and 

economic importance, a precise understanding of how environmental factors such as light 

availability influence kelp growth is crucial to predicting how primary productivity may shift in a 

changing ocean.  

Kelp predominantly inhabits coastal environments with sufficient light availability, 

substrates suited to holdfast attachment, low temperatures, and high nutrient concentrations (e.g. 

Steneck et al., 2002). In coastal environments, wave or current-induced sediment resuspension 

and terrestrial inputs of colored dissolved organic matter (CDOM) drive variations in turbidity 

(Green & Coco, 2014). Tidal fluctuations lead to additional variability in environmental factors 

such as light availability and temperature within these habitats (Serôdio & Catarino, 1999). 

These changing environmental conditions impact the attenuation of light throughout the water 

column.  

Light is a critical factor for photosynthetic organisms such as kelp. Both its intensity and 

spectral quality are influenced by water depth and turbidity. For instance, in clear and 

oligotrophic waters such as those of the Pacific Ocean, blue wavelengths are capable of reaching 

deeper layers in the water column. In contrast, in more turbid environments like the Baltic Sea, 

where CDOM concentrations are high, blue light is rapidly absorbed in shallow waters, while red 

light’s longer wavelengths can penetrate to further depths (Stomp et al., 2007). Previous research 

has investigated the influence of light on the primary productivity of kelp (Graham et al., 2007; 

Fernández et al., 2021). However, laboratory-based experiments inherently lack the ability to 

replicate the complex and dynamic interplay of environmental factors such as natural light 

conditions, temperature, and salinity found in situ.  
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This study conducted in situ measurements of S. latissima’s primary productivity to 

describe its photosynthetic performance at varying light levels under realistic environmental 

conditions. Increasing the knowledge surrounding Saccharina’s in situ primary productivity and 

growth patterns was central to this study. Measurements of light intensity, primary productivity, 

and chlorophyll concentrations were taken from blades grown at various depths. These 

measurements were used to evaluate the relationship between light intensity and primary 

productivity in Saccharina. This data, combined with an extrapolated literature review, has the 

potential to inform future ecological models, aquaculture practices, and ecosystem health 

evaluations. 

 

2. Methods & Materials 

2.1. Specimen collection 

On 25 July, 2025, specimens were taken from the main dock at Friday Harbor Marine 

Laboratory (48.5457, -123.013), where a collection of tires lining the dock edges is designed to 

encourage settlement by algae. This ensured that all specimens were raised in an environment 

similar to one another and one similar to the experimental conditions, as the dock is 

approximately 150m from the experimental site. Specimens were selected to have a similar area 

(mean: 238.4cm2, SD: 67.7cm2) and to be in relatively good condition (minimal tearing, 

tattering, or epibionts). Specimens were attached to the experimental apparatus and installed 

within 3 hours of collection and kept in flow-through seawater tables whenever measurements 

were not being taken.  
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Figure 1. The experiment took place nearshore to Friday Harbor Labs, San Juan Island, Washington, 
United States of America. This location is around 15 meters deep and characterized by its mixed semidiurnal tides 
and constant mixing due to circulation and currents. 
 

2.2. Experimental design 

Specimens were suspended at four different depths (1m, 3m, 5m, and 10m from the 

surface), with five specimens attached at each depth. The design consisted of a “ladder” 

composed of polypropylene rope and PVC pipes (Fig. 2). A buoy kept the apparatus at a 

consistent distance from the surface, a weight was used to ensure the ropes stayed taut, and an 

anchor ensured it stayed in a consistent location. Specimens were attached to the rope at each 

“rung” (depth condition) by untwisting the fibers, inserting the holdfast and stipe through the 

gap, and closing the rope around the stipe with the holdfast held in place. The apparatus was then 

installed approximately 50 m offshore from the Friday Harbor Labs campus, in the waters of the 

Salish Sea adjacent to San Juan Channel (48.5456, -123.010, Fig. 1). The specimens were then 
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allowed to grow for two weeks with minimal disturbances, and subject to most typical in situ 

conditions (i.e. temperature, salinity, dissolved oxygen, etc.).  

 
 

Figure 2. A 3-strand polypropylene line was constructed in a ladder-like structure with PVC pipes used as 
spreaders at each of the four depth conditions: 1, 3, 5, and 10 meters. The line was run along each PVC pipe to allow 
attachment of the five Saccharina latissima samples at each level by unravelling the line, poking the holdfast 
through, and closing the line back on the stipe. Enough line between the weight and anchor was provided to account 
for the tidal difference and ensure that the apparatus stayed upright at low tide and that the floats did not become 
submerged at high tide. 

 
2.3. Measurements taken 

 A variety of measurements were taken prior to and/or after the treatment in order 

to estimate growth and compare for confounding factors. First, the area of each specimen was 
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calculated from photos using the image processing program ImageJ, and change in area was 

calculated by subtracting the initial area from the final.  

A continuous excitation fluorescence system (Pocket PEA Chlorophyll Fluorometer, 

Hansatech Instruments, Norfolk, England) was used to evaluate the stress experienced by the 

specimens at each depth prior to and after treatment. Specimens were dark adapted for 20 

minutes prior to sampling. “Yield”, the quantum yield of photosystem II as measured by 

chlorophyll fluorescence, gives the fraction of photons absorbed by the specimen that were 

utilized for photochemical reactions. This was used to assess how depth affects the efficiency of 

the specimen’s light-harvesting ability.  

Growth rates were used as a proxy for production. This was measured by punching 4 holes 

at 5 cm intervals along the blade of the kelp, one of which was at the base of the stipe (below the 

meristem). The new distance between the other four holes and the hole at the base was then 

measured after treatment, yielding an estimate of elongation. This was then used to estimate 

productivity. Next, the “loss” rate was calculated by finding the difference between the expected 

final length and the actual final length (with the expected final length being calculated using the 

change in length of the meristem). This difference yielded an estimate of the amount of blade area 

that had been lost, which was then used to find a loss rate. 

Photosynthetically active radiation (PAR) measurements were taken in triplicate from the 

experimental site in order to estimate irradiance over depth and calculate the light attenuation 

coefficient (k). Measurements were taken using the LI-192 Underwater Quantum Sensor in 

combination with the LI-250A Light Meter (Li-Cor, Lincoln, Nebraska).  

The seaweed samples were first rinsed with fresh water to remove any symbiotic 

organisms, seawater residues, or debris. After removing excess surface moisture with a paper 
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towel, a 2 × 2 cm section of the blade was excised from the midpoint between the meristem and 

the tip. The collected tissue samples were then homogenized using a glass tissue homogenizer. 

Following homogenization, 10 mL of 100% ethanol was added, and the samples were stored in 

the dark at −4 °C for 24 hours. After extraction, the tissue debris was separated by centrifugation 

at 4000 rpm for 5 minutes, and the supernatant was filtered using a 0.45 µm syringe filter. The 

absorbance of each sample was measured with a spectrophotometer, and Chlorophyll-a 

concentration in the kelp was calculated using Equation 1 (Armeli Minicante et al., 2016). 

𝐶ℎ𝑙	𝑎	(𝜇𝑔	𝑚𝑙!") = −0.450 ∗ 𝐴#$% + 11.490	2 ∗ 𝐴##&(±0.011	54	𝜇𝑔	𝑚𝑙!") 

Equation 1. Ritchie algorithm for determining chlorophyll concentrations 

2.4. Statistics 

ANOVA tests were performed on each data set (fluorescence yield, growth rates, PAR, & 

chlorophyll concentrations) using Excel. Tukey's range test was performed as an additional step 

on any sets with significant results in order to determine which pairs had statistically significant 

differences in their means. Games and Howell’s (1976) suggested error term that takes both 

differences in sample size and sample variance into account was used due to the high range of 

variances between treatments.  Finally, a Growth–Irradiance (G–I) curve was fitted to the net 

growth rate data using the model proposed by Platt et al. (1980) in order to determine the 

relationship between light intensity at each depth and the corresponding average growth rate. 

 

 

 

3. Results 

3.1. Blade Area 
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On average, the 3m depth had the greatest change in area (371.8cm2), followed by 1m 

(244.0cm2), then 5m (194.0cm2), then 10m (71.08cm2). An ANOVA test showed that the 

average change in area (cm2) was not consistent between all depth treatments (p=0.01). Tukey’s 

test then demonstrated that the 10m treatment had a significantly different change in area from 

the 1m, 3m, and 5m treatments. None of the 1m, 3m, or 5m treatments had statistically different 

average change in areas from one another. However, the 3m versus 5m comparison was very 

close to significance (p=0.05).  

 
3.2. PEA 

 

Table 1. x

 

Table 2.  

The Fv/Fm yield measured after dark adaptation did not show any difference at a specific 

depth. 

3.3. Growth rates 

 An ANOVA test showed that there was some variance in growth rates (cm2) over 

treatments (p=0.046). Tukey’s test then showed that the only pair with significantly different 

growth rates from one another was the 3m treatment compared with the 10m treatment.  

 The loss rate rate had no significant difference between treatments (p=0.28, p=0.14).  

 



Lee et al. 10 

 

 

Figure 3. Average growth rate was calculated for the duration of the experiment, for each respective depth. 
Standard error bars were added to express statistical relationships. Growth rates found at 1, 3, and 5 m      produced 
similar results, with 10 m      being the only statistically different result, showing a much slower growth rate, 
relative to the 3 m      condition. 
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Figure 4. Average loss rate or erosion rate was determined through use of several calculations and 
represents the average area lost off of each blade at each respective condition. Standard error bars were added to 
express statistical relationships. 
 

3.4. Photosynthetically active radiation 

 The light attenuation coefficient and the surface irradiance were found, yielding a light 

intensity curve described by the relationship 𝑙(𝑧) = 1324.6	 ×	𝑒!".$%"& with an R2 of 0.99. A 

linear regression comparing the light received at each depth treatment to the productivity rate of 

that treatment found no significant relationship (R2=0.47).  
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Figure 5. Light intensity variation with depth. Light attenuates according to the equation with a strong fit 
represented by the R2 value. A logarithmic relationship can be observed. 
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Figure 6. A Platt calibration was used to compare net growth rate data with PAR irradiance. Evidence of 
photoinhibition is present at the 1 meter condition (furthest to the right); however, PEA data (Tables 1 and 2) reveals 
that there was no significant evidence of photoinhibition. Maximum growth rate (Pmax) occurs at 794 µmol photons 
m-2 s-1 and the light intensity at which photosynthesis reaches saturation (Ik) occurs at 239.29 µmol photons m-2 s-1 
(Platt, T., et al. 1980). 

 
3.5. Chlorophyll concentrations 

 Each depth treatment had similar chlorophyll a concentrations, ranging from 12.0𝜇𝑔	𝑚𝑙−1 

for the 5m treatment to 15.3 𝜇𝑔	𝑚𝑙−1 for the 1m treatment. An ANOVA test confirmed that there 

was no significant difference in average concentrations between treatment groups.  

4. Discussion 

4.1. PEA 
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The average Fv/Fm value on Day 14 was 0.76, suggesting that the experimental group 

was not affected by environmental stress (Huppertz et al., 1990; Franklin & Forster, 1997; Fig 

X.). The percentage change in Fv/Fm before and after treatment showed no significant 

differences among depths, indicating that environmental stress did not differ with depth. 

Although the 10 m samples exhibited the lowest trend in percentage change, this is likely due to 

their initially lower Fv/Fm values, which resulted in a smaller relative change. 

4.2. Chlorophyll 

The chlorophyll extractions completed on each blade were used to confirm the amount of 

chlorophyll-a concentrations present at varying depth conditions after 14 experimental days. No 

conclusive results came from the extraction process, represented by its exceptionally low 

R2=0.05 value. This means that chlorophyll concentrations did not change significantly at the 

respective depth conditions over the duration of the experiment. While a very slight negative 

linear relationship exists between depth and chlorophyll concentrations, a definitive correlation 

could not be established between the two variables. 

 Several factors could have contributed to these inconclusive results. The 

reliability and accuracy of the results relied heavily on the methods used for completing the 

extraction, which were completed with low confidence. Additionally, it is likely that the 14 day 

duration of the experiment was not long enough to significantly alter the chlorophyll content in 

blades at varying depths. Cobos      et al. (2025) found that storage of Saccharina latissima 

specimens for 16 weeks in complete darkness at 8 degrees Celsius was required for specimens to 

cease growth post-storage. With this, chlorophyll concentrations are unlikely to significantly 

change within a 1-2 week study when exposed to relatively low light irradiances, like those 

observed at ten meters (Cobos      et al. 2025). Future studies should emphasize increased 
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confidence in extraction methods, a longer research window, and completing a similar project 

over multiple seasons in order to strengthen data quality, represent fluctuations in seasonality, 

and increase understanding of the most photosynthetically and ecologically productive depth and 

conditions for Saccharina latissima. 

4.3. Growth  

Although differences between productivity rates at the 1, 3, and 5 m      depths were not 

statistically significant, the kelp plants grown 3 meters from the surface showed the greatest 

change in both blade length and area. Plants grown at 3 meters depth also displayed the highest 

average growth rate, and this rate was significantly higher in comparison with the mean growth 

rate at 10 meters. The plants showed markedly lower increases in blade length and area when 

grown at 10 meters, likely due to diminished light availability.  

These results are in agreement with the findings of Forbord et al.’s 2019 study, in which 

researchers cultivated Saccharina at varying depths across a latitudinal gradient; the group found 

biomass and length yields to be highest at 1-2 meters depth in comparison with 8-9 meters. The 

intermediate depth of 5 meters also showed no significant difference in growth in comparison 

with the 1-2 meter treatment (Forbord et al., 2020). This data provides further support for the 

importance of kelps in coastal ecosystems; as productivity has been shown to decline with depth, 

kelps flourishing at near-surface depths are crucial primary producers, generating rich food webs 

and fueling secondary productivity in these habitats (Smale, 2019). 
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Figure 7. Average blade areas were calculated at the beginning (day 0) and end (day 14) by averaging area 
over each replicate at each respective depth. Standard error bars were added to express statistical relationships. 
Samples at three meters increased the greatest amount with samples at ten meters increasing in area significantly less 
than other conditions. 

 
4.4. Light Attenuation and Growth Rates 

Establishing an estimate of productivity among the samples exposed to varying 

concentrations of light was important in understanding the relationship between growth and 

irradiance, which could be useful for future model development. Using net growth rates averaged 

over each depth level, a fit modeled after Platt et al. (1980) was used to estimate growth rates 
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given a certain photosynthetically active radiation (PAR) value. While the growth rate data 

gained from this experiment fit this model poorly, there were several nodes of interest within 

these results. Surface conditions were found to be near photoinhibition, but narrowly missed this 

growth-inhibiting cutoff, as seen in the PEA data (Tables 1 and 2). Additionally, the condition 

just below the surface at 3 meters was seen to almost overlap with the PAR value corresponding 

to the maximum growth rate, indicating high efficiency in PAR usage. In contrast, conditions 

deeper in the water column, like those at 10 meters, saw a substantial decrease in net growth rate 

when exposed to PAR levels that were less than those necessary for photosynthetic saturation. 

Given the rough fit of this experiment’s data with the model, future studies are necessary in 

further investigating this relationship; however, an idea of the PAR levels needed to yield certain 

growth rates in S. latissima was revealed, and may be used to estimate productivity given similar 

conditions in alternate locations/environments. 

4.5. Limitations 

The two-week period may be relatively short for observing physiological changes in kelp 

(Cobos      et al., 2025). This suggests that species grown for longer time periods within the 

environment may exhibit different physiological response patterns, although none were observed 

in this study. Additionally, physiological differences might appear in kelps that naturally occur at 

varying depths, as this study used kelp collected at similar depth conditions.  

Since the data in this study reflects only the summer growth rates of S. latissima, 

analyzing seasonal variations in growth could also deepen our understanding of productivity 

differences on a broader scale.  
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This study focused on light attenuation at various fixed depths, and was conducted in an 

intertidal setting. Because this experimental design excluded the influence of Puget Sound’s 

semidiurnal tides, which cause fluctuations in depth for kelp species, conducting experiments 

that reflect the actual variation in subtidal environments may serve as an important direction for 

future research. 

 

What other factors might influence growth and productivity? What did you do with your 

CTD data? And nitrogen levels from Bailey?  

What differences in light might you expect from a system that was attached to the bottom 

as opposed to being suspended from the surface?  

4.6. Implications 

Kelp forests are increasingly threatened by the effects of climate change and ocean 

warming, having declined as much as 38% according to a 2016 review (Krumhansl et al., 2016).  

Kelps’ status as ecosystem engineers means that variation in environmental factors– such as 

temperature, light and nutrient availability, and substrate quality– can have widespread effects 

across trophic levels.  

Evaluating the relationship between light attenuation and growth at depth can help predict 

how kelp forest health is impacted by changing light availability, and this methodology may also 

enhance the efficacy of models which estimate ecosystem productivity. Any dataset that includes 

spatial estimates of kelp density throughout the upper zones of the water column could be 

coupled with this methodology to create a large-scale model of productivity throughout an area. 

For example, the Washington Department of Natural Resources’ kelp monitoring program 
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collects a wide range of datasets which estimate kelp abundance throughout Puget Sound (Kelp 

Monitoring | Department of Natural Resources, 2023). This data could be used in conjunction 

with these methods to estimate primary productivity on large scales.  

As conditions continue to change in coastal habitats, kelp populations will respond to 

these shifts, causing broader alterations to food web structures and carbon export (Smale, 2019). 

It is urgent, therefore, to study the response of these key species to changing environmental 

drivers.  
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Figure 1. PEA Raw Data 
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Figure 2. PEA 250625 data 
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Figure 3. PEA 250709 Data 


