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Abstract
Kelp forests play a vital role in marine ecosystems by contributing to nutrient cycling and providing habitat for marine organ-
isms. However, the impacts of rising ocean temperatures threaten the survival and growth of kelp species, with implications 
for ecosystem resilience. The aim of this study was to assess the effect of temperature on growth and nutrient uptake kinetics 
of young Saccharina latissima sporophytes. Growth and uptake rates of nitrate (NO₃-) and phosphate (PO₄3-) were exam-
ined under 5 temperature treatments ranging from 7.6 °C to 24.5 °C. Our findings revealed that NO3

- uptake significantly 
decreased when temperature was at or above 15.7 °C, while high temperatures had no effect on PO4

3- uptake rates. Nitrate 
uptake significantly correlated with growth only at lower temperatures of 7.6 °C and 12.6 °C. In contrast, PO4

3- uptake was 
significantly correlated with growth across all temperature treatments except the highest (24.5 °C). Interestingly, at high 
temperatures (20.9 °C and 24.5 °C), we observed NO3

- release, while PO4
3- uptake consistently showed positive values, sug-

gesting distinct regulatory mechanisms for N (nitrogen) and P (phosphorus). These findings highlight potential disruptions in 
nutrient cycling under climate change and underscore the importance of optimizing nutrient availability in kelp aquaculture.
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Introduction

Global climate change presents an unprecedented threat 
to the kelp (Phaeophyceae, order Laminariales, brown 
seaweeds) forests, one of the largest habitats in the world. 
Kelps dominate shallow rocky shores in a wide range of 
geographic regions, from polar regions to subtropical areas 
(Wernberg et al. 2019; Jayathilake and Costello 2020). These 
natural kelp forests act as ecosystem engineers, not only 
supporting high biodiversity and primary production, but 
they also play crucial roles in bioremediation and carbon 
cycling, significantly providing benefits to marine ecology 
and economy (Teagle et al. 2017; Layton et al. 2020; Eger 

et al. 2023; Filbee-Dexter et al. 2024). The current decline 
of kelp forests in many regions has been directly linked to 
global climate change (Smale et al. 2013). Notably, in 2023, 
the North Atlantic recorded the highest sea surface tempera-
ture (SST) ever observed. Both marine heatwaves and the 
gradual increase in SST, are considered to threaten kelp 
forests(Hobday et al. 2016; Filbee-Dexter and Wernberg 
2018; Arafeh-Dalmau et al. 2020; Smale 2020; McPherson 
et al. 2021; Intergovernmental Panel On Climate Change 
(IPCC) 2022; Diehl et al. 2024). The losses of habitat and 
productivity have caused the closure of fisheries, and the 
decline of ecosystem services (Wernberg et al. 2016; Rog-
ers-Bennett and Catton 2019).

Temperature management critically regulates kelp metab-
olism across all life stages. The kelp life cycle alternates 
between haploid gametophytes and diploid sporophytes, 
with gametophytes producing juvenile sporophytes through 
sexual reproduction (Bell 1997). In cultivation, the early life 
stages (gametophytes and juvenile sporophytes) of kelp are 
maintained and induced under controlled conditions in land-
based hatcheries before being transplanted to the sea for fur-
ther development (Azevedo et al. 2016; Ebbing et al. 2021; 
Supratya and Martone 2024). Ensuring that sporophytes are 
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exposed to optimal temperature conditions during the hatch-
ery phase enhances growth potential throughout their devel-
opment into mature kelp and improves yield (Raymond and 
Stekoll 2021). Early life history stages of kelp may be more 
sensitive to the effects of climate change than mature spo-
rophytes (Coelho et al. 2000). Elevated temperatures have 
been demonstrated to significant reduce survival, growth and 
production in multiple kelp spices (e.g., Nereocystis luet-
keana, Ecklonia radiata and Saccharina latissima) (Lee and 
Brinkhuis 1988; Mohring et al. 2013; Korabik et al. 2023). 
Juvenile sporophytes exhibit decreased respiration rates, 
photosynthesis efficiency, and growth performance under 
rising temperatures (Gao et al. 2013; Sato et al. 2021; Uman-
zor et al. 2021). Given these temperature-dependent physi-
ological responses, understanding and maintaining optimal 
thermal conditions during early life stages is crucial for suc-
cessful kelp aquaculture.

With rising temperatures, managing thermal stress in cul-
tivation systems becomes extremely important for ensur-
ing consistent productivity and reducing potential losses in 
kelp farms. S. latissima (sugar kelp) is an ideal species for 
studying the effects of temperature on the juvenile stages of 
kelp. S. latissima, the dominant kelp species in the North-
ern Hemisphere, is a perennial species that exhibits a strong 
seasonal growth pattern (Monteiro et al. 2021). Temperature 
is considered a primary environmental factor regulating the 
growth of macroalgae (Eggert 2012). Given its sensitivity to 
temperature as a cold-water species, S. latissima, serves as a 
valuable model for investigating the impact of temperature 
on kelp growth and related processes, such as growth and tis-
sue integrity under elevated temperatures(Ding et al. 2025).

The growth of S. latissima depends on dissolved inor-
ganic nitrogen (N) and phosphorus (P) (Lubsch and Tim-
mermans 2019; Roleda and Hurd 2019). N is a key compo-
nent of proteins, chlorophyll, and other cellular structures in 
seaweed(Raven 2015; Rimmer and Shorttle 2019). In con-
trast, P assimilation plays a different role in cellular func-
tions, which is crucial for energy storage and transfer (e.g., 
as an important component in ATP). It has been reported 
that S. latissima can store nutrients internally as reserves 
for periods of low external nutrients available (Probyn 
and Chapman 1982; Lubsch and Timmermans 2019). This 
internal ‘nutrient pool’, most likely in vacuoles, allows indi-
viduals to take up excess nutrients when they are abundant 
and utilize these stores when needed (Lobban and Harri-
son 1994). This storage mechanism adds complexity to the 
impact of temperature on nutrient uptake kinetics, as both 
nutrients storage and immediate metabolic demands influ-
ence uptake rate under different temperatures.

Saccharina latissima exhibits optimal growth within the 
temperature range of 10–15 ˚C, temperatures above or below 
this range can slow down or stop growth or even cause tis-
sue loss (Bolton and Lüning 1982; Andersen et al. 2013; 

Nepper-Davidsen et al. 2019; Ding et al. 2025). Existing 
studies have mainly investigated the effects of temperature 
and nutrient availability on kelp growth, focusing on how 
these factors influence visible growth and chemical composi-
tions (Endo et al. 2017; Gao et al. 2017; Fales et al. 2023). 
Over extended periods of stable environmental conditions, 
growth rate in healthy macroalgae is proportional to nutrient 
uptake rates (Lobban and Harrison 1994). However, nutri-
ent uptake does not always translate directly into growth, 
instead, it can result in transient nutrient storage within the 
organism (Lubsch and Timmermans 2019). The impact of 
temperature on macroalgal nutrient physiology has been 
studied (Fan et al. 2014; Gao et al. 2017; Lee and Kang 
2020), but the relationship between nutrient uptake effi-
ciency and growth performance of seaweed remains largely 
unexplored.

We conducted a controlled experiment to determine the 
effects of temperature on the nutrients (N and P) uptake 
kinetics and growth of young S. latissima sporophytes. The 
nutrient uptake rates and growth rates of sporophytes under 
different temperatures were measured over a 22-day experi-
mental period. The results of this study could provide valu-
able insights into optimizing cultivation practices and pre-
dicting the impacts of global climate change on S. latissima.

Materials and methods

Experimental conditions

All experiments and analyses were carried out at the Royal 
Netherlands Institute for Sea Research (NIOZ) in Yerseke, 
the Netherlands. A total of 72 young sporophytes of Saccha-
rina latissima, cultivated in a laboratory from parental plants 
collected from the field at NIOZ Texel, the Netherlands, 
were used in this study. The experiments were conducted 
from March/2023 to April/2023, ensuring that potential sea-
sonal influence was considered. Those young sporophytes 
were selected with an initial surface area of 1.9 ± 0.6 cm2. 
All the individuals were transferred to thirty-six 100-mL 
Erlenmeyer flasks with sterilized seawater from the Eastern 
Scheldt. The temperature treatments were achieved using 6 
temperature-controlled 25-L incubators (Vevor, the Nether-
lands). For each temperature treatment, 6 flasks were placed 
in one incubator, each flask contained 2 individuals (6 × 2 
= 12 individuals per temperature treatment, Supplementary 
Fig 1). Each flask was treated as an experimental unit for 
statistical analysis purpose to provide sufficient replication 
within the experimental set-up. Aeration generated a gentle 
water flow, ensuring constant movements of the sporophytes 
and the water. During the acclimation period, the tempera-
ture was gradually adjusted from the initial temperature of 
15 °C at a rate of 2 °C per day to prevent rapid temperature 
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shock, until the target temperatures of 5 °C, 9 °C, 13 °C, 17 
°C, 21 °C, and 25 °C were reached. However, due to incom-
plete cooling in the incubators during experimental period, 
the 5°C treatment could not be maintained separately. Con-
sequently, the 5°C and 9°C treatments were merged, leading 
to 5 final temperature conditions. The average temperatures 
maintained in the incubators were 7.6 ± 1.4°C (representing 
the merged 5°C and 9°C treatments), 8.4 ± 0.6°C, 12.6 ± 
0.2°C, 15.7 ± 0.5°C, 20.9 ± 0.2°C, and 24.5 ± 0.1°C. Light 
(50 μmol of photons m−2 s−1 in a 12/12 day-night cycle), 
was provided by attached PURPL 18W white light LED pan-
els. The light intensity of 50 μmol of photons m−2 s−1 was 
chosen to provide sufficient photosynthetic for S. latissima 
sporophytes while avoiding light-induced stress. Tempera-
tures were monitored hourly by MX Temp and Light HOBO 
loggers (Onset, USA).

Survival / mortality

For the calculation of survival rate, the individuals were 
used as the unit of measurement. Mortality was recorded 
when any individual within a flask deceased. Sporophytes 
were considered deceased when no visible blade tissue 
remained attached to the stipe, indicating complete blade 
loss. The survival rate was calculated according to the fol-
lowing equation:

Growth rate

All sporophytes were individually spread flat on a scaled 
sheet, and photographs were taken during every seawater 
medium exchange. SA (one side of the blade) analysis of the 
blade was carried out using the software ImageJ (National 
Institutes of Health, State of Maryland, USA). Growth rate 
(GR, in cm2 day−1) for each replicate was calculated as the 
total surface are of the 2 individuals within the flask, accord-
ing to the following equation:

where SA1 is the initial surface area of both individuals 
within a flask at time t1, and SA2 is the surface area of both 
individuals within a flask at time t2.

Seawater medium

Potassium-dihydrogen-phosphate (KH2PO4) and potassium 
nitrate (KNO3) were added to sterilized seawater to enrich 
the medium to 93.9 ± 8.6 μmol L−1 NO3

- and 9.6 ± 1.9 
μmol L−1 PO4

3-. The seawater was sterilized by autoclave, 

Survival rate (%) =

(

number of surviving individuals

initial number of individuals

)

× 100

GR =
(

SA2 − SA1

)

×
(

t2 − t1
)−1

applying a pressure of 15–20 psi under 121°C, and running 
the cycle for 20 minutes to ensure sterilization. To ensure 
a continuous nutrient supply and prevent depletion effects, 
the seawater medium was refreshed every 2 or 3 days for 
a period of 22 days. During each exchange the seawater 
medium was filled up to 100 ± 0.5 mL.

Nutrient analysis

For each flask, a 4 mL water sample was filtered using a 
disposable 10-mL syringe (Terumo, Japan) 0.45 μm filter 
(Millipore SLHA 025 10, Germany) and stored in PICO 
vials at −20°C until analysis. NO₃- and PO₄3- concentra-
tion was measured by using QuAAtro (Seal Analytical, 
Germany) continuous flow analyzer in the NIOZ Yerseke 
nutrient laboratory. For NO₃- concentration measurements, 
nitrate was first reduced to nitrite and measured at 540 nm 
after linked with α-naphtylenediamindihydrochoride (Searle 
1984). PO₄3- concentration was measured at 880 nm after 
the formation of antimony phosphomolybdate complex 
(Kirkwood 1996).

Nutrient uptake dynamics

The depletion method (Claassen and Barber 1974) was 
used to calculate the nutrient uptake rates by measuring the 
decrease in nutrient concentrations in the water over time. 
The nutrient uptake rate (μmol cm−2 day−1) was normalized 
by surface area (SA, in cm2) of 2 sporophytes and time (t, 
in days). Since each flask contained 2 individuals and nutri-
ent measurements were taken per flask, the absolute nutri-
ent uptake (μmol day−1) was calculated as the total nutrient 
depletion from the medium per flask. The absolute nutrient 
uptake value was estimated to analyze its linear relationship 
with growth rate using the following equation:

where C1 is the initial nutrient concentration at time t1, C2 
is the nutrient concentration at time t2, shortly before the 
next seawater medium exchange. SA is the total surface area 
(sum of the SA of the 2 sporophytes) at t1. The number 0.1 
indicates the volume of the medium, 0.1 L.

Statistics

Data analysis and figure generation were performed using R 
version 3.6.0 (R Core Team, 2023). One-way ANOVA was 
used to test whether temperature affects the GR and nutri-
ent uptake rate of S. latissima. Post-hoc comparisons for the 
one-way ANOVA analyses were conducted using Tukey’s 

Uptake rate =
(

C1 − C2

)

× 0.1 × SA−1 ×
(

t2 − t1
)−1

Absolute uptake rate =
(

C1 − C2

)

× 0.1 ×
(

t2 − t1
)−1
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HSD test. Regression coefficients were employed to evaluate 
the relationship between GR and absolute nutrient uptake 
rate of replicates. Statistical significance was determined 
based on p-values, with significance levels defined as fol-
lows: p > 0.05 (not significant), p < 0.05 (* significant), p 
< 0.01 (** highly significant), and p < 0.001 (*** extremely 
significant). All data were presented as mean ± standard 
deviation (SD).

Result

Survival / mortality

All S. latissima individuals survived throughout the acclima-
tion period in all temperature treatments except at 15.7 °C, 
where one individual died. During the experimental period, 
survival varied across temperature treatments (Fig. 1). Mor-
tality was highest at 24.5 °C, where 50 % individuals died 
within 15 days, followed by 33 % at 15.7 °C. Only 8% indi-
viduals died at 20.9 °C, while 17% individuals died at 7.6 
°C. Additionally, 100% individuals survived throughout the 
experimental period at a temperature of 12.6 °C.

Growth rate

The mean size of S. latissima replicates at the beginning 
of the experimental period was 1.82 ± 0.46 cm2, with GRs 
showing some fluctuations, but averaging approximately 
0.26 cm2 day−1 throughout the experimental period at tem-
peratures below or equal to 12.6 °C (Fig. 2). At 15.7 °C and 
above, the GRs were negative at the beginning of the experi-
ment. In the 15.7 °C treatment, GRs increased to positive 
values, then stabilized over time. In the 20.9 °C treatment, 
GRs were initially negative and later stabilized near 0%, 

fluctuating slightly between positive and negative values 
throughout the experiment. Negative GRs were observed 
throughout the entire experimental period in the 24.5 °C 
treatment.

ANOVA showed that the GR of sporophytes was sig-
nificantly influenced by temperature (ANOVA, F(1,307) = 
128.8, p < 0.001, Supplementary Table 1). Tukey’s HSD test 
showed that the 5 temperature treatments could be divided 
into 2 distinct groups: a lower-temperature group (7.6°C, 
12.6°C) and a higher-temperature group (15.7°C, 20.9°C, 
24.5°C). A statistically significant difference in GR was 
observed between the lower-temperature and higher-temper-
ature groups (Tukey’s HSD, p < 0.001), with no significant 
differences within each group. The lower-temperature group 
had a higher mean GR of 0.26 ± 0.27 cm2 day−1 (Fig. 3). 
GR in this group ranged from −0.35 to 1.44 cm2 day−1; at 
the end of the 22 days, the sporophytes had tripled in size. 
In contrast, the higher-temperature group exhibited a lower, 
negative mean GR of −0.01 ± 0.13 cm2 day−1.GR in this 
group ranged from −0.47 to 0.39 cm2 day−1. Larger SDs 
in lower-temperature group indicate higher data variability 
compared with the higher-temperature group.

Nutrient uptake kinetics

The NO₃- and PO₄3- uptake rates of S. latissima exhibited a 
distinct pattern across the different temperature treatments 
(Fig. 4). As with the GR, NO₃- and PO₄3- uptake rates could 
be separated into 2 discernible clusters: a lower-tempera-
ture group (7.6°C, 12.6°C) and a higher-temperature group 
(15.7°C, 20.9°C, 24.5°C). The NO3

- and PO4
3- uptake rates 

in the lower-temperature group remained positive through-
out the experimental period. In the higher-temperature 
group, conversely, the NO3

- uptake rates initially dropped 
to negative values, followed by a subsequent increase. In 

Fig. 1   Percent survival (%) of S. 
latissima sporophytes (n = 12 in 
treatments of 12.6 °C, 15.7 °C, 
20.9°C and 24.5°C; n = 24 in 
treatments of 7.6°C) exposed to 
5 temperature treatments in the 
22-day experiment
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contrast, the PO4
3- uptake rates exhibited an initial increase 

followed by a decrease, remaining mostly positive across 
all temperature treatments. While NO3

- and PO4
3- uptake 

rates fluctuated similarly in the lower-temperature group, 
this was not the case in the higher-temperature group. After 
5 days, NO3

- uptake rates decreased below 0, while PO4
3- 

uptake rates simultaneously exhibited a rise in the higher-
temperature group.

Temperature significantly influenced the NO3
- uptake 

rates (ANOVA, F(1,307) = 85.54, p < 0.001, Supplementary 
Table 2), but not the PO4

3- uptake rate (ANOVA, F(1,307) 
= 3.82, p = 0.05, Supplementary Table 3). Similar to the 
relationship between GR and temperature, the NO3

- uptake 
rates in the higher-temperature group (15.7°C, 20.9°C, 
24.5°C) were lower than those in the lower-temperature 
group (7.6°C, 12.6°C), and increasing temperature had 
no significant effect on NO3

- uptake rates within either 
group. In the lower-temperature group, the mean NO3

- 
uptake rate was 0.4 ± 0.3 μmol cm−2 day−1 (Fig. 5). The 
mean NO3

- uptake rate in the higher-temperature group 
was −0.2 ± 0.8 μmol cm−2 day−1. The mean PO4

3- uptake 
rates were positive under all temperature treatments, with 
a mean value of 0.06 ± 0.06 μmol cm−2 day−1, the high-
est PO4

3- uptake rate was observed at 7.6 °C (0.07 ± 0.04 
μmol cm−2 day−1), and the lowest at 24.5 °C (0.05 ± 0.12 
μmol cm−2 day−1).

Fig. 2   Growth rate (cm2 day−1) of S. latissima over time (x-axis, days) under different temperature treatments (n = 6 in treatments of 12.6 °C, 
15.7 °C, 20.9°C and 24.5°C ; n = 12 in treatments of 7.6°C ). The horizontal dashed lines indicate a GR of 0 cm2 day−1

Fig. 3   Overall growth rate (y-axis, cm2 day−1) of S. latissima under 
different temperatures (x-axis, °C) (n = 6 in treatments of 12.6 °C, 
15.7 °C, 20.9°C and 24.5°C; n = 12 in treatments of 7.6°C). The 
boxes show the lower and the upper quartile, the horizontal line in 
the middle of each box indicates the median value of GR. Different 
letters on the top of bars indicate the significant differences (Tukey’s 
HSD test, P < 0.05) among the temperature treatments
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Relationships between GR and absolute nutrient 
uptake rates

The relationship between GR and absolute NO3
- uptake 

rate of S. latissima blades showed that GRs and NO3
- 

uptake rates were not correlated in the higher-temperature 
group (15.7°C, 20.9°C, 24.5°C) (Fig. 6). Significant posi-
tive correlations were observed in the 7.6 °C temperature 
treatment (linear regression, R2 = 0.17, F(1,105) = 21.9, p 
< 0.001) and the 12.6 °C temperature treatment (linear 
regression, R2 = 0.20, F(1,52) = 12.6, p = 0.001). When S. 
latissima was exposed to higher temperatures of 20.9 °C 
and 24.5 °C, a negative absolute NO3

- uptake rate (=nutri-
ent release) was observed, akin to the negative growth rate 
of the blades.

The relationship between GR and absolute PO4
3- uptake 

rate under different temperature treatments exhibited clear 
differences (Fig. 7). Significant positive correlations were 
observed in the temperature treatments from 7.6 to 20.9 
°C (linear regression, 7.6 °C, R2 = 0.04, F(1,105) = 4.6, p = 
0.035; 20.9 °C, R2 = 0.09, F(1,52) = 4.9, p = 0.032), moreo-
ver, the most pronounced correlations were observed in the 

12.6 °C and 15.7 °C treatments (linear regression, 12.6 °C, 
R2 = 0.25, F(1,52) = 17.2, p < 0.001; 15.7 °C, R2 = 0.26, 
F(1,49) = 17.5, p < 0.001). The majority of individuals in the 
higher-temperature group (15.7°C, 20.9°C, 24.5°C) exhib-
ited positive absolute PO₄3- uptake rates, despite some indi-
viduals showing negative growth rates.

Discussion

This study was performed to explore the relationship 
between nutrient (NO3

- and PO4
3-) uptake and growth in S. 

latissima, and how these parameters separately and jointly 
were affected by temperature. The results revealed that both 
blade growth rate and NO3

- uptake of S. latissima were 
highly linked to temperature to which it was exposed, while 
PO4

3- uptake remained unrelated to temperature exposure 
across all treatments. Interestingly, NO₃- uptake significantly 
correlated with growth at 7.6 °C and 12.6 °C, while PO₄3- 
uptake correlated with growth at all temperatures except 
24.5 °C. These findings provide important insights into the 
thermal limits of S. latissima.

Fig. 4   NO3
- and PO4

3- uptake rate (y-axis, μmol cm−2 day−1) of S. 
latissima (n = 6 in treatments of 12.6 °C, 15.7 °C, 20.9°C and 24.5°C 
; n = 12 in treatments of 7.6°C ) exposed to different temperatures 

over time (x-axis, days). The horizontal dashed lines indicate a NO3
- 

or PO4
3- uptake rate of 0 μmol cm−2 day−1
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Survival / mortality

Numerous studies have investigated the effects of tempera-
ture on growth, with temperatures between 10 and 15 °C 
reported as the optimal range for S. latissima growth, tem-
peratures of 23–24 °C as lethal (Bolton and Lüning 1982; 
Andersen et al. 2013; Nepper-Davidsen et al. 2019). In line 
with these findings, we found that 50% of S. latissima indi-
viduals died after exposure to 24.5 °C for 2 weeks (Fig.1). 
At 24.5°C, blade erosion resulted in negative growth rates, 
which, in turn, contributed to the subsequent mortality of 
individuals. In contrast, all the individuals survived through-
out the experimental period only at 12.6 °C, which suggests 
that this temperature may be favorable for S. latissima. These 
findings highlight the clear temperature limits for S. latis-
sima growth and survival, emphasizing its vulnerability to 
rising temperatures.

In our experiment, there was a remarkable difference in 
mortality rates at 15.7 °C and 20.9°C, with lower mortal-
ity rates at the 20.9 °C exposure. One potential explanation 
for this finding is that sub-lethal temperatures may cause 
physiological stress over prolonged exposure. However, tem-
peratures closer to the upper limit of sub-lethal temperature 

range (20.9°C) could have triggered a different response. 
This result suggests that the effects of sub-lethal tempera-
ture-induced stress and acclimation capacity of seaweed may 
be complex that are not readily predictable. Additionally, 
it is important to consider other experimental conditions, 
such as individual variability, that may have contributed to 
the observed differences in survival probabilities. We have 
considered these explanations in interpreting our results and 
further exploration of how seaweed acclimates under sub-
lethal temperature in future studies is necessary.

Growth

Although we found no significant difference in growth in 
the lower temperature treatments (7.6 °C, 12.6 °C), the sig-
nificant decrease in growth at 15.7 °C and higher tempera-
tures (Fig.3), is consistent with the observations of the limit 
of optimal temperature range of 10–15 °C. More frequent 
negative growth was found after exposure to 20.9° C and 
24.5°C, indicating a net loss of blade area. This aligns with 
our observation of increased tissue loss in S. latissima blades 
at higher temperatures (Ding et al. 2025). Elevated tempera-
tures (above 18 °C) have been shown to damage the cellu-
lar structure of S. latissima tissues (Simonson et al. 2015), 
potentially making the seaweed more vulnerable to addi-
tional stressors such as unfavorable light conditions, waves, 
and low water quality (Wernberg et al. 2010; Krumhansl 
et al. 2011; Krumhansl and Scheibling 2012). This increase 
susceptibility to stressors may indirectly contribute to the 
temperature-driven inhibition of seaweed growth.

Nutrient uptake kinetics

Our study demonstrated that temperature signifi-
cantly influenced the uptake rate of NO3

- by S. latis-
sima (Fig.5). Saccharina  latissima has been shown to 
store  NO3

- internally during the winter (mean SST of 
7.02 ± 0.48 °C) at levels above those needed for recov-
ery or growth, this supports our results that the highest 
NO3

- uptake rate was observed at 7.6 °C (Chapman et al. 
1978; Mathis et al. 2015). The decreased NO3

- uptake 
rate under higher temperatures is consistent with previ-
ous studies indicating that temperatures higher than the 
optimal limit can negatively influence the metabolic 
activities in S. latissima (Andersen et al. 2013; Nepper-
Davidsen et al. 2019). Elevated temperature can decrease 
the enzyme activity involved in nutrient absorption, such 
as nitrate reductase, which has been reported to have an 
optimal temperature of 10 °C in S. latissima (Davison 
and Davison 1987; Young et al. 2007). This may explain 
why we observed a decrease in growth rates and nutrient 
uptake efficiency in S. latissima individuals at 15.7 °C, 
20.9°C and 24.5°C.

Fig. 5   NO3
- and PO4

3- uptake rate (y-axis, μmol cm−2 day−1) of S. 
latissima (n = 6 in treatments of 12.6 °C, 15.7 °C, 20.9°C and 24.5°C 
; n = 12 in treatments of 7.6°C ) exposed to different temperatures 
(x-axis, °C). The boxes show the lower and the upper quartile, the 
horizontal line in the middle of each box indicates the median value 
of NO3

- or PO4
3- uptake rate. The letters on the top of bars indicate 

the significant differences (Tukey’s HSD test, P < 0.05)
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Interestingly, there was no significant effect of tem-
perature on PO4

3- uptake rate, suggesting distinct regula-
tory mechanisms governing nitrogen (N) and phosphorus 
(P) assimilation in S. latissima. A possible explanation is 
that N assimilation is often tightly linked to growth and 
metabolic processes (Raven 2015; Rimmer and Shorttle 
2019). In contrast, P assimilation may not be as directly 
linked to short-term uptake responses to temperature as 
N. Thus, while N uptake is closely tied to rapid metabolic 
adjustments in response to temperature changes, P uptake 
seems to be governed by a more stable, perhaps longer-
term regulatory mechanism. While our study provides 
the insights into the temperature-dependent uptake of N 
and P in S. latissima, we acknowledge that the regulatory 
mechanisms of N and P uptake behind these processers 
remain unclear. Further research is needed to investigate 
the specific factors governing N and P assimilation in this 
species, which will not only enhance our understanding of 
nutrient processing under heat stress but also contribute 
to ecological insights into how S. latissima may adapt to 
future environmental changes.

Relationship between growth and nutrient uptake

As temperature increased, the decoupling of NO3
- uptake 

from growth indicates that S. latissima mobilized internal 
stores of NO3

-. In contrast, the linear relationship between 
PO4

3- uptake and growth rate in S. latissima was largely 
unaffected by temperature, showing a significant correlation 
at all temperatures treatments except at 24.5 °C (Fig.7). This 
indicates that phosphate uptake might rely on a temperature-
independent pathway or a mechanism with high efficiency 
across a wide temperature range.

The negative nitrate uptake at higher temperatures of 20.9 
°C and 24.5 °C, implies release of NO3

- from the blades, 
contributing to the nutrient discharge back into the environ-
ment. Exposure to higher temperatures may have compro-
mised membrane integrity in S. latissima cells, leading to 
tissues erosion (Ding et al. 2025) and the release of stored 
dissolved nutrients from the internal stocks. The release of 
nutrients could also have broader implications for marine 
ecosystems, influencing nutrient availability for other organ-
isms and altering local biogeochemical processes.

Fig. 6   The relationship between the growth rate (y-axis, cm2 day−1) 
and absolute NO3

- uptake rate (x-axis, μmol day−1) of S. latissima (n 
= 6 in treatments of 12.6 °C, 15.7 °C, 20.9°C and 24.5°C ; n = 12 
in treatments of 7.6°C ) exposed to different temperatures. The solid 
lines show the linear relationship between the data points. The dashed 

lines indicate the 0 value of GR or NO3
- uptake rate. The individual 

dots represent all the data points from all individuals at different time 
points throughout the 22-day experimental period. Statistics of the fit-
ted lines: 7.6 °C, R2 = 0.17, F(1,105) = 21.9, p < 0.001; 12.6 °C, R2 = 
0.20, F(1,52) = 12.6, p = 0.001
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While S. latissima stores N in vacuoles as NO3
- , P is 

stored in the form of polyphosphate (Yang et  al. 2017; 
Forbord et al. 2021). Unfortunately, the ammoniumhepta-
molydate method used in our nutrient analysis only detects 
orthophosphate and cannot directly measure polyphosphate 
(Kirkwood 1996), so we cannot rule out that the macroal-
gae did not leak these components, although this may seem 
unlikely as PO4

3- uptake remained positive.
Our study provides insights into the physiological 

responses of S. latissima to rising temperatures and their 
implications for both natural ecosystems and aquaculture. 
We found that elevated temperatures may negatively impact 
nutrient uptake and cellular integrity in S. latissima. These 
findings indicate that kelp may have difficulty maintaining 
growth and metabolic functions under ocean warming, lead-
ing to reduced biomass and weakened ecosystem services. 
Additionally, impaired nutrient uptake at high temperatures 
may disrupt coastal nutrient cycling, potentially contributing 
to eutrophication or nutrient imbalances. In the context of 
aquaculture, high temperatures, particularly at the end of the 

growing season (e.g., May-June), may limit S. latissima cul-
tivation by reducing nutrient assimilation efficiency. Thus, 
these insights are valuable for both improving the sustain-
ability of kelp aquaculture and advancing our understanding 
of coastal ocean nutrient cycling under temperature stress.
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