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A B S T R A C T

Around Antarctica, disturbance from iceberg scouring and natural macroalgal senescence result in the accu
mulation of macroalgal detrital material. This detritus in turn supports a significant abundance of detritivorous 
invertebrates and provides material for carbon burial and sequestration. We tested the hypotheses that 
decomposing macroalgal detritus makes an increasing contribution to both macroinvertebrate diet, and sub- 
surface sediment organic matter. We analysed data from two independent in situ decomposition experiments 
conducted at Rothera Research Station in two successive years. Mesh cages, containing macroalgal detritus 
isotopically enriched in 13C and 15N were deployed at an Antarctic soft sediment site. Numerical abundances of 
macroinvertebrate species as well as the isotopic contribution of macroalgae to macroinvertebrates and sedi
ments were estimated across four-time intervals for each experiment. Thirty-six (2021) and eighty-nine (2022) 
macroinvertebrate species were associated with experimental cages of macroalgal detritus. Multivariate and 
univariate analyses revealed temporal shifts in the macroinvertebrate assemblages within each study year, 
switching from amphipod to mollusc species-dominated assemblages throughout the experiment. The 15N 
enriched macroalgal detritus were incorporated within benthic sediment and macroinvertebrate tissue. Only the 
diet of arthropods was influenced by temporal macroalgal decomposition. Isotope measurements of local mac
roalgal accumulation in sediments showed contrasting trends in both experiments, either declining or accu
mulating over time with the more less chemically defended macroalgae contributing most to local sediment 
enrichment. Assessing the fate of macroalgal carbon is important in the polar regions where macroalgal biomass 
and its detritus are increasing in coastal habitats due to climate change opening new ice-free suitable habitat.

1. Introduction

Globally, marine macroalgae form some of the most extensive and 
productive coastal habitats, providing crucial ecosystem services 
(Duarte et al., 2022; Pessarrodona et al., 2022; Eger et al., 2023). 
Macroalgae not only provide habitat heterogeneity but are an important 
food source both directly (through consumption) and indirectly, through 

the assimilation of macroalgal-derived tissue into prey for higher food 
web species (Dunton, 2001; Corbisier et al., 2004; Leclerc et al., 2013). 
In addition, macroalgae fix and store inorganic carbon (e.g. from carbon 
dioxide and bicarbonate) in their tissues and the burial of macroalgal 
detritus is recognised as a key global pathway for blue carbon seques
tration (Filbee-Dexter et al., 2024). Its importance is starting to be rec
ognised in the polar regions (Deregibus et al., 2023; Krumhansl et al., 
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2025).
The fate and transport of macroalgal detritus and its potential for 

blue carbon sequestration is driven by biological and physical processes 
(Brouwer, 1996; Queirós et al., 2019; Wright et al., 2022; Simpkins 
et al., 2025). Macroalgal biomass both resides in coastal habitats 
and/or is exported beyond the photic zone. This material is subject to 
disintegration, death and decomposition, and these collective processes 
exhibit substantial influence upon macroalgal ‘detritus’ across time 
(Findlay, 2021). Physically, detritus is formed via macroalgal blade 
erosion, natural senescence (Krumhansl and Scheibling, 2012), and 
dislodgement of whole individuals during storms (de Bettignies et al., 
2013), as well as iceberg scouring, a process unique to the polar re
gions (Barnes and Souster, 2011; Barnes, 2017). Although generating a 
somewhat lower proportion of detrital biomass (Brouwer, 1996), bio
physical mechanisms of macroalgal detrital production are also driven 
by ‘messy eating’ from invertebrate grazing on macroalgae. This process 
is difficult to observe and measure, consequently it has not yet been 
demonstrated in macroalgal source material, but see Møller et al. 
(2003), and Saba et al. (2011) for examples of wasteful (‘sloppy’) con
sumption on phytoplankton sources. Furthermore, macroalgal material 
is locally re-mineralised by invertebrate consumers, through respiration, 
excretion and decomposition (Filbee-Dexter et al., 2020), and this pro
cess extends to detached macroalgae in the form of detritus (de 
Bettignies et al., 2020a).

Investigating the dynamics of macroalgal decomposition is especially 
important in the polar regions where glacial retreat and reduced sea ice 
results in the colonisation of newly ice-free areas by macroalgae and the 
wider distribution of macroalgal-derived detritus (Quartino et al., 2013; 
Deregibus et al., 2023; Amsler et al., 2025). Carbon inputs from mac
roalgae in the region can be a persistent resource due to the year-round 
presence of macroalgal detritus (Dieckmann et al., 1985), in contrast to 
the marked seasonal variation in pelagic primary production by phyto
plankton in the Antarctic (Clarke, 1988; Clarke et al., 2014). From an 
ecological perspective, this process is particularly important for the 
polar regions, where food input from pelagic primary production is 
strikingly limited in winter and macroalgae may be the dominant energy 
source for many marine consumers (Wiencke et al., 2007). From a blue 
carbon perspective, year-round trophic interactions between macro
invertebrate consumers and macroalgal detritus will have implications 
for the transfer of polar macroalgal biomass into carbon sinks, where the 
proportion of non-mineralised macroalgae from consumers has the po
tential to supply material for deep carbon burial. Measurements of δ13C 
and δ15N isotope ratios of Antarctic nearshore fauna have shown that the 
assimilated diet of some benthic consumers (herbivorous molluscs and 
crustaceans) relies exclusively upon sources of macroalgal carbon, 
hypothesised to be consumed via detrital pathways (Dunton, 2001; 
Norkko et al., 2004). In situ single snap shot in time approaches using 
dual isotopes such as carbon and nitrogen (Wiencke and Amsler, 2012), 
and ex situ continuous approaches (Braeckman et al., 2019), have 
highlighted the importance of including temporal dynamics, especially 
when understanding macroalgal decomposition and its relative role in 
directly and indirectly fuelling multiple trophic levels and carbon sinks.

A range of macroinvertebrates not only use macroalgae as habitat 
but also directly consume macroalgae (Dunton, 2001; Aumack et al. 
2011, 2017). There is a lack of Antarctic studies assessing the poten
tial temporal variation in the macrofaunal assemblage associated with 
macroalgal detritus. Our first hypothesis was to examine whether the 
composition of the macroinvertebrate assemblage changed across time, 
shifting from pioneering species such as amphipods to gastropods. Our 
second hypothesis was to test if a reduction in macroalgal C:N ratios in 
response to decomposing macroalgal was correlated with increased 
consumption from macroinvertebrate consumers. Macroalgal decom
position, and subsequent changes in food quality (assessed by elemental 
ratios of carbon and nitrogen (C:N)) may influence macroinvertebrate 
consumption, although relationships are not always clear (Reichardt 
and Dieckmann, 1985; Norderhaug et al., 2006). Our third hypothesis 

tested increasing species-specific macroalgal consumption from a range 
of representative macroinvertebrate taxa over time, with an expected 
greater response detected in non-chemically defended macroalgae 
compared to chemically defended species. A large proportion of Ant
arctic macroalgal species contain chemical defence compounds, with 
greater occurrences reported in polar macroalgae compared to those in 
temperate and tropical regions (Amsler et al., 2005). As macroalgae 
decompose, it has been hypothesised that their palatability to consumers 
increases in response to a breakdown of secondary metabolites, such as 
phlorotannins and terpenes (Dieckmann et al., 1985; Amsler et al., 
2005). However, relationships between specific chemical defences 
which deter grazers and their relation to macroalgal decomposition have 
not yet been defined. Understanding macroinvertebrate consumption 
between a range of chemically and non-defended macroalgal in the form 
of detritus is still in its infancy (Amsler et al., 2009), and warrants 
further investigation across a broader range of macroalgal sources and 
macroinvertebrate taxa.

The fourth and final hypothesis will test the prediction of increasing 
values of isotopically enriched 13C and 15N macroalgal detritus across 
time into sub-surface sediments. The fate and burial of macroalgae 
detritus remains a key topic for assessing and ground-truthing the po
tential for carbon sequestration (Krumhansl et al., 2025). The visual 
detection of macroalgal detritus within Antarctic deep coastal sediments 
(at ca. 1500 - 2000 m) has provided crucial evidence for macroalgal 
carbon sequestration potential (Reichardt, 1987; Fischer and Wiencke, 
1992). However, the temporally driven physical and biological decom
position of macroalgal detritus into particulate and dissolved organic 
matter may not always be detectable from visual observations alone 
(Brouwer, 1996). Extending observational evidence, modern ecological 
tools, such as environmental DNA, and particle tracking allow pre
dictions of macroalgal carbon inputs from various forms of detritus, 
from dissolved organic carbon (DOC) to particulate organic carbon 
(POC) (Queirós et al., 2019; Krumhansl et al., 2025). The current study 
examines temporal variation in the contribution of macroalgal detritus 
into subtidal sediments from isotopically labelled macroalgal detritus 
due to natural fragmentation and invertebrate consumption.

Empirical knowledge regarding the mechanisms supporting polar 
macroalgal blue carbon pathways is currently missing. Using a carbon 
and nitrogen dual stable isotope labelling approach, this study aims to 
assess the fate and ecological role of isotopically enriched macroalgal 
detritus to test four hypotheses. These findings have the potential to 
improve polar-specific assessments about the fate of macroalgal detrital 
carbon from two key decomposition pathways in coastal Antarctic 
benthic ecosystems, namely macroinvertebrate consumption and local 
sediment burial potential. In accordance with future predictions of 
glacial retreat and reduced sea ice cover in the polar regions (Barnes 
et al., 2020), as well as increased iceberg scouring of the shallows 
(Barnes et al., 2025), there are likely to be increased macroalgal sub
sidies for macroinvertebrates and increased material available for po
tential carbon sequestration.

2. Materials and methods

2.1. Experimental introduction

Four locally abundant and accessible (by SCUBA diving) species of 
macroalgae were selected to test of hypotheses: Iridaea sp., Trem
atocarpus antarcticus, Palmaria decipiens and Desmarestia menziesii 
(Table 1), and subjected to in situ Antarctic decomposition experiments. 
Previous studies in the polar regions have demonstrated that macroalgal 
detritus decomposition with time (Supporting information, Fig. S1a) 
occurs at rates much slower than temperate macroalgae (White and 
Norkko, 2025b). Remaining biomass can be converted into decay rates 
(D): (Equation (1)) (Supporting information, Fig. S1b). 

Dt =D0e− kt [Equation 1] 
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Where macroalgae biomass remaining at time t, Dt, is a function of 
exponential decay with rate constant k, of remaining biomass D0.

2.2. Experimental design overview

In situ experimentation was conducted adjacent to the British Ant
arctic Survey's Rothera Research Station at a regularly visited dive site in 
Ryder Bay (67◦ 35.743′ S, 68◦ 15.246′ W), South of Adelaide Island, 
located to the west of the West Antarctic Peninsula (Fig. 1).

To capture interannual variability, two long-term in situ macroalgal 
decomposition experiments were deployed at a depth of 17 m at a soft- 
sediment site between January 2021–December 2022 (Fig. 1). Each 
experiment was sampled at four fixed time points when weather and sea- 
ice conditions permitted. Consequently, Experiment 1 and Experiment 2 
were sampled across different sampling intervals, which limits 

comparisons to general trends across time, rather than between equal 
sampling intervals. A total of 20 mesh cages were deployed across each 
experiment (Fig. 2) containing isotopically enriched macroalgae (see 
supporting information S1 for isotope enrichment methods). Macro
algae were packed into cages representing a single layer of plant 
(reducing self-shading effects and maintaining water flow) so that the 
surface area of all cages were lined with macroalgae but that macroalgae 
were not packed on-top of each other to reduce anoxia. Specifically, 
Experiment 1 assessed decomposition dynamics for three macroalgal 
species, P. decipiens, T. antarcticus, D. menziesii, in mixed cages con
taining macroalgae (n = 16 macroalgae cages, n = 4 control cages). 
Control mesh cages which did not contain macroalgae were deployed 
alongside the mesh treatment cages to quantify the presence of in
vertebrates in substrata lacking macroalgal detritus. Experiment 2 
contained an additional macroalgae species, Iridaea sp., following in situ 

Table 1 
Ecological information about four species of macroalgae used in the in situ decomposition experiments. Herbarium images of macroalgae from Mystikou et al. (2014)
for Iridaea sp. and P. decipiens and Küpper et al. (2019) (Küpper et al., 2019)for D. menziesii and the Algal Herbarium Portal from Lamb (1965) for T.antarcticus.

Species/Class Depth (m) Strategy Morphology Description Chemical defence

Desmarestia menziesii 
J. Agardh 1848 
Heterokontophyta 
(brown)   

5–20 m, juveniles up 
to 30 m (Küpper 
et al., 2019).

Season anticipatora

Endemic to Antarctica 
(including Sub 
Antarctica).

Adult, max length 3 m, main axis, 
opposite, occasionally alternate, 
branching fronds (Wiencke et al., 
1995). 
Juveniles, distinctly smaller, 
their lateral branches more 
pinnate (feathery) in appearance 
compared to adults (Küpper 
et al., 2019).

Major canopy forming species, 
attached to rocky substratum (
Küpper et al., 2019).

Highly chemically 
defended Amsler 
et al., (2020).

Iridaea sp. (Turner) Bory, 
1826 
Rhodophyta (red)   

0–30 m (Wiencke 
and Amsler, 2012).

Season responderb

Temperate and polar 
distribution.

Flat, single broad frond. Holdfast 
is a flat disk with a flat stipe of 1- 
4 cm in length (Wiencke and 
Clayton, 2002).

Attached to rocky substrata, 
common in the lower inter-tidal and 
subtidal (Martín et al., 2016). 
Patchily distributed.

Chemically 
defended (Amsler 
et al., 2020).

Palmaria decipiens 
(Reinsch) R.W. Ricker, 
1987 
Rhodophyta (red)   

0–100 m (Robinson 
et al., 2022; Wiencke 
and Amsler, 2012).

Season anticipatora

Grows predominantly 
in late winter and 
spring. Annual species. 
Endemic to Antarctica 
(including Sub 
Antarctica).

Blades oblong, lanceolate, often 
waxy at margins with slippery, 
glossy surface, reddish or 
purplish pink. Narrow stipe (
Wiencke and Clayton, 2002).

Attached to rocky substrata (
Wiencke and Clayton, 2002)

Not chemically 
defended (Amsler 
et al., 2020).

Trematocarpus antarcticus 
(Hariot) Fredericq & R.L. 
Moe, 2009 
Rhodophyta (red)   

5–33 m (
Hommersand et al., 
2009).

Season anticipatora

Endemic to Antarctica 
(including Sub 
Antarctica).

Branching, flattened species (
Wiencke and Clayton, 2002),

The species occurs on rocky 
substrata, mixed with Terebellidae 
sp. mats and frequently seen as 
detached material on live urchin 
spines (Author observations).

Not chemically 
defended (Amseler 
et al. 2005; Amsler 
et al., 2020).

a Season anticipators begin growth under short-day conditions in late winter/spring, often in low light under sea-ice. Maximal growth occurs in spring.
b Season responders start growth and reproduction later than season anticipators with favourable spring/summer light conditions (Wiencke and Amsler, 2012).
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SCUBA surveys in 2022 which confirmed the presence of Iridaea sp. as a 
locally dominant macroalga. In this experiment, macroalgal detritus was 
assigned to macroalgal-species specific mesh cages to obtain macroalgal 
species-specific macroinvertebrate assemblages, and mixed macroalgal 
detrital mesh cages. Experiment 1 only contained mixed-macroalgal 
mesh cages.

2.3. Experimental deployment

Experiment 1 and Experiment 2 were deployed to the Southeast of 
Lagoon Island (67◦ 35.743′S, 68◦ 15.246′W) (Fig. 1) where macroalgal 
detritus covered on average 11.1% (SE ± 1.2), or and 31.45 (SE ± 6.7) 
m2, of the seafloor between 15 and 18 m depth (Supporting information, 
Fig. S2). Experiment 2 was deployed 100 m south of the first experiment, 
with little tidal upstream or downstream influence, of Experiment 1 (67◦

35.74′S, 68◦ 15.241′W) to reduce the chance of contamination from 
enriched macroalgae in Experiment 1.

For each decomposition experiment, twenty mesh cages 
(30 cm × 15 cm x 1 cm) were constructed from 0.5 mm plastic mesh. 
Five mesh cages were attached to a 1.5 m length of chain at 15 cm in
tervals, totalling four chain lengths per experiment (Fig. 2). Cages either 
contained macroalgae collected from South Cove and Cheshire Island 
(Fig. 1) or were deployed at randomly selected positions along the 
chains as empty control cages (Experiment 1). Each cage was assigned a 
unique identification code.

For Experiment 1 (2021) and Experiment 2 (2022) initial macroalgal 
wet masses (T0) were variable due to the selection of whole individual 
macroalgae, including holdfasts (Experiment 1: 67 - 105 g per cage; 
Experiment 2, 94 - 252 g per cage). Macroalgae were not subject to 

artificial cutting to a standardised size to avoid unnaturally accelerating 
the decomposition process. Therefore, the starting masses of macroalgae 
were recorded for each cage and biomass metrics were normalised by 
calculating the relative later biomass loss or gain, after removing any 
macroinvertebrates and/or epiphytes.

2.4. Temporal sampling

Experiment 1 was deployed in January 2021, and sampled, using 
SCUBA, at four time points in February, March, April and October 2021. 
The following year in February 2022, Experiment 2 was subsequently 
deployed and similarly sampled at four intervals in March, April, 
November and December 2022 (Fig. 2).

During each sampling event, five mesh cages were sampled from one 
chain replicate. SCUBA divers carefully removed each cage from the 
chain and placed them in a fine mesh collection bag (75 μm pore size) to 
capture the macroalgal content and its associated macroinvertebrates. 
Where possible, triplicate sediment samples were collected, using falcon 
tubes with 2 cm width. Samples of the surface 2 cm were collected under 
and adjacent to each treatment cage, including control cages in Exper
iment 1. If time permitted, control sediment samples were collected 
within ~10 m of the experimental site. Treatment cages wrapped in 
independent fine mesh collection bags, were transferred to a box of 
ambient seawater on the boat to avoid cross-contamination and later 
stored in the Bonner Laboratory flow-through aquarium.

Macroalgal contents from each cage were placed in a sieve for 5 min 
and weighed to obtain wet mass (Sartorius LA3200D, ±0.001 g). 
Biomass measurements may contain bacterial communities and/or 
biofilm growth. As a result, typical methods to remove water 

Fig. 1. Map of the study area showing the location of Experiments 1 and 2 (red dot) and the location of Ryder Bay (black dot on insert) relative to the West Antarctic 
Peninsula. Produced by the Mapping and Geographic Information Centre, © British Antarctic Survey, UK Research and Innovation, 2023. Data from the SCAR 
Antarctic Digital Database, 2023. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(centrifugation or blotting) were not employed to avoid removing 
crucial elements of the decomposition process. Macroalgae were dried to 
a constant mass at 60

◦

C and reweighed to obtain dry mass.

2.5. Samples for stable isotope analysis

Each treatment cage and fine mesh collection bag was carefully 
opened and rinsed over a 1 mm sieve to obtain any macroinvertebrates. 
The sample contents were emptied into a sorting tray, and all macro
invertebrate consumers were sorted into larger taxonomic groups and 
identified to either species or genus level. However, amphipods 
collected during Experiment 1 were only identified to order level due to 
amphipods preservation difficulties from Experiment 1 (Taxonomic keys 
used are presented in supporting information, Table S1). From each 
treatment cage, 5 and 15 individuals of the common taxa were kept for 
stable isotope analysis in addition to a subsample of sediment from each 
triplicate falcon tube and a small subsection of enriched macroalgae was 
removed from each cage (see supporting information S1 for detailed 
isotope sample preparation methods).

2.6. Data analysis

Data were analysed in R (V. 4.4.1; R Core Team, 2025) using the R 
Studio interface.

2.6.1. Macroinvertebrate assemblage analysis, multivariate frequentist 
approach

To test the hypothesis that macroinvertebrate assemblage composi
tion changes in response to macroalgal detritus decomposition over 
time, multivariate analyses were conducted with i) all species at the 

species level (Experiment 2) and aggregated under the phyla ii) 
Arthropoda, iii) Mollusca, iv) Annelida and v) Echinodermata. Chordata 
and Cnidaria were only recorded at one of four time points and due to 
the lack of replication, were excluded from the analysis. Due to differ
ences in the biomass of macroalgae placed in each cage at the onset of 
the experiment, macroinvertebrate abundance data was normalised 
according to the initial starting biomass of macroalgae per cage (Equa
tion (2)). 

Taxa normalised abundancen =
Taxa countn

T0 macroalgae biomass
[Equation 2] 

Where n = a unique species/group and T0 represents the macroalgae 
biomass pre-deployment into the field.

Due to the presence of three abundant gastropods, Skenella pal
udinoides, Eatoniella strebeli and Eatoniella caliginosa (with abundances 
sometimes exceeding 2000 individuals per cage), data were fourth-root 
transformed to down-weigh the contribution of dominant species for the 
purpose of multivariate analyses based on the Bray-Curtis dissimilarity 
index (Bray and Curtis, 1957). Potential variation in assemblage 
composition was examined visually through ordination, using Principal 
Coordinate Analysis (PCoA) (vegan package, V. 2.7.1). Dissimilarity 
between potential groupings of samples was visualised using the two 
PCoA axes which explained the greatest variation in shaping assemblage 
dissimilarity. Statistical differences in assemblage composition between 
groups were examined through permutation-based multiple analysis of 
variance of Bray-Curtis dissimilarities, PERMANOVA (Anderson, 2001), 
through the adonis2 routine in vegan. Nine separate adonis models were 
conducted on separate groupings of data for the PCoA analysis. Homo
geneity of multivariate dispersion (differences in group dispersion) were 
tested using the ‘betadisperser’ function in vegan. If grouping variables 

Fig. 2. A schematic of two in situ decomposition experiments. Both experiments were sampled across four time points. Black boxes indicate a control cage without 
any macroalgae to assess potential cage-effects on macroinvertebrate assemblages. Experiment 1 contained mesh bags with mixed macroalgal species (Desmarestia 
menziesii, Palmaria decipiens and Trematocarpus antarcticus), whilst Experiment 2 contained a mixture of single species and mixed macroalgal species in mesh bags 
with the addition of Iridaea cordata.
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(time points) satisfied assumptions of homogeneity of multivariate 
dispersion, post hoc comparisons were manually extracted from the 
adonis model. The Echinodermata and Annelida present were not 
considered for further analysis because only phyla with groupings that 
displayed temporal variation in assemblage structure were used.

For i) all phyla ii) Arthropoda and iii) Mollusca, eigenvalues were 
interrogated to determine the 10 most influential species in driving 
macroinvertebrate assemblage dissimilarity across four time points. 
Influential species were extracted from the PCoA analyses and displayed 
on two-dimension plots using vectors. The length of the vector (shown as 
an arrow) is proportional to the influence of the species and the direction 
of the arrow points towards which time groupings the species most 
influenced.

2.6.2. Macroinvertebrate assemblage analysis, control cages
When assessing the multivariate assemblage composition of control 

cages from Experiment 1 relative to experimental macroalgae cages, a 
separate dataset contained macroinvertebrate abundances from control 
and experimental cages, and two approaches were taken which included 
all macroinvertebrate phyla i) abundances were analysed per cage unit 
where each cage was a standardised floor area of 0.045 m2 and ii) 
abundances were converted to presence/absence of macroinvertebrate 
species.

To further assess the effect of control cages, in Experiment 1, a 
separate dataset calculated species abundance and species richness from 
control and experimental macroalgae cages according to the area of each 
cage, 0.045 m2. Species richness represents the number of distinct spe
cies per cage replicate. Model residuals were inspected for uniformity, 
dispersion and autocorrelation (DHARMa package V. 0.4.7) (Hartig et al. 
2025).

2.6.3. Stable isotope mixing models for macroinvertebrates, Bayesian 
approach

Bayesian stable isotope mixing models (Parnell et al., 2013; Phillips 
et al., 2014) were used to estimate the relative contribution of enriched 
food sources to macroinvertebrate consumers under different experi
mental conditions. Experimental treatments relied on the use of 
enriched carbon and nitrogen stable isotopes to label algae, which range 
far beyond natural abundance values and complicate mixing models 
(Fry, 2006). To overcome this, fractional abundance values of carbon 
and nitrogen isotopes were used in the mixing models (simmr, V 
0.5.1.217) (Parnell et al., 2013). Macroinvertebrate consumers were 
considered as mixtures and mean ± SD δ13C and δ15N values of enriched 
macroalgae and enriched sediment from Experiment 1 and Experiment 2 
represented source contributions in the mixing model. Control cages (no 
macroalgae) were excluded from models assessing macroinvertebrate 
consumption. Due to the use of enriched labelled isotopes which would 
not detect subtle changes in temporal variation (Fry et al., 2004; de 
Bettignies et al., 2020a), source values were combined for enriched 
macroalgae over time. Furthermore, because of the use of enriched 
labelled isotopes, data were not adjusted for trophic enrichment be
tween consumers and their putative diet (Fry, 2006). Pelagic natural 
abundance sources from Ryder Bay (zooplankton, POM) (G. Stowasser 
and N.Z werschke, pers. comms 12.08.25, unpublished data) and natural 
abundance sources (control sediment, control macroalgae) were trialled 
in a separate SIMMR model but due to the nature of the enrichment 
experiment, only enriched sources were included in the final model 
(supporting information, Fig. S3).

To maximise replication across all time points, simmr models were 
constructed with consideration of four phyla: Arthropoda (n = 99), 
Mollusca (n = 35), Echinodermata (n = 37) and Annelida (n = 37). The 
model calculated the relative contribution of each enriched experi
mental macroalgae and enriched sediment to the diet of consumers 
across four time points within each experiment.

Mixing models were built in simmr using 20,000 iterations where the 
first 1000 values were burnt, and 4 chains were produced. Posterior 

predictive checks were conducted on each simmr model and correlation 
matrices were examined between source inputs to ensure correlations 
between sources did not exceed 60%. Due to the paucity of under
standing about macroalgae species-specific detrital contributions to 
macroinvertebrate diet, uninformative priors were given to the simmr 
model (20% per source contribution) with a standard deviation of 10%.

2.6.4. Stable isotope mixing models for sediment, Bayesian approach
To test whether macroalgae accumulated locally in coastal sediment 

or were exported, sediment stable isotope data were treated in the same 
way as macroinvertebrate data. δ13C and δ15N values were converted to 
Fractional Abundance values (F). A further simmr mixing model was run 
with sediment treated as the mixture and using the different macroalgae 
as potential sources allowed an estimation of the fate of macroalgae in 
surface sediments (2 cm). Due to the proximity of control cages (no 
macroalgae) to experimental cages, control cages contained enriched 
signals of macroalgae and therefore control cage sediment samples were 
included in the model. The simmr model used default uniform priors for 
macroalgal contribution to sub-surface sediment as the model was suc
cessfully able to resolve differences between the macroalgae sources. 
Correlation matrices between sources did not exceed 35%.

Within each experiment (Experiment 1, n = 31; Experiment 2, 
n = 32), δ13C and δ15N values were compared across time points and 
treatments (treatment cage sediment, control cage sediment, experi
mental site sediment (10m away)) using general linear models, GLMs, 
and analysis of variance, ANOVA. Model assumptions were satisfied 
using DHARMa and differences between time points were assessed using 
the emmeans function (emmeans package, V 1.10.5) (Lenth and 
Piaskowski, 2025) and represented graphically.

3. Results

At the end of the experiment, of the macroalgae tissue which non- 
degraded, the tissue was photosynthetically active with FvFm values, a 
proxy for photosynthetic performance, reported to be above 0.6 for all 
macroalgal species until 255 days (data not shown). Due to low currents 
and sedimentation around the study side, macroalgal fragment in mesh 
bags did not accumulate sedimentation throughout the study period and 
received maximum light.

Thirty-six macroinvertebrate species were identified from Experi
ment 1 and eighty-nine species were identified from Experiment 2 
(supporting information, Fig. S4). Common and abundant species 
comprised the gastropods Skenella paludinoides, Altenaeum charcoti, 
Margarella antarctica and Iothia emarginuloides, a bivalve Philobrya 
wandelensis, isopods Cymodocella tubicauda, Munna antarctica, amphi
pods Oradarea sp., Prostebbingia sp., an echinoid Sterechinus neumayeri 
and a holothuroid Cucumaria georgiana.

3.1. Temporal changes in macroinvertebrate assemblage composition

PCoA1 and PCoA2 axes explained at least 40% of the dissimilarity in 
assemblage composition across both experiments at the resolution of all 
species, Arthropoda and Mollusca (Fig. 3). No differences across time 
were detected in assemblage composition for Echinodermata or Anne
lida (data not shown) across both Experiment 1 and Experiment 2.

For Experiment 1, 52% of assemblage dissimilarity was explained by 
the first two axes when taxa were aggregated at phylum level (n = 37). 
Time had a significant effect on macroinvertebrate assemblage compo
sition (PERMANOVA, F3,15 = 4.0, P < 0.001). Post hoc comparisons 
showed there were significant differences (<0.05) between all time 
point comparisons, except for between day 40 and day 76 (PERMA
NOVA, day40: day76, F1,3 = 1.72, p = 0.06) (Fig. 3a). Similarity in 
assemblage composition between sampling day 40 and 76 were most 
strongly characterised by two isopods, Munna antarctica and Cymodo
cella tubicauda and the amphipods identified to the taxonomic resolution 
of order. 69% of assemblage dissimilarity was explained when sub- 
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grouping mollusc species (n = 16 species). Similarly, the analysis of 
variance in the mollusc assemblage showed an overall significant effect 
of time (PERMANOVA, F3,15 = 4.26, p < 0.001). Post hoc comparisons 
showed significant differences (p < 0.05) between all time point com
parisons other than day 17 and day 40 (PERMANOVA, day17:day40, 
F1,3 = 2.33, p = 0.07) and day 17 and day 76 (PERMANOVA, day17: 
day76, F1,3 = 3.33, p = 0.06) (Fig. 3b). The mollusc species Eatoniella 
strebeli and Eatoniella caliginosa were the strongest drivers of assemblage 
dissimilarity between day 40 and day 76 whilst the molluscs Eatoniella 
kerguelensis and Philobrya wandelensis influenced assemblage dissimi
larity at sampling day 183. When grouping the arthropod phylum, 76% 
of assemblage dissimilarity was explained (n = 11 species) and amphi
pods were only identified to the taxonomic resolution of order, limiting 
direct comparisons with Experiment 2 due to preservation-limitations in 
Experiment 1. Nevertheless, the permutational multivariate analysis of 
variance showed an overall significant effect of time (Time, F3,15 = 5.5, 
p < 0.001). Post hoc comparisons showed significant differences be
tween time point comparisons except for day 17 and day 183 (day17: 
day183, F1,3 = 3.0, p = 0.06) and between day 40 and day 76 (day40: 
day76, F1,3 = 1.45, p = 0.27). The latter is evident from Fig. 3c where 
mean centroids overlap.

For Experiment 2, 42% of assemblage dissimilarity was explained 
when grouping phyla and using the PCoA1 and PCoA2 axes. Time has a 
significant on assemblage composition (PERMANOVA, F3,19 = 3.40, 
p < 0.001). The post hoc test showed significant differences in overall 
assemblage composition between all sampling intervals (Fig. 3d). The 
permutational multivariate analysis of variance in the mollusc assem
blage composition explained 62% of assemblage dissimilarity and 

demonstrated an overall significant effect of time on assemblage 
composition (PERMANOVA, F3,19 = 3.86, p < 0.001). Post hoc com
parisons showed significant differences between sampling intervals 
except for between day 61 and day 207 (T2:T3, F1,3 = 1.44, p = 0.19) 
(Fig. 3e). When grouping arthropod species, 46% of assemblage 
dissimilarity was explained. Arthropod assemblage composition was 
consistently influenced by time (Time, F3,19 = 3.37, p < 0.001) and post 
hoc comparisons showed significant differences (p < 0.05) between 
assemblage composition at each of the four experimental time periods 
(Fig. 3f).

For Experiment 2, the permutation multivariate analysis of macro
invertebrate assemblage variation, using specific macroalgae (n = 4) 
and mixed cages of macroalgae (n = 1), explained 42% of assemblage 
dissimilarity. This study detected no apparent effect of macroalgae 
macroalgal composition on macroinvertebrate assemblage composition 
(Macroalgal composition, F4,19 = 0.76, p = 0.87) (supporting informa
tion, Fig. S5). From Experiment 1, permutation multivariate analysis of 
variation comparing control cages and macroalgal treatment cages, 
when data were analysed according to density and presence/absence 
group, showed that control cages did not cluster as a separate statisti
cally significant group (Supporting information, Fig. S6a and S6b). Post- 
hoc comparisons of treatment within each time point were not possible 
due to lack of replication.

3.2. Temporal consumption of macroalgal detritus from 
macroinvertebrates

Macroinvertebrate species assimilated enriched isotopes into their 

Fig. 3. Variation in macroinvertebrate assemblage composition (species abundances) over time across Experiment 1 shown through Principal Coordinate Analysis 
(PCoA) ordination for all phyla (a, c), the Mollusca phylum only (b, e) the Arthropoda phylum only (c, f). Abundances were normalised to initial macroalgae biomass 
present within each cage. Data were fourth root transformed. Coloured crosses represent the mean for each time point. Vectors (arrows) and depict the 10 most 
influential species in driving assemblage dissimilarity between time points, the length of the arrows reflect the relative importance of this strength.
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tissues with detections of enriched macroalgal detritus in >50% of 
samples at each sampling interval using 13C and 15N labelling. Stable 
isotope mixing models were successful in resolving temporal differences 
in arthropods (Fig. 4a) whilst there was limited success in resolving 
temporal differences in molluscs, echinoderms and annelids (Fig. 4b, c & 
d). Stable isotope values were pooled together for the Arthropoda, 
including orders such as amphipods and isopods, which represented the 
most abundant orders from experimental cage assemblages. For Exper
iment 1, the results of the mixing model showed the most important 
detrital source to arthropod macroinvertebrate diet was P. decipiens. 
When considering the maximal mean contribution of source to 
arthropod diet, the mixing model estimated P. decipiens's source 
contribution as 39% (95% credibility intervals 17- 63%). A temporal 
element was detected with increasing contributions of P. decipiens to 
arthropod diet between sampling intervals: 31% at day 17 (13- 55%), 
35% (15-60%) at day 40, 39% (17- 63%) at day 76 before reducing to 
32% (14-57%) at day 183. Experiment 2 introduced a different macro
algal source into the experiment and the mixing model revealed high 

proportions of Iridaea sp. in consumer diet with maximal median 
contribution of 0.56% (24-81%). Temporal changes were less pro
nounced across time with proportional contributions of 59% (29-83%) 
at day 30, 54% (21-80%) at day 61, 56% at day 207 (24-81%) and 33% 
(8-66%) at day 205.

3.3. Local sediment accumulation of macroalgae detritus

Temporal differences in δ15N sediment values (collected under 
experimental cages) were detected across both experiments, with time- 
specific difference in Experiment 1 (ANOVA, F3,43 = 22.40, p =<0.001), 
driven by initially high values at 40 days followed by a subsequent 
decline in enrichment for the following time points (t3,42 = − 8.0, 
p < 0.001). In contrast, time specific differences in Experiment 2 
(ANOVA, F3,44 = 18.18, p =<0.001) (Fig. 5a) were dominated by higher 
enriched δ15N values towards the end of the experiment at 207 days 
(t3,44 = 5.20, p < 0.001) (Fig. 5a). Overall, there were higher levels of 
15N isotopic enrichment of macroalgae in Experiment 2 (maximum 

Fig. 4. SIMMR mixing model contributions for a) Arthropoda b) Mollusca c) Echinodermata d) Annelida using five source contributions (n = 4 macroalgae, n = 1 
sediment). Output from SIMMR. Boxes show interquartile ranges, horizontal lines indicate the median and black points represent data outside of the interquartile 
range. Model made with non-informative priors set to 0.2 for each source with a standard deviation of 0.1 for each prior. The number of isotope samples are listed by 
each phyla per experiment.
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Fig. 5. a) δ15N values and b) δ13C values in sediment collected from enriched cages (n = 63) and control cages and experimental site cages shown as a reference. c) 
SIMMR mixing model contributions for enriched macroalgae to sediment under experiment cages. Boxes show interquartile ranges, horizontal lines indicate the 
median and black points represent data outside of the interquartile range. Uniform default priors were used in the model. Output from SIMMR. Sediment samples 
were not collected on day 255 from Experiment 2.
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δ15N value = 1731‰) compared to Experiment 1 (maximum δ15N 
value = 75‰) due to species-specific differences in uptake of the 
enriched isotopes.

Due to differences in the physiological uptake of isotope signatures 
(macroalgae have reduced affinity for 13C compared to 15N), δ13C 
sediment values (collected under experimental cages) remained similar 
within the sub-surface sediment throughout in Experiment 2 (ANOVA, 
F3,44 = 2.37, p = 0.08) but not in Experiment 1 (ANOVA, F3,43 = 5.11, 
p < 0.01), driven by higher values at day 76 (t3,43 = 2.75, p < 0.01) 
(Fig. 5b). Following 15N enrichment, δ13C values were also consistently 
higher for Experiment 2 compared to experiment 1 (ANOVA, 
F1,93 = 22.06, p < 0.001).

Sediment samples collected either under control cages (no enriched 
macroalgae) for Experiment 2, showed similar signs of enrichment 
(maximum value δ15N = 173‰) compared to the macroalgae containing 
cages (Fig. 5a and b). This finding demonstrates the local transport of 
enriched macroalgal detritus into adjacent sediment. Sediment samples 
collected around the experimental site (located 10 m from the experi
ment) showed limited signs of enrichment from experimental macro
algae (maximum value δ15N = 22‰), providing confidence that the 
100 m distance separating Experiment 1 and Experiment 2 avoided 
isotopic contamination.

The Bayesian stable isotope mixing model successfully revealed that 
labelled macroalgae contributed to the organic content of sediments 
collected below experimental cages, although limited changes were 
detected across time. Palmaria decipiens's maximum contribution to 
sediment macroalgal detection was 69% at day 40 (17- 95%) for 
Experiment 1 and the addition of Iridaea sp. in Experiment 2 shifted the 
balance of the dominant macroalgae to 81% at day 61 (49- 96%). When 
both P. decipiens's and Iridaea sp. were included in the model, Iridaea sp. 
contributed most to local sediments compared to other macroalgae 
species (Fig. 5c).

4. Discussion

Polar coastal regions are a hotspot of physical change where mac
roalgae, and its fate, may become increasingly important (Mystikou 
et al., 2014; Filbee-Dexter et al., 2024). In this study, we provided in 
situ insight into the fate of Antarctic macroalgal detrital decomposition 
from an ecological and blue carbon perspective in an Antarctic coastal 
soft sediment habitat at 17 m depth. In situ experimentation demon
strated an effect of time upon: macroalgae decomposition, detritivore 
assemblage composition, increased reliance upon macroalgal detritus in 
arthropod diet, and in one experiment, sub-surface sediment accumu
lation. Results from this study are timely because climate change is 
driving glacial retreat, reduced sea ice in time and space and increasing 
ice scouring in Antarctica (Barnes et al., 2025). Changes in Antarctic 
benthic ecosystems include predicted increases in macroalgal biomass, 
and its resultant detritus, in response to the increased light availability 
(both in area and duration) and new ice-free habitat (Barnes et al., 2020; 
Deregibus et al., 2023).

In accordance with previous macroalgal detrital studies from polar 
(Brouwer, 1996) and temperate regions (de Bettignies et al., 2020a; 
Wright et al., 2022), macroalgal biomass in this study generally 
decreased over time, with the exception of Trematocarpus antarcticus 
which consistently increased over time in Experiment 1 (Supporting 
information, Fig. S1a). Macroalgal decomposition of Desmarestia men
ziesii was faster in this experiment, than reported from an Antarctic 
congeneric Desmarestia anceps (Brouwer, 1996). Subtidal decomposition 
rates of macroalgae (decomposition constant k = 0.01 - 0.04) in this 
study were slower than in temperate and tropical regions (k = 0.01 - 0.5) 
(White and Norkko, 2025a) (Supporting information, Fig. S1b). Growth 
of macroalgae post detachment from the substratum is not uncommon 
and has been documented in the Antarctic macroalga, Desmarestia 
menziesii, at 5 m depth and for D, anceps at 17 m (Amsler et al., 2012; 
Fairhead et al., 2006). However, macroalgal detritus also occurs at 

depths far beyond 5 m (Supporting information, Fig. 2). At the depth of 
this study, 17 m, irradiances decreased to ~5% of irradiance at the 
surface (Supporting information, Table S3). A standard view of irradi
ance decay with depth does not capture seasonal variability. It also does 
not allow for shading from other macroalgal fragments in detrital ac
cumulations (Garrido et al., 2023) that further attenuates light and thus 
accelerates macroalgal decomposition. Although the assemblage 
composition of macroalgal-associated microbes were not explicitly 
measured in this study, it is possible that they were partly responsible for 
macroalgal decomposition observed in the current work. The observed 
decomposition rates of Antarctic macroalgae suggest a substantial pro
portion of material is available for i) consumption by associated mac
roinvertebrate assemblages ii) possible burial into sediments and iii) 
decomposition into POM and DOM in the water column or sediment, 
similar to processes to those reported in some temperate ecosystems (de 
Bettignies et al., 2020a; Wright et al., 2022; Krumhansl et al., 2025).

4.1. Macroinvertebrate abundance

In accordance with our hypothesis, the experimental macroalgal 
detrital resource was generally of decreasing importance for amphipod 
species over time as it decomposed. We obtained maximum comparable 
amphipod densities (23 amphipods g− 1) with other polar studies which 
documented up to 20 amphipods g− 1 of algal fresh wet mass (Takeuchi 
and Watanabe, 2002; Huang et al., 2007). A temporal reduction in 
amphipod abundance across both experiments supports the role some 
amphipods have as pioneering species in using largely pre-decomposed 
macroalgae, however, these results are based only on correlative as
sumptions. In both experiments, there was a disproportionate influence 
from the dominant mollusc, the gastropod, Skenella paludinoides, in most 
cage replicates (Supporting information, Fig. S4). This finding accords 
with an East Antarctic study which identified S. paludinoides as the 
dominant gastropod associated with the macroalga, Desmarestia chor
dalis (Takeuchi and Watanabe, 2002), suggesting an affinity of this 
species with both attached, and decomposing detrital material.

4.2. Multivariate analysis of macroinvertebrate assemblage composition

Macroalgal detritus offers subsidies and structural complexity to 
adjacent habitats which may be nutrient poor (Lastra et al., 2014). In 
accordance with our hypothesis, our results showed that differences in 
macroinvertebrate assemblage composition over time, correlated with 
changes in macroalgal biomass. Many species in the current study were 
found to be similar to previously documented macroalgal assemblages 
(Aumack et al., 2011; Schram et al., 2016). This study also found that 
macroalgal species-specific detritus exerted no effect on macro
invertebrate assemblage composition. This suggests that the general 
ecological role of macroalgal detritus in driving assemblage composition 
dissimilarity is likely temporal (Supporting information, Fig. S5). The 
two experiments were not conducted over directly comparable sampling 
intervals (Experiment 1: 17, 40, 76, 183 days; Experiment 2: 30, 60, 207, 
255 days), but they were deployed in mid austral summer (January and 
February) in consecutive years and so the influence of inter-annual 
variability between experiments may have been an important driver. 
A phytoplankton bloom of greater magnitude and duration occurred 
before sampling was conducted in Experiment 2, with 80 days above 
2.5 mg m3 Chla between December 2021 and March 2022 compared 
with 37 days above 2.5 mg m3 Chla between December 2020 and March 
2021 (Supporting information, Fig. S7).

The effect of control cages, which did not contain any macroalgae, 
potentially confounds the assumed driver of macroalgal decomposition. 
Multivariate analyses using macroinvertebrate abundance from control 
and treatment cages, normalised to either cage area or presence and 
absence of macroinvertebrate species, showed clustering of control 
cages with experimental cages across some sampling intervals (Sup
porting information, Fig. S6). This indicates that in addition to 
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macroalgal detrital material, artificial substrate can provide habitat 
heterogeneity associated with macrofauna biodiversity. To disentangle 
the inevitable cage effect associated with litter bag studies, we adopted a 
dual experimental approach by combining the numerical abundances of 
macroinvertebrates with their stable isotope signature, to permit the 
evaluation of macroalgal dietary benefit to consumers.

4.3. Macroalgal decomposition

Macroalgal C:N ratios have been documented to decrease during 
decomposition (Reichardt and Dieckmann, 1985; Norderhaug et al., 
2006), indicating a progressively higher proportion of nitrogen 
compared to carbon. This phenomenon can serve as a proxy for micro
bial decomposition, where microbes degrade detrital biopolymers and 
increase the nutritive value of detrital carbon for macro-heterotrophic 
consumers (Reichardt and Dieckmann, 1985; Brouwer, 1996; 
Norderhaug et al., 2006), in conjunction with an increase in tissue ni
trogen from nitrogen based decay-resistant compounds (Brouwer, 1996; 
de Bettignies et al., 2020b). We found species-specific C:N ratios and 
temporal trends for Antarctic macroalgae. T. antarcticus exhibited the 
lowest C:N ratios of the macroalgal species studied which is consistent 
with C:N ratios from other polar studies (Amsler et al., 2005). The 
relative C:N ratios did not change over time in Iridaea sp. and 
T. antarcticus and therefore this response cannot be linked to changes in 
macroinvertebrate chemical-defences and thus assumed consumer 
palatability influencing decomposition, over time. These results are 
contrary to some studies which did not detect changes in C:N ratios 
during the course of macroalgal decomposition (Reichardt and 
Dieckmann, 1985; Norderhaug et al., 2006) whilst other studies did 
detected changes in C:N ratios in macroalgae (Brouwer, 1996; de 
Bettignies et al., 2020a). A temporal increase in C:N ratios were 
observed in the highly chemically defended species D. menziesii, whilst 
variation in the C:N relationship for P. decipiens presented a consistent 
trend across time (Supporting information, Fig. S1c). Although trends 
were similar across both experiments, differences were most pro
nounced in Experiment 2 which suggests the influence of interannual 
unmeasured environmental variables between both experiments. The 
temporal changes for P. decipiens are likely to have exerted ecological 
implications for macroinvertebrate consumption. Lower C:N ratios may, 
alternately, reflect carbon assimilation by macroinvertebrates over time, 
which is further reflected in the sharp temporal decrease in biomass for 
P. decipiens (Supporting information, Fig. S1a).

4.4. Tracing of dual-labelled stable macroalgal 13C and 15N isotopes in 
macroinvertebrates

The use of labelled 13C and 15N isotopes permitted a mechanistic 
ecological insight into the temporal consumption of macroalgal detritus 
over time and was used in models to assess the contribution of different 
sources to consumer diet. Antarctic macroalgae had a greater affinity for 
15N compared to 13C and enrichment was more pronounced in δ15N 
values. Bayesian stable isotope mixing models (SIMMR), using δ13C and 
δ15N isotope ratios from enriched macroalgae and associated macro
invertebrates, did not support the hypothesis of increased detrital 
assimilation over time, when considering the macroinvertebrate phyla 
which were sampled. The current experiment showed that time- 
dependent effects were resolved from SIMMR models in arthropod 
species, but the increased consumption of macroalgae was not detected 
in nearshore Antarctic representatives of the Mollusca, Echinodermata 
and Annelida. Notably, the introduction of a chemically defended 
macroalgal source, Iridaea sp., provided a stronger contribution to 
arthropod diet in Experiment 2 (Fig. 4). Furthermore, macroinvertebrate 
consumption from experimental macroalgal detritus was not the only 
source fuelling the food web, because although a higher proportion of 
arthropod diet was fuelled by experimental macroalgal detritus, Echi
nodermata, Mollusca and Annelida did not use macroalgal detritus as a 

food source in the current study. Our arthropod consumption result 
aligns with a polar ex situ study, documenting increased consumption 
during macroalgal detrital decomposition in amphipods (Reichardt and 
Dieckmann, 1985; Amsler et al., 2012). However, even within arthro
pods functional roles vary widely where feeding strategies such as 
shredding, grazing, suspension feeding and deposit-feeding will likely 
impact the fate of macroalgal detritus, but the resolution of 
species-specific temporal sampling in this study currently limits these 
conclusions to phyla (Schaal et al., 2016). Aligning these results with the 
temporal shifts documented in macroinvertebrate assemblage compo
sition from PCoA analyses, demonstrates that factors other than diet, can 
cause shifts in the assemblage composition within the Mollusca phyla 
(Fig. 3b–e). In contrast, the observed temporal changes in arthropod diet 
may have been largely responsible for our assemblage composition 
result which aggregated all phyla (Fig. 3a–c).

4.5. Tracing of dual-labelled stable macroalgal 13C and 15N isotopes in 
coastal sediments

The Bayesian stable isotope mixing model revealed that labelled 
macroalgae contributed to the organic content of sediments collected 
below experimental cages. Palmaria decipiens and Iridaea sp. contributed 
most to local sediments compared to other macroalgae (Fig. 5). We 
observed the predicted increase of macroalgal detrital accumulation in 
local sediments in Experiment 2, but our hypothesis was not supported 
in Experiment 1. This study has demonstrated that macroalgal detritus 
may not only accumulate in coastal sediments, further supporting 
research showing that detritus has the potential to both be locally 
consumed, passed into the food webs and exported offshore (Reichardt, 
1987; Fischer and Wiencke, 1992; Dunton, 2001). Limited changes were 
detected across time from the SIMMR model. However, raw δ15N values 
demonstrated a temporal difference in enrichment. Experiment 1 
experienced a decrease in local sediment enrichment over time whilst 
Experiment 2 revealed a progressive increase. Opposing trends are 
perplexing when biomass decline was observed and occurred with time 
in both experiments (Supporting information, Fig. S1). Given the rela
tively high abundances of amphipods detected in Experiment 1 
compared to Experiment 2, amphipods may have consumed dispropor
tionately more macroalgae in Experiment 1, reducing the availability of 
macroalgae into sub-surface sediments and resulting in a lack of accu
mulation of macroalgae into sediments (Fig. 5). Alternatively, biological 
mechanisms have been identified as key drivers contributing towards 
the percolation of macroalgae across the water-sediment interface via 
bioirrigation and bioturbation processes (Queirós et al., 2019). Infauna 
can rework the sediment, drawing macroalgal particles and solutes 
across the sediment-water interface, which may have influenced the 
disparity in results between Experiment 1 and 2. However, these factors 
were beyond the scope of this study and highlights the difficulties in 
identifying underlying factors when unmeasured variables are operating 
across many scales. Finally, δ15 N and δ13C values were consistently 
higher for Experiment 2 which may have been an artefact of enriched 
isotope labelling (see Supporting information S1).

4.6. The role of arthropods in the fate of macroalgal blue carbon and 
future recommendations

Arthropod macroinvertebrate isotope values revealed an initial in
crease of assimilated P. decipiens in Experiment 1, with similar trends but 
a greater lag in Experiment 2. In situ stable isotope sampling highlighted 
arthropod consumption in-part driving macroalgal detrital decomposi
tion, and their role as consumers in re-suspending carbon from macro
algal detritus is more important than other consumers, see also (Amsler 
et al., 2005). This may subsequently impact the proportion of macro
algal carbon entering blue carbon sinks. Of the Arthropoda sampled, 
Amphipoda were the most abundant (Supporting information, Fig. S4) 
and their numerical decline across time likely reflects a decline in 
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macroalgal-derived nutrition (Fig. 5).
Future approaches could improve the experimental design used in 

the current study. First, the proximity of control cages to experimental 
cages, containing macroalgal detritus, may have confounded an 
assessment of the ‘cage effect’ where mobile macroinvertebrates were 
increasingly attracted towards experimental cages containing macro
algae, and thus we sampled an ‘overspill’ effect. The alternative expla
nation of substrate providing enhanced habitat heterogeneity, whether 
biological or artificial, cannot be separated from this experimental 
design. Deploying control cages in litter bag experiments is important 
but is not always standard practice for in situ macroalgal decomposition 
experiments (de Bettignies et al., 2020a, White and Norkko, 2025b), 
although the current study is limited by control cage replication across 
time points (n = 1) and an increase in number of control cages would be 
beneficial. A tentative conclusion of macroalgal detritus supporting 
elevated biodiversity could be concluded from elevated species richness 
in macroalgal treatment cages compared to control cages (Supporting 
information, Fig. S6d). Based on the results of this study, future studies 
could increase control cage replication at each time interval to gain 
more power to properly interrogate such a conclusion. Furthermore, in 
situ experimentation prevents the disentanglement of any seasonal or 
inter-annual effects upon associated macroinvertebrate biodiversity 
where, in this study two phytoplankton blooms of vastly different 
magnitudes occurred across the experimental periods (Supporting in
formation, Fig. S7). There would, therefore be a benefit from continuing 
to conduct future experiments over consecutive, or preferably several 
years. Amphipods were not identified to species level in Experiment 1, 
limiting comparisons between both experiments (Fig. 5c) and if possible, 
species should be identified immediately to prevent potential identifi
cation difficulties due to preservation. The use of enriched isotopes 
permitted the current study to trace the flow of macroalgal detritus, of 
known detrital age, through trophic levels and into sediment. However, 
this approach limited the study to using only enriched sources of mac
roalgae and sediment. An alternative approach could expand the diet of 
phyla to assess the relative contribution of enriched macroalgae 
compared to phytoplankton, zooplankton, Ice algae and other potential 
primary sources with a high affinity towards macroinvertebrates (Sup
porting information, Fig. S3). Despite converting δ13C and δ15C values 
into units of fractional abundance, enrichment effects may have 
impacted the performance of the SIMMR models and future studies 
could run enriched and natural abundance in situ experiments in 
parallel.

To conclude, although global estimates of carbon export from mac
roalgal habitats have recently included Antarctica (Filbee-Dexter et al., 
2024), targeted mechanistic studies investigating the fate of polar 
macroalgal detritus are sparse, limiting an informed marine conserva
tion and management framework (Macreadie et al., 2021). This study 
specifically measured the ecological role of macroalgal detritus in sup
porting macroinvertebrate nutrition, and using stable isotopes provided 
a quantitative assessment of macroinvertebrate consumption and local 
sediment burial potential. Enriched stable isotope techniques were 
successfully used for the first time in a polar environment. This study has 
demonstrated that enriched macroalgae can accumulate in local sedi
ments. However, there is not a direct link between macroalgae and 
sediment accumulation which highlights the potential for macroalgal 
export beyond the photic zone. Although this study has demonstrated 
some mechanisms associated with the fate and carbon sequestration 
potential of macroalgal detritus, further research should continue to 
more accurately estimate the proportion of macroalgal detritus removed 
and re-suspended via macroinvertebrate consumption, natural macro
algal senescence (including bacterial decomposition) and local sediment 
accumulation. Specific research targeting these questions will continue 
to improve calculations concerning macroalgal detrital contributions 
towards polar blue carbon stocks.

5. Permits

Samples were collected in Antarctica under BAS-S7-2021/01, BAS- 
S7-2022/01 permits and sent back to the British Antarctic Survey, UK, in 
accordance with the Plant Health Organisation (PHO) permit.
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