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1. INTRODUCTION

Detrital subsidies play a key role determining
trophic structures by increasing levels of diversity
and supporting greater secondary biomass (Polis et
al. 1997, Moore et al. 2004, Gilson et al. 2021). Both
theoretical and experimental studies have demon-
strated how detrital subsidies affect energy and

nutrient transfer, consumer dynamics and food web 
stability (Bustamante et al. 1995, Dugan et al. 2003, 
Loreau et al. 2003, Colombini et al. 2009, Marleau et 
al. 2010, Barnes et al. 2018). Despite this importance, 
many detrital pathways remain unresolved and re -
cent studies are only just beginning to understand 
the transformation (Elliott Smith et al. 2018, Filbee-
Dexter et al. 2020), transport (Wernberg & Filbee-
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Dexter 2018) and export of detritus (Filbee-Dexter et
al. 2019, 2020, Pedersen et al. 2020) and the potential
impacts of environmental change on coastal carbon
cycling. Much pro gress has been made in freshwater
systems, however, in which consumer−resource inter-
actions can dominate food web dynamics and are
often more influential than interactions within trophic
levels (Dangles & Malmqvist 2004, Woodward 2009,
Little & Altermatt 2018). In highly connected sys-
tems, such as coastal marine habitats, potential im -
pacts on donor communities can also have significant
consequences for recipient communities, placing fur-
ther emphasis on the importance of empirical studies
to resolve detrital pathways (Hori 2008, Filbee-
Dexter & Scheibling 2012, Krum hansl & Scheibling
2012a).

Kelp-dominated habitats are widely distributed
across low intertidal and shallow subtidal reefs along
temperate, Arctic and sub-polar coastlines and have
strong linkages to adjacent ecosystems (Krumhansl &
Scheibling 2012). Kelps (Order Laminariales) typi-
cally exhibit high primary productivity, which in turn
supports elevated levels of secondary production and
underpins the provision of ecosystem goods and
services worth billions of dollars per year (Bennett et
al. 2016, Blamey & Bolton 2018). As ecosystem engi-
neers, kelps provide a structurally complex, biogenic
habitat that creates biodiversity hotspots supporting
many commercially important species (Smale et al.
2013, Teagle et al. 2017). It is estimated that 80% of
kelp enters the food web through detrital pathways
following partial or whole dislodgement (Krumhansl
& Scheibling 2012), reaching rocky shores (Busta-
mante et al. 1995), sandy beaches (Gómez et al.
2013), vegetated sediments (Wernberg et al. 2006,
Hyndes et al. 2012), intermediate shallow nearshore
and mesophotic depths (Vanderklift & Wernberg
2008, Britton-Simmons et al. 2012) and the deep sea
(Filbee-Dexter et al. 2018). Little is known regarding
the degradation process, including specific rates of
degradation despite the widespread occurrence of
these detrital kelp subsidies, particularly under dif-
fering abiotic conditions, and the mechanisms by
which nutrients are  recycled (Legge et al. 2020).
To date, macrophyte- derived production is not in -
cluded explicitly in most marine ecosystem models
and few field measurements have verified the contri-
bution of these processes to components of the car-
bon cycle (Queirós et al. 2019). Refining coastal car-
bon fluxes with direct observational studies is critical
to enabling estimates and predictions about how
these coastal systems will respond to environmental
change.

Degradation rates can be affected by local environ-
mental factors, such as temperature and solar radia-
tion, and other physical processes including wave
action and mechanical resuspension (Newell et al.
1985, Ståhlberg et al. 2006). The nutritional quality of
detritus has also been shown to play a role, with dif-
ferences in the nutritional (C:N ratio) and chemical
(secondary metabolites) content significantly affect-
ing detrital breakdown through changes to microbial
activity (Krumhansl & Scheibling 2012). However,
information describing how inter-specific variation
among dominant kelp species affects rates of degra-
dation and nutrient cycling is limited (Van Alstyne et
al. 1999, Norderhaug et al. 2003, 2006), and the
implications for rates of transport, burial and long-
term carbon sequestration capacity are unknown
(Krause-Jensen et al. 2018, Legge et al. 2020).

Invertebrate detritivores are thought to contribute
significantly to coastal carbon and nutrient cycles
through the breakdown and recycling of organic
matter (Raffaelli et al. 2003, Godbold et al. 2009,
Bruder et al. 2014). It has also been shown that
microbial degradation must first increase the nutri-
tional value and palatability of kelp-derived detritus
by reducing C:N ratios and levels of phenolic com-
pounds before it is available for fragmentation and
consumption by higher trophic levels (Norderhaug et
al. 2003, Krumhansl & Scheibling 2012). These detri-
tal pathways are largely unresolved, however, with
complex interactions between litter composition, de -
tritivore assemblage composition and environmen-
tal conditions yet to be disentangled (García-Palacios
et al. 2016). For example, applying biodiversity−
ecosystem functioning theory, we may expect to see
faster rates of detrital breakdown and nutrient
cycling linked to a greater diversity of species of
kelp-derived detritus, driven by complementarity
effects (Loreau 2001, Godbold et al. 2009, Tilman et
al. 2014). These diversity effects on leaf litter break-
down have been extensively shown in freshwater
systems where allochthonous detrital subsidies are a
significant trophic pathway (Woodward 2009, Komi-
noski et al. 2010, García-Palacios et al. 2016), while
comparatively little is known about the ecology of
detrital breakdown in marine systems.

To address this knowledge gap, we quantified
the biomass of kelp-derived detritus deposited on
intertidal shores (hereafter termed ‘wrack’) and
tested whether this differed between habitats (sandy
and pebble-dominated shores) and was consistent
through time (over 22 survey months). We also con-
ducted field experiments to test for differences in
degradation rates, C:N ratios and polyphenol content
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of 4 kelp species common in the NE Atlantic (Lami-
naria hyperborea, L. digitata, Saccharina latissima
and Saccorhiza polyschides). In addition, we tested
experimentally whether degradation rates of mix-
tures of co-occurring kelp species were faster than
rates of mono-specific kelp patches. Finally, we char-
acterised invertebrate detritivore assemblages asso-
ciated with each kelp species and tested whether
degradation was faster in the presence of these detri-
tivores (and whether this was linked to reduced C:N
ratios and polyphenol content in the degrading kelp).

2.  MATERIALS AND METHODS

2.1.  Field sites

Surveys of accumulated wrack were carried out
at 2 pebble-dominated (Glasshaugh Bay 55.264° N,
7.675° W; Ballywhoriskey 55.250° N, 7.745° W) and 2
sandy (Ballywhoriskey Pier 55.248° N, 7.741° W; White
Shore 55.253° N, 7.69° W) sites in County Donegal,
NW Ireland (Fig. 1). These sites are typical of pebble
and sandy shores of the NE Atlantic region, where
accumulation of wrack is a common feature, and
were selected randomly from a larger pool of poten-
tial sites based on substrata, aspect and accessibility.
Sites were paired based on proximity and aspect to
avoid any confounding effects of prevailing wind
direction, with 1 pebble and 1 sandy site facing north
and the remaining 2 facing northwest
(Fig. 1). All sites have a maximum
tidal range of approximately 3.5−4.5 m
(Cooper et al. 2004) and were 450−
600 m in length be tween 2 headlands
on either side of each beach. Pebble
sites were more exposed than sandy
sites, which was reflected in the com-
position of the substratum and the
topography of the shore. Sandy sites
were composed of fine sand (mean
grain size 0.125− 0.25 mm) and were
backed by sand dune systems owing
to the high frequency of westerly
gales (O’Connor et al. 2007). Pebble
sites were characterised by well-
rounded cobbles (~8−15 cm in diame-
ter) and large granite boulders at the
top of the shore backed by coastal
vegetation and grassland. No obvious
urbanisation, beach nourishment activ-
ities or wrack removal were observed
at any site.

2.2.  Quantification of kelp-derived detritus

To test for differences in wrack accumulation
between pebble and sandy sites, surveys were con-
ducted monthly between May 2016 and February
2018 at each site (Ballywhoriskey, Glassaugh Bay,
Ballywhoriskey Pier and White Shore). At all 4 sites,
4 × 20 m transects perpendicular to the shore were
placed at least 20 m apart, extending from the lowest
line of coastal vegetation or sand dune. Along each
transect, 10 plots located at 2 m intervals were estab-
lished. At each plot, 3 quadrats (0.5 m2) were thrown
randomly, and wrack volume was estimated (n = 30
quadrats per transect). Within each quadrat, total
percentage cover of wrack was estimated visually
and the depth was recorded by randomly inserting a
measuring stick 3 times into the wrack until the sub-
stratum was reached. Wrack volume was then esti-
mated by multiplying the area of wrack cover by the
mean depth. Volume estimates were converted to
biomass using a density factor of 0.532 kg l−1,
obtained by weighing wrack from all levels of the
shore in a 10 l bucket (n = 50). Care was taken to
include wrack at all stages of degradation to account
for any biomass change that may occur throughout
the degradation process. Although it was difficult
to identify which macroalgal species contributed to
beach-cast wrack, it was evident from the appear-
ance of stipes and fronds that Laminaria hyperborea
and L. digitata were the greatest contributors to
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wrack biomass, particularly above the mid-shore
level, although other kelp species were also present.
Fucoids were also moderately abundant, and red and
green macroalgae were present in small quantities.
Data pertaining to environmental variables that may
affect the process of wrack deposition (wave height,
wind speed and sea temperature) were also obtained
from the nearest wave buoy (Marine Institute M5 sta-
tion, Co. Donegal) or weather station (UK Met Office
Malin Head station, Co. Donegal). Monthly mean
wave height (m), wind speed (knots) and tempera-
ture (°C) were estimated for each month between
May 2016 and February 2018.

2.3.  Differences in degradation rates of 
kelp-derived detritus

Kelps occupy the low intertidal and subtidal rocky
reefs of Ireland where 5 dominant species co-exist
(Smale et al. 2013, Schoenrock et al. 2020). High-
energy subtidal habitats are dominated by the
canopy-forming L. hyperborea down to a depth of up
to ~30 m (Smale et al. 2013 and references therein),
while intertidal and shallow, subtidal, wave-exposed
reef areas are dominated by L. digitata. Saccharina
latissima may also be locally abundant and dominant
but is replaced by Alaria esculenta under more wave-
exposed conditions, and the pseudo-annual ‘kelp’
Saccorhiza polyschides (taxonomically speaking a
member of the Tilopteridales) is patchily distributed
throughout intertidal and subtidal habitats owing to
its opportunistic nature (Smale et al. 2013). These
kelp species differ in several functional traits (e.g. life
histories and growth periods) and physical proper-
ties that may significantly affect rates of detrital
breakdown and detritivore consumption, including
nutritional (C:N) and biochemical profile (poly phe -
nolics; e.g. Van Alstyne et al. 1999, Norderhaug et
al. 2003, Schiener et al. 2015, Stévant et al. 2017,
Epstein et al. 2019). During the wrack surveys de -
scribed above, these kelps were found to co-occur in
beach-cast wrack, with whole or fragmented individ-
uals observed.

To test for differences in the degradation rates of
common kelp species, an experiment was carried
out at 2 pebble shores (Fig. 1). The experiment ran
for 4 wk starting in September in 2017 and was
repeated in September 2018. The experimental de -
sign in cluded site (random, 2 levels) and experi-
mental treatments comprised of monocultures or
mixtures of 4 common kelp species (5 fixed lev-
els: L. hyperborea, L. digitata, S. latissima, S. poly-

schides and a mixture or ‘polyculture’ of all 4 kelp
species each present in similar biomass). Nylon
mesh bags with a known wet biomass of kelp-
derived detritus were deployed high on the shore
at both sites as determined by the position of the
wrack line at each site (n = 5 bags per treatment
per site). Each bag was allocated randomly to a
position along a pre-determined transect that ran
parallel to the shore, and bags were placed at
least 1 m apart from one another. All bags con-
tained a total of 600 g (fresh weight) of kelp,
which was based on their typical biomass in 0.5 m2

quadrats averaged over the 3 mo preceding each
experiment from wrack biomass surveys at pebble
sites (n = 180). Samples were taken from the basal
part of the blade tissue of each kelp species to
avoid confounding any differences in chemical or
nutritional content be tween different morphological
components (i.e. holdfast, stipe, frond) and to stan-
dardise sampling among species. To identify the
role of detritivores in kelp degradation rates, detri-
tivore access was manipulated and comprised 2
levels (2 fixed levels: access, exclusion). Bags were
constructed from 200 μm mesh to ensure exclusion
of all meso- and macro inver tebrate detritivores.
Access treatments were created by making 6 cuts
(each 5 cm long) randomly in each bag. To ensure
detritus was not lost through access holes, holes in
the outside bag were cut in different places re -
lative to holes in the 200 μm mesh. After a 4 wk
period, bags were recovered from the shore, placed
in plastic bags to ensure detritivore communities
remained intact and transported back to the lab
with cool blocks to prevent any further degrada-
tion. For each bag, wet biomass, carbon: nitrogen
(C:N) ratio and polyphenol content of the re -
maining kelp detritus, and detritivore assemblage
structure were quantified (n = 5). Polycultures
were not analysed for C:N ratios or polyphenol
content, as degraded material could no longer be
distinguished between species, and it was not pos-
sible to get reliable samples of an individual spe-
cies, or a sample containing all species, from each
bag.

To quantify the nutritional and chemical content of
each kelp species after degradation, a sub-sample of
macroalgal material was taken from each bag con-
taining a monoculture. Samples were freeze-dried to
constant mass and ground using a pestle and mortar
into a homogeneous powder. Sub-samples (200 mg)
were then placed in tin capsules and mounted in an
automatic carousel to be analysed for total C and N
content by means of a Thermo Scientific™ DELTA
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V™ Isotope Ratio Mass Spectrometer coupled to a
Thermo Flash 1112 Elemental Analyser (Epstein et
al. 2019) and C:N ratios were calculated. A further
200 mg sub-sample was then extracted in the dark in
2 ml of an acetonitrile/water/formic acid (59:49.8:0.2,
v v−1) solvent mix at room temperature under rotary
action for 1 h. Each individual sample underwent
the extraction process 3 times to ensure all possible
material was extracted. At the end of each extraction
phase, vials were centrifuged for 2 min at 1147 × g
and supernatant collected in a 10 ml volumetric flask,
with final volume adjustments using fresh solvent to
10 ml. Using gallic acid as a standard, a Folin Ciocal-
teau colourimetric method (Waterhouse 2001) was
then applied and absorbance was read at 700 nm
on a UV 160A spectrophotometer to determine total
phenolic content. Values were expressed as % poly -
phenol content of dried algal biomass. Although C:N
ratios and polyphenol content were quantified after
degradation, fresh samples were not analysed prior
to degradation and comparisons between fresh and
degraded kelp cannot be made. We were therefore
unable to test whether nutritional and chemical con-
tent are drivers of degradation rates or a response to
the degradation process. Rather, differences in nutri-
tional and chemical content between species were
explored as a possible mechanism relating to detrital
breakdown.

To test whether different kelp detritus treatments
(monocultures and mixture) supported different
detritivore assemblages, the remaining detrital mate-
rial in each bag at the end of the experiment was
sieved through a 500 μm mesh. All detritivores were
then collected and stored in a 90% ethanol solution.
Exclusion bags were also checked for detritivores to
ensure the exclusion treatment was effective, and
statistical analysis identified a mean of <1 ind. bag−1.
Taxonomic richness was estimated by identifying
organisms to family level and abundance estimated
by counting individual heads (Eleftheriou & Holme
1984).

2.4.  Data analysis

For the observational survey data, we tested for
the effects of habitat (fixed effect, 2 levels: sand,
pebble), sampling period (fixed effect, 22 levels:
June 2016–February 2018) and site (random and
nested in habitat, 4 levels: Ballywhoriskey, Glas-
saugh Bay, Ballywhoriskey Pier and White Shore)
on wrack biomass using linear mixed-effects models
(LMEs) fitted by maximum likelihood with the

package ‘lme4’ (Zuur et al. 2009). An autocorrela-
tion term was also added to the model to test for
dependence of multiple sampling points in the time
series, but no evidence of autocorrelation was
found. For the manipulation experiment, we tested
for the effects of experimental kelp treatment (fixed
effect, 5 levels), detritivore access (fixed effect, 2
levels), year (random effect, 2 levels) and site (ran-
dom effect, 2 levels) on biomass loss per day (as a
proxy for detrital breakdown), C:N ratio and poly -
phenol content of kelp-derived detritus. Here site
and year were treated as random factors in the
model because we did not make explicit predictions
based on different levels of either factor; thus, we
were only interested in incorporating spatial vari-
ance to test for generality of results. Although ran-
dom factors with fewer than 5 levels may produce
less accurate variance estimates, this method was
chosen to prevent biased coefficients (Harrison et
al. 2018). LMEs were also used to test for the effects
of kelp treatment (fixed effect, 5 levels), year (ran-
dom effect, 2 levels) and site (random effect, 2 lev-
els) on differences in total (meso- and macroinverte-
brate) detritivore taxonomic richness. Where model
assumptions were met, ANOVA was used to obtain
χ2 and p-values (package ‘car’; Fox & Weisberg
2011). Where p-values were significant, Tukey HSD
adjusted pairwise comparisons using least-square
means were used for post hoc comparisons (package
‘lsmeans’; Lenth 2018). Residuals were visually
inspected and QQ plots used to check assumptions
of normality and homogeneity of variance (Zuur et
al. 2009). Where residuals did not meet model
assumptions (i.e. C:N ratio), data were log-trans-
formed prior to analysis. All univariate analyses
were conducted using R version 3.3.4 (R Develop-
ment Core Team 2017).

Permutational multivariate ANOVA (PERMANOVA)
was used to test for the effect of kelp treatment (fixed
effect, 5 levels: L. hyperborea, L. digitata, S. latis-
sima, S. polyschides and a mixture or ‘polyculture’ of
all kelp species each present in similar biomass),
year (random effect, 2 levels: 2017, 2018) and site
(random, 2 levels) on detritivore assemblage struc-
ture. Bray-Curtis dissimilarity matrices were gener-
ated from fourth-root transformed abundance data,
and main terms and their interactions were tested
with 9999 permutations (Clarke et al. 2014). The re -
sults of all PERMANOVA tests were not significant
and therefore no further multivariate analysis was
undertaken. Analyses were conducted in PRIMER
(v7.0) software (Clarke & Gorley 2015) with the
PERMANOVA add-on.
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3.  RESULTS

3.1.  Quantification of kelp-derived detritus

The biomass of wrack accumulations varied
markedly among survey months, with several peaks
in biomass observed at both habitat types (Fig. 2).
There was a significant interaction between habitat

and sampling period on wrack biomass, indicating dif -
ferences in wrack biomass between habitats but only
during certain months (habitat × sampling period:
χ2

1,20 = 746.39; p < 0.001). At pebble sites, biomass (±SE)
peaked in September in both 2016 and 2017 (4.7 ± 0.7
and 6.7 ± 0.7 kg m−3, respectively) and was higher
than any peaks seen at sandy sites (Fig. 2). Wrack bio-
mass at sandy sites peaked later in the year in Novem-
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Fig. 2. (a) Monthly mean wave height (m), sea temperature (°C) and wind speed (knots) along the NW coastline of Co. Done-
gal, Ireland, and (b) monthly wrack biomass (±SE, kg m−2) on pebble (Ballywhoriskey and Glassaugh Bay) and sandy (Bally-

whoriskey Pier and White Shore) beaches (see Fig. 1); n = 30
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ber of 2016 and 2017 (3.4 ± 0.3 and 2.9 ± 0.3 kg m−3,
respectively), but wrack biomass also peaked in May
at both habitats (pebble: 3.2 ± 0.2 kg m−3; sand: 3.5 ±
0.2 kg m−3).

Average wind speed and wave height during the
experiment period followed a seasonal pattern in
which both were greatest during winter months
(December and January) and lowest during the sum-
mer (June and July), and the average monthly sea
temperature peaked during Autumn (August and
September; Fig. 2).

3.2.  Differences in degradation rates of 
kelp-derived detritus

Degradation rates of wrack differed among kelp
species (χ2

1,4 = 905.424; p < 0.001; Fig. 3a), but the
presence of detritivores had no effect. Post hoc
tests showed that Laminaria digitata degraded the
fastest, followed by polyculture, then Saccharina
latissima, and with both L. hyperborea and Sac-
corhiza polyschides degrading at the slowest rate
(Fig. 3a).

C:N ratios differed among kelp species (χ2
1,3 =

59.480; p < 0.001). Post hoc tests showed that L.
hyperborea had a significantly higher C:N ratio than
S. latissima and S. polyschides, both with similar but
greater C:N ratios than L. digitata (Fig. 3b). Polyphe-
nol content also differed among kelp species (χ2

1,3 =
22.745; p < 0.001), with S. polyschides having signif-
icantly lower polyphenol content than L. hyperborea
and L. digitata but similar to S. latissima (post hoc
tests, Fig. 3c). No significant effect of detritivore
access on C:N ratios or polyphenol content was iden-
tified (see Table A1 in the Appendix for summary
statistics).

3.3.  Detritivore assemblage structure

Overall, one sub-order and 16 detritivore families
were identified, re presenting both marine and ter-
restrial taxa (Table 1). Detritivore taxon richness did
not differ among kelp treatments (χ2

1,4 = 9.407; p =
0.06; Fig. 4a), and PERMANOVA did not identify any
differences in detritivore assemblage structure as -
sociated with different kelp species (pseudo-F1,4 =
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Fig. 3. Mean (±SE) (a) mass loss (g d−1), (b) carbon:nitrogen
(C:N) ratios and (c) polyphenol concentration (%) of experi-
mentally degraded seaweed in the presence (‘access’) and
absence (‘exclusion’) of detritivores on pebble shores (Bally-
whoriskey and Glassaugh Bay) in Co. Donegal, Ireland. n =
16−20. LH: Laminaria hyperborea; LD: Laminaria digitata;
SL: Saccharina latissima; SP: Saccorhiza polyschides; Poly:
polyculture of all kelp species. Differing lowercase letters
between groups indicate that they are statistically distin-

guishable based on post hoc tests (Tukey HSD, p < 0.05)
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1.1246; p = 0.40). Total detritivore abundance did not
differ between kelp species (Fig. 4b), but detritivore
assemblages were dominated by Brachycera larvae
and talitrid amphipods. The abundance of Brachyc-
era larvae differed among kelp species (χ2

1,4 = 13.54;
p < 0.001), with greater abundance in L. digitata
treatments compared to S. polyschides, but no differ-
ence among the remaining species (Fig. 4c). The
abundance of talitrid amphipods did not differ
among kelp treatments owing to high variability, but
abundances in L. digitata treatments were generally
lower compared to all other kelp species (Fig. 4d).

4.  DISCUSSION

Characterising the degradation pathways of detri-
tal subsidies is essential to understand carbon and
nutrient cycling in coastal systems. We found that
rates of kelp detritus (wrack) accumulation differed
throughout the year and between habitat types. Kelp
degradation rates differed among species and gener-
ally reflected differences in C:N ratios. Some differ-
ences in polyphenol content were identified, but
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Family LH LD SL SP Poly

Anisolabidae + − + + +
Brachycera larvae + + + + +
Brachycera pupae + + + + +
Caprellidae − − + − −
Carabidae − − − + −
Carabidae larvae − − + − −
Coelopidae + + + + +
Enchytraeidae + + + + +
Hydrophilidae + + + + +
Hypogastruridae + − + + +
Idoteidae − − − − +
Ligiidae + + + + +
Lycosidae − − − + +
Muscidae + + + + +
Pisauridae − − − + −
Ptiliidae + + + + +
Staphylinidae + + + + +
Talitridae + + + + +
Tipulidae − − − + −

Table 1. Detritivore families found in bags of degraded kelp-
derived detritus at 2 pebble shores (Ballywhoriskey and
Glassaugh Bay) in Co. Donegal, Ireland. LH: Laminaria hy-
perborea; LD: Laminaria digitata; SL: Saccharina latissima;
SP: Saccorhiza polyschides; Poly: polyculture of all kelp spe-
cies. (+) indicates species presence, (−) indicates species

absence

Fig. 4. Mean (±SE) (a) taxonomic richness and abundances of (b) detritivores, (c) Talitridae and (d) Brachycera larvae recorded 
within bags of experimentally degraded seaweed. Other details as in Fig. 3
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these did not appear to reflect species degradation
rates or C:N ratios. Most interestingly, detritivore
community composition did not differ between kelp
species, and we found no evidence that the presence
of detritivores affected rates of kelp degradation or
nutritional or chemical content.

We did not identify any differences in wrack bio-
mass between habitats, but biomass was generally
lower at our sandy sites, with slightly later but longer
winter peaks of wrack accumulation, than on the
pebble shores. Although speculative, this may indi-
cate longer residency times of beach-cast wrack on
sandy shores that may increase the potential for bur-
ial of kelp-derived detritus and add to the capacity
of sandy shores for carbon sequestration (Krause-
Jensen & Duarte 2016, Krause-Jensen et al. 2018).
Experiments are now needed in which residency
times and rates of burial and degradation within soft-
sediment habitats of wrack are investigated.

We also identified peak wrack biomass in spring
where it was noted that most wrack consisted prima-
rily of old blades of Laminaria hyperborea, which
exhibits a discrete phase of detrital production dur-
ing the months of March−May when the old lamina is
shed (Kain 1979, Pessarrodona et al. 2018, 2019).
This detritus is then deposited on intertidal beaches
(Bustamante et al. 1995, Barreiro et al. 2011), is trans-
ported to off-shore habitats, or sinks to the benthos,
based on prevailing wind direction and local hydro-
graphic conditions (Filbee-Dexter & Scheibling 2016,
Filbee-Dexter et al. 2018). As monthly mean wave
height and wind speed were relatively low in
April/May 2017, it is likely that the notable peak in
wrack biomass originated from nearby L. hyper-
borea populations, following the annual pulse in
detritus generation. It was also noted that the peak in
wrack biomass identified in autumn/early winter
(i.e. September−December) comprised a more diverse
macroalgal composition and corroborates previous
studies in other regions that reported high rates of
detritus accumulation following periods of heavy
wave action (Orr et al. 2005, Filbee-Dexter & Scheib-
ling 2012, Gómez et al. 2013). The NE Atlantic typi-
cally experiences strong south-westerly gales during
autumn and winter (Woolf et al. 2002), which in -
creases the likelihood of full or partial dislodgement
of kelp thalli (Smale & Vance 2016, Pessarrodona et
al. 2018). Senescence of annual species such as Sac-
corhiza polyschides also occurs in late summer,
thereby increasing detrital supply during this period
(Fernández 2011). A combination of seasonal vari-
ability in physical factors and life-history traits of dif-
ferent kelp species are therefore the most likely driv-

ers of the temporal patterns of accumulation identi-
fied on these shores.

We found that different species of kelp degraded at
different rates and identified differences in C:N
ratios among species. Species that degraded the most
and lost the most biomass had the lowest C:N ratios,
following previous studies involving terrestrial and
aquatic detritus (García-Palacios et al. 2016), includ-
ing kelps (L. hyperborea, L. groenlandica, Agarum
fibriatum and Alaria marginata; Duggins & Eckman
1997, Norderhaug et al. 2003, 2006). As C:N ratios
were not measured prior to degradation in this study,
it is difficult to distinguish between whether differ-
ences in C:N ratios explain differences in degrada-
tion rates among species or whether the observed
differences were a response to differences in rates of
degradation. However, previously published data
regarding seasonal variation in the chemical compo-
sition of dominant kelp species in the UK show that,
for the same time of year (September/October), the
C:N ratio of fresh kelps follows the same ranking as
degraded kelp identified in the current study (L.
hyperborea > S. latissima > L. digitata; Schiener et al.
2015). It is likely, therefore, that nutritional content
may play a key role in driving rates of degradation.

The degradation process is characterised by an ini-
tial phase of rapid mass loss, caused by desiccation
and cell lysis associated leaching of soluble com-
pounds, with most mass lost in the first 3 d after dep-
osition (Garrido et al. 2008, Lastra et al. 2014, 2015,
Gladstone-Gallagher et al. 2016). Microbial colonisa-
tion then decreases the C:N ratio through the break-
down of refractory carbon and nitrogen fixation,
facilitating consumption by detritivores (Mews et al.
2006, Dethier et al. 2014). We identified little com -
parable difference when comparing mass loss be -
tween species as a function of wet biomass. Converted
to dry mass, however, there were clear patterns be -
tween species, highlighting the differences in water
content and labile carbohydrates between kelp
species and the importance of the initial desicca-
tion period in concentrating the organic matter in a
given volume of wrack (Gladstone-Gallagher et al.
2016).

In contrast to previous studies (e.g. Norderhaug et
al. 2003, 2006, Mews et al. 2006, Dethier et al. 2014),
our results suggest that degradation rates are not
driven by levels of polyphenolic concentrations in
these kelp species. Similar results have been identi-
fied for other kelp species (Saccharina subsimplex
and Agarum fimbriatum) and may be a result of
using large fragments or whole blades of kelp
instead of particulate organic matter that may be
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more vulnerable to leaching and microbial colonisa-
tion (Sosik & Simenstad 2013). The polyphenol con-
tent of laminarian kelps is also relatively low com-
pared with some other macroalgal species (e.g.
fucoids) and may not be sufficient to prevent micro-
bial colonisation in the first instance (Van Alstyne et
al. 1999). It is important to note, however, that the
chemical and nutritional content of macroalgae
varies seasonally following growth and reproduction
cycles and the relationships identified here will likely
differ between seasons (Dunton & Schell 1986, Sjø-
tun et al. 1996, Gevaert et al. 2001, Schiener et al.
2015). For example, if C:N ratios drive degradation
rates of kelps, we would expect slower rates of
degradation during spring when carbon assimilation
is high but faster rates in winter when nitrogen
uptake is greater (Gevaert et al. 2001). In addition,
the current study only measured total polyphenolic
content and did not differentiate between different
types of polyphenolic compounds that may differen-
tially affect decomposition, such as phlorotannins
(Van Alstyne et al. 1999).

In our model system, the presence of macroinver -
tebrate detritivores did not facilitate kelp degrada-
tion or alter the nutritional and chemical content of
the wrack, in direct contrast to other well-studied
systems (Barajas-Guzmán & Alvarez-Sánchez 2003,
Stockley et al. 2009) including other macroalgal spe-
cies (Jedrzejczak 2002, Dye 2006). It is possible that
preferential consumption of heavily degraded mate-
rial by macrofauna may inhibit degradation by
reducing microbial populations (Dye 2006). In a sys-
tem where wrack provides protection from predators
in addition to a food source, this strategy of slowing
the degradation process may be beneficial to these
detritivores by lengthening the availability of shelter.

Colonisation of macroalgal wrack involves early
and late stage colonisers that differ in their nutri-
tional and habitat requirements (Ruiz-Delgado et
al. 2015). Amphipods are generally accepted as the
primary colonisers that recruit to freshly deposited
wrack to forage in high densities, followed by dip -
teran flies and coleopteran beetles that do not con-
sume kelp directly but aid in degradation through
the spread of microorganisms via feeding and bur-
rowing activities (Colombini & Chelazzi 2003, Gómez
et al. 2013, Rodil et al. 2015). Colonisation by her-
bivorous and carnivorous beetles (Staphylinidae,
Hydro philidae and Ptilidae) closely follows colonisa-
tion by amphipods and dipteran larvae, which use
the abundant food source within the wrack (Jedrzej -
czak 2002, Colombini & Chelazzi 2003, Garrido et al.
2008, Colombini et al. 2009). This temporal succes-

sion of assemblage composition could explain the
lack of differences identified in invertebrate assem-
blages associated with different kelp species as the
communities sampled may have reached ‘climax’
after a 4 wk period. Previous studies have reported
variation in detritivore assemblage composition in
space and time, with clear patterns within the first
3 d of degradation during the initial leaching phase
that diminish after Day 7 (Garrido et al. 2008, Rodil et
al. 2015). It is possible that if sampled periodically
throughout the experimental duration, community
composition may have differed between kelp spe-
cies, and detritivores may have had a greater effect
on rates of degradation.

It is important to note, however, that there is poten-
tial for the lack of detritivore effects to be an experi-
mental artefact of the access treatment design. Natu-
rally, no barrier would exist between detritivores and
the colonisation of wrack. Although total densities in
access treatments exceeded more than 100 individu-
als per bag in all treatments, sometimes more than
200, the density of detritivores found in naturally
deposited wrack was not quantified. It is possible
that the experimental design inhibited detritivore
colonisation, and natural detritivore densities may be
much greater than densities accumulated within the
bags. Bag densities may therefore not have been
great enough to induce a significant detritivore
effect. It should be noted, however, that exclusion
treatments were very effective, and on average, <1
individual detritivore was found in each bag. Given
that, comparably, access treatments had high densi-
ties of detritivores, it is likely that we should have
seen an effect if the detritivores had played a key
role.

Detrital pathways in marine ecosystems remain
unresolved despite playing a critical role in ecosys-
tem functioning (Queirós et al. 2019, Legge et al.
2020), which has led to a recent surge in interest as
we attempt to incorporate new data into refined mar-
ine ecosystem models (Docmac et al. 2017, Elliott
Smith et al. 2018, Wernberg & Filbee-Dexter 2018,
Filbee-Dexter et al. 2020, Pedersen et al. 2020). Here
we show that resource deposition via wrack does not
differ between habitats but varies throughout the
year, most likely owing to differences in the func-
tional traits of nearby macroalgal source communi-
ties and prevailing weather conditions. We identified
an element of temporal predictability in wrack depo-
sition that can be incorporated into ecosystem mod-
els, particularly those aimed at modelling coastal car-
bon fluxes. Quantitative studies are now needed to
identify species-specific contributions to wrack bio-
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mass, and an effort must be made to link this produc-
tion to source populations and habitats. In contrast to
previous studies, we found no evidence of detriti-
vores determining rates of wrack degradation, which
highlights the importance of microbial communities
and the role they play in coastal carbon and nutrient
cycling. This may be particularly important when
measuring ecosystem processes at the community
level, as many studies do not incorporate the effects
of microbial diversity. Lastly, the differences in rates
of degradation among kelp species that differ in their
nutritional and chemical content show the impor-
tance of species-specific traits in determining rates of
nutrient and carbon cycling. Predicted large-scale
community reconfiguration in which warm-temper-
ate kelps, that differ in species-specific traits in com-
parison to cold-temperate kelps, are expected to
expand their range may have significant effects on
coastal ecosystem functioning (Pessarrodona et al.
2019). Given the high level of connectivity across
systems, predicted and observed impacts of climate
change and other anthropogenic stressors on these
source populations are likely to significantly alter
ecosystem functioning in recipient communities and
habitats.

Data availability. All data are available from the British
Oceanographic Data Centre.
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Species Mass loss (g d−1) C:N ratio Polyphenol concentration (%)
Access Exclusion Access Exclusion Access Exclusion

Laminaria hyperborea 2.04 (0.68) 1.81 (0.49) 37.18 (12.9) 42.84 (21.9) 0.020 (0.01) 0.024 (0.02)
Laminaria digitata 4.27 (0.63) 4.21 (0.62) 20.4 (7.4) 21.6 (7.4) 0.020 (0.2) 0.024 (0.1)
Saccharina latissima 2.54 (0.35) 2.57 (0.39) 26.15 (7.4) 32.94 (10.2) 0.016 (0.1) 0.020 (0.2)
Saccorhiza polyschides 2.13 (0.24) 2.09 (0.24) 26.34 (7.8) 25.13 (6.9) 0.018 (0.02) 0.015 (0.01)
Polyculture 3.01 (0.45) 2.75 (0.54) − − − −

Table A1. Mean (SD) mass loss (g d−1), C:N ratio and polyphenol concentration (%) for each level of kelp species after a 4 wk
degradation period at 2 pebble shores (Ballywhoriskey and Glassaugh Bay) in Co. Donegal, Ireland. (−) indicates variables 

that were not measured for the polyculture

Appendix. Additional information on the means and standard deviations for mass loss (g d−1), C:N ratios and polyphenol con-
centrations (%) for Laminaria hyperborea, L. digitata, Saccharina latissima, Saccorhiza polyschides and a polyculture of all 

kelp species
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