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Abstract
Invertebrate communities and ecological processes are well understood in high-energy sandy beaches, where beach-cast wrack
(macrophyte detritus) often accumulates and forms hotspots of nutrient cycling as well as enhancing diversity and driving food webs.
Grazing invertebrates play a key role in recycling wrack and facilitating the transfer of nutrients for spatial subsidies across this marineterrestrial ecotone. Cobble and boulder beaches can also form a prominent feature of wave-exposed coasts and accumulate wrack, yet we
know far less about the invertebrates in these beaches and their possible role for recycling wrack. Here, we determine the biomass of
detrital macrophytes on, and embedded in, the boulder matrix, as well as the density and biomass of macroinvertebrates in high-energy,
boulder beaches in south-eastern New Zealand. We use these data to compare densities and biomass of wrack and invertebrates with
published data for sandy beaches to examine the possible importance of these understudied coastal habitats in recycling wrack and
facilitating trophic subsidies. The biomass of beach-cast macroalgae exceeded 100 g DW 0.1m-2 on boulder beaches, where the kelps
Durvillaea spp. and Macrocystis pyrifera were the main forms of wrack on both types of beaches. This was comparable to many other
sandy beaches across the globe. However, the total biomass of invertebrates on boulder beaches in our study was higher than that
reported for sandy beaches in the region and across the globe, while densities were similar or higher than those found on sandy beaches.
Like sandy beaches across the globe, amphipods were abundant on boulder beaches, however, the relatively large gastropod Diloma
nigerrimum was particularly dominant in this habitat. With its known high grazing rates, combined with high densities and biomass, this
grazer is likely to play a disproportionately important role in the processing of beach-cast kelp and a key role in transferring nutrients back
into the ocean or to adjacent terrestrial food webs.

Introduction
Shoreline ecotones provide a transition zone between land and sea, where ecological functions support biodiversity and productivity in
both terrestrial and marine environments. Organic matter is often deposited in large quantities along shorelines (e.g. Griffiths et al. 1983;
Orr et al. 2005; Mateo, 2010), where it can enhance biodiversity and secondary production through the provision of nutrients and food
resources in this marine-terrestrial ecotone (Polis et al. 1997), as well as return bioavailable nutrients to adjacent marine waters
(Colombini et al. 2002). Our understanding of the ecological functions of beach ecotones is mainly based on sandy-beach systems (see
Schlacher et al. 2008). The deposition of macroalgal and/or seagrass detritus (known as “wrack”) in these systems can support a high
diversity and density of invertebrates comprising a mixture of marine and terrestrial species (e.g. Colombini et al. 2002; Jedrzejczak 2002;
Ince et al. 2007), particularly representing grazers such as amphipods and isopods (Griffiths et al. 1983; Pennings et al. 2000; Crawley and
Hyndes 2007). These grazers also often exhibit a preference for kelp (species from the orders Laminariales and Fucales) as a food source
(Pennings et al. 2000; Dugan et al. 2003; Crawley and Hyndes 2007), indicating that kelp in particular plays a pivotal role in driving
secondary production in this ecotone. These consumers, along with insects such as flies and beetles, provide important ecological roles
through breaking down detritus for nutrient recycling and forming vectors for the transfer of organic material to adjacent ecosystems
(Hyndes et al. 2014).
The complex three-dimensional structure provided by cobble or boulder habitats has been shown to contain highly diverse and abundant
fauna (Chapman 2002, 2005; Le Hir and Hily 2005; Kuklinski and Bader 2006; Yakovis et al. 2008; Grzelak and Kuklinski 2010). However,
the focus on these habitats has been on broad assemblage structure in relatively wave-sheltered intertidal or subtidal environments, rather
than wave-exposed shoreline habitats where wrack accumulates. Disturbance through wave energy and sand deposition reduces the
biodiversity of boulder fields (McGuinness 1987a, b), suggesting that cobbles and boulders on high-energy beaches may contain a lower
diversity of invertebrates than similar habitats in more sheltered environments. However, the high retention of detrital kelp within the
structure of cobble beaches (Orr et al. 2005) could promote a greater diversity and density/biomass of grazers, and therefore form an
important vector for the transfer of nutrients derived from kelp to terrestrial or adjacent marine ecosystems. Our understanding of the
ecology of these systems is poor, despite their presence across most, if not all, continents (Oak 1984; Rios and Mutschke 1999; Orr et al.
2005; Le Hir and Hily 2005; Irvine et al. 2006; Banks and Skilleter 2007; Harris et al. 2013; Naderloo et al. 2013).
In this study, we aimed to determine the biomass of beach-cast wrack and the densities and biomass of macroinvertebrates in
cobble/boulder beaches in a high wave-energy environment where kelp detritus is known to accumulate, and compare the findings to
published studies of sandy beaches in similar settings. We examined this in the coastal region of southern New Zealand, where boulder
beaches are a prominent feature of the high wave-energy coastline (Morton 2004). We focused on wrack and macroinvertebrates in areas
of the beach where wrack is visible and absent to determine whether material is bound in the boulder matrix. We then discuss our results
in the context of existing published data from the region and elsewhere across the globe for both sandy and cobble/boulder beaches.
Since detritivores (often termed “mesograzers” in beach systems) dominate the macroinvertebrates (see above), we have focused on this
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functional group. This has allowed us to discuss the role of mesograzers/detritivores in processing beach-cast wrack and forming vectors
for the transfer of nutrients from stranded drift material to other ecosystems.

Methods
Our study was undertaken along the wave-exposed coastline of north Otago in south-eastern New Zealand, where cobble or boulder
beaches are common. The kelp Macrocystis pyrifera [Laminariales] and Durvillaea spp. [Fucales] form a major component of the wrack
along sandy-beach shorelines (Suarez et al. 2015) and detrital wrack has been observed on cobble or boulder beaches in the region.
Furthermore, a range of gastropod species has been observed in cobble or boulder beaches, but they have not been quantified (Morton,
2004). Three beach sites comprising a mixture of cobble and/or boulders (Figure 1) were selected for this study (Seconds 45° 54’54.91”S,
170° 29’13.23”E; Puketeraki 45° 39’17.72”S, 170° 39’10.95”E; Boulder 45° 38’23.61”S, 170° 40’18.89”E). We use the term “boulder
beaches” to simplify the text. All sites had a predominantly easterly aspect and were therefore exposed to ocean swells tending SE to NE,
with a mean swell height ranging between 0.64 and 1.03 m in October and 0.55 and 1.21 m in November 2010 (SOM Table 1). Maximum
swell height ranged from 3.4 and 4.5 m in October 2010 and 1.4 to 1.7 m in November 2010. The site “Seconds” tended to have higher
mean wave height than the other sites (SOM Table 1).
Sampling was conducted from the 16th to 19th of November, 2010, on beaches that comprised beach-cast wrack that was dominated by
kelp. At each site, 0.1 m2 quadrats were positioned haphazardly along the mean high-water mark, with five quadrats positioned in patches
where large kelp (Durvillaea spp. and/or Macrocystis pyrifera) were visibly stranded, and five quadrats positioned in areas visibly free of
kelp wrack that were at least 5 m away from patches of kelp. “Kelp” treatment was included in the design to determine if the visible
presence of beach-cast kelp represented the amount of kelp detritus on the beach. Large cobbles or boulders (>10 cm diameter) were then
individually removed from the quadrat, and biological material was picked from each boulder and transferred to a plastic bag. Gravel and
all organic material were removed and transferred to the plastic bag until a base of firm sand was reached (typically ~ 10-30 cm depth).
All samples were transported to the laboratory where they were stored frozen (-20 °C) until processing.
In the laboratory, samples were thawed then individually picked by hand to separate macroinvertebrates from sediment and wrack. Once
fauna and flora were identified to the lowest possible taxonomic level, individuals of each faunal taxon were counted, and then blotted
wet mass for samples of each taxon of fauna and flora were measured. Samples were then dried at 60°C until a constant weight was
reached, which was recorded. Since juvenile amphipods were numerous and difficult to identify, the total number and biomass of
amphipods were recorded and the proportion of species within Hyalidae and Talitridae was estimated.
Total densities and biomass of grazers, as well as densities and biomass of the most dominant taxa, were tested across kelp treatment (2
levels; fixed factor) and sites (3 levels; random factor). Data were tested for homogeneity of variance using Levene’s test, and normality
using Shapriro-Wilk test. Where homogeneity or normality did not result, data were log-transformed.
To compare biomass of kelp and biomass and density of grazers/detritivores in our boulder beaches to those in other similar beaches
and sandy beaches, we examined and extracted published data based on searches in Clarivate Web of Knowledge and Elsevier Scopus
using the terms (“beach*” OR “shore”) AND (“wrack” OR “beach-cast”OR “allochthonous”). For consistency with the metrics used in the
current study, data extraction was restricted to those studies in which data were either provided or could be converted to biomass and/or
abundances per m2. Since most studies provided wrack biomass as wet weight, we converted our dry weight data to wet weight based on
dry weight to wet weight ratios measured during the study.

Results
Where wrack was visible at the surface, the kelps Durvillaea spp. were either the only or dominant form of beach-cast material,
contributing 78-100% of the wrack (Table 1). The kelp Macrocystis pyrifera was the next most dominant form of wrack, contributing 011% to the biomass of wrack. The remaining wrack mainly comprised other brown algae, along with some red algae (Table 1). In
comparison, Durvillaea spp. were almost absent from areas where wrack was absent on the surface, while M. pyrifera and other brown
algae were present but in smaller amounts. Red algae were generally present in small quantities in areas where wrack was visible and
absent on the surface (Table 1), and was typically found at the base of the boulders. Total biomass of beach-cast wrack was
approximately 100 g DW 0.1 m-2 when beach-cast wrack was visibly present in the surface, and 1-2 orders of magnitude less when wrack
was not visible on the surface (0.2-28 g DW 0.1 m-2; Figure 2A).
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The macroinvertebrates found in the boulder beaches were dominated by grazers or detritivores (Table 3). Focusing on
grazers/detritivores (here on termed grazers), total grazer density and biomass differed when macroalgae was visibly present or absent
on the beach surface (p<0.05, Table 2). However, mean densities and biomass exceeded 100 ind. and 100 g DW 0.1 m-2, respectively,
regardless of whether or not wrack was visible on the beach surface (Figure 2B, E). In patches where wrack was visible, total grazer
densities exceeded 1,000 ind. 0.1 m-2 while biomass was around 1,000 g DW 0.1 m-2.
Amphipods were the most numerous macroinvertebrate present in the boulder beaches (Table 3), and were typically found at the base of
the boulders. Approximately 80% belonged to the family Hyalidae. The trochid gastropod Diloma nigerrimum was also highly abundant
and was present in high biomass, while the ellobiid gastropod Marinula filholi was also relatively abundant. The densities and biomass of
amphipods did not differ between areas with the visible presence or absence of wrack (Table 2). The mean density of amphipods ranged
from 31 to 6,343 ind. 0.1 m-2, while biomass ranged from 0.07 to 13.6 g DW 0.1 m-2 (Figure 2C, F). In comparison, the densities and
biomass of D. nigerrimum differed when beach-cast macroalgae was visibly present or absence, with mean densities and biomass
ranging between 1,037 and 9,240 ind. 0.1 m-2, and 688 and 2,721 g DW 0.1 m-2, respectively, where wrack was visible, and ranging
between 192 and 3,137 ind. 0.1 m-2, and 119 and 1,372 g DW 0.1 m-2, respectively, where wrack was visibly absent (Figure 2D, G). Since
the soft tissue to total biomass ratio for this gastropod was 0.95, biomass of soft tissue ranged from 113 to 2,585 g DW 0.1 m-2.

Discussion
Our ecological understanding of wave-exposed beaches is typically based on sandy beaches (Dugan et al. 2003; Jaramillo, 2006; Ince et
al. 2007; Duarte et al. 2010; Olabarria et al. 2010; MacMillan and Quijón 2012), but here we show that cobble and boulder beaches in a
wave-exposed environment house exceptionally high densities and biomass of mesograzers that rival sandy beaches. Given their
presence along shorelines of various regions across the globe (e.g. Le Hir and Hily 2005; Banks and Skilleter 2007; Naderloo et al. 2013), it
is surprising that our understanding of these beaches remains poorly understood in the framework of western science. The high amount
of drift kelps that become stranded in cobble or boulder beaches (current study; Orr et al. 2005) suggests that the grazing assemblages in
this habitat are likely to play a major role in processing beach-cast kelp and transferring its nutrients to terrestrial systems or returning bioavailable nutrients to marine ecosystems. While we recognize that our study has limited temporal coverage, we argue that this shoreline
ecotone appears to provide a hotspot of nutrient recycling via grazers or detrivores and requires far greater research effort to understand
its role in these processes.
The combined densities of mesograzers in boulder beaches in our study exceeded those reported for mesograzers on sandy beaches in
the region, and far exceeded densities of mesograzers reported on sandy beaches elsewhere across the globe (Table 4). Supporting our
results, amphipod densities are also high in gravel/cobble beaches in north-eastern USA (Behbehani and Croker 1982). However, the full
extent of the value of boulder beaches as a habitat for mesograzers is demonstrated by their biomass, which was far higher on boulder
beaches sampled in this study, compared to those reported for sandy beaches in the region (>10kg vs 12 g DW m-2; Table 4). This largely
reflects the presence of the gastropod D. nigerrimum, which is likely to benefit from the greater heterogeneity of the boulder beaches
through larger interstitial spaces and presence of hard substrata (Le Hir and Hily 2005), and the high biomass of stranded kelp, its
preferred food source (Quintanilla-Ahumada et al. 2018).
The high biomass of particularly kelp on the boulder beach surface would reflect the sporadic inputs of this detrital material over the tidal
and storm cycles. While our study was restricted to a short timeframe, it coincided with a period of high biomass on some nearby sandy
beaches (Suárez et al. 2015). Unlike sandy beaches, the greater interstitial spaces among the larger grain size of cobbles and boulders are
more effective at trapping and retaining large wrack particles (Behbehani and Croker 1982; Orr et al. 2005). This is supported by studies
examining the long-term retention of oil on beaches exposed to oil spills from the crash of the Exxon Valdez in 1989. Monitoring of
boulder beaches affected by the spill found that oil was surprisingly well retained in the matrix of the beaches despite the intermittently
high-energy nature of the environment and apparent mobility of boulders and gravels (Hayes and Michel 1999; Irvine et al. 2006). This
pattern of retention was explained by surface boulders acting to “armour” underlying sediment from wave forces, thus leading to a high
level of oil retention in the sediment matrix. This “boundary layer” would allow detritus particles to be retained, and at least partly explain
the presence of kelp and other macroalgae within the cobble/boulder matrix, as shown by the presence of macroalgae in areas where
wrack was absent at the surface. This would allow detritus to be retained for longer periods than on high-energy, sandy beaches, but
further research is required to confirm this. Greater retention, and the movement of boulders during strong surges (pers. obs.), could
enhance the physical and microbial breakdown of macroalgal particles within the boulder matrix, and facilitate consumption by grazers.
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Like semi-aquatic amphipod species in sandy-beach ecosystems across the globe (e.g. Crawley and Hyndes 2007; Lastra et al. 2008;
Duarte et al. 2010), including B. quoyana in the study region (Suárez-Jiménez et al. 2017), the gastropod D. nigerrimum displays a feeding
preference for kelp (Quintanilla-Ahumada et al. 2018). This preference, combined with the high grazing rates and high densities of this
mesograzer, would result in a high capacity to process beach-cast kelp in this shoreline system. In Chile, D. nigerrimum consumes over
600 mg WW kelp ind.-1.day-1 (Quintanilla-Ahumada et al. 2018) compared to 15 mg WW kelp ind.-1.day-1 by B. quoyana on sandy beaches
in our study region (Suárez-Jiménez et al. 2017). This difference partly reflects the increase in feeding rates of marine mesograzers with
increasing body size (Ruesink, 2000). The biomass we observed for D. nigerrimum in the boulder beaches was three orders of magnitude
greater than those recorded for B. quoyana on sandy beaches in the region (see Table 4). Even at maximum densities for B. quoyana on
sandy beaches, the biomass we recorded for D. nigerrimum in boulder beaches far exceed those of amphipods on sandy beaches (see
Table 4). The difference could be even higher if amphipods were included, but their role in consuming kelp is unknown. It is worth noting
that a high proportion of the amphipods found in the boulders belonged to Hyalidae. Since these amphipods have been shown to display
preferences for green or red algae (Taylor and Steinberg 2005), and they occurred at the base of the boulder matrix where red algae
accumulated (Pers. obs), it is possible that they were consuming red algae.
Our study highlights the need to consider cobble and boulder beaches when determining the capacity of beaches to process beach-cast
macrophytes. The high biomass of mesograzers in wave-exposed boulder beaches in our study is consistent with the results of a metaanalysis by Ricciardi and Bourget (1999), who showed that boulder habitats contain 10-100 times the biomass of macroinvertebrates
than sandy and rocky shore habitats in sheltered environments. Our results suggest that the differences may be even greater between
boulder and sandy beaches in wave-exposed coasts. Macroalgae can be cast in large quantities onto cobble and boulder beaches on
wave-exposed coasts in others regions (Orr et al. 2005). Furthermore, gastropod grazers such as Diloma species are distributed widely in
the intertidal zone across the globe (Donald et al. 2011), and exhibit far greater consumption rates on kelp (Quintanilla-Ahumada et al.
2018) than amphipods whose consumption rates range up to 46 mg WW ind.-1.day-1 (Duarte et al. 2008, 2010; McMillan and Quijón 2012;
Poore et al. 2013; Suárez-Jiménez et al. 2017; Michaud et al. 2019). It is therefore plausible that this pattern occurs in other cobble or
boulder beaches that are distributed across the globe (Rios and Mutschke 1999; Orr et al. 2005; Le Hir and Hily 2005; Banks and Skilleter
2007; Harris et al. 2013, Naderloo et al. 2013). Invertebrates inhabiting wave-exposed cobble or boulder beaches tend to be inconspicuous,
which may partly explain the paucity of studies on those communities, but our study suggests they could play a disproportionate role in
the processing of beach-cast macroalgae compared to sandy beaches, and are likely to play an important role in the transfer of that
material through marine (Crawley et al. 2009) and terrestrial (Polis and Hurd 1996; Mellbrand et al. 2011) food webs as well returning
nutrients back into the ocean. A broader and more comprehensive understanding of their role is particularly relevant given their
susceptibility to long-term impacts from oil spills (Irvine et al. 2006) and the vulnerability of shoreline systems to coastal armouring
(Dugan et al. 2008) and rising sea levels (Vitousek et al. 2017).

Declarations
Acknowledgements
GH would like to thank Catriona Hurd and the Department of Botany at University of Otago for supporting him during his sabbatical. We
thank Lorraine Wyse for her help with formatting and referencing the ms. Thanks to Peri Subritzky and Tasha Turner for help with the field
and laboratory work, and MetOcean solutions for the swell data. We acknowledge the support and input of the Kāti Huirapa Runaka ki
Puketeraki, and thank them for allowing this study to be conducted within the East Otago Taiapure.
Ethics and conflict of interest: This study was carried out under the ethics requirements of the country. There was no real or perceived
conflict of interest for any of the authors involved in this study.
Author contributions: GH and RM conceived and designed the study, while all authors were involved with the field collections. RS and DR
processed that samples. GH wrote the paper, while RM, RS and DR provided feedback and edited the manuscript.
Data availability: Data will be placed in the ECU data repository on acceptace of the manuscript.
Funding: RM was funded by a Foundation for Research, Science and Technology (FRST) Science and Technology Postdoctoral
Fellowship (UOOX0814).

References
Page 5/13

1. Banks SA, Skilleter GA (2007) The importance of incorporating fine-scale habitat data into the design of an intertidal marine reserve
system. Biol. Conserv. 138: 13-29.
2. Behbehani M I, Croker RA (1982). Ecology of beach wrack in northern New England with special reference to Orchestia platensis.
Estuar. Coast. Shelf Sci. 15, 611–620.
3. Chapman MG (2002) Patterns of spatial and temporal variation of macrofauna under boulders in a sheltered boulder field. Aust. Ecol.
27: 211-228.
4. Chapman MG (2005) Molluscs and echinoderms under boulders: Tests of generality of patterns of occurrence. J. Exp. Mar. Biol. Ecol.
325: 65-83.
5. Colombini I, Aloia A, Bouslama MF, El Gtari M, Fallaci M, Ronconi L, Scapini F, Chelazzi L (2002) Small-scale spatial and seasonal
differences in the distribution of beach arthropods on the northwestern Tunisian coast. Are species evenly distributed along the
shore? Mar. Biol. 140: 1001-1012.
6. Crawley KR, Hyndes GA (2007) The role of different types of detached macrophytes in the food and habitat choice of a surf-zone
inhabiting amphipod. Mar. Biol. 151: 1433-1443.
7. Crawley KR, Hyndes GA, Vanderklift MA, Revill AT, Nichols PD (2009) Allochthonous brown algae are the primary food source for
consumers in a temperate, coastal environment. Mar. Ecol. Prog. Ser. 376: 33-44.
8. Donald KM, Keeney DB, Spencer HG (2011) Contrasting population makeup of two intertidal gastropod species that differ in dispersal
opportunities. J. Exp. Mar. Biol. Ecol. 396: 224–232.
9. Duarte C, Jaramillo E, Contreras H (2008) Stranded algal wracks on a sandy beach of south central Chile: Feeding and habitat
preferences of juveniles and adults of Orchestoidea tuberculata (Nicolet), (Amphipoda, Talitridae) [Macroalgas varadas sobre la
superficie de una playa arenosa del sur de C. ] Revista Chilena de Historia Natural 81: 69–81.
10. Duarte C, Navarro JM, Acuña K, Gómez I (2010) Feeding preferences of the sandhopper Orchestoidea tuberculata: the importance of
algal traits. Hydrobiol. 651: 291-303.
11. Dugan JE, Hubbard DM, McCrary MD, Pierson MO (2003) The response of macrofauna communities and shorebirds to macrophyte
wrack subsidies on exposed sandy beaches of southern California. Estuar. Coast. Shelf Sci. 58 (Supplement): 25-40.
12. Dugan JE, Hubbard DM, Rodil IF, Revell DL, Schroeter S (2008) Ecological effects of coastal armoring on sandy beaches. Mar. Ecol.
29: 160–170.
13. Gómez M, Barreiro F, López J, Lastra M, de la Huz R (2013). Deposition patterns of algal wrack species on estuarine beaches. Aquat.
Bot. 105: 25-33.
14. Gonçalves SC, Marques JC (2011) The effects of season and wrack subsidy on the community functioning of exposed sandy
beaches. Estuar. Coast. Shelf Sci. 95, 165–177.
15. Griffiths CL, Stenton-Dozey J, Koop K (1983) Kelp wrack and the flow of energy through a sandy beach ecosystem. McLachlan A,
Erasmus T editors. Sandy beaches as ecosystems: The Hague: Junk, p547-556.
16. Grzelak K, Kuklinski P. (2010) Benthic assemblages associated with rocks in a brackish environment of the southern Baltic Sea. J.
Mar. Biol. Assoc. U.K. 90: 115.
17. Harris L, Holness S, Nel R, Lombard AT, Schoeman D (2013) Intertidal habitat composition and regional-scale shoreline morphology
along the Benguela coast. J. Coast. Conserv. 17: 143-154.
18. Hayes MO, Michel J (1999) Factors Determining the long-term persistence of Exxon Valdez Oil in gravel beaches. Mar. Pollut. Bull. 38:
92-101.
19. Hyndes GA, Nagelkerken I, McLeod RJ, Connolly RM, Lavery PS, Vanderklift MA (2014) Mechanisms and ecological role of carbon
transfer within coastal seascapes. Biol. Rev. 89: 232-254.
20. Ince R, Hyndes GA, Lavery PS, Vanderklift MA (2007) Marine macrophytes directly enhance abundances of sandy beach fauna
through provision of food and habitat. Estuar. Coast. Shelf Sci. 74: 77-86.
21. Irvine GV, Mann DH, Short JW (2006) Persistence of 10-year old Exxon Valdez oil on Gulf of Alaska beaches: the importance of
boulder-armoring. Mar Pollut Bull 52: 1011-1022.
22. Jaramillo E (2006) Algal wrack deposits and macroinfaunal arthropods on sandy beaches of the Chilean coast. Revista Chilena de
Historia Natural 79: 337-351
23. Jedrzejczak MF (2002) Stranded Zostera marina L. vs wrack fauna community interactions on a Baltic sandy beach (Hel, Poland): a
short-term pilot study. Part II. Driftline effects of succession changes and colonisation of beach fauna. Oceanologia 44: 367-387.
Page 6/13

24. Kuklinski P. Bader B (2006) Diversity, structure and interactions of encrusting lithophyllic macrofaunal assemblages from Belgica
Bank, East Greenland. Polar Biology 30: 709-717.
25. Lastra M, Page HM, Dugan JE, Hubbard DM, Rodil IF (2008). Processing of allochthonous macrophyte subsidies by sandy beach
consumers: estimates of feeding rates and impacts on food resources. Mar. Biol. 154: 163-174.
26. Le Hir M, Hily C (2005) Macrofaunal diversity and habitat structure in intertidal boulder fields. Biodiversity and Conservation 14: 233250.
27. MacMillan MR, Quijón PA (2012) Wrack patches and their influence on upper-shore macrofaunal abundance in an Atlantic Canada
sandy beach system. J. Sea Res. 72: 28-37.
28. Marques JC, Gonçalves SC, Pardal MA, Chelazzi L, Colombini I, Fallaci M, et al. (2003) Comparison of Talitrus saltator (Amphipoda,
Talitridae) biology, dynamics, and secondary production in Atlantic (Portugal) and Mediterranean (Italy and Tunisia) populations.
Estuar. Coast. Shelf Sci. 58, 127–148.
29. Marsden ID (1991) Kelp-sandhopper interactions on a sand beach in New Zealand. I. Drift composition and distribution. J. Exp. Mar.
Biol. Ecol. 152: 61-74.
30. Mateo MA (2010) Beach-cast Cymodocea nodosa along the shore of a semienclosed bay: sampling and elements to assess its
ecological implications. J. Coast. Res. 26: 283-291.
31. McGuinness KA (1987a) Disturbance and organisms on boulders I. Patterns. Oecologia 71: 409-419.
32. McGuinness KA (1987b) Disturbance and organisms on boulders II. Causes of patterns in diversity and abundance. Oecologia 71:
420-430.
33. McLachlan, A. (1985). The biomass of macro- and interstitial fauna on clean and wrack-covered beaches in Western Australia.
Estuar. Coast. Shelf Sci. 21, 587–599.
34. Mellbrand K, Lavery PS, Hyndes G, Hamback PA (2011) Linking land and sea: different pathways for marine subsidies. Ecosystems
14: 732-744.
35. Michaud KM, Emery KA, Dugan JE, Hubbard DM, Miller RJ (2019) Wrack resource use by intertidal consumers on sandy beaches.
Estuar. Coast. Shelf Sci. 221: 66–71.
36. Morrow K, Bell SS, Tewfik A (2014) Variation in ghost crab trophic links on sandy beaches. Mar. Ecol. Prog. Ser. 502: 197–206.
37. Morton J (2004) Seashore Ecology of New Zealand and the Pacific. New Zealand: David Bateman Ltd. 504p.
38. Naderloo R, Türkay M, Sari A (2013) Intertidal habitats and decapod (Crustacea) diversity of Qeshm Island, a biodiversity hotspot
within the Persian Gulf. Mar. Biodivers. 43: 445-462.
39. Oak HL (1984) The boulder beach: A fundamentally distinct sedimentary assemblage. Ann. Assoc. Amer. Geograph. 74: 71-82.
40. Ochieng CA, Erftemeijer PLA (1999) Accumulation of seagrass beach cast along the Kenyan coast: A quantitative assessment.
Aquat. Bot. 65: 221–238.
41. Olabarria C, Incera M, Garrido J, Rossi F (2010) The effect of wrack composition and diversity on macrofaunal assemblages in
intertidal marine sediments. Journal of Experimental Marine Biology and Ecology 396: 18-26.
42. Orr M, Zimmer M, Jelinski DE, Mews M (2005) Wrack deposition on different beach types: Spatial and temporal variation in the
pattern of subsidy. Ecology 86: 1496-1507.
43. Pennings SC, Carefoot TH, Zimmer M, Danko JP, Ziegler A (2000) Feeding preferences of supralittoral isopods and amphipods.
Canadian Journal of Zoology-Revue Canadienne De Zoologie 78: 1918-1929.
44. Polis GA, Anderson WB, Holt RD (1997) Toward an integration of landscape and food web ecology: The dynamics of spatially
subsidized food webs. Annual Review of Ecology and Systematics 28: 289-316.
45. Polis GA, Hurd SD (1996) Linking marine and terrestrial food webs: Allochthonous input from the ocean supports high secondary
productivity on small islands and coastal land communities. American Naturalist 147: 396-423.
46. Poore AGB, Graba-Landry A, Favret M, Sheppard Brennand H, Byrne M, Dworjanyn SA (2013) Direct and indirect effects of ocean
acidification and warming on a marine plant-herbivore interaction. Oecologia 173(3): 1113–1124.
47. Quintanilla-Ahumada D, Quijoân PA, Navarro JM, Pulgar J, Duarte C (2018) Living on a trophic subsidy: algal quality drives an uppershore herbivore's consumption, preference and absorption but not growth rates. PLoS ONE 13(4): e0196121.
48. Ricciardi A, Bourget E (1999) Global patterns of macroinvertebrate biomass in marine intertidal communities. Marine Ecology
Progress Series 185: 21-35.

Page 7/13

49. Rios C, Mutschke E (1999) Community structure of intertidal boulder-cobble fields in the Straits of Magellan, Chile. Scientia Marina
63: 193-201.
50. Ruesink JL (2000) Intertidal mesograzers in field microcosms: linking laboratory feeding rates to community dynamics. J. Exp. Mar.
Biol. Ecol. 248: 163-176.
51. Schlacher TA, Schoeman DS, Dugan J, Lastra M, Jones A, Scapini F, McLachlan A (2008) Sandy beach ecosystems: key features,
sampling issues, management challenges and climate change impact. Mar. Ecol. 29 (Suppl. 1): 70–90.
52. Suárez Jiménez R, Hepburn CD, Hyndes GA, McLeod RJ, Hurd CL (2015) Contributions of an annual invasive kelp to native algal
assemblages: implications for habitat availability and carbon flux across coastal seascapes. Phycologia 54: 530-544.
53. Suárez-Jiménez R, Hepburn CD, Hyndes GA, McLeod RJ, Taylor RB, Hurd CL (2017) Importance of the invasive macroalga Undaria
pinnatifida as trophic subsidy for a beach consumer. Mar. Biol. 164:113.
54. Taylor RB, Steinberg PD (2005) Host use by Australasian seaweed mesograzers in relation to feeding preferences of larger grazers.
Ecology 86: 2955-2967.
55. Vitousek S, Barnard PL, Limber P (2017) Can beaches survive climate change? J. Geophys. Res. Earth Surf. 122: 1060–1067.
56. Yakovis EL, Artemieva AV, Shunatova NN, Varfolomeeva MA (2008) Multiple foundation species shape benthic habitat islands.
Oecologia 155: 785-795.

Tables
Table 1. Total biomass (grams dry weight) and percentage contribution of the different forms of macroalgae in cobbles or boulders where
wrack was visibly present or absent on the beach surface.
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Wrack visible

Wrack not visible

Biomass

%

Biomass

%

Durvillaea spp.

5686

93.6

<1

0.3

Macrocystis pyrifera

200

3.3

76

39.9

Halopteris spp.

2.5

0.0

<1

0.3

Padina sp.

1

0.0

1

0.5

Carpophyllum spp.

9

0.1

12

6.3

Cystophora spp.

1

0.0

2

1.0

Margineriella spp.

39

0.6

39

20.5

Xiphophora spp.

28

0.5

24

12.6

Landsburgia spp.

15

0.2

6.5

3.4

Desmarestia spp.

10

0.2

<1

0.3

Phaeophyceae spp.

19

0.3

4

2.1

2.1

0.0

1.5

0.8

Adamsiella spp.

1.5

0.0

3.6

1.9

Gigartina spp.

0

0.0

0

0.0

Rhodophyta spp.

28.5

0.5

19.5

10.2

Zostera sp.

0.5

0.0

0

0.0

Unidentified detritus

29.4

0.5

0

0.0

Phaeophyceae

Chlorophyta
Chlorophyta spp.
Rhodophyta

Alistmatales

Table 2. Two-way ANOVA results for biomass of beach-cast macroalgae, and densities and biomass of amphipods and Diloma in the
boulder habitat. # = Log10(x+1), ^ = Sqrt, * = did not meet normality or homogeneity of variance requirements.
Variable

Treatment (df = 1)

Site (df = 2)

Treatment x Site (df =2)

Residual

MS

F

P

MS

F

P

MS

F

P

MS

Macroalgal biomass#,*

12.8

46.1

0.021

2.0

7.3

0.121

0.3

2.7

0.085

2.0

Total grazer density#

4.1

18.5

0.050

3.2

14.5

0.064

0.2

1.7

0.199

3.2

Total grazer biomass^

2774.1

38.8

0.025

1738.9

24.3

0.039

71.4

0.5

0.640

71.4

Amphipod density#,*

3.0

6.1

0.131

4.1

8.5

0.106

0.5

1.16

0.332

0.5

Amphipod biomass#,*

0.8

0.7

0.481

4.0

3.9

0.205

1.0

2.7

0.086

1.0

Diloma density^

2878.5

33.3

0.029

1629.3

18.9

0.050

86.3

0.4

0.665

86.3

Diloma biomass^

2763.6

38.0

0.025

1738.2

23.9

0.040

72.7

0.5

0.639

0.5
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Table 3. Total abundance and biomass (grams DW) of the different grazer species collected at cobble and boulder beaches, with details
of taxonomy and functional group.
Species

Class: Family

Functional feeding

Numbers

Biomass

group
Amphipods*

Malacostraca: Hyalidae & Talitridae

Grazer/detritivore

42097

92.1

Diloma nigerrimum

Gastropoda: Trochidae

Grazer/detritivore

39198

32039.7

Unidentified Turbinidae

Gastropoda: Turbinidae

Grazer/detritivore

80

8.1

Marinula filholi

Gastropoda: Ellobiidae

Grazer/detritivore

640

49.7

Chiton

Polyplacophora

Grazer

1

0.02

Macrophalmus hirtipes

Malacostraca: Macrophthalmaidae

Grazer/detritivore

17

16.8

Micrelenchus sp.

Gastropoda: Trochidae

Grazer/detritivore

1

0.05

Gastropod

Gastropoda

Grazer/detritivore

6

1.5

Scutuloidea maculata

Isopoda: Sphaeromatidae

Grazer/detritivore

71

1.3

Isopod

Isopoda

Grazer/detritivore

172

0.1

Limpet

Gastropoda: Patellogastropoda

Grazer

12

0.10

Insect larval

Insecta

Unknown

59

0.2

Pyura pachydermatina

Ascidiacea: Pyuridae

Suspension

3

15.8

Oligochaete

Oligochaeta

Unknown

32

0.4

*Based on adults, at least 80% were Hyalidae, while the remaining 20% were Talitridae. Juveniles were numerous and difficult to identify.

Table 4. Mean and range of wrack biomass and grazer density and biomass for different forms of wrack and different raxa of grazers
recorded in different forms of wave-exposed beaches in different regions, based on extracted data from published papers. Note: papers
were only included if biomass of wrack was provided in wet weight (WW).m-2, and biomass or density data for consumers were provided
in dry weight DW.m-2 and numbers of inividuals.m-2, respectively. Wrack biomass data from the current study were converted to wet
weights, since this was the most common metric used for the variable in published studies.
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Beach type

Form of
wrack

Kelp
biomass
(kg
WW.m-2)

Grazer
type

Species

Mean
(range)
Cobbles/boulders

Cobbles/boulders

Kelp wrack

Kelp wrack

Amphipod

3.1 (<019.1)

Gastropod

Amphipod

Macroalgae
and
seagrass

18.7

Sand

Kelp

12.5

(0.759.3)
Amphipod

(7.318.1)
Sand

Kelp

12.5

Isopod

(7.318.1)
Sand

Sand

Bare sand
(adjacent to
kelp wrack)

0

Kelp wrack

6.4

Grazer
biomass

(ind.m-2)

(g
DW.m-2)

Mean
(range)

3.1 (<019.1)

Course
sand/cobble

Grazer
density

Amphipod

Amphipod

(1.515.3)

Region

Reference

New Zealand

This study

New Zealand

This study

USA

Behbehani
& Croker
(1982)

Chile

Jaramillo
(2006)

Chile

Jaramillo
(2006)

New Zealand

Marsden
(1991)

New Zealand

Marsden
(1991)

Mean
(range)

13,966

30.5

(31463,430)

(0.7136.6)

Diloma
nigerrimum

12,795

10,298

(1,15628,936)

(1,18627,207)

Orchestia
platensis

32,724

Orchestoidea
tuberculata

4,603

Tylos
spinulosus

695

Balorchestia
quoyana

683

1 .5

(0-2,120)

(0.0-7.3)

Balorchestia
quoyana

17,450

11.9

(17369,737)

(3.120.1)

(225122,000)

(030,370)

(541429)

Sand

Macroalgae
(mainly
kelp)

4.0
(0.1018.1)

New Zealand

Suarez et
al. (2015)

Sand

Macroalgae
and
seagrass

0.1 (<0.1
– 0.2)

USA (south)

Morrow et
al. (2014)

Sand

Macroalgae

<0.1

Spain/Portugal

Marques et
al. (2003)

Sand

Macroalgae
and
seagrass

0.1

Spain/Portugal

Gomez et
al. (2013)

Sand

Macroalgae
and
seagrass

Amphipod

6.5 (0.214.7)

Australia
(west)

Ince et al.
(2007)

Sand

Macroalgae
and
seagrass

Amphipod

24,332
(0144,144)

Australia
(west)

McLachlan
(1985)

Sand

Seagrass

Amphipod

24,182

Africa (east)

Ochieng &
Erftemeijer
(1999)

Sand

Seagrass

Isopod

1,823

Africa (east)

Ochieng &
Erftemeijer
(1999)

Sand

Macroalgae

Amphipod

102 (0487)

Portugal

Goncalces
& Marques
(2011)

Allorchestes
compressa

Tylos
europaeus
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Talorchestia
brito
Talitrus
saltator

Figures

Figure 1
Photos representing the: (A) habitat structure of a cobble/boulder beach; (B) kelp stranded on the beach; and (C) the gastropod Diloma
nigerrimum aggregating on stranded kelp on a cobble beach in the South Island of New Zealand.
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Figure 2
Mean biomass (g dry weight 0.1m-2, +SE) of: (A) beach-cast macroalgae; (B) all grazers; (C) amphipods; and (D) the gastropod Diloma
nigerrimum; and mean densities (number of individuals 0.1m-2, +SE) of (E) all grazers; (F) amphipods; and (G) the gastropod Diloma
nigerrimum in patches with (“visible kelp”) and without (“non-visible kelp”) wrack on the surface of cobble/boulder beaches (termed
“boulder”) in southern New Zealand. S = Seconds, B = Boulder, P = Puketeraki.

Supplementary Files
This is a list of supplementary files associated with this preprint. Click to download.
SOMTable1.docx

Page 13/13

