www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Effects of in situ experimental
warming on metabolic expression
in a soft sediment bivalve

Orlando Lam-Gordillo'™, Emily J. Douglas?, Sarah F. Hailes!, Vonda Cummings? &
Andrew M. Lohrer?

Ocean surface temperatures and the frequency and intensity of marine heatwaves are increasing
worldwide. Understanding how marine organisms respond and adapt to heat pulses and the rapidly
changing climate is crucial for predicting responses of valued species and ecosystems to global
warming. Here, we carried out an in situ experiment to investigate sublethal responses to heat spikes
of a functionally important intertidal bivalve, the venerid clam Austrovenus stutchburyi. We describe
changes in metabolic responses under two warming scenarios (five days and seven days) at two sites
(muddy and sandy). Tidal flat warming during every low tide for five days affected the abundance

of multiple functional metabolites within this species. The metabolic response was related to
pathways such as metabolic energetics, amino acid and lipid metabolism, and accumulation of stress-
related metabolites. There was some recovery after cooler weather during the final two days of the
experiment. The degree of change was greater in muddy versus sandy sediments. Our findings provide
new evidence of the metabolomic response of these important bivalve to heat stress, which could be
used for resource managers when implementing strategies to mitigate the impacts of climate change
on valuable marine resources.
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Climate change is affecting ecosystems worldwide. Earth’s temperature is gradually increasing due to elevated
anthropogenic greenhouse gas emissions! . Global ocean surface temperatures have increased 1.5 °C on average
since 1860, with future projections suggesting that temperatures will continue to rise, driving sea-level rise, sea-
ice and glacial melting, and the potential for more frequent and intense extreme weather events such as storms,
tropical cyclones, and marine heatwaves>*°. These drivers are likely to affect marine organisms and ecosystems
both directly and indirectly>¢-5.

Aperiodic extreme events (e.g., storms, heatwaves) and periodic cycles (e.g., seasons, tides, climate
oscillations) are natural and have influenced estuarine and coastal marine ecosystems for longer than humans
have been present on Earth. However, the rapidly warming climate has affected natural processes, including
the frequency and intensity of storms and heatwaves, which is modifying biological communities in estuaries
around the world, influencing the distributional ranges, life history strategies, and survival of organisms**1°.

Marine heatwaves are prolongated periods (>90th percentile for five or more days) of anomalously high
sea surface temperatures>!12, to which organisms must respond through acclimation, adaptation, relocation,
or extinction®!213, Marine heatwaves, in combination with atmospheric heatwaves (i.e., prolonged periods of
abnormally hot weather relative to the expected conditions), can profoundly affect the fitness of organisms,
especially ectotherms which represent more than 95% of described marine taxa, as their physiological processes
are largely temperature-dependent!*~'”. Temperature affects ectotherm metabolism!*!%, which in turn can
modify growth and reproductive rates, maximum body sizes, feeding behaviours, and other vital functions!'>18-20,

The effects of heat stress on marine bivalves have been widely studied in laboratory set-ups and using
commercially-important species, revealing effects of heat stress on bivalve growth, oxygen consumption,
ammonia excretion, and metabolic changes?!~?>. Despite increasing general understanding of the ecological
impacts of global warming on marine ecosystems and in few commercial shellfish species in laboratory
conditions, effects on key species and valued resources in specific localities are often uncharacterised, limiting
our ability to design effective conservation and management strategies that meet the needs of society. In this
study, we carried out an in situ warming experiment to investigate metabolic responses of a culturally and
ecologically important estuarine species in New Zealand. We focused specifically on the bivalve, Austrovenus
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stutchburyi (also known as cockle), which plays a pivotal role in soft sediment habitats throughout New Zealand
by actively dispersing, mixing, and modifying the sedimentary environments it occupies. These suspension-
feeding bivalves affect sediment biogeochemistry and pore water solute exchanges through bioturbation and
biodeposition?%’. Cockles are known to support upper trophic levels (e.g., food for eagle rays, shorebirds) and
are gathered as food by indigenous Maori, other recreational harvesters, and commerecial fisheries?8-3!.

The objective of this study was to investigate and illustrate the metabolic responses of Austrovenus stutchburyi
to elevated temperatures during low tide. We designed an experiment with two short-term warming scenarios
(5- and 7-days duration) at each of two sites (sandy, muddy) in a North Island New Zealand estuary (Fig. 1) that
five local Maori tribes (Ngati Whakahemo, Ngati Whakaue ki Maketa, Ngati Makino, Ngati Pikiao, and Tapuika)
are actively trying to restore. We hypothesised that metabolism would be elevated in warmed relative to ambient
conditions, that responses (measured as metabolic abundance) would be stronger with a longer duration of
warming (7 days, relative to 5 days), and that responses would be stronger in sandy sediments (more suitable
habitat for cockles®?), relative to muddy sediments.

Results

Seafloor temperature and sediment characteristics

Mean sediment temperatures recorded during the experiment ranged from 22.5 °C to 28.0 °C, and from 22.5 °C
to 34.0 °C in the OTC treatments (Fig. 2). Mean temperature differed significantly by treatment (p <0.05; Table
1; Fig. 2), but no significant differences were observed between sites and the Site x Treatment interaction was
not significant (p>0.05; Table 1; Fig. 2). Pairwise tests revealed that both Short and Long OTC treatments had
significantly higher temperatures than Controls (p <0.05; Table 1; Fig. 2). Combining all experimental days
together (i.e., temperatures recorded during OTC incubations), temperature differed significantly between
Controls and OTCs (Long and Short) at the Sand site, and all three treatments were significantly different from
each other at the Mud site (Table S1; Figure S1).
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Fig. 1. Map of the study area showing (a) the location of Waihi Estuary in New Zealand, (b) experimental site
locations in Waihi Estuary, (c) the arrangement of treatment plots in a randomised block design at each site,
(d) birds-eye view of Open Top Chambers, OTCs, and control plots at the Mud site; (e) close-up view of OTC
showing position of stake with temperature loggers attached (inset is study organism, the New Zealand cockle,
Austrovenus stutchburyi). Maps in figures (a), (b), and (c) were created in ArcGIS Pro v.3.3 (ESRI - www.esri.

com), and photos in (d) and (e) were taken by Stuart Mackay (NIWA).
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Fig. 2. Boxplots showing the sediment temperature (°C) recorded during the seafloor warming experiment
period (eight consecutive days) across sites (Sand, Mud) and treatments (Control, Short, Long). Note the lower
temperatures and smaller control-treatment differences on days 7 and 8 due to the arrival of cooler, cloudier
weather. Thick lines = median, dots = outliers.

Experimental treatments were unlikely to have any effect on sediment characteristics such as grain size.
Analysis confirmed that sediment mud content (percent silt and clay particles <63 um) differed significantly
by site (Mud > Sand), but not by treatment. Patterns observed for the other sediment properties assessed were
idiosyncratic: site x treatment interactions for chlorophyll-a and phaeophytin, and site and treatment effects for
organic matter content (Table S2, Figure S2).

Effects of seafloor warming on shellfish metabolites
In total, 46 metabolites were identified in Austrovenus stutchburyi adductor muscle tissue across sites and
treatments (Table 2). The average abundance of metabolites per sample differed significantly by site and
treatment, and there was also a significant site x treatment interaction (Table 3, Fig. 3a). Metabolite abundance
was higher at Mud than at Sand in all treatments, and considerably higher in the Short treatment (Fig. 3a). For
example, metabolite abundances in Control and Short treatments were both significantly greater at Mud than
at Sand (Fig. 3a). Among treatments, metabolite abundance was highest in the Short duration treatment (but
significantly higher than the other treatments at Mud only; Fig. 3a).

Patterns of metabolite diversity were less clear (Fig. 3b). Metabolite diversity differed by site, and there was
a significant site x treatment interaction (Table 3, Fig. 3b). Metabolite diversity values in Control and Long
treatment plots were both significantly higher at Sand than at Mud (Fig. 3b). However, patterns for the Short
treatment were divergent, i.e., significantly lower than other treatments at Sand, and significantly higher than
other treatments at Mud.

Significant differences in metabolomic composition (the presence and relative abundance of all metabolites)
were detected between sites and treatments using multivariate analyses (p < 0.05; Table 3, Fig. 4). The bootstrapped
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Unique

Source df SS MS Pseudo-F | P(perm) | perms
Main test
Treatment 2 1360 680.02 116.98 0.0001 9948
Site 1 21.879 | 21.879 3.7639 | 0.051 9829
Treatment*Site 2 8.5346 | 4.2673 0.7341 | 0.4878 9952
Res 834 4848 5.813
Total 839 6238.5
Pairwise test

Unique
Groups t P(perm) | perms
Sand
Control, Short | 8.505 0.0001 9830
Control, Long 10.52 0.0001 9809
Short, Long 1.1621 0.2429 9828
Mud
Control, Short | 9.1478 0.0001 9832
Control, Long | 13.046 0.0001 9837
Short, Long 1.4872 0.1324 9827
Control
Mud,Sand  [028945 [0.7687  [9838 | ‘ ‘
Short
Mud,Sand | 11158 [02717  [9826 | ‘ ‘
Long
Mud, Sand  [1694  [00917  [os25 | ‘ ‘

Table 1. Test results from univariate two-way fixed factor PERMANOVA and summary of PERMANOVA
Pair-wise test comparing the continuous temperature (°C) recorded during the seafloor warming experiment
between sites and treatments. Significant differences are shown in bold.

nMDS ordination plot showed distinct metabolite composition according to site and treatment, with a clear
separation between the metabolite composition at Sand and Mud (Fig. 4). Post-hoc pairwise tests revealed that
all sites and treatments were significantly different from one another (p <0.05; Fig. 4).

Of the 46 metabolites recorded, SIMPER analysis identified six metabolites as the main drivers of differences
between sites and treatments: Alanine, Aspartic acid, Glycine, Glutamic acid, Proline, and Succinic acid (Fig. 5;
Table S3). Overall, most of the differences in metabolite concentrations were identified in the Short treatment at
Mud, relative to the Sand site or any other treatment (Table 4; Fig. 5). The concentrations of Alanine, Glycine,
Glutamic acid, Proline, and Succinic acid were significantly higher in Short compared to the other treatments in
Mud site (p < 0.05; Table 5; Fig. 5). At the Sand site, the concentrations of Alanine and Glycine were significantly
higher in Short treatment compared to Control and Long treatments, while the concentrations of Aspartic acid
and Glutamic acid were significantly higher in Long treatment compared to the other treatments (p < 0.05; Table
5; Fig. 5). The concentrations of Proline and Succinic acid across treatment were significantly different only in
Mud site, while in Sand site concentrations were similar (p <0.05; Table 5; Fig. 5). Significant differences across
all treatments in concentrations of metabolites between Sand and Mud site were identified for Glycine, while
the concentrations of Alanine, Aspartic acid, Glutamic acid, Proline, and Succinic acid recorded in Control and
Short treatments were significantly different between sites (p <0.05; Table 5; Fig. 5).

The network-based enrichment analyses identified 17 metabolic pathways affected by the seafloor warming
experiment (Table 6; Figs. 6 and 7). At the Sand site, 15 metabolic pathways were affected by warming, with
nine metabolic pathways identified in each Short and Long treatment (Table 6; Fig. 6). At the Mud site, nine
metabolic pathways were affected by the warming experiment. The Short and Long treatments affected eight
and five metabolic pathways, respectively (Table 6; Fig. 7). Of the 17 metabolic pathways affected, glutathione
metabolism was the metabolic pathway most affected (identified in both warming treatments at both sites),
followed by beta-alanine metabolism and vitamin B6 metabolism pathways that were identified in Short and
Long treatments at Sand, and in Short treatments at Mud. Arginine and proline metabolism pathways were
affected in Long treatments at Sand, and in Short and Long treatments at Mud (Table 6; Figs. 6 and 7).

Discussion

Global warming is increasing land and sea surface temperatures, which intensify the frequency and severity of
extreme weather events such as marine heatwaves. Warmer, longer, and more frequent marine heatwaves are
driving significant changes in the metabolic rates, growth, reproduction, and survivorship of marine organisms
with implications at individual, population, community, and ecosystem levels. In this study, we investigated
metabolic responses of a key ecosystem engineer—the New Zealand cockle, Austrovenus stutchburyi—at two
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KEGG code | Classification Metabolites

C02261 Amino acid 2-Aminobutyric acid

C01401 Amino acid Alanine

C16438 Amino acid Asparagine

C16433 Amino acid Aspartic acid

C00099 Amino acid beta-Alanine

C01563 Amino acid Carbamic acid

C00542 Amino acid Cystathionine

C00025 Amino acid Glutamic acid

C00051 Amino acid Glutathione

C00037 Amino acid Glycine

C00768 Amino acid Histidine

C16434 Amino acid Isoleucine

C03961 Amino acid L-(-)-threo-3-Hydroxyaspartic acid
C16439 Amino acid Leucine

C00047 Amino acid Lysine

C00073 Amino acid Methionine

C03790 Amino acid N-(Carboxymethyl)-L-alanine
C01602 Amino acid Ornithine

C02057 Amino acid Phenylalanine

C00148 Amino acid Proline

C01879 Amino acid Pyroglutamic acid

C00188 Amino acid Threonine

C00078 Amino acid Tryptophan

C00082 Amino acid Tyrosine

C16436 Amino acid Valine

C16995 Fatty acid 10,13-dimethyl tetradecanoic acid
C05938 Fatty acid 2-Hydroxyglutaramic acid
C00219 Fatty acid Arachidonic acid

C06429 Fatty acid DHA (Docosahexaenoic acid)
C05145 Fatty acid DL-3-Aminoisobutyric acid
C16513 Fatty acid DPA (Docosapentaenoic acid)
C06426 Fatty acid gamma-Linolenic acid
C16995 Fatty acid Margaric acid

C06424 Fatty acid Myristic acid

C08362 Fatty acid Palmitelaidic acid

C16537 Fatty acid Pentadecanoic acid

C01530 Fatty acid Stearic acid

C08367 Fatty acid trans-Vaccenic acid

C00956 Intermediates 2-Aminoadipic acid

C00074 Intermediates 2-Phosphoenolpyruvic acid
C00642 Monocarboxylic acids 4-Hydroxyphenylacetic acid
C00158 Organic acid / TCA cycle | Citric acid

C00122 Organic acid / TCA cycle | Fumaric acid

C00711 Organic acid / TCA cycle | Malic acid

C00042 Organic acid / TCA cycle | Succinic acid

C00253 Pyridinemonocarboxylic | Nicotinic acid

Table 2. Summary of the metabolites identified in tissue of Austrovenus stutchburyi during the seafloor

warming experiment. KEGG, Kyoto encyclopedia of genes and genome.

sites with different sedimentary conditions and following exposure to two different durations of warming.
Our results demonstrated that seafloor warming affects the metabolite abundance in cockles, altering their
energetics, amino acid and lipid metabolism, and contributing to the accumulation of stress-related metabolites,
with greater effects in muddy sediment compared to sandy sediments.

Under normal conditions, bivalves maintain a balance of metabolites to support growth, reproduction, and
survival. Yet, during heatwaves, metabolic rates of bivalves are likely to accelerate, leading to higher energy

demands and changes in metabolic pathways We hypothesised that the metabolic response of

21-23,33,34
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Source ‘ df ‘ SS ‘ MS ‘ Pseudo-F ‘ P(perm) ‘ Unique perms
(a) Abundance

Treatment 2 | 5.31E-01 | 2.65E-01 |20.354 0.0001 9954
Site 1 | 1.36E+00 | 1.3641 104.64 0.0001 9835
Treatment*Site | 2 | 4.75E-01 | 0.23771 |18.234 0.0001 9948
Res 54 | 7.04E-01 | 0.013037

Total 59 | 3.07E+00

(b) Diversity

Treatment 2 | 0.007432 | 0.003716 | 1.2042 0.3091 9954
Site 1 10.020952 |0.020952 | 6.7894 0.0102 9816
Treatment*Site | 2 | 0.15919 0.079595 | 25.793 0.0001 9952
Res 54 | 0.16664 0.003086

Total 59 | 0.35421

(c) Composition

Treatment 2 | 13445 672.26 12.16 0.0001 9953
Site 1 12698.6 2698.6 48.814 0.0001 9938
Treatment*Site | 2 | 1164.5 582.26 10.532 0.0001 9956
Res 54 | 2985.3 55.283

Total 59 | 8192.9

Table 3. Test results from univariate two-way fixed factor comparing the shellfish metabolomic a) Abundance,
b) Diversity, and ¢) Structure between sites and treatments. Significant differences are shown in bold.

Treatment Bl Contol B3 short Bl Long

a)1.64

1.4

1.29

1.0

Metabolites abundance

0.8+

0.6
Sand

Site

.

Mud

b)
2.3

2.21

2.11

Metabolites diversity

2.04

b|.

Mud

Fig. 3. Boxplots showing (a) total metabolite abundance (biomass) and (b) metabolite diversity (Shannon-
Weiner) recorded in plots during the experiment (Sites: Sand, Mud; Treatments: Control, Short, Long).
Significant differences p <0.05 between treatments within a site are shown as “a, b, ¢, while significant

differences (p <0.05) within treatments between sites are indicated with

dots = outliers.

Thick lines = median,

Austrovenus stutchburyi to seafloor warming would be stronger following longer periods of warming, relative to
short, and that responses would be stronger in sandy sediments compared to muddy sediments. Results of our
study were contrary to both hypotheses.

The context and details of our experiment may have affected the results. The OTCs imposed heat stress
through passive warming, and the magnitude of stress depended on the weather at the time of the field work.
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Fig. 4. Bootstrapped non-Metric Multidimensional Scaling (nMDS) ordination plot showing the metabolomic
composition across sites and treatments. Triangles (Sand) and Circles (Mud) indicate average multivariate
metabolite composition at each Site. Control, Short, and Long treatments are indicated with green, yellow, and
blue colours, respectively. Symbols close together in ordination space indicate greater similarity in multivariate
composition.

During the first six days of the experiment, maximum daily air temperatures were increasing and the weather
was fine and sunny. Cloudy and cooler conditions occurred on days seven and eight, thus, the heating imposed
by the heat (OTC) treatments was reduced during the final two days of the experiment. This would have affected
the Mud site slightly more than the Sand site because Mud site had two cooler days at the end of the experiment,
compared to one cooler day at Sand (Fig. 2). This relaxation in heat stress at the end of the experiment may have
allowed for some recovery in the cockles and concomitant changes in metabolites detectable in their tissues. For
example, it could explain why the highest abundance of metabolites was detected in the Short, rather than Long,
heat exposure treatment (significantly so at Mud; Fig. 3). It also explains why the multivariate dissimilarity in
metabolite composition (Fig. 4) was greatest between Control and Short treatments, particularly at the Mud site.
Furthermore, the OTCs were removed during high tide which could also influence the metabolomic response
of cockles due to relaxation in heat stress, movements of individual cockles into or out of plots, and the deeper
burrowing behaviour of cockles when undergoing thermal stress®>3.

We identified an interesting pattern of significant increase and decrease in metabolites such as Alanine,
Carbamic acid, Lysine, Methionine, Ornithine, Phenylalanine, Proline, and Succinic acid between Short and
Long treatments in Sand and Mud sites. In Sand site, metabolites decreased in Short treatment and increased in
Long treatment, while in Mud site results showed the opposite pattern. The higher metabolic responses observed
in muddy sediments could be the result of less stratification and maintenance of warmer temperatures compared
to sandy sediments. Sandy sediments tend to dry out at low tide and warm faster, but also release heat faster with
the tidal flooding, in contrast to muddy sediments that remain in a state of near saturation at low tide, develop
less stratification of temperature, and maintain heat/cold levels with tidal flooding®”*%. These statements align
with our results suggesting that muddy sediments trapped warmer temperatures and enhanced metabolomic
activities to a greater degree than the sandier sediments.

Metabolic responses (i.e., changes in metabolite abundance, diversity, and composition) of Austrovenus
stutchburyi were likely related to changes in physiological rates and biochemical reactions, for example, energy
and oxygen demanding processes. Our analyses revealed several metabolites and metabolic pathways that
responded to the heat stress treatments of our in situ experiment. These responses were mainly related to (1)
effects on energy metabolism, (2) accumulation of stress-related metabolites, (3) disruption of amino acid
metabolism, and (4) impacts on lipid metabolism, which we discuss in the sections below.
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Fig. 5. Boxplots showing the abundance (biomass) of the most relevant metabolites expressed (identified by
the SIMPER analysis) during the seafloor warming experiment: (a) Alanine, (b) Aspartic acid, (c) Glycine,
(d) Succinic acid, (e) Proline, and (f) Glutamic acid across sites (Sand, Mud) and treatments (Control, Short,
Long). Significant differences p <0.05 between treatments within a site are shown as “a, b, ¢”, while significant
differences (p <0.05) across treatments between sites are shown as “*”. Thick lines = median, dots = outliers.
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Source ‘ df ‘ SS ‘ MS ‘ Pseudo-F ‘ P(perm) ‘ Unique perms
Alanine

Treatment 2 |0.12333 | 0.061664 | 26.734 0.0001 9956

Site 1 10.10029 |0.10029 | 43.48 0.0001 9821
Treatment*Site | 2 | 0.049314 | 0.024657 | 10.69 0.0002 9952

Res 54 10.12456 | 0.002307

Total 59 | 0.39749

Aspartic acid

Treatment 2 10.00331 |0.001655 | 5.4739 0.0058 9947

Site 1 10.006464 | 0.006464 | 21.38 0.0001 9829

Treatment*Site | 2 | 0.002912 | 0.001456 | 4.815 0.0107 9961

Res 54 | 0.016327 | 0.000302

Total 59 [0.029013

Glycine

Treatment 21 0.029369 | 0.014684 | 5.2522 0.008 9948
Site 1 10.2098 0.2098 75.04 0.0001 9827

Treatment*Site | 2 | 0.019616 | 0.009808 | 3.508 0.0406 9950

Res 54 |0.15098 | 0.002796

Total 59 | 0.40976

Glutamic acid

Treatment 2 1 0.000799 | 0.0004 11.173 0.0002 9953
Site 1 10.001975 | 0.001975 | 55.222 0.0001 9850
Treatment*Site | 2 | 0.002006 | 0.001003 | 28.044 0.0001 9941
Res 54 | 0.001931 | 3.58E-05

Total 59 |0.006712

Proline

Treatment 2 10.004301 | 0.002151 | 63.097 0.0001 9945
Site 1 10.001092 | 0.001092 | 32.028 0.0001 9846
Treatment*Site | 2 | 0.004691 | 0.002345 | 68.813 0.0001 9951
Res 54 |0.001841 | 3.41E-05

Total 59 0.011924

Succinic acid

Treatment 2 10.007024 | 0.003512 | 37.682 0.0001 9962
Site 1 | 0.006035 | 0.006035 | 64.756 0.0001 9844
Treatment*Site | 2 | 0.008425 | 0.004212 | 45.199 0.0001 9950
Res 54 | 0.005033 | 9.32E-05

Total 59 |0.026516

Table 4. Test results from univariate two-way fixed factor comparing the six main metabolites between sites
and treatments. Significant differences are shown in bold.

Energy metabolism

Marine bivalves rely on a finely tuned balance of energy metabolism to sustain essential biological functions,
including growth, reproduction, and maintenance of homeostasis. Previous studies have shown that heat stress
affects both the energy balance and homeostasis of marine bivalves?>3*3°. Bivalve metabolism typically relies on
oxygen (aerobic metabolism), with oxygen used to produce adenosine triphosphate (ATP), generating a steady
supply of energy to support various physiological processes. Elevated temperatures can reduce concentrations
of dissolved oxygen in sedimentary pore water. Importantly, elevated temperatures can also accelerate metabolic
rates in bivalves, leading to increased energy demands and causing a shift from aerobic to anaerobic respiration
pathways?>23:33:343940 Thig shift results in activation of beta-alanine pathway and the accumulation of anaerobic
metabolites such as lactate, succinate, and alanine, which aligned with our findings, as these metabolites are
suggested byproducts of anaerobic glycolysis and are indicative of metabolic stress, signalling a reduced efficiency
in energy production®***4!. Accelerated metabolism of bivalves as response to warming temperatures also
accumulates metabolites within the tricarboxylic acid (TCA) cycle to supports increased energy demands and
higher metabolic rates due to heat stress, which in turn increases the abundance of aspartic and glutamic acids
supporting replenishing functions towards the TCA cycle’**, which aligned with our results that showed
increases on aspartic and glutamic acids.
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Table 5. Summary results from the PERMANOVA pair-wise test comparing the metabolite biomass recorded
during the seafloor warming experiment between sites and treatments.

Significant differences are shown as arrows. Red up-arrows (1) show significant higher metabolite biomass, and
blue down-arrows () shows significant lower metabolite biomass. * shows the metabolites identified by the
SIMPER analysis.
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Metabolic pathways (KEGG name) Sand short | Sand long | Mud short | Mud long
Alanine, aspartate and glutamate metabolism 0.001959 | 0.000507
Arginine and proline metabolism 0.029445 | 0.015765 | 0.000021
beta-Alanine metabolism 0.001567 0.019703 | 0.000002

Biosynthesis of amino acids 0.025078

Citrate cycle (TCA cycle) 0.024971 0.006461
D-Amino acid metabolism 0.000001 | 0.000001

Fatty acid biosynthesis 0.000012 0.000100
Glutathione metabolism 0.006840 0.000063 | 0.021304 0.000003
Glycine, serine and threonine metabolism 0.037107 | 0.001160

Lysine biosynthesis 0.009079

Lysine degradation 0.038432

Motor proteins 0.028979

Nitrogen metabolism 0.000947

Spliceosome 0.008178

Ubiquitin mediated proteolysis 0.007994

Vitamin B6 metabolism 0.011381 0.013767 | 0.022948

‘Wht signalling pathway 0.000001

Table 6. Summary results of the network-based enrichment analysis showing the Austrovenus stutchburyi
metabolic pathways affected across sites and treatments during the seafloor warming experiment. Values shows
the probabilistic score (p. score <0.05). KEGG: Kyoto Encyclopedia of Genes and Genome.

Stress metabolites

Seafloor warming may trigger increases in stress-related metabolites, which play crucial roles in protecting
bivalve cells from thermal damage. Reactive oxygen species (ROS) are among the most critical stress-related
metabolites that increase during heat stress. Elevated ROS levels can lead to oxidative stress, damaging cellular
components such as lipids, proteins, and DNA3341:42_ Qur results showing increases in proline, taurine,
glycine, and activation of arginine and proline pathways in response to heat stress, which align with previous
studies suggesting that bivalves produce osmolytes such as these metabolites during heat stress. These osmolytes
stabilize proteins and membranes, helping cells maintain their structure and function under thermal stress*3+42,
However, the sustained production of osmolytes during extreme warming events can be energetically costly and
may divert resources away from other critical processes such as growth, reproduction, and immune responses,
which could affect the fitness of bivalves, making them more susceptible to additional stressors such as disease
or predation®*34,

Amino acids

Amino acids are essential building blocks for proteins and play a vital role in numerous metabolic pathways,
including the synthesis of enzymes, hormones, and structural proteins. The metabolism of amino acids is closely
linked to the overall health and function of marine bivalves, however, under heat stress conditions a disruption
of the normal metabolic processes occurs, leading to significant alterations in amino acid profiles. Our findings
indicated increases in proline and arginine, and the activation of arginine and proline metabolism pathways
following heat stress. These results aligned with previous studies in other bivalve species showing that elevated
temperatures increased the levels of specific free amino acids, such as proline and arginine333441:42,

Proline accumulation is particularly important, as it provides multiple protective roles during thermal stress.
Proline acts as an osmoprotectant, stabilizing proteins and membranes, and as a scavenger of ROS, reducing
oxidative damage®**. The increased synthesis of proline in response to heat stress reflects an adaptive mechanism
aimed at enhancing cellular protection and survival. Arginine, another amino acid that often increases during
heat stress, plays a key role in the production of nitric oxide (NO), a signalling molecule involved in vasodilation,
immune responses, and cellular defence mechanisms. The upregulation of arginine metabolism during heat stress
may be part of a broader adaptive response aimed at enhancing cellular protection and maintaining homeostasis
under adverse conditions****%. Yet, heatwaves and heat-spikes may disrupt amino acid metabolism, affecting the
production of essential enzymes, structural proteins, and other critical molecules. This may lead, for example, to
the accumulation of nitrogenous waste products, such as ammonia, that could further stress the organism?>34%,

The disruption of amino acid metabolism could also affect immune responses of bivalves. Arginine
and glutamine, for example, are thought to be critical for the synthesis of immune-related proteins and the
functioning of immune cells****%2. Our results also indicated effects on the glutathione metabolism pathway
(increases of glutathione, glycine, and glutamic acid) as a result of heating. Previous studies suggested that
glutathione is an important antioxidant molecule with the ability to scavenge reactive oxygen species?!:232433:34,
Our results also showed responses of the vitamin B6 metabolism pathway to warming temperatures. Vitamin
B6 is a critical co-factor for a diverse range of biochemical reactions that regulate basic cellular metabolism,
including decarboxylation, transamination, elimination, racemization, and transsulfuration reactions which
impact overall physiology?!*4. Decreases in nicotinic acid (a form of vitamin B and related to the vitamin B6
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Fig. 6. Metabolic network-based enrichment pathways (p-score <0.05) in Austrovenus stutchburyi. The

connections show the metabolic pathways affected in (a) Short and (b) Long warming in site Sand. Red circles:
pathways; purple circles: modules; yellow circles: enzymes; blue circles: reactions; green circles: compounds;

green squares: input compounds. Labels of modules, enzymes, reactions, and compounds are shown in Figure
S3.
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metabolism pathway) were identified, which suggests an increased use of these metabolite to prevent effects on
oxidative stress and maintain the stability of DNA and cell structure?!.

Lipids

Lipids are essential for physiological functions in marine bivalves, including energy storage, membrane structure,
and signalling pathways. The metabolic processes driving lipid synthesis, storage, and use are highly sensitive to
environmental change, including temperature fluctuations caused by marine heatwaves?*. Our results showed
alterations in fatty acid biosynthesis and Wnt signalling metabolic pathways as result of elevated temperatures,
significantly altering lipid metabolism in bivalves, leading to changes in both the quantity and composition of
lipids. We also identified decreases in palmitic acid and pentadecanoic acid, which suggest that cockles used lipid
energy reserves for the production of acetyl CoA—a byproduct of fatty acids oxidation, an important intermediate
metabolite of the Krebs cycle, aligning with findings in other bivalve species?**3. Another critical aspect of lipid
metabolism is the composition of membrane lipids. Higher temperatures can increase the saturation of fatty
acids, resulting in reduced membrane fluidity as observed previously?!?*. Reduced membrane fluidity can impair
the function of membrane-bound proteins, including those involved in ion transport, signal transduction, and
cellular communication, disrupting cellular homeostasis and leading to a loss of cellular integrity.

Conclusion

This study investigated the metabolic response of Austrovenus stutchburyi to an in situ seafloor warming
experiment. Our findings revealed the metabolites and metabolic pathways affected by warming stress.
We provide evidence showing that metabolic disruptions caused by extreme temperature events, including
alterations in energy metabolism, stress-related metabolites, amino acid profiles, and lipid composition, can
result in profound effects on bivalve physiology and functioning. The observed metabolic responses indicate
that bivalves in sandy sediments could have greater resilience and adapt better to warming scenarios. Strategies
to mitigate the impacts of climate change on these valuable marine resources should also explore the long-term
impacts of marine heatwaves on bivalve metabolism to identify potential avenues for enhancing the resilience of
these organisms in a warming world.

Methods

Study area

The seafloor warming experiment was carried out in Waihi Estuary, in the Bay of Plenty region, near Maketa and
Pukehina Beach, North Island, New Zealand (Fig. 1a,b). Waihi Estuary is a tidal lagoon type estuary (tidal range
1.7 m) that is permanently open to the sea and dominated by intertidal soft-sediment flats (57% of the estuary).
It has a relatively high freshwater inflow volume for an estuary of its size (2.6 km? surface area), with freshwater
arriving from three main channelised streams (Fig. 1). Previous habitat mapping in Waihi Estuary described
eleven habitat classes, including “High Density cockle”, seagrass, and mangrove®. The 2024 habitat mapping
effort informed site selection for the present study, with two experimental sites (each 10x 60 m) established in
sandy and muddy intertidal areas which were 200 m apart and of similar freshwater influence (Fig. 1b). The first
site, Sand, had a lower proportion of silt-clay (17.25%) and moderate-to-high cockle densities (~ 764 per m™2).
The second site, Mud, had a greater proportion of silt-clay (26.65%) and a lower abundance of cockles (~128
per m~2) (Fig. 1b).

Experimental design and set up

The experiment was conducted over an eight-day period at the peak of summer in New Zealand (16-23 February
2024). At the start of each low tide period during those days, as soon as the tidal flats were exposed to air, we
deployed purpose-built open topped chambers (OTCs) to the tidal flats at each site (Fig. 1b,c). The OTCs were
designed to promote the passive heating of enclosed sediments. The cone-shaped OTCs (80 cm base diameter,
30 cm top diameter) were constructed from transparent polycarbonate plastic (1.5 mm thickness) (Fig. 1e). All
control and OTC plots received similar natural incoming sunlight radiation, but OTCs prevented convective
cooling by the wind. Temperatures at the sediment surface were significantly warmer inside the OTCs (described
in Results), while the opening at the top minimised differences in relative humidity.

OTCs were deployed (bottom edge pushed 1 cm into the sediment surface) at each site for four hours during
daytime low tides for a period of either five or seven days (Short and Long duration treatments, respectively)
as we were interested in the cumulative short-terms effects emulating the effects of a marine heatwave. For
logistical reasons, the experiment started and ended one day later at the Mud site, but OTCs were deployed
simultaneously at both sites for the majority of the experimental period (i.e., days 2-7). Temperatures increased
inside OTCs over the 4 h deployment period, with differences between control (without OTCs) and treatment
plots highest on sunny, breezy days (up to 4 °C). OTCs were removed each day prior to inundation by the tide
and stored above the high tide mark overnight, thus, plot sediments were unenclosed and ‘untreated’ at night and
during every high tide period during the experiment.

Ten replicate plots per treatment (Control, Short, Long) were established within the 10 x 60 area at each site,
arranged using a randomised block design (same configuration at both sites). All plots were separated by 5 m.
The design enabled statistical analysis based on two orthogonally crossed factors: Site (two levels: Sand, Mud)
and Treatment (three levels: Control, Short, Long) (Fig. 1b,c). Sixty experimental plots were sampled in total
(Fig. 1b,c).
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Data collection

Environmental data

Temperatures (°C) inside all control and treatment plots were measured using temperature loggers (EnvLoggers,

Electric Blue CRL) located 1 cm below and 5 cm above the sediment surface on wooden stakes (Fig. le).

Temperatures were recorded every minute and logged in all plots (Control, Long, Short) during the experiment.
Sediment characteristics were determined from small cores of sediment (26 mm diameter x 20 mm deep)

collected from each plot. Grain size (e.g., silt-clay content), microalgal pigment concentrations (e.g., chlorophyll-

a, phaeophytin), and organic matter content (e.g., combustible fraction) were quantified using previously

reported standard methods*>~’.

Bivalve sampling

Austrovenus stutchburyi (Fig. le) were collected from each plot by hand (probing the upper 0-5 cm of the
sediment column with fingertips to find and remove cockles). Ten A. stutchburyi individuals were collected
per plot, except for two plots (1 Short and 1 Long) at the Mud site where fewer than ten total individuals were
found. If more than ten cockles were found, we selected the ten largest individuals (20-30 mm) available for
subsequent processing. Immediately after collection, cockles were dissected to remove all the muscle tissues to
obtain a holist picture of the metabolic composition of this bivalve. Muscle tissue from the ten cockles per plot
were combined into one representative sample per plot. Samples were snap frozen and stored in liquid N, until
further laboratory processing.

Metabolomic data

A methyl chloroformate (MFC) alkylation derivatisation method was used for the analysis of metabolites in the
adductor muscle tissue of the cockles, following protocols described by*®. This method was used to distinguish
amino and non-amino organic acids, and some primary amines and alcohols*®. Briefly, samples were first
dried using a refrigerated vapor trap SpeedVac concentrator (Thermo Scientific, New Zealand). Metabolite
extraction was performed on each sample by adding a cold 1:1 methanol:water solution to the dried samples.
Samples were vortexed and centrifuged, and the supernatants (derivatized samples) were then analysed with a
gas chromatograph GC7890B coupled to a quadruple mass spectrometer MSD5977A (Agilent Technologies,
CA, USA). Different types of quality controls (QC) were used to ensure reproducibility of MFC measurements,
which included blank samples, amino acid mixtures, and pooled QC samples from all samples*®. The analysis
of raw spectral data, data mining, and metabolite identification was performed using Chem Station (Agilent
Technologies, Inc., US), Automated Mass Spectral Deconvolution and Identification System (AMDIS) software
(http://www.amdis.net), and MassOmics R package—The University of Auckland®. Metabolomic data was
normalised to biomass and the internal standard to compensate for potential technical variations prior to data
analyses. MFC analysis, data mining, and metabolite identification were performed by the Mass Spectrometry
Centre, The University of Auckland, Auckland, New Zealand.

Data analysis

Data recorded by the temperature loggers were analysed using the ‘myClim’ package®® in R software®!.
Temperature data were first trimmed to only include times when the OTCs were deployed. The one-minutely data
from above and below the sediment surface from these periods were then averaged, providing one representative
value per day per plot.

To test for differences in temperature, sediment characteristics, and to evaluate the effects of seafloor warming
on shellfish metabolomic abundance (metabolite biomass, and diversity) between fixed factors (Site, Treatment),
univariate PERMutational ANalysis Of VAriance (PERMANOVA) tests were conducted. PERMANOVA tests
were based on Euclidean distance for the single variables, permutation of residuals under a reduced model,
Type III sums of squares, and 9999 permutations. In addition, multiple contrasts (pair-wise tests with 9999
permutations) were conducted if fixed factors were significant in the main tests. Boxplots were constructed using
the package ‘ggpubr’>? in R software (R Core Team 2022).

To assess metabolomic composition and investigate differences between sites and treatments, a bootstrapped
non-Metric Multidimensional Scaling (nMDS) ordination was created based on Bray-Curtis similarities™.
To test for differences in metabolomic composition between sites and treatments, a PERMANOVA test was
performed using Bray Curtis similarities, permutation of residuals under a reduced model, Type III sums of
squares, and 9999 permutations. As above, multiple contrasts were conducted if main effects were significant.

A SIMilarity PERcentage breakdown (SIMPER) analysis®® was carried out to determine metabolites
accounting for > 70% of the dissimilarity between sites and treatments. The metabolites identified by the SIMPER
analyses, as well as all the other metabolites identified, were also compared among sites and treatments following
the same methodology as previously described. PERMANOVAs, bootstrap nMDS, and SIMPER analysis were
carried out using PRIMER v7 software with PERMANOVA add on.

To investigate the metabolites and metabolomic pathways significantly affected by experimental factors (Site,
Treatment), four network-based enrichment analyses were performed. The four network-based enrichment
analyses (one for each treatment-site) were constructed based on the reference pathway library of Ruditapes
philippinarum (Manila clam -Veneridae), which was judged to be the most closely related bivalve to Austrovenus
stutchburyi available in the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database®. Pathways
involving one or more annotated metabolites that matched with the KEGG database with enrichment analysis
p-scores <0.05 were considered as potential primary pathways affected. Network-based enrichment analyses
were constructed based on the method “diffusion”, limited number of nodes of 200, and 0.05 threshold>® using
the R package “FELLA"®.
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