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Temperature-induced variations
in dulse (Devaleraea mollis)
nutrition provide indirect
benefits on juvenile red abalone
(Haliotis rufescens) Growth
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Changes in climate conditions can have cascading repercussions for organismal
performance and survival, altering the productivity of aquatic systems. While
numerous studies have examined the direct effects of temperature on species
fitness, fewer studies have analyzed how individual impacts may translate to
downstream primary consumers. Temperature-induced changes in the
nutritional quality of seaweed may cause critical shifts in energy and nutrient
availability for these consumers. A multifaceted experiment was conducted to
assess the indirect impacts of California’s coastal climate conditions on abalone
growth. This experiment fed juvenile red abalone (Haliotis rufescens) of two
different size classes in ambient water conditions with the seaweed dulse
(Devaleraea mollis), conditioned at 13°C, 15°C, and 17°C for 92 days. Nutritional
analyses revealed significantly higher protein and nitrogen content in the 17°C
dulse culture than in the 15°C and 13°C cultures, and no significant differences in
carbohydrates. Furthermore, analyses on body weight ratio and condition factor
indicate that juvenile red abalone of smaller size display significantly better
growth and condition when fed dulse cultured at higher temperatures.
Differences between size classes suggest that temperature changes, and
subsequent shifts in the nutritional composition of dulse, may have greater
impacts on smaller, younger red abalone.
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Introduction

Changing ocean conditions, particularly ocean warming, have a
significant impact on algal primary producers, which are vital to
maintaining healthy ocean ecosystems and play a crucial role in the
food web (Gao et al, 2012). Ocean warming events, mainly
attributed to anthropogenic greenhouse gas concentrations, are
becoming more frequent and extended in duration (Cheng et al.,
2022). In the Northeastern Pacific Ocean, elevated ocean
temperatures have been linked to the emergence of various
marine diseases (Burge et al., 2014), species range shifts (Sanford
et al,, 2019; Geppi and Riera, 2022), and species mortality events
(De Wit et al., 2014; Harvell et al., 2019).

Seaweed primary producers respond to rising ocean
temperatures through a series of physiological adaptations that
encompass shifts in enzymatic activity, photosynthesis rates,
respiration, and nutrient uptake (Bui et al., 2018; Chen et al,
2018; Roleda and Hurd, 2019). In response to prolonged thermal
stress, seaweeds employ a range of strategies, including increased
production of reactive oxygen species, increased starch storage
(Cian et al., 2015; Stiger-Pouvreau et al., 2016), and upregulation
of heat shock proteins (Smolina et al., 2016). At the extremes, when
thermal conditions in seaweeds surpass critical thresholds,
reproductive failures become more prevalent, ultimately resulting
in regional extinctions and range contractions (Bond et al., 2015;
Cai et al., 2021).

Temperature-induced changes in primary producer populations
can also disrupt consumer productivity (Brown et al, 2004;
Nakamura and Oka, 2019) and apex predator populations at the
highest trophic levels (Whitney, 2015; McPherson et al., 2021;
Rogers-Bennett et al., 2021). Recognizing the potential indirect
repercussions of climate change across trophic scales is crucial
given that ecosystems consist of diverse interacting species. Ocean
warming, among other factors, is affecting the performance of
organisms directly and indirectly through the food web (Shurin
et al, 2012). Additionally, altered ocean temperatures influence
coastal habitats, affecting the recruitment of larval invertebrates and
subsequently the community dynamics (Hawkins et al, 2008;
Kavousi et al, 2022; Rogers-Bennett and Catton, 2022). Rising
temperatures notably impact invertebrate larvae, resulting in
observed declines in gastropod survival (Davis et al, 2013),
reductions in bivalve larvae size and survival (Talmage and Gobler,
2011), and elevated mortality rates in echinoderm larvae and
embryos (Ross et al., 2016).

Within these ecological interactions, abalone (Haliotis spp.)
emerge as an important herbivorous grazer in diverse coastal
ecosystems. Abalone exhibit varying temperature preferences,
which differ both between species and throughout their
developmental stages (Steinarsson and Imsland, 2003).
Temperature plays a significant role in shaping the physiological
processes of many marine invertebrates, such as these marine
gastropods, leading to heightened metabolic rates as temperatures
increase, ultimately reaching critical thermal maximums for growth,
reproduction, and survival (Frederich and Portner, 2000; Rogers-

Frontiers in Marine Science

10.3389/fmars.2024.1336793

Bennett et al., 2010). Abalone farming, which is practiced globally,
heavily relies on coastal waters for culture systems, necessitating
monitoring and management to address shifts in abalone metabolic
rates due to ocean temperature changes (Somero, 2002).

Abalone, including the iconic red abalone (H. rufescens), play
vital roles in coastal California ecosystems (Tenger and Dayton,
2000), and have been a significant marine aquaculture product for
decades (Mundy et al, 2023). However, as ocean temperatures
continue to rise, abalone are facing increased vulnerability to
diseases like withering foot syndrome, caused by Candidatus
Xenohaliotis californiensis (Moore et al., 2002). This debilitating
syndrome leads to starvation, anorexia, weakness, and foot atrophy,
resulting in alarmingly high mortality rates that have hastened the
decline of abalone populations, both in the wild and captivity (Di
et al., 2016; Crosson and Friedman, 2018; Frederick et al., 2022a).
Furthermore, abalone species along the California coastline, now
considered endangered or critically endangered, exhibit several
detrimental effects as ocean temperatures continue to rise
(Rogers-Bennett et al., 2010; Frederick et al., 2022b).

While a large body of literature examines the direct effects of
temperature on individual species’ fitness, few studies have analyzed
the subsequent consequences for downstream consumers.
Specifically, a shift in the nutritional value of primary producers
may initiate bottom-up changes across the food web. The relationship
between seaweed and abalone represents a critical consumer-resource
interaction within the marine food web. Therefore, we asked if
climate-induced variation in seaweed nutritional composition can
influence red abalone as a primary consumer. We utilized Devaleraea
mollis [formerly called Palmaria mollis (Skriptsova and Kalita, 2020)],
a red seaweed commonly consumed by abalone with established
culture methods (Evans and Langdon, 2000), to examine the indirect
effects of temperature on juvenile red abalone.

Materials and methods

Juvenile red abalone of two size classes (Figure 1A) were fed
dulse (D. mollis) grown at three different seawater temperatures
(13°C, 15°C, 17°C) from August-November 2022 at the University
of California Davis Bodega Marine Laboratory (BML) in Bodega
Bay, California, USA. Dulse and red abalone were independently
cultured to enable individual temperature manipulation of dulse
while maintaining the abalone at ambient ocean temperatures.

Seaweed

Three sets of identical dulse cultures were composed of three
vertically stacked (two culture tanks and one sump), insulated
fiberglass tanks, each totaling 184 liters in volume. Cultures were
supplied with sand-filtered raw seawater (~30 uM) sourced from
the BML with 35% seawater replacement weekly. Total water
volume for each independent culture system equated to a 560 L
recirculating aquaculture system (Figure 1B). Culture system
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FIGURE 1

From left to right (A) displays the two juvenile red abalone (Haliotis rufescens) size classes, (B) displays the recirculating tank system for one
temperature treatment of the dulse seaweed (Devaleraea mollis), (C) displays the replicated troughs and (D) portrays the dulse diet in the red

abalone troughs.

seawater was pumped (EcoPlus Eco 1056 Water Pump, 1000 GPH,
Hawthorne, BC, CAN) and disinfected by passing the seawater
through a low-pressure UV sterilizer (Pentair Smart UV 40 Watts,
Minneapolis, MN, USA), and subsequently chilled using an in-line
water chiller (Delta Star % HP, Aqualogic, San Diego, CA, USA)
prior to entering the culture tanks. Lighting was provided by two
LEDs (Aqueon OptiBright LED Light, 850 Lumens, 21 umol/s,
Franklin, W1, USA) and operated by an electromechanical timer set
for a 12:12 hour photoperiod. Culture tanks were configured with
drip line aeration provided by a regenerative blower in T-
formations (Dig Poly Drip Tubing 1/2” OD, Vista, CA, USA) to
promote turbidity and fragmentation.

Experimental dulse cultures were maintained at 13°C, 15°C, and
17°C to simulate conditions reflective of California ocean warming.
The 13°C culture served as a control, representing the approximate
highest monthly average temperature in the Bodega Bay region
during a typical year (NOAA, 2024). Temperature measurements
were recorded at six-hour intervals for 92 days using a submerged
temperature logger (HOBO Tidbits v2, Onset, Bourne, MA, USA)
for a total of 368 measurements. Water quality parameters,
including pH, ammonia, nitrites, and nitrates, were measured
weekly with a commercial colorimetric kit (API Saltwater Master
Test Kit, Los Angeles, CA, USA). Dulse culture tanks were scrubbed
clean by brush to remove of epiphytic growth every 21 days during
water changes.

Prior to use in the feeding trial, dulse batches underwent a
cultivation period of at least 21 days for acclimation (top tank).
Subsequently, the acclimated dulse was rotated to a secondary feed-
out tank (middle tank) in the same temperature system, which
provided tank space for a new batch of dulse. Dulse was fed to
abalone ad libitum from the feed-out tank three times per week.
Stocking density changed within batches due to dulse growth, and
across batches to accommodate increases in abalone consumption
(500-1200 g/184 L tank). Throughout the study, five batches of
dulse were cultivated in each culture system.
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Dulse tissue samples (3.5 g wet weight) were collected from the
acclimation and feed-out tanks three times per week, dried in a 60°C
oven, and stored in an airtight container for later analyses. Given the
substantial volume of collected samples (~270 total samples) and
financial logistics, analyses were performed on a subset of samples
within each batch and temperature regime every seven days for 42 days,
from acclimation through feed-out. These data further validated the
nutritional results reported from a preliminary study (Mata, 2023). All
nutrient analyses were conducted at the UC Davis Analytical
Laboratory, Davis, CA. Protein was measured by thermal
conductivity and infrared (IR) detection (Association of Official
Analytical Collaboration (AOAC) Method 972.43). Total crude
protein (AOAC Official Method 990.03) in dulse was calculated from
the nitrogen content with the protein factor of 6.25. Carbohydrates
were analyzed for free sugars glucose, fructose, and sucrose by high-
performance liquid chromatography (HPLC) with mass selective
detection. Total glucose was determined by enzymatic hydrolyzation
at 55°C with an aminoglycoside for 12 hours and then analyzed by
HPLC with mass selective detection. Total non-structural
carbohydrates (TNC) were determined from the total glucose,
fructose, and sucrose. Starch was calculated by subtracting the free
glucose multiplied by 0.9 from the total glucose (Smith, 1969).

Abalone

Abalone culture troughs (Figure 1C) were fabricated using
modified flow-through cutlery trays (Rubbermaid®, dimensions
21.5” x 11.57 x 3.75”), emulating conventional abalone farming
methods. Each trough was filled with 3.7 L of seawater, delivering
BML filtered and aerated seawater at an approximate rate of 0.5 L/
min. Seawater entered the abalone troughs through a %-inch
diameter hose and manifold system and exited via a ¥2-inch PVC
equipped with a 200 um mesh. Each trough was lined at the water
surface with AstroTurf® and sealed with clear acrylic lids to prevent
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abalone escapement. Ambient seawater temperatures averaged
10.4°C + 3.2 during the study period (NOAA, 2024).

Juvenile red abalone were sourced from The Cultured Abalone
Farm (Goleta, CA, USA). Two distinct size classes of juvenile
abalone were utilized in this study, as smaller individuals exhibit
proportionally greater growth rates (Tarbath et al., 2000; Proudfoot
et al,, 2008). The large abalone size class (43.4 + 3.7 mm) were
surplus from an earlier pilot study, and all 63 individuals had been
maintained for over one year under ambient seawater conditions.
The small abalone size class (15.8 + 1.6 mm) included 300
individuals and encompassed the smallest recommended abalone
for overnight shipment to BML. Upon arrival, the small abalone
were slowly acclimated to ambient water temperatures for six hours
before the initiation of the experiment. All abalone were tagged with
Floy Tags (FTF-69 size %’x “%”, Seattle, WA), attached using
CorAffix adhesive, and were allocated into experimental troughs
using a random number generator. Maximum shell length and total
weight data for the abalone were recorded on the initial and final
day of the experimental period (92 days).

Diet treatments were allocated to troughs (Figure 1D) using a
random number generator. For the small size abalone there were 8
replicates (n=38 troughs per treatment) with each trough containing 12
or 13 abalone. For the large size abalone, there were 7 replicates (n=7
troughs per treatment) with each trough containing 3 abalone (refer to
Supplementary Figure 1). Abalone troughs were fed preweighed
allotments of dulse according to the assigned temperature treatment,
ad libitum, three times per week. Prior to each feeding, any remaining
dulse was manually collected. To measure consumption, each trough
was siphoned into a fine mesh netting (200 um) in a 2 L container and
remaining dulse was weighed after excess seawater was removed by
centrifugation. To ensure ad libitum feeding, the quantity of dulse
supplied per trough was progressively increased throughout the
experiment to accommodate rising consumption rates.

Calculations

Consumption was quantified by weighing the residual dulse (to
the nearest 0.01 g) in each trough after siphoning and centrifugation
and then deducted from the initial feed quantity. Consumption was
calculated using the following formula:

C=(F-(Wr- Wy)

Here, consumption (C) was quantified using the initial feed
quantity (F), the weight of the mesh and residual dulse together
(Wy), and the weight of the mesh alone (W;). Notably, dulse
remained in troughs for approximately 48 hours before
consumption measures and thus represents a rate between
feeding dates.

Weights were recorded (to the nearest 0.01 g) using a digital
scale after placing the abalone on a paper towel to remove excess
water. Maximum shell lengths were measured according to
established methods (Gareth et al.,, 2017; Hamilton et al., 2022),
with calipers (to the nearest 0.1 mm). The following equation was
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used to calculate body weight ratio:
BWR = W/SL

Here, the body weight ratio (BWR) was calculated using weight
(W) and shell length (SL).

The condition factor is an index that signifies the correlation
between the weight (g) of an abalone per unit of shell length (mm),
offering insights into the relative condition of an abalone in
comparison to others of similar size. The calculation of the
condition factor was derived from Britz et al. (1996) using the
following equation:

CF = W/SL"2.99 « 5575

Here, the condition factor (CF) was calculated using weight
(W), shell length (SL), and predetermined constants.

Statistical analysis

Data visualization and statistical analyses were conducted using R
Studio (version 4.3.2). A linear mixed effects regression (LMER) was
used for all statistical testing. The significance for all analyses were set
to P<0.05. Data normality analysis (“performance” package; Liidecke
etal,, 2021) was used to meet the assumptions of parametric statistical
models. To investigate these effects, LMER models were tested for
significance using an ANOV A with one fixed factor, and one random
effect to determine the significance of treatment (“lme4” package;
Bates et al., 2015). Body weight ratio and condition factor in the small
size class were further analyzed along with protein and nitrogen levels
in the dulse samples with pairwise comparisons to determine the
differences between treatments (“emmeans” package; Lenth R., 2024).
Sizes classes were treated as distinct populations due to differences in
animal husbandry between the two groups before experimentation.
Condition factor and body weight ratio models included trough as a
random effect to control for variation despite the identical design.
Initial measurements were also included as predictor variables in the
final measurement’s models. Similarly, the nutritional analysis LMER
examined the temperature effects while accounting for the variation
across different sampling days and batches that were analyzed. Dulse
consumption was analyzed using a LMER with trough and week as
random variables. Differences in consumption between treatment
groups were evaluated with a one-way ANOVA.

Results
Seaweed

All three temperatures of the dulse cultures were statistically
different from each other throughout the experiment ANOVA
(P<0.0001) with the average temperatures recorded as 13°C (12.7°C
+ 0.43), 15°C (14.9°C + 0.48), and 17°C (16.7°C * 0.92). Water quality
(pH, ammonia, nitrite, and nitrate) remained consistent throughout
the experiment.
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The dulse protein percentages were 15.6% + 2.30, 16.1% + 2.34,
and 17.4% =+ 2.77 for the 13°C, 15°C, and 17°C cultures respectively.
There were significant differences in the one-way ANOVA of the
LMER model (F,, 3939 = 6.32, P<0.01). Protein levels in the 17°C were
1.8% higher than the 13°C culture (P<0.005, df=39.4, SE + 0.50,
Tukey’s HSD) and 1.3% higher than the 15°C culture (P<0.05,
df=39.4, SE + 0.5). Differences were not significant between the 13°C
to 15°C cultures (P=0.68, df=39.4, SE + 0.5). Average nitrogen levels
were 2.51%, 2.57%, and 2.78% in the 13°C, 15°C, and 17°C cultures
respectively. There were significant differences in the one-way ANOVA
of the LMER model (F,, 3939 = 6.31, P<0.01). Total nitrogen levels in
the 17°C were 0.68% higher than the 13°C culture (P<0.005, df=39.4,
SE + 0.08, Tukey’s HSD) and 0.21% higher than the 15°C culture
(P<0.05, df=39.4, SE + 0.08). Differences were not significant between
the 13°C to 15°C cultures (P=0.70, df=39.4, SE + 0.08) (Figure 2).

Total glucose, TNC, and starch did not differ throughout treatment
groups (P=0.52, P=0.56, and P=0.56, respectively). All three
measurements were integrated into LMER models that accounted for
variation across different sampling days and batches and analyzed with
a one-way ANOVA. Many free glucose, fructose, and sucrose values
returned from the nutritional analysis were below the detection level
and could not be determined for these values.

Abalone

Over the experiment, there were no significant differences in
consumption found in ANOVAs between the small or large abalone
size classes and temperature treatment groups (P=0.57 and P=0.41,
respectively) (Figure 3).

10.3389/fmars.2024.1336793

Abalone survival was 99% from the acclimation period through
the end of the experiment for both abalone size classes. During
experimentation, the small abalone size class had one mortality in
the 17°C treatment group. One trough underwent a plumbing
failure, resulting in three large abalone mortalities from the 13°C
treatment group. This replicate was removed from all analyses. The
remaining large abalone size class exhibited 100% mean survival
across all diets.

There were no significant differences in the ANOVA or the
LMER on individual shell length change or weight change
measurements between treatment groups in the small (P=0.07
and P=0.22 respectively) and large abalone (P=0.28 and P=0.55
respectively). There were no significant differences in CF in the
small abalone size class at the onset of the experiment (P=0.86)
(Figure 4). Significant differences in final CF were found in the small
abalone size class via a one-way ANOVA of the LMER (F,, 5995 =
5.33, P<0.05). A Tukey’s post hoc all pairwise comparisons test
showed a significant difference in the 13°C cultured dulse diet had a
lower CF when compared to those fed with 15°C and 17°C cultured
dulse, with differences in CF between the 13°C - 15°C (P<0.05,
df=20.9, SE + 0.07) and 13°C - 17°C treatment groups (P<0.05,
df=21, SE £ 0.07) (Figure 4). The initial or final CF calculations
showed no significant differences between treatment groups in the
large abalone size class (P=0.86 and P=0.22, respectively) (Figure 4).

There were significant differences in the initial BWR between
treatment groups using a one-way ANOVA of the LMER (F,, 1935 =
4.81, P<0.05). As a result, the initial BWR measurements were used
as predictor variables in the final BWR LMER model. A Tukey’s
post hoc all pairwise comparisons test showed a significant
difference in the initial body weight ratio between the abalone fed
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Nutritional composition of dulse (Devaleraea mollis) by temperature treatment. Protein and total nitrogen had significant differences, between the
13°C -17°C and 15°C -17°C. The boxes represent the interquartile range, with median lines and the whiskers extending represent the upper and
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63 77 91

Mean feed consumption values, measured once weekly, for the duration of the experiment. Abalone (Haliotis rufescens) consumption had no
significant differences between the 13°C, 15°C, or 17°C dulse (Devaleraea mollis) temperature treatment groups. Each circle represents the mean
dulse consumption, over a 48-hour period, per treatment group in a given week.

the 13°C -17°C dulse (P<0.05, df=19.1, SE + 0.01) and the 15°C
-17°C dulse (P<0.05, df=19.2, SE + 0.01). There were no differences
between 13°C -15°C (P=0.98). A one-way ANOVA of the final
BWR LMER model revealed differences between small abalone
treatment groups (F,, 1976 = 7.05, P<0.005). A Tukey’s post hoc

all pairwise comparisons test showed a significant difference in the
body weight ratio between the abalone fed the 13°C -17°C dulse
(P<0.005, df=19.9, SE + 0.01) and the 13°C -15°C dulse (P<0.05,
df=19.2, SE + 0.01). There were no differences between 15°C -17°C
(P=0.282) (Table 1). The initial and final BWR calculations showed
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condition factor and body weight ratio between the 13°C -17°C and 15°C -17°C. The boxes represent the interquartile range, with median lines and
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no significant difference between treatment groups in the large
abalone size class (P=0.30 and P=0.24, respectively) (Figure 2).

Discussion

Direct effects of temperature on
dulse nutrition

This study adds to the expanding body of literature investigating
the influence of ocean warming, alongside other abiotic factors, on
the nutritional quality of primary producers. Previous research has
reported both negligible (Simonson et al, 2015) and altered
biochemical compositions of seaweed when exposed to increased
temperatures. Our findings align with studies demonstrating an
elevation in protein (Mata, 2023) and nitrogen (Wilson et al., 2015)
content under warming conditions. Nevertheless, a subset of studies
presents conflicting outcomes, indicating a reduction in nitrogen or
protein content in response to warming (Gao et al., 2018; Toth et al,
2020; Lowman et al,, 2021). Considering that the structural
components of carbohydrates are crucial for seaweed structural
integrity and exhibit greater resilience to temperature variations
(Costa et al., 2022; Tagliapietra et al., 2022), our carbohydrate
findings align with anticipated trends. Seaweed consists of three
distinct phyla (Chlorophyta, Rhodophyta, and Phaeophyceae) with
deep phylogenetic splits (Raven and Hurd, 2012), potentially
explaining the variation of responses documented in literature.
Indeed, the effects of ocean warming on nutritional composition
appear to exhibit species-specific patterns and may be influenced by
the environment (e.g. nutrient abundance, light, acidity).

The temperatures selected for dulse cultivation were modeled off
recent California ocean warming conditions. In 2014, record highs of
17.4°C were recorded off the California coast (Rogers-Bennett and
Catton, 2019), thus informing the upper bound of our culture
treatments. Given that dulse is an intertidal species, it naturally
endures exposure to a multitude of temperature fluctuations and
desiccation (Skriptsova et al, 2023). Nonetheless, prolonged or
intensified thermal stress may compromise both the performance
and nutritional quality of the dulse. In the current study, dulse
cultivated at higher temperatures exhibited higher protein content,

10.3389/fmars.2024.1336793

yet no discernible change in carbohydrates was observed. Typically,
higher temperatures increase metabolic rates in seaweeds until a
threshold is reached where normal functioning is disrupted (Wahl
et al,, 2020). The optimal thermotolerance range for cellular function
in dulse is 12°C to 15°C (Stevant et al., 2023), indicating that our 17°C
culture may have induced an up-regulation of protein synthesis
(Zhang et al.,, 2022). Further analyses are needed to determine if
the higher protein content in our dulse was due to faster metabolic
processes or an increase in heat shock proteins (HSPs) resulting from
thermal stress. A recent study in another red alga, Neopyropia
yezoensis (Class Rhydophyta), revealed a specific NysHSP gene that
supports cellular function when exposed to abiotic stress (Uji et al.,
2018). Such findings are likely conserved throughout the Rhydophyta
class and may act as a unique genetic marker that could be used to
identify HSPs in future dulse studies.

Indirect effects of temperature on juvenile
abalone growth

As part of a broader conservation effort to mitigate the impact
of climate change on endangered abalone populations (National
Marine Fisheries Service, 2008, 2020), we sought to investigate the
direct and indirect effects of temperature on dulse and juvenile
abalone physiology respectively. Our results contribute to a
comprehensive exploration of the effects of ocean warming on
abalone physiology, including adult reproductive health, with
consequences for hatchery management and juvenile abalone
recruitment (Boles et al,, 2022, 2023). Concurrent efforts by
Neylan et al. (2023), revealed slower growth, delays in fecundity,
and decreased gonad tissue thickness on adult abalone when
exposed to elevated ocean acidification conditions at 14°C. Since
consumption was not measured in Neylan et al. (2023), it is
conceivable that nutrition may have indirectly influenced
measured endpoints, potentially through various mechanisms
such as changes in feeding behavior or the impact of ocean
acidification on digestive physiology. In this study, our primary
goal was to assess how temperature-induced variations in seaweed
nutrition affects the growth of juvenile abalone under ambient
conditions. This provides insights into the dietary facet of their

TABLE 1 Initial and final measurements for small and large cultured red abalone (Haliotis rufescens) size classes fed dulse (Devaleraea mollis) cultured

at three temperatures.

Small Abalone

Large Abalone

fiSR@ 15°C 17°C S 58 17°C
Initial Length (mm) 15.6 £ 1.76 15.53 £ 1.48 16.41 £ 1.50 42.86 + 4.65 4490 £ 2.51 42.67 £ 3.77
Final Length (mm) 254 %270 23.63 +2.84 2424 + 245 52.04 + 5.63 54.36 + 4.37 53.44 + 543
Length Change 9.80 + 1.84 8.10 £ 2.10 7.83 £ 1.80 9.18 +2.47 9.47 + 2.65 10.77 £ 2.81
Initial Weight (g) 0.531 £ 0.18 0.52 +0.14 0.63 +0.17 14.16 + 5.22 16.04 + 2.86 14.26 £ 3.72
Final Weight (g) 2.06 + 0.70 2.04 £ 0.57 2.34 £ 0.58 23.56 + 8.02 2692 +5.72 24.54 + 691
Weight Change 1.53 £ 0.56 1.51 £ 045 1.71 £ 0.44 9.40 + 3.79 10.88 + 3.43 10.28 + 4.18

Values are presented as means + standard deviations.
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response to rising ocean temperatures, preceding future studies
where seaweed and abalone cultures are linked.

Our findings suggest that changes in dulse nutritional
composition may exert size-dependent effects on juvenile abalone.
While the small abalone size class exhibited significant differences
in both body weight ratio and condition factor between treatment
groups, indicating that they benefited from the improved
nutritional composition of dulse, no such benefits were observed
in the large abalone size class. Digestive physiology and dietary
requirements of juvenile abalone shift with age and between species
(Bansemer et al., 2016; Frederick et al., 2022b), offering a potential
explanation for the varied results observed among our abalone size
classes. This variability may be attributed to the sigmoidal growth in
red abalone, as larger abalone may grow at proportionally slower
rates (Tarbath et al., 2000; Proudfoot et al., 2008). The consumption
of dulse within each abalone size class was similar across
temperature regimes indicating that the palatability of different
dulse cultures did not influence subsequent growth results. Further
analyses with an extended experimental duration would be
necessary to definitively assert whether temperature can indirectly
influence the growth of larger red abalone sizes. Considering that
red abalone are the largest abalone species globally, these findings
may also not necessarily apply to smaller abalone species. However,
these results underscore the importance of considering abalone size
when evaluating the potential effects of temperature on dulse
nutritional composition.

An understanding of the effects of temperature-induced
variations in seaweed dietary components on juvenile abalone
growth may prove beneficial for hatcheries, as juvenile red
abalone appears to derive indirect benefits from dulse cultured at
higher temperatures. Protein-rich feed, resulting from warmer
culture temperatures, was positively correlated with small abalone
growth. This result is reflected in a suite of abalone diet studies
(Britz and Hecht, 1997; Ma et al., 2020; Ma et al., 2022), which
suggest that protein availability is crucial for optimal growth.
However, it is unlikely that protein density alone drove the
differences in abalone growth metrics observed between treatment
groups. Unexamined micronutrients such as trace elements,
vitamins, and minerals may be associated with increased protein
content and could contribute to increased abalone growth
(Demetropoulos and Langdon, 2004). While commercial
aquaculture often relies on formulated diets with set parameters
for micro- and macro-nutrients to maximize production (Ganguly
et al., 2013; Willer and Aldridge, 2019; Jin et al., 2023), numerous
diet studies have indicated that abalone preferentially consume
seaweed over formulated feeds (Mulvaney et al., 2013; Bansemer
et al, 2014). This knowledge has practical significance for
conservation aquaculture and commercial abalone farms, as
culturists can strategically adjust dulse culture temperatures to
optimize juvenile growth by enhancing protein richness.

While the results of this controlled study suggest that
temperature-induced changes in the nutritional composition of a
primary producer can infer benefits to subsequent consumers, it is
important to acknowledge that our experimental conditions do not
replicate the environmental challenges that seaweed or wild abalone
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face seasonally or during broader climate fluctuations. Our results
may help inform abalone conservation management and farming
practices by offering a strategy to increase the protein content of
seaweed diets through temperature manipulation and consequently
enhancing juvenile abalone growth. When coupled with the direct
effects of climate stressors, including temperature (Vilchis et al.,
2005; Rogers-Bennett et al., 2010), ocean acidification (Swezey et al.,
2020; Neylan et al.,, 2023), and deoxygenation (Nam et al., 2020),
further research is necessary to confirm the implications of these
findings for abalone conservation management.
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