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Abstract

This dissertation broadly investigates the response of wild stock seaweeds to harvesting, 

and their role as biogenic habitat formers when cast ashore. Seaweeds are important primary 

producers and foundation species that maintain their functional roles across coastal ecosystem 

boundaries. Climate-driven loss of seaweed biomass, including that of kelp forests, is exacerbated 

by other human-related activities that directly impact their persistence, such as overharvesting. 

Attached rockweeds and kelps are commonly harvested for food, while diverse assemblages of 

beach-cast seaweed wrack are collected for fertilizer. The importance of wrack habitat in Alaska 

has not been extensively explored, especially in regions where there is a growing interest in 

harvesting by coastal communities. This research explores precautionary approaches to lessen wild 

stock seaweed decline in the face of increased harvest interests by: 1) characterizing information 

on reproductive timing, standing crop, and regrowth potential of attached populations; 2) 

investigating reproductive viability of seaweed wrack and identifying how landscape variables 

influence wrack distribution through paired on-the-ground and aerial surveys; and 3) 

characterizing wrack-associated macrofaunal communities and determining successional states in 

aging wrack. Regrowth following harvest of attached focal seaweeds (i.e., Fucus distichus, 

Saccharina latissima, and Nereocystis luetkeana) was generally low after two months, but the 

amount of biomass after four- and six-months post-harvest was more comparable to non-harvested 

areas. Depending on the species (e.g., F. distichus), attached individuals that became reproductive 

at larger sizes were associated with lower density and lower biomass areas with slower recovery. 

Differences in diversity and composition of wrack were correlated with coastline (substrate type, 

slope, and exposure) and adjacent watershed characteristics (percent glacial cover and range in 

seawater salinity). On-the-ground and drone-based surveys of beach-cast wrack both revealed 

seasonal patterns of patchy (spring) and continuous (summer) distribution. Macroinvertebrate 

community diversity was positively correlated with seaweed biomass and tidal height of the wrack 

line. Furthermore, succession experiments revealed that aged wrack harbored diverse and changing 

macroinvertebrate communities over time, with decomposers being early colonizers, and predators 

arriving later. Altogether, the findings of this research offer key information to developing 

sustainable harvest regulations in Alaska, as human use of seaweed increases.
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Introduction

Global distribution and decline of seaweed biomass

Seaweeds are ecologically important primary producers and biogenic habitat formers along 

coastal zones throughout the world (Hyndes et al. 2022). Given the diverse set of ecosystem 

services provided by seaweeds, their assemblages are also incredibly rich in species often 

composed of a variety of red, green, and brown algae (Leal Gondim Cavalcanti et al. 2022). A 

peak of seaweed biomass occurs within the latitudinal band between approximately 45 to 60 

degrees in both hemispheres (Konar et al. 2010, Steneck and Johnson 2013), where conditions of 

light, temperature, and nutrient availability are suitable for their growth (Steneck et al. 2002). 

Intertidal species are limited by their physical tolerances to periods of emersion, creating vertical 

tidal zonation of seaweed distribution from high intertidal to subtidal limits (Mann 1972). 

Laminariales, or kelps, is an order of brown algae that is highly productive, with some species 

being commonly recognized by their giant canopy-forming structures that make up subtidal 

forests. Kelp forests are found globally, distributed along approximately one quarter to a third of 

the world's coastlines and rival the productivity of tropical rainforests (Krumhansl et al. 2016, 

Filbee-Dexter and Wernberg 2018). Kelps are generally anchored to rocky substrate from shallow 

intertidal waters to depths reaching up to 40 m (Steneck and Johnson 2013). However, kelps are 

not latitudinally restricted to temperate cold-water zones and are even found in the tropics, where 

they flourish in deep-water refugia (Graham et al. 2007) and extend into the poles, where reefs 

thrive under sea ice (Filbee-Dexter et al. 2019). The biogeographical boundaries for kelps are 

primarily influenced by water temperature, of which tolerances to low and high ranges are variable 

among species (Merzouk and Johnson 2011).

An overpowering threat to seaweed biomass is the increased frequency and intensity of 

marine heatwaves associated with warming global temperatures (Wernberg 2021). Warming water 

alters the distribution by advancing poleward migration of terrestrial and marine species (Burrows 

et al. 2011), including seaweeds (Filbee-Dexter et al. 2019). In the past several decades, kelp 

forests have declined by about 40% in at least a third of the global kelp forests stands (Krumhansl 

et al. 2016). Alternative states tolerant of warmer waters are replacing kelp forest ecosystems, such 

as urchin barrens or turf algae dominated reefs (Filbee-Dexter and Wernberg 2018). This 
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climate-driven loss of kelp forest diversity is exacerbated by other human-related activities that 

directly impact the persistence of structurally complex seaweeds, such as pollution, overfishing of 

predators, and overharvesting of seaweeds (Ling et al. 2009, Provost et al. 2017, Ulaski et al. 

2020). Cumulative effects of climate change and overharvesting of seaweeds threaten the 

persistence of seaweeds (Sharp et al. 2006). Loss of seaweed foundation species has cascading 

effects given the loss of important ecosystem functions (Smale et al. 2019). For example, reduction 

in the complexity with loss of kelp forests is accompanied by a decrease in overall biodiversity 

(Steneck et al. 2002). Kelp forests also offer value to coastal communities by impeding erosion 

through the dampening of incoming wave action (Mork 1996). Furthermore, it is predicted that 

seaweeds, and kelp in particular, can play an important role in countering ocean acidification by 

their ability to rapidly draw carbon from the surrounding seawater and producing algal biomass 

(Krause-Jensen and Duarte 2016). Seaweeds, therefore, are important sentinels of coastal 

ecosystem health that, if conserved and restored properly (Coleman et al. 2020), can help reduce 

the effects of a changing ocean environment.

Foundation species with far-reaching ecosystem services

Seaweed reefs, and kelp forests in particular, are highly diverse and productive ecosystems 

with far-reaching ecological and economic services (Bayley et al. 2021). Seaweeds serve many 

important ecosystem functions by providing habitat (Hamilton and Konar 2007), refuge (Miller et 

al. 2018), spawning substrate (Haegele et al. 1981), and nursery grounds (Eggertsen et al. 2017) 

for many commercial, subsistence, and ecologically important marine organisms. Seaweeds are 

also directly consumed by fishes and invertebrates (Garcia-Esquivel and Felbeck 2009, Umezu et 

al. 2017, Ruz et al. 2018). In addition to their ecosystem services, economic value of seaweeds is 

seen in practices of mariculture and harvesting from wild stocks (Pereira 2015). Seaweeds are 

commercially harvested on large scales by food, biomedical, and cosmetic industries, and are 

processed for the extraction of alginate, which is used as a thickening and emulsifying agent 

(Pereira 2015, White and Wilson 2015, Gheorghita Puscaselu et al. 2020). Seaweeds are also 

harvested for personal use (i.e., artisanal, non-mechanized) and subsistence (i.e., traditional uses 

of wild resources), because of their nutritional value (Loureiro et al. 2015, White and Wilson 

2015). Information on seaweed growth, reproduction, and associated animal communities are 

needed to evaluate potential ecological impacts associated with harvesting commonly targeted 
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taxa, such as intertidal rockweeds or subtidal kelps. Understanding regrowth potential following 

harvesting is valuable, because rotational harvests can be implemented if harvested plots are given 

adequate time to rebound to pre-harvest levels (Lorentsen et al. 2010). Timing of reproduction is 

also important, because removal of reproductive individuals before they are able to propagate can 

have negative effects on genetic variability and population growth of the next generation.

About 90% of kelp biomass production enters detrital food webs and is exported from reefs 

to offshore, nearshore, and onshore ecosystems (Mann 1988, Filbee-Dexter and Scheibling 2016). 

When dislodged from their substrate, seaweeds may wash ashore, forming piles of wrack that link 

marine and terrestrial ecosystems (Dugan et al. 2003, Dugan and Hubbard 2010, Krumhansl and 

Scheibling 2012) and can also drift hundreds of kilometers in the ocean, providing a mechanism 

for fish and invertebrate dispersal, while also subsidizing primary production to other offshore 

marine ecosystems (Hinojosa et al. 2011, Krumhansl and Scheibling 2012). Spatial subsidies 

provide a link between ecosystems (Polis et al. 1997). Passive means may involve the input of 

terrestrial material to freshwater and marine systems (Kraus et al. 2011). The transfer of seaweed 

wrack to beaches is considered a passive spatial subsidy that tightly links marine and terrestrial 

associations by providing food and habitat that supports macrofauna from both systems. 

Beach-cast wrack is a renewable natural resource that, when overharvested by humans, can disturb 

the ecological function of the beach ecosystem (Dugan et al. 2003, Kirkman and Kendrick 1997). 

In some regions of the world, entire beaches are cleared of wrack for aesthetics (Defeo et al. 2009), 

thereby eliminating the suite of organisms that populate this habitat. Wrack drifting in the 

nearshore is commonly harvested for animal feed (Kirkman and Kendrick 1997). The interplay 

between the ecological importance of wrack, and society's desire to remove it, has spurred research 

worldwide (Dugan et al. 2003, Vieira et al. 2016). However, the importance of this habitat and 

resource within higher latitude coastal ecosystems has not been extensively explored, especially 

in regions where there is a growing interest in wrack harvesting by coastal communities.

Common methodological approaches for quantifying beach-cast wrack (e.g., biomass or 

surface area that wrack occupies; see Dugan et al. 2003, Barreiro et al. 2011, Gomez et al. 2013, 

Wickham et al. 2020, Gilson et al. 2021) can be labor-intensive, as beach length and topographical 

constraints add complexity to estimating wrack abundance on-the-ground. The use of unmanned 

aerial drones offers a labor-saving approach to coastal monitoring (Konar and Iken 2018, 

Escobar-Sanchez et al. 2021, Pucino et al. 2021) and mapping wrack on beaches (Pan et al. 2021).
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Routine implementation of drone surveys could serve as an efficient and reproducible monitoring 

tool for wrack and coastal management.

As personal seaweed use (attached and as wrack) has increased, and as commercial 

harvesting is needed to meet global demands (Peteiro et al. 2014), methods for sustainable 

harvesting practices are continuing to develop (Marinho et al. 2015, Sharma et al. 2018). The need 

to achieve sustainable seaweed harvesting practices is recognized around the world (Springer et 

al. 2010, Vea and Ask 2011, Vasquez et al. 2012). Management concerns include the ecological 

effects of seaweed harvesting on the associated animal communities (Foster and Barilotti 1990), 

loss of fish habitat for spawning (Lorentsen et al. 2010, Kimura and Munehara 2011), recruitment 

of harvested seaweeds (Foster and Barilotti 1990, Steen et al. 2016), available biomass for 

sustained harvests (Ugarte and Sharp 2012), regrowth response following harvesting (Vea and Ask 

2011, Steen et al. 2016), and harvesting methods (Foster and Barilotti 1990). Region-specific 

knowledge of the ecological, reproductive, and growth characteristics of seaweeds is necessary to 

inform local harvesting practices.

Study system

Currently in Alaska, wrack harvest is presumed to be relatively low, but precautionary 

restrictions are in place, because stock status information for seaweed populations in the area 

(including seaweed wrack washed up on the beach) is currently too limited to develop an optimal 

harvest strategy, and it is uncertain how increased harvest may alter the productivity and natural 

distribution of this resource. In Southcentral Alaska, restrictions on personal-use and commercial 

harvesting are implemented in most of Cook Inlet and beaches around Seward and Valdez. Areas 

with harvesting restrictions are those that are typically accessible by the road system and associated 

with major towns (such as Anchorage, Kenai, Homer, Seward, and Valdez). The Alaska 

Department of Fish and Game's “Harvesting Seaweed and Other Aquatic Plants in Southcentral 

Alaska” brochure (http://www.adfg.alaska.gov/static-sf/region2/pdfpubs/kelp.pdf) indicates areas 

designated under the personal use aquatic plant fishery, with seasonal and weight limitations, that 

provide an opportunity to harvest detached aquatic plants. However, several reports have found 

that even after detachment, rafting kelps are capable of spawning viable propagules, and it may be 

an important mechanism for long distance dispersal (Amsler and Searles 1980, Macaya et al. 2005, 
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Saunders 2014, Rothäusler et al. 2015). As such, further efforts are needed to address the viability 

of seaweed reproductive tissue in detached and beach-cast wrack in Alaska.

Dissertation research objectives

A common theme throughout this dissertation is research designed to evaluate harvest 

practices. Development of sustainable harvest strategies for wild attached seaweeds requires 

knowledge of reproductive timing, available biomass, as well as the rate of recovery by regrowth, 

and distribution of targeted seaweed resources. To better understand how these factors may 

influence the harvestability of seaweeds, the first chapter of this thesis investigated reproductive 

timing, standing stock, and rebound rates following the removal of wild stocks of three commonly 

harvested species: Fucus distichus, Saccharina latissima, and Nereocystis luetkeana. Specifically, 

Chapter 1 addresses the following questions: (1) Are Fucus, Saccharina, and Nereocystis 

reproductive during (or throughout) March to October, when they are most frequently targeted for 

harvesting? (2) How much temporal and spatial variability is there in the standing crop of Fucus, 

Saccharina, and Nereocystis? (3) Will the biomass of harvested Fucus, Saccharina, and 

Nereocystis rebound (i.e., regrowth and growth of recruits) within one summer? (4) At what size 

do Fucus, Saccharina, and Nereocystis become reproductive?

In addition to attached seaweeds, drifting and beach-cast wrack are commonly harvested 

resources that have not been extensively investigated in Alaska. Chapter 2 addresses four main 

questions regarding seaweed wrack abundance, composition, reproduction, and distribution using 

paired on-the-ground and aerial drone surveys: (1) What are the distributional differences in 

beach-cast wrack biomass and composition, and which environmental variables correlate with 

spatio-temporal patterns? (2) How similar in composition are drifting and beach-cast wrack? (3) 

What is the reproductive status of beach-cast kelp and rockweed wrack over time? (4) Are 

on-the-ground and drone sampling approaches comparable for monitoring seasonal changes in 

beach-cast wrack surface area? Chapter 3 of this dissertation expands on the importance of 

seaweed wrack as a habitat for intertidal macrofauna and a resource for humans by addressing four 

overarching questions: 1) How do macroinvertebrate communities differ among beach-cast wrack, 

drifting wrack, and bare beach sediment habitats over time? 2) How do macroinvertebrate 

communities in beach-cast wrack, drifting wrack, and bare beach sediment habitats correlate with 
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biotic and abiotic environmental variables? 3) Are there successional states in macroinvertebrate 

communities as beach-cast wrack ages? 4) Which birds associate with beach-cast wrack?

Altogether, research reported here demonstrates that to varying extents, harvests of kelp 

and rockweed reefs may be sustainable if timing of reproduction, available biomass, and regrowth 

rates are all considered, and identified several factors that contribute to wrack distribution, 

reproductive viability, and colonization by macrofauna, which can be used by resource managers 

to develop future stock assessment and best harvest strategies.
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Chapter 1

Seaweed Reproduction and Harvest Rebound in Southcentral Alaska: 

Implications for Wild Stock Management1

1 Published as: Ulaski, B.P., B. Konar, and E.O. Otis. 2020. Seaweed reproduction and harvest rebound in 
Southcentral Alaska: implications for wild stock management. Estuaries and Coasts. 43: 2046-2062.

Abstract

In Alaska, interest in harvesting seaweeds for personal use is growing and information on 

potential impacts of this activity on sustainability of wild populations is lacking. This study 

provides information on reproductive timing and size, standing crop, and harvest rebound of three 

commonly harvested seaweeds in Southcentral Alaska; the rockweed, Fucus distichus, the sugar 

kelp, Saccharina latissima, and the bull kelp, Nereocystis luetkeana. From March through October 

2018, seaweeds were surveyed for reproductive status and harvested to determine how much 

biomass was available. From the harvests, individuals were measured to determine the size when 

they first become reproductive. Harvested plots were re-harvested to determine biomass regrowth 

after two, four, and six months. Fucus and Nereocystis were broadly reproductive over the 

summer, while Saccharina was not. The presence of reproductive Fucus and Nereocystis 

throughout the summer could buffer the impacts of late season harvesting. Depending on the 

species (e.g., Fucus), individuals that became reproductive at a larger size were associated with 

lower density and lower biomass areas with slower recovery. The amount of biomass available for 

harvest and the amount that regrew following a harvest were temporally variable but had spatial 

differences that were consistent throughout the summer. Regrowth following harvesting for all 

three species was generally low after only two months but the amount of biomass after six months 

post-harvesting was sometimes comparable to non-harvested areas. This study demonstrated that, 

to varying extents, seaweed harvesting may be sustainable if timing of reproduction, available 

biomass, and high regrowth are all considered.
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Introduction

Seaweeds provide important ecosystem services by offering habitat (Hamilton and Konar 

2007), refuge (Miller et al. 2018), spawning substrate (Haegele et al. 1981), and nursery grounds 

(Eggertsen et al. 2017) for many commercial, subsistence, and ecologically important marine 

organisms. Seaweeds are also food for primary consumers, including a variety of fish and 

invertebrate species (Garcia-Esquivel and Felbeck 2009, Umezu et al. 2017, Ruz et al. 2018). 

When dislodged from their substrate, seaweeds may wash ashore, forming piles of wrack that link 

marine and terrestrial ecosystems (Dugan et al. 2003, Dugan and Hubbard 2010, Krumhansl and 

Scheibling 2012) and can also drift over great distances, providing a mechanism for fish and 

invertebrate dispersal while also subsidizing other offshore marine ecosystems (Hinojosa et al. 

2011, Krumhansl and Scheibling 2012). In addition to their ecosystem services, seaweeds are used 

in mariculture or harvested from wild stocks (Pereira 2015). Traditionally, wild seaweeds have 

been harvested for personal use (i.e., artisanal, non-mechanized) and subsistence (i.e., traditional 

uses of wild resources by cultural groups) because of their nutritional value (Loureiro et al. 2015, 

White and Wilson 2015). In more recent years, seaweeds have been commercially harvested by 

food, biomedical, and cosmetic industries (Pereira 2015, White and Wilson 2015). As personal 

seaweed use has increased and as commercial harvesting is needed to meet global demands 

(Peteiro et al. 2014), methods for sustainable harvesting practices are continuing to develop 

(Marinho et al. 2015, Sharma et al. 2018).

The need to achieve sustainable harvesting practices is recognized world-wide (Springer 

et al. 2010, Vea and Ask 2011, Vasquez et al. 2012). Management concerns include the ecological 

effects of seaweed harvesting on the associated animal communities (Foster and Barilotti 1990), 

loss of fish habitat for spawning (Lorentsen et al. 2010, Kimura and Munehara 2011), recruitment 

of harvested seaweeds (Foster and Barilotti 1990, Steen et al. 2016), available biomass for 

sustained harvests (Ugarte and Sharp 2012), regrowth response following harvesting (Vea and Ask 

2011, Steen et al. 2016), and harvesting methods (Foster and Barilotti 1990). For example, in 

Norway, the management of the kelp Laminaria hyperborea is based on a five-year cycle of 

rotating harvest zones to assure regrowth to appropriate levels before a re-harvest is conducted 

(Vea and Ask 2011). In the Canadian Maritimes (Nova Scotia), sustained harvests of the rockweed 

Ascophyllum nodosum is based on manual harvesting methods (non-mechanized) to avoid 
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overexploitation that would negatively impact recruitment and recovery of the resource (Ugarte 

and Sharp 2012). To conserve ecosystem function of A. nodosum in Maine, this rockweed must be 

harvested such that 40.5 cm of the plant remains above the holdfast (Arbuckle et al. 2014). In 

British Columbia, it has been recommended that harvests of the kelp Nereocystis luetkeana occur 

after spore release (Wheeler 1990). If harvested prior to spore release, these individuals would be 

removed from the reproductive pool and may reduce overall recruitment success of the population 

(Wheeler 1990, Springer et al. 2010). These few examples, of many, demonstrate how local 

knowledge of the ecological, reproductive, and growth characteristics of seaweeds is necessary to 

inform sustainable harvesting practices.

Impacts of harvest method on seaweed recovery should be considered when making 

regulatory decisions. Harvesting a portion of the thallus, instead of the whole thallus, results in 

preservation of ecological function and faster recovery rates. For example, in New Zealand, plots 

of Porphyra spp. that were experimentally harvested by leaving the holdfast attached, recovered 

faster with greater biomass yields than those harvested of the entire thallus (Nelson and Conroy 

1989). Similarly, in South Africa, selective cutting of Ecklonia maxima fronds, rather than entire 

thalli, resulted in survival of the individual kelps and faster regrowth rates (Levitt et al. 2002). The 

harvest method of removing only a portion of the individual has a similar effect to pruning, 

encouraging fuller regrowth of the crop (Monagail et al. 2017).

Seaweeds are capable of recovering following harvesting, but this ability is variable by 

species. Recovery of the kelp Saccharina latissima in Nova Scotia took three months to reach 

densities similar to that of non-harvested areas (Smith 1985). For the red seaweed, Gelidium 

pristoides, it took three to four months to regrow to comparable sizes and biomasses of non

harvested areas when harvested in early spring in South Africa (Carter and Anderson 1985). It 

took nine months after harvest for the total recovery of biomass of the brown alga Sargassum 

cymosum in southern Brazil (Mafra and Cunha 2006). For the fast-growing kelp, Macrocystis 

pyrifera, harvest recovery to pre-harvest biomasses occurred within four to six weeks in British 

Columbia (Krumhansl et al. 2017). However, there is a negative relationship between seawater 

temperature and recovery rates following harvesting for the highly productive M. pyrifera 

(Krumhansl et al. 2017). As ocean temperatures are warming, particularly in the North Pacific 

(Vandersea et al. 2018), there is increasing concern for how climate change will impact harvest
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recovery (Krumhansl et al. 2017), thus threatening the sustainability of harvesting practices that 

do not adapt accordingly.

As is typical around the world, Southcentral Alaska has many harvested brown seaweeds 

including the genera Laminaria, Saccharina, Alaria, Fucus, and Nereocystis (Garza 2012). 

Personal use, subsistence, and commercial harvesting are all tightly managed by the Alaska 

Department of Fish and Game. In Southcentral Alaska, the Department of Fish and Game allows 

harvesting seaweed for subsistence and personal use only in designated areas. Regions designated 

as non-subsistence areas are currently closed to the taking of seaweeds that are attached and 

growing. Interest in harvesting seaweeds is growing but the impact of this activity on wild 

populations is poorly understood. In Southcentral Alaska, seaweed harvesting was allowed until 

an overharvest was perceived in the Seward area in 2006. This potential overharvest resulted in 

restrictions being approved by the Alaska Board of Fisheries. As such, a regulatory restriction went 

into effect to avoid the decline of seaweeds due to harvesting. Other regions of the world have 

achieved sustainability in open harvests through informed management (Ugarte and Sharp 2012), 

although knowledge of available biomass and regrowth of that biomass is key for sustainability.

Development of sustainable harvest strategies for wild seaweeds requires knowledge of the 

timing of reproduction and peak biomass availability for targeted species, as well as the rate of 

recovery by regrowth. To better understand how these factors may influence the harvestability of 

brown seaweeds in Southcentral Alaska, this study investigated reproductive timing, standing 

crop, and rebound rates following the removal of wild stocks of three commonly harvested species: 

Fucus distichus (rockweed), Saccharina latissima (sugar kelp), and Nereocystis luetkeana (bull 

kelp). Specifically, this study addressed the following questions: (1) Are Fucus, Saccharina, and 

Nereocystis reproductive during (or throughout) March to October, when they are most frequently 

targeted for harvesting?, (2) How much temporal and spatial variability is there in the standing 

crop of Fucus, Saccharina, and Nereocystis?, (3) Will the biomass of harvested Fucus, Saccharina, 

and Nereocystis rebound (i.e., regrowth and growth of recruits) within one summer?, and (4) At 

what size do Fucus, Saccharina, and Nereocystis become reproductive? Answers to these 

questions will help inform the development of sustainable harvest strategies for brown seaweeds 

in Southcentral Alaska.
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Methods

Study area

This study was conducted in Kachemak Bay, a large embayment in Lower Cook Inlet, 

Alaska from spring (March) until fall (October) 2018. Three rocky intertidal sites were chosen on 

the north side (Anchor Point, Bluff Point, and Bishop's Beach) and three on the south side (Jakolof 

Bay, Outside Beach, and Camel Rock) of the bay (Fig. 1.1). The north sites were in a 

non-subsistence area where harvesting live seaweed is currently prohibited. The south sites allow 

limited subsistence harvest. Four subtidal sites (Outside Beach, Hesketh Island, Herrings Islands, 

and Jakolof Bay) were chosen on the south side of the bay as this is where Nereocystis is more 

common (Fig. 1.1).

Environmental classifications

At each intertidal sampling site, substrate composition, wave exposure, and tidal elevation 

were characterized to facilitate evaluating correlations between environmental conditions and 

seaweed biomass and growth. Substrate composition was classified at each intertidal site with ten 

1-m2 haphazardly placed quadrats within the rocky intertidal zone, from which percent cover of 

bedrock, boulder, cobble, gravel, and sand was visually estimated (Wentworth 1922). Wave 

exposure was determined by the “Biological Wave Exposure” data from NOAA's Alaska 

ShoreZone website (https://alaskafisheries.noaa.gov/mapping/sz_js/), under “Derived ShoreZone 

Attributes,” where exposure ranks of exposed, protected, semi-exposed, or semi-protected are 

classified; classifications of wave exposure are estimated on the basis of observed indicator biota 

along the coastline. Tidal elevations were obtained from an unpublished light detection and 

ranging (LiDAR) dataset collected by NOAA and subsequently provided by the Kachemak Bay 

National Estuarine Research Reserve. Coordinates obtained from a GPS (Garmin GPSMAP 64s) 

were used to evaluate tidal height from the LiDAR dataset. Separate one-way ANOVAs for Fucus, 

Saccharina, and Nereocystis were used to compare biomass between sites categorized by different 

levels of wave exposure. For Fucus and Saccharina, correlations between site conditions (i.e., 

substrate type and tidal elevation) and standing crop were calculated with Spearman's rank 

correlation coefficients.
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Reproductive timing

To determine proportion of reproductive Fucus adults at each site over time, ten 0.25-m2 

quadrats were haphazardly placed in the “Fucus zone” each month, and individuals within the 

quadrats were counted and visually characterized as either reproductive or non-reproductive. 

Reproductive individuals were distinguished by having swollen receptacles bearing conceptacles 

(Evans et al. 1982; Pearson and Brawley 1996).

Reproductive tissues of Fucus were tested for reproductive viability by inducing gamete 

release in the lab (Ang 1991, Siméon and Hervé 2017). From each site, receptacles from five to 

ten haphazardly selected branches from different individuals of Fucus were rinsed with filtered 

seawater and macroscopic epiphytes were carefully removed. Receptacles were then wrapped in 

damp paper towels and placed in a dark 10°C cold room for one hour to allow for a gentle 

desiccation (Redmond et al. 2014, Siméon and Hervé 2017). Following desiccation, each 

receptacle was placed in separate plastic cups filled with 100 mL of 10°C filtered seawater. Glass 

slides were placed at the bottom of each cup as a substrate for settling eggs. The cups were then 

maintained at 10°C with a photoperiod of 17 h of light (50 μmol photons m-2 s-1 fluorescent 

lighting) and 7 h of darkness (Ang 1991, Siméon and Hervé 2017). This photoperiod was chosen 

to simulate the summer daylight hours of the high-latitude region from which the samples were 

collected. Cultivated Fucus were then observed for developing zygotes under a compound 

microscope (observed under both 100X to 400X total magnifications) after 72 hours. Individuals 

were scored as reproductively viable if settled zygotes began to cleave and show elongation in one 

hemisphere of the cell (Siméon and Hervé 2017). Eggs and zygotes were not quantified.

Due to limited access to Saccharina, only tide pool Saccharina were sampled from April 

to October at the three northern sites (i.e., Anchor Point, Bluff Point, and Bishop's Beach). These 

surveys consisted of noting the reproductive status of the first twenty individuals of Saccharina 

encountered at each site. Reproductive individuals were distinguished by blades bearing patches 

of sori. Saccharina was not tested for reproductive viability because reproductive individuals were 

not found until the end of the study period.

Nereocystis was initially sampled from subtidal sites at Outside Beach, Hesketh Island, and 

Jakolof Bay. After April, the Nereocystis bed at Jakolof Bay was too sparse to continue sampling, 

so a new site was chosen at the Herring Islands (Fig. 1.1). Surveys consisted of 1) swimming six 

10 x 2 m swaths through a Nereocystis bed on SCUBA and counting all adults (reached the water 
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surface) and juveniles (did not reach the water surface), and 2) noting the reproductive status of 

adults at the surface (distinguished by blades bearing sori). Data collected from the underwater 

swath surveys were used to determine changes in adult and juvenile densities, while the surface 

surveys were used to determine changes in proportions of reproductive adults from early to late 

summer.

Sori from five to ten haphazardly selected blades of different Nereocystis individuals per 

site were tested for reproductive viability by inducing spore release in the lab each month (Deiman 

et al. 2012, Redmond et al. 2014, Traiger and Konar 2017). From each ripe sorus, standardized 2.5 

cm diameter discs were haphazardly removed from the patch and used for further analyses (Traiger 

and Konar 2017). The sori discs were rinsed with filtered seawater and gently scraped with a 

razorblade to remove any macroscopic epiphytes. Sori were then wrapped in damp paper towels 

and gently desiccated for one hour in a dark 10°C cold room to stimulate a synchronous release of 

spores (Redmond et al. 2014). Each sorus was then placed in separate plastic cups filled with 100 

mL of 10°C filtered seawater and a glass slide and then placed under a photoperiod of 17 h of light 

(50 μmol photons m-2 s-1 fluorescent lighting) and 7 h of darkness (Deiman et al. 2012, Redmond 

et al. 2014). Again, this photoperiod was chosen to simulate the summer daylight hours from this 

high-latitude region. Microscope slides were observed under a compound microscope (400X total 

magnification) for settled and germinating spores after 48 hours. Viable spores were characterized 

by the presence of a germ tube. Spores were not quantified.

For all three target species, timing of when individuals were reproductive and density 

differences were assessed. Separate ANOVAs (by species and site) were used to determine 

variability in densities and proportions of reproductive individuals over time from early to late 

summer. When ANOVA tests suggested significance, Tukey Honest Significant Difference (HSD) 

post-hoc tests were carried out to confirm pairwise differences.

Standing crop

In this study, standing crop is defined as total wet weight of individuals within 1-m2 sample 

plots (i.e., kg/m2). To determine variability in standing crop from early to late summer, Fucus and 

Nereocystis were cleared in marked quadrats every other month from March to September (i.e., 

March, May, July, and September). Similarly, Saccharina was harvested every other month from 

April to October (i.e., April, June, August, and October) in marked quadrats. Fucus was harvested 
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at all six intertidal sites, whereas Saccharina was only harvested at the three northern sites as these 

were the only sites where this species was found. Nereocystis was harvested only at the four 

southern subtidal sites because this species was uncommon on the northern side of the bay (Traiger 

and Konar 2018).

For Fucus and Saccharina, at each site, six haphazardly selected 1-m2 plots (containing a 

minimum of at least five individuals) were marked and cleared of all adult Fucus or Saccharina, 

depending on type of clearing being performed. Fucus individuals larger than 2 cm were harvested 

just above the holdfast, which means the apical meristems were removed as they are situated at 

the distal end of their branches (Moss 1967). Saccharina were harvested approximately 5 cm above 

the stipe-blade junction so that the holdfast and meristem at the proximal end of the blade 

remained. These reflected common methods used by wild seaweed harvesters (Marine Scotland 

Directorate 2016).

For Nereocystis, twelve 16-m2 plots were marked at the subtidal sites. Nereocystis plots 

were larger than the intertidal plots because this species is not as dense as Fucus or Saccharina. In 

six of the plots, Nereocystis individuals were collected at the base of the stipe just above the 

holdfast. In the other six plots, only the Nereocystis blades were harvested by cutting them 

approximately 5 cm above the pneumatocyst-blade junction so that the meristems at the proximal 

ends of the blades remained (Nicholson 1970). Both harvesting styles were applied as they are two 

common methods for harvesting Nereocystis (Springer et al. 2010). For the blade clearings, 

individuals whose holdfasts were attached within the plot were pulled down to the bottom by a 

diver, blades removed, and then released back to the surface. Most plots that were cleared had an 

initial abundance of at least five individuals, but due to overall lower densities in early summer, 

some plots had an initial abundance of only two individuals.

For all species, all harvested individuals or blades were bagged by the plot from which they 

were collected and brought to the NOAA/UAF Kasitsna Bay Laboratory in coolers or buckets 

filled with seawater. At the lab, harvested materials from the clearings were weighed for overall 

biomass, individuals of Fucus and stipes of Nereocystis were counted and measured for length, 

and all individuals were checked for reproductive status (using methods described below). A 

separate one-way ANOVA and a Tukey HSD post-hoc test for each species was used to compare 

biomass over time and across sites to examine temporal and spatial variability of standing crop.
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Harvest rebound

To determine biomass regrowth of Fucus and Nereocystis, half of the plots initially 

harvested in March, May, and July were re-cleared two months later (i.e., initial March clearings 

were re-cleared in May, initial May clearings were re-cleared in July, and initial July clearings 

were re-cleared in September). The other half of the plots initially harvested in March and May 

were re-cleared in September to determine rebound rates after six and four months, respectively. 

For Saccharina, half of the plots were re-cleared two months after the April, June, and August 

clearings (i.e., initial April clearings were re-cleared in June, etc.). Again, the other half of the 

plots initially harvested in April and June were re-cleared at the end of the sampling period in 

October to determine regrowth after six and four months, respectively. Re-cleared plots were 

cleared by the same method used in the initial clearings to determine regrowth throughout the 

sampling period and for Nereocystis, by clearing method (e.g., if only Nereocystis blades were 

initially cleared from a plot, then re-clearings of that plot would be of only the blades). Harvested 

seaweeds from the re-clearings were processed similarly as the harvested seaweeds from the initial 

clearings. Using a one-way ANOVA and a Tukey HSD post-hoc test by species, biomass not 

previously harvested was compared to rebound biomass after two, four, and six months to examine 

how quickly the biomass of harvested Fucus, Saccharina, and Nereocystis rebounded within one 

summer.

Reproductive size

From the biomass sampling, length measurements from individuals were used to determine 

the size at which Fucus and Nereocystis become reproductive. Due to a lack of reproductive 

Saccharina, minimum reproductive size of Saccharina could not be determined. From the Fucus 

clearings, plots were subsampled (n = 50 individuals per plot) and individuals were measured (to 

nearest mm) for length from the holdfast to the tip of the longest branch and reproductive status 

determined. All individuals from the Nereocystis clearings were measured (to nearest cm) for stipe 

length from the holdfast to the center of the pneumatocyst. An ANOVA by species was applied to 

test if the size at which individuals become reproductive was spatially variable. The replicates used 

for these analyses were the smallest reproductive individuals from each plot at each site.
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Results

Environmental classifications

Substrate type varied across rocky intertidal sites (Table 1.1). Boulder was the predominant 

substrate type at the three northern intertidal sites, consistently comprising more than 50% of the 

substrate. Sand was also consistently present at the northern sites. Whereas, the three southern sites 

were characterized more by bedrock and no sand, with Jakolof Bay having 100% bedrock. The 

southernmost site on the north side of the bay (Bishop's Beach) resembled the southern sites, with 

higher percent cover of bedrock and a lower percent cover of boulder and sand. Substrate type was 

not measured for the subtidal sites, but all chosen Nereocystis beds were situated on bedrock and 

large, scattered boulders.

The inner-most intertidal sites along the north and south sides of the bay (Bishop's Beach 

and Jakolof Bay, respectively) were both semi-protected. The other four intertidal sites (Anchor 

Point, Bluff Point, Outside Beach, and Camel Rock) were all semi-exposed. The two outermost 

subtidal sites (Outside Beach and Hesketh Island) were semi-exposed, while the two innermost 

sites (Herring Islands and Jakolof Bay) were semi-protected (Alaska ShoreZone).

Tidal elevations derived from the LiDAR dataset were only available for the three northern 

intertidal sites (Table 1.1). Consequently, the three southern sites were not included in tidal 

elevation analyses. Plots within the rocky intertidal site at Anchor Point had a much lower tidal 

distribution (-0.55 m) compared to those at Bluff Point (0.58 m) and Bishop's Beach (1.16 m).

Reproductive timing

In March, reproductive Fucus was present at only two of the six sites (Jakolof Bay and 

Camel Rock). Beginning in April, there was a general increase in proportions of reproductive 

Fucus before a synchronous decline across sites in August and September. Although Fucus was 

present at all sites during March to October, individuals were mostly reproductive in May, June, 

and July (Fig. 1.2a). Spatially, the proportions of reproductive Fucus across sites were significantly 

variable (ANOVA, F5,414 = 9.89, p = 0.001) throughout the summer. Fucus densities were also 

significantly variable across sites (ANOVA, F5,414 = 49.58, p = 0.001). At Anchor Point, overall 

Fucus density was significantly lower over time relative to Bluff Point, Bishop's Beach, and 

Outside Beach (Appendix A1). The reproductive proportions of those individuals at Anchor Point 
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were also significantly lower relative to Bishop's Beach, Jakolof Bay, Outside Beach, and Camel 

Rock (Fig. 1.2a; Appendix A1). Densities observed at Bluff Point were significantly higher than 

Anchor Point, Bishop's Beach, Jakolof Bay, Outside Beach, and Camel Rock (Fig. 1.2a; Appendix 

A1). Densities of Fucus at Bishop's Beach were the next highest and were significantly higher 

than Anchor Point, Jakolof Bay, Outside Beach, and Camel Rock (Appendix A1). These two 

higher-density sites (Bluff Point and Bishop's Beach) had proportions of reproductive individuals 

comparable to the other three sites (Jakolof Bay, Outside Beach, and Camel Rock) with mid-range 

densities (Appendix A1). The greatest proportion of reproductive Fucus was observed in April 

(66.4% ± 23%, n = 10 plots) at Camel Rock (Fig. 1.2a). There was no significant difference in 

proportions of reproductive Fucus between semi-exposed and semi-protected sites (ANOVA, 

F1,418 = 2.45, p = 0.118).

Reproductive Saccharina was not found until October, during the last sampling event. At 

this time, the proportion of reproductive Saccharina was 85%, 5%, and 0% at Anchor Point, Bluff 

Point, and Bishop's Beach, respectively. Overall densities of Saccharina were not assessed.

Due to the presence of reproductive overwintered adults in spring, Nereocystis was found 

to be reproductive throughout the entire study period (Table 1.2). Although the overall proportions 

of reproductive individuals increased from March to September, the proportions of reproductive 

adults showed no significant differences over time (ANOVA, F6,14 = 0.84, p = 0.557) or among 

sites (ANOVA, F3,17 = 1.12, p = 0.369; Table 1.2). While total Nereocystis densities generally 

increased from early to late summer, sites were most dense in May, June, and July, as juveniles 

were increasing in number (Fig. 1.2b). Hesketh Island had overall significantly higher densities of 

Nereocystis throughout the summer (1.49 ind./m2 ± 2.2 ind./m2, n = 42 plots; ANOVA, F3,122 =

5.44, p = 0.002; Fig. 1.2b) and had the most recruits relative to the other sites, with 215 juveniles 

counted in one of the May 10 m x 2 m swaths. There was no significant difference in proportions 

of reproductive Nereocystis between semi-exposed and semi-protected sites (ANOVA, F1,19 =

2.44, p = 0.134).

Standing crop and harvest rebound

While standing crop was spatially variable, there was a general increase from early to late 

summer for all three species at most sites. Fucus biomass (all sites combined) was significantly 

different over time (ANOVA, F3,103 = 9.24, p = 0.00002), with July having higher average standing 

23



crop, compared to the overall lowest average in March (Fig. 1.3a). Standing crop of Fucus was 

also significantly different among sites (ANOVA, F5,101 = 7.39, p = 0.001). At Anchor Point, 

standing crop of Fucus (all months combined) was significantly lower than standing crops at Bluff 

Point, Bishop's Beach, Jakolof Bay, and Camel Rock (Appendix A2). When analyzed by month, 

Fucus at Camel Rock had the most temporal variability in standing crop from early to late summer, 

with significantly higher biomass in July compared to the other months (ANOVA, F3,14 = 28.37, p 

= 0.001; Fig. 1.3a). Standing crop of Fucus at Jakolof Bay did not differ significantly over time 

(ANOVA, F3,14 = 2.77, p = 0.08), nor did it differ significantly over time at Outside Beach 

(ANOVA, F3,14 = 3.01, p = 0.07; Fig. 1.3a). Standing crop at the other sites (Anchor Point, Bluff 

Point, and Bishop's Beach) had similar temporal trends to one another. At Anchor Point, standing 

crop was significantly different over time (ANOVA, F3,14 = 19.25, p = 0.001), with more biomass 

in July and September than in March (Fig. 1.3a). At Bluff Point, standing crop was also 

significantly different over time (ANOVA, F3,13 = 7.87, p = 0.003), with more biomass in May and 

July than in March (Fig. 1.3a). Similarly, at Bishop's Beach, standing crop was significantly 

different over time (ANOVA, F3,14 = 4.52, p = 0.02), with more biomass in May than in March 

(Fig. 1.3a). Overall, standing crop was consistently significantly lower in March for the three sites 

on the north side of the bay.

Fucus biomass that rebounded two months after harvesting generally remained low 

throughout the growing season with significant spatial differences in recovery (ANOVA, F5,48 = 

21.17, p = 0.001; Fig. 1.3a). Rebounded biomass after two months at Bluff Point yielded 

significantly more biomass compared to that of Anchor Point, Bishop's Beach, Jakolof Bay, 

Outside Beach, and Camel Rock (Appendix A2). Harvest rebound at Bishop's Beach after two 

months also had significantly more biomass than Anchor Point, Jakolof Bay, Outside Beach, and 

Camel Rock (Appendix A2). The sites that had greater amounts of standing crop following 

harvesting two months prior (Fig. 1.3a) were also the sites with higher densities (Bluff Point and 

Bishop's Beach; Fig. 1.2a; Appendix A1). In September, biomass that rebounded after four months 

of growth (i.e., May to September) remained significantly lower than the not previously harvested 

(NPH) September biomass yields at Anchor Point, Jakolof Bay, Outside Beach, and Camel Rock 

(Fig. 1.3b; Appendix A3). Rebounded biomass after four months of growth at Bluff Point and 

Bishop's Beach yielded biomasses similar to the NPH September biomass yields (Fig. 1.3b; 

Appendix A3). Whereas, given six months of regrowth (i.e., March to September), Bluff Point, 
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Bishop's Beach, Outside Beach, and Camel Rock rebounded to biomasses that were not 

significantly different from the NPH September biomass yields (Appendix A3). Whereas, Anchor 

Point and Jakolof Bay rebounded to biomasses that remained significantly lower than the NPH 

September biomass yields (Fig. 1.3b; Appendix A3).

Saccharina standing crop increased from early to late summer at only Anchor Point, while 

standing crop at Bluff Point and Bishop's Beach only increased early in the summer before 

decreasing by August (Fig. 1.4a). Saccharina standing crop (all months combined) was weakly 

significantly different among sites (ANOVA, F2,51 = 3.45, p = 0.04; Appendix A2). In April, mean 

standing crop at Anchor Point (0.58 kg/m2 ± 0.3 kg/m2, n = 6 plots) was similar to that of Bluff 

Point (0.60 kg/m2 ± 0.6 kg/m2, n = 6 plots; Fig. 1.4a). Unlike Bluff Point and Bishop's Beach, 

however, Saccharina standing crop at Anchor Point continued to increase from April to August, 

reaching the maximum overall mean biomass in August (1.24 kg/m2 ± 0.9 kg/m2, n = 3 plots; Fig. 

1.4a). At Bluff Point and Bishop's Beach, standing crop increased from April to June, but started 

to decrease after June or July (Fig. 1.4a). All three sites had decreasing standing crop from August 

to October (Fig. 1.4a).

Saccharina biomass that rebounded two months after harvesting also remained low 

throughout the growing season, showing no significant difference among sites (ANOVA, F2,24 = 

2.29, p = 0.123; Fig. 1.4a; Appendix A2). Two exceptions of high regrowth after two months 

occurred: one at Anchor Point from April to June and one at Bishop's Beach from August to 

October (Fig. 1.4a). In October, biomass that rebounded after four months of growth (i.e., June to 

October) was similar to the NPH October yields at Anchor Point, Bluff Point, and Bishop's Beach 

(Fig. 1.4b; Appendix A3). Similarly, biomass that rebounded after six months of growth (i.e., April 

to October) was similar to the NPH October yields at Anchor Point, Bluff Point, and Bishop's 

Beach (Appendix A3).

Both harvesting styles of Nereocystis (i.e., whole thallus or just the blades) had no clear 

pattern of standing crop from early to late summer, with weak significant differences among sites 

for whole Nereocystis clearings (ANOVA, F3,50 = 2.82, p = 0.05) and no significant differences 

among sites for Nereocystis blade clearings (ANOVA, F3,50 = 2.06, p = 0.12; Appendix A2). 

However, there was an increasing trend in biomass over time at Outside Beach (Fig. 1.5a and Fig. 

1.5c). Mean standing crop of whole Nereocystis individuals (i.e., from whole thallus clearings) at 
Outside Beach increased from May (0.10 kg/m2 ± 0.1 kg/m2, n = 6 plots) to the greatest overall 
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biomass in September (2.63 kg/m2 ± 1.0 kg/m2, n = 3 plots; Fig. 1.5a). Standing crop at Outside 

Beach was significantly higher in September (ANOVA, F3,14 = 12.73, p = 0.0003). The other sites 

had no temporal trends (Fig. 1.5a).

Nereocystis biomass from whole thallus clearings that rebounded two months after 

harvesting was not significantly different among sites (ANOVA, F3,23 = 0.87, p = 0.47; Appendix 

A2), but was significantly lower than NPH biomass throughout the summer at all sites (Fig. 1.5a; 

Appendix A3). In September, after four months of regrowth (i.e., May to September), Nereocystis 

biomass was still significantly lower than the NPH September harvests at Outside Beach and 

Hesketh Island, but not at the Herring Islands (Fig. 1.5b; Appendix A3). After six months of 

regrowth (i.e., March to September), re-cleared plots in September at Outside Beach yielded 

biomasses similar to the NPH September harvests (Appendix A3); Herring Islands data were not 

taken since the sampling location was relocated to the Herrings Islands in May, and revisited plots 

at Hesketh Island and Jakolof Bay were absent of Nereocystis individuals (Fig. 1.5b).

The mean standing crop of Nereocystis blades (i.e., blade clearings) was not significantly 

different among sites (ANOVA, F3,50 = 2.06, p = 0.12; Appendix A2). Outside Beach, again, 

increased in biomass from early to late summer, but had no significant differences over time 

(ANOVA, F3,14 = 2.80, p = 0.08). The overall greatest biomass of Nereocystis blades was 

measured in September (0.90 kg/m2 ± 0.3 kg/m2, n = 3 plots) at Outside Beach (Fig. 1.5c). The 

greatest biomass measured at Hesketh Island was similar in both March (0.83 kg/m2 ± 0.5 kg/m2, 

n = 6 plots) and July (0.83 kg/m2 ± 0.1 kg/m2, n = 3 plots), while the greatest biomass measured 

at the Herring Islands was in May (0.73 kg/m2 ± 0.8 kg/m2, n = 6 plots; Fig. 1.5c).

Nereocystis blade biomass that rebounded after two months was not significantly different 

among sites (ANOVA, F3,23 = 0.65, p = 0.59; Appendix A2). However, blade biomass that 

rebounded after two months was significantly lower than NPH blade biomass yields throughout 

the summer at Hesketh Island and the Herring Islands, but not at Outside Beach and Jakolof Bay 

(Fig. 1.5c; Appendix A3). In September, biomass of Nereocystis blades that rebounded after four 

months of growth (i.e., May to September) at the Herring Islands remained significantly lower 

than the NPH September biomass yields (Fig. 1.5d; Appendix A3). Given four months of regrowth 

(i.e., May to September), rebounded blade biomass yields at Outside Beach and Hesketh Island 

were similar to the NPH September biomass yields (Fig. 1.5d; Appendix A3). Similarly, given six 

months of regrowth (i.e., March to September), rebounded biomass yields were similar to NPH 
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September biomass yields at Outside Beach and Hesketh Island (Fig. 1.5d; Appendix A3). Since 

sampling location was relocated from Jakolof Bay to the Herring Islands in May, harvest rebound 

after four months could not be measured at Jakolof Bay. After six months, revisited plots at Jakolof 

Bay were completely absent of Nereocystis, so blade regrowth was zero (Fig. 1.5d).

There were no significant differences in standing crop of Fucus, Saccharina, Nereocystis 

thalli, and Nereocystis blades between semi-exposed and semi-protected sites (Table 1.3). 

Similarly, there were no significant differences in overall rebounded biomass for Fucus, 

Saccharina, Nereocystis thalli, and Nereocystis blades between semi-exposed and semi-protected 

sites (Table 1.3). There was a positive correlation between Fucus standing crop and tidal elevation 

(Spearman, Rs = 0.62, p = 6.5e-07), where Fucus biomass increased at higher tidal elevations 

(Table 1.3). An opposite trend occurred for Saccharina, where higher biomass was recorded at the 

site with the lowest tidal height (Table 1.3). Standing crop for Fucus and Saccharina also followed 

opposite trends when evaluated against substrate type (Table 1.3). For example, there was more 

Fucus (less Saccharina) biomass when percent bedrock was greater, but less Fucus (more 

Saccharina) when percent sand was greater (Table 1.3).

Reproductive size

The size at which Fucus became reproductive averaged 11.9 cm ± 5.9 cm (n = 76 

individuals; Fig. 1.6a). This size was constant across sites except for Anchor Point, where the 

smallest reproductive individuals were significantly larger (24.1 cm ± 8.2 cm, n = 9 individuals) 

relative to the other sites (10.3 cm ± 2.8 cm, n = 67 individuals; ANOVA, F5,70 = 26.31, p = 0.001; 

Fig. 1.6a). Though the smallest reproductive Fucus individuals were consistently larger at Anchor 

Point, the overall largest reproductive Fucus was from Camel Rock at 52.2 cm. The largest 

reproductive individuals at Anchor Point were greater than 40 cm, while the largest reproductive 

individuals at Bluff Point, Bishop's Beach, Jakolof Bay, and Outside Beach were between 20 to 

30 cm.

For Nereocystis, the stipe lengths of the smallest reproductive individuals were 

significantly smaller (ANOVA, F3,36 = 8.40, p = 0.0002) in September (355.8 cm ± 146.8 cm, n = 

9 individuals) than March through July (671.1 cm ± 191.6 cm, n = 31 individuals). Overwintered 

Nereocystis (individuals already reaching the surface in March) accounted for all of the individuals 

measured in spring, which were on average 810.3 cm ± 198.5 cm (n = 49 individuals) in stipe 
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length and reproductive. The smallest reproductive overwintered individuals were significantly 

different across sites in March (ANOVA, F2,11 = 6.73, p = 0.01), with Hesketh Island individuals 

(489.8 cm ± 241.5 cm, n = 4 individuals) being smaller than those at Jakolof Bay (875.2 cm ± 

156.3 cm, n = 5 individuals) and Outside Beach (798.0 cm ± 71.6 cm, n = 5 individuals; Fig. 1.6b). 

The new generation of Nereocystis sporophytes appeared in cleared plots by May and became 

reproductive in July. The overall smallest reproductive individual, 176 cm, was measured in 

September at the Herring Islands. Though reproductive Nereocystis individuals were present at 

Outside Beach in May, only newly settled individuals were found in the harvested plots, so no 

reproductive individuals were measured during that sampling event. At least by March, a 

divergence between size frequency curves of reproductive and non-reproductive Nereocystis was 

evident over time before resembling one another in September (Fig. 1.6b).

Discussion

Harvesters prefer collecting seaweeds during times of peak biomass for each targeted 

species. However, to sustainably harvest seaweeds, the timing of peak biomass should be balanced 

with reproductive timing (i.e., allowing mature plants to reproduce prior to harvest) and times of 

high regrowth (i.e., so that populations can rebound). This study demonstrates that to varying 

extents, seaweed harvesting in high latitudes may be sustainable if balanced with timing of 

reproduction and optimal regrowth.

Fucus distichus

While Fucus was found to be reproductive March through September (the entire study 

period), there were spatial differences in the size at reproductive maturity, with the minimum size 

of reproductive individuals being consistently larger at the semi-exposed site characterized by a 

higher percentage of boulder and sand substrate and lower tidal elevation. The results indicate that 

reproductive size in Fucus is spatially variable, and these size differences are accompanied by 

differences in standing crop and density. Individuals that became reproductive at a larger size were 

associated with less dense (and lower biomass) patches with slow regrowth. Wave exposure alone 

has previously been found to have only a small effect on intertidal Fucus morphology (Rice et al. 

1985). In contrasting observations, where size decreased with increased wave exposure 
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(Blanchette 1997), the presence of shifting substrate and extensive submergence at a negative tidal 

elevation might be contributing factors in determining density, biomass, and the size at which 

Fucus becomes reproductive. As such, soft sediment environments are least favorable for 

colonization of Fucus (Chapman and Fletcher 2002), which could partly explain the significantly 

lower biomass and fewer individuals found at Anchor Point. Disturbance induced by substrate 

instability may diminish the ability of Fucus recruits to settle. It has also been reported that Fucus 

decreased photosynthetic rates and growth when exposed to air for longer periods of time, not 

varying across tidal elevations (Chapman 1995, Williams and Dethier 2005). Fucus morphology 

is habitat-dependent (Sideman and Mathieson 1983a, b, Sideman and Mathieson 1985), and our 

results documenting lower densities and larger individuals at lower tidal elevation corroborate that 

observation with one noteworthy exception. Anchor Point, the site with the lowest tidal elevation, 

had the lowest Fucus biomass and densities, but also some of the largest individuals. A possible 

explanation for this might be that these individuals are growing faster due to reduced competition, 

but the patch is also “thinned-out” in response to intertidal disturbances caused by wave action, 

substrate instability, and possibly grazing pressure (Knight and Parke 1950, Alstyne 1990).

Fucus standing crop increased from early to mid-summer, with peak standing crop mostly 

observed in July, before steadily declining till September. Late summer decline of Fucus growth 

has also been observed in other regions of the world (Sideman and Mathieson 1983a). A potential 

mechanism for this decline in Alaska is the increased frequency and magnitude of storms in 

Southcentral Alaska during late-summer and fall that may dislodge seaweeds, reducing overall 

biomass.

Densities of Fucus appeared to influence the amount of biomass growth post-harvest. In 

the present study, an increase in Fucus density accompanied higher rebounded biomass. Sites with 

higher densities had more individuals less than 2 cm at the time of initial harvest that contributed 

to growth within the harvested plots. Fucus serratus, a close relative to F. distichus, also grew 

more slowly at higher densities (Creed et al. 1998). Individual growth rates were not measured in 

the present study. More post-harvest growth in higher density Fucus patches was determined by 

biomass measurements. Individuals within less dense patches may have been growing faster due 

to less competition, but the number of individuals within high density patches were still growing 

fast enough to yield greater standing crop.
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Saccharina latissima

Saccharina were not found to be reproductive until October. This observation is consistent 

with the reproductive timing of S. latissima in Norway (October to March), another high-latitude 

region (Andersen et al. 2011, Andersen 2013). In this study, Saccharina responded with earlier 

reproduction at lower tidal elevations that had a lot of sand, and were under more frequent 

disturbance conditions (i.e., wave exposure).

Saccharina standing crop was spatially variable in this study. Standing crop increased from 

early to late summer, peaking in August at Anchor Point, while showing no such pattern at the 

other sites. Saccharina is often predominant where sand deposition has adverse effects on other 

kelp species (Spurkland and Iken 2011, Traiger and Konar 2018). At Anchor Point, it is possible 

that sand deposition may be contributing to the success of Saccharina over other intertidal 

seaweeds, as standing crop can be significantly higher at exposed sites than sheltered sites (Peteiro 

and Freire 2013) and sediment deposits on blades can reduce the negative effects of ultraviolet 

radiation (Roleda et al. 2008, Roleda and Dethleff 2011). Other findings have shown proliferation 

of seaweeds as a response to environmental disturbances (Morand and Briand 1996); however, on 

a temporal scale, Saccharina has been shown to reduce frond elongation by July along coastlines 

of Northern Europe (Luning 1979, Andersen et al. 2011). In the present study, Saccharina 

generally decreased in biomass from June to October. This trend may be the result of individuals 

senescing in mid-summer, and reduced growth rates contributing to the decreased standing crop 

observed from June through October. Epiphytic growth may have also contributed to the reduced 

biomass of Saccharina after July, as epiphytic cover on kelp fronds is known to increase from June 

to September (Andersen et al. 2011, Andersen 2013), resulting in reduced access to light (Lambert 

et al. 1992). Although not quantified, epiphytic cover was observed in situ later in the summer.

Kelps may grow faster at more exposed sites because of cooler temperatures and higher 

nutrient uptake (Hepburn et al. 2007), which might explain the faster recovery of Saccharina at 

Anchor Point. Saccharina may grow best in lower intertidal and subtidal elevations, possibly 

explaining the greater relative success of Saccharina recovery at our low-elevation Anchor Point 

site. Since vertical distribution across tidal elevations and abundance of Saccharina are primarily 

influenced by grazing activity (Underwood and Jernakoff 1984), it is possible that invertebrate 

grazers are more successful in maintaining macroalgal recovery in tide pools less frequented by 
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physical disturbances, such as at Bluff Point and Bishop's Beach. The lower tidal elevation of 

Saccharina at Anchor Point could facilitate such differences with the other sites.

A limitation of this study is that Saccharina was only sampled in intertidal tide pools and 

Saccharina harvesters might be collecting Saccharina lower on the beach during extreme low 

tides. If summer harvest is allowed, it would be outside of the winter reproductive window, but 

would still remove individuals that would potentially become reproductive the following winter. 

However, subtidal populations may be able to continue to seed other Saccharina populations. The 

weight that reproductive timing has on developing sustainable harvest regulations of Saccharina 

should be evaluated by region, as sori formation varies globally.

Nereocystis luetkeana

Due to persisting overwintered adults, reproductive Nereocystis were found as early as 

March, which is unsurprising as overwintered adults are capable of regenerating blades with viable 

sori (Chenelot 2003). In other, lower-latitude regions (e.g., Puget Sound, Washington), first-year 

individuals of Nereocystis appear reproductive in May with the entire population completing its 

annual sporophyte life cycle by November of the same year (Maxell and Miller 1996). Though the 

present study observed reproductive Nereocystis in March, these individuals had extended their 

life cycle through the previous winter and into a second summer. These overwintered adults 

produced viable spores from spring onward, while the new generation produced viable spores as 

early as July. This finding is comparable to lower-latitude regions, such as British Columbia and 

Oregon, where reproductive tissue form in June (Foreman 1984, Kidder 2006).

A challenge for managers is what should be considered more important ecologically: 

safeguarding second-year plants or protecting present-year populations so that they can reproduce. 

Reproduction from new individuals would introduce more genetic mixing, while the second-year 

individuals could be supporting an already established microhabitat (Teagle et al. 2017). Another 

aspect to take into consideration is harvester interest. As harvesters target clean and smooth stipes 

for their products (e.g., pickles), it is likely that the new generation is preferred more than 

overwintered individuals coated with epiphytes. A problem with harvesting younger Nereocystis 

is that these new cohorts might contribute more to the overall reproductive success of the 

population. One study found that overwintered Nereocystis spore release had lower developmental 

success (i.e., slower rates of settlement and germination) than those released from the first-year 
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individuals (Chenelot 2003). Assuming that overwintered Nereocystis adults produce viable spores 

that grow quickly enough to reach adult size by the end of summer, concern for removal of 

individuals from the reproductive pool in late summer is alleviated by the presence of these 

reproductive individuals in early summer.

Nereocystis did not exhibit significant differences in overall size across sites. However, 

there was an overall trend of less biomass and shorter stipes in late summer than in early summer. 

This trend can be explained by the loss of overwintered adults by September, with late summer 

measurements coming from the new generation of smaller reproductive adults possibly heading 

into their first winter. An increase in Nereocystis standing crop from early to late summer was 

apparent at just one site, while biomass at the other sites either remained steady throughout the 

summer or decreased over time. Nereocystis standing crop appeared to follow an oceanic gradient. 

Low salinity and high turbidity conditions have negative effects on Nereocystis growth (Schoch 

and Chenelot 2004, Deiman et al. 2012), and those conditions intensify toward inner Kachemak 

Bay. Accordingly, Nereocystis increased in biomass from the less exposed inner-bay sites (i.e., 

Herring Islands and Jakolof Bay) to the more exposed outer-bay sites (i.e., Outside Beach and 

Hesketh Island), suggesting they grow better in more oceanic conditions (this study), or that 

seasonal circulation patterns may be influencing their distribution around the bay (Schoch and 

Chenelot 2004). This suggests that the amount of Nereocystis biomass available for harvest should 

be greatest in more oceanic conditions, such as what was found on the southern, outer regions of 

Kachemak Bay, where sedimentation is low and estuarine conditions are reduced (Traiger and 

Konar 2018).

In this study, plots cleared of whole individuals were expected to have low post-harvest 

biomass relative to plots cleared of just the blades. However, this was not seen during most 

sampling events. Regrowth within the plots may have been from newly settled recruits or juveniles 

that grew to a harvestable size. Nereocystis has been reported to have stipe growth rates of 10.2 

cm per day in Puget Sound, Washington (Maxell and Miller 1996) and up to 14.7 cm per day in 

Kachemak Bay (Chenelot 2003). When revisited after two months, stipes of some individuals that 

were removed of their blades had descended to the seafloor with degraded pneumatocysts absent 

of blades. The overwintered adults that were de-bladed in the present study may have already been 

stressed by aging, and the removal of their blades decreased their endurance near the end of their 

second year. Blade removal would also have decreased their surface area available for 
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photosynthesizing and nutrient uptake. Faster growth of blades generally occurred at the more 

oceanic influenced site, with the exception of the more estuarine influenced site having high 

regrowth in early summer. It has been suggested that enhanced growth rates of kelp (Macrocystis 

pyrifera) in New Zealand is a function of the availability of nutrients, reflected by higher wave 

action (Stephens and Hepburn 2014).

Conclusions and implications for seaweed management

The results of this study have implications for managing the sustainable harvest of seaweed 

in high latitudes and will inform management plans for Southcentral Alaska and elsewhere. The 

present study suggests that July may be an optimal time to harvest Fucus, as this marks the end of 

the maximum reproductive period while having the most biomass available to harvesters. Harvests 

in August or later would occur outside periods of high productivity, but this is also when 

proportions of reproductive individuals (with targeted receptacles) decrease. Perhaps collection 

should be avoided during the reproductive period prior to July, as high reproductive contributions 

also occurring in May and June would help to buffer the effects of Fucus harvests during peak 

biomass in July. In contrast, harvesting intertidal Saccharina may be optimal and more desirable 

to harvesters before August, as this is when a biomass reduction becomes apparent, growth slows, 

and epiphytic cover escalates.

Harvesting Nereocystis in late summer might have negative effects on a population, as this 

would remove potentially overwintering reproductive adults. Mid-summer harvesting might be 

optimal, as this would allow overwintered adults to release spores in spring and would avoid 

removal of the new generation at the end of summer, promoting more consistent, rather than 

pulsed, recruitment throughout the year. An alternative strategy would be to harvest first-year 

Nereocystis at the end of summer after the first-year generation released their spores, leaving the 

overall region with a seed bank that can go into the next year to replenish the kelp population. 

Since the removal of all blades resulted in many individuals dying, perhaps specifying in regulation 

that only some blades of an individual thallus may be removed would decrease harvest mortality. 

This restriction would allow the individual to continue photosynthesizing and taking up nutrients 

as it recovered. Though, in general most Nereocystis are harvested for the stipe (just above the 

holdfast). Individuals harvested in this manner will not survive.
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Regulations for harvesting seaweeds should account for the temporal and spatial variability 

of reproductive timing and biomass availability at the species level. Though species-level 

regulations can be challenging, it is done with sport and commercial fishing regulations in 

California, for example, where personal use harvest of Zostera spp., Phyllospadix spp., and 

Postelsia palmaeformis is prohibited (Sklar et al. 2019). The present study supports current 

harvesting restrictions in areas with limited reproduction, low biomass, and slow rebound. Such 

restrictions are especially advised in areas where coastline is easily accessible to residents. In 

addition, we recommend further ecosystem-wide studies in non-subsistence areas that show 

potential for sustainable seaweed harvesting as a next step toward implementing regulations that 

allow harvesting. As wild seaweed stocks remain an important option for consumers, additional 

studies should consider not only the response of seaweeds to harvesting, but also the impact their 

removal may have on the ecosystem.
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Figures

Figure 2.1 Map of study sites located in Lower Cook Inlet (Northern Gulf of Alaska) at the mouth 

of Kachemak Bay. The three northern intertidal study sites were Anchor Point, Bluff Point, and 

Bishop's Beach. The three southern intertidal study sites were Jakolof Bay, Outside Beach, and 

Camel Rock. The four subtidal study sites were at Outside Beach, Hesketh Island, Jakolof Bay, 

and Herring Islands. Study sites were located either within (denoted by closed symbols) or outside 

(denoted by open symbols) non-subsistence boundaries. Circle = sites where Fucus and 

Saccharina were harvested. Triangle = sites where only Nereocystis was harvested. Diamond = 

sites where Fucus and Nereocystis were harvested. Square = sites where only Fucus was harvested.
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Figure 1.2 (a) Average densities and standard deviations of Fucus and proportions that are 

reproductive (dark gray shaded area of bars) at each study site over time. (b) Average densities 

and standard deviations of Nereocystis at each study site over time. Reproductive proportions of 

Nereocystis are not shown here because they were not assessed from these density collections. ND 

= no data.
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Figure 1.3 Average standing crop, average rebounded biomass, and standard deviations of Fucus.

a) Standing crop of Fucus over time and harvest rebound after 2 months. Black circles denote the 

standing crop available if not previously harvested. White circles denote the biomass available for 

harvest if previously harvested 2 months earlier, showing the amount of regrowth after 2 months.

b) Biomass available for harvest in September if previously harvested 4 and 6 months earlier, and 

biomass harvested in September from not previously harvested (NPH) plots. NPH = not previously 

harvested before September.
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Figure 1.4 Average standing crop, average rebounded biomass, and standard deviations of 

Saccharina. a) Standing crop of Saccharina over time and harvest rebound after 2 months. Black 

circles denote the standing crop available if not previously harvested. White circles denote the 

biomass available for harvest if previously harvested 2 months earlier, showing the amount of 

regrowth after 2 months. b) Biomass available for harvest in October if previously harvested 4 and 

6 months earlier, and biomass harvested in October from not previously harvested (NPH) plots. 

NPH = not previously harvested before October.
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Figure 1.5 Average standing crop, average rebounded biomass, and standard deviations of 

Nereocystis. Standing crop over time and harvest rebound after 2 months for a) whole Nereocystis 

thalli and c) just Nereocystis blades. Black circles denote the standing crop available if not 

previously harvested. White circles denote the biomass available for harvest if previously 

harvested 2 months earlier, showing the amount of regrowth after 2 months. Biomass available for 

harvest in September if previously harvested 4 and 6 months earlier, and biomass harvested in 

September from not previously harvested (NPH) plots for b) whole Nereocystis thalli and d) just 

Nereocystis blades. NPH = not previously harvested before September. ND = no data.
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Figure 1.6 Estimated size densities (kernel-smoothed) of non-reproductive (white) and 

reproductive (dark gray) individuals for (a) Fucus and (b) Nereocystis. Fucus sizes were similar 

over time and data were averaged across months, while Nereocystis data were facetted by month 

due to more variability in size over time. ND = no data.
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Tables

Table 1.1 Environmental classifications of substrate type (mean percentage ± standard deviation; 

n = 10 plots per site), wave exposure, and tidal elevation for the six intertidal sites.

Bedrock
(%)

Boulder
(%)

Cobble
(%)

Gravel
(%)

Sand 
(%)

Wave
Exposure

Tidal 
Elevation

(m)
Anchor Point 0.0 ± 0.0 79.5 ±

14.0 8.75 ± 7.0 1.25 ± 2.0 10.5 ±
13.0 SE -0.55

Bluff Point 0.0 ± 0.0 85.0 ±
16.0 1.0 ± 3.0 6.0 ± 14.0 8.0 ± 8.0 SE 0.58

Bishop's Beach 27.0 ±
44.0

58.0 ±
40.0 3.0 ± 4.0 11.5 ± 6.0 0.5 ± 2.0 SP 1.16

Jakolof Bay 100.0 ±
0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 SP ND

Outside Beach 75.6 ±
41.0

20.2 ±
39.0 0.3 ± 1.0 3.9 ± 7.0 0.0 ± 0.0 SE ND

Camel Rock 50.1 ±
40.0

42.0 ±
36.0 5.7 ± 5.0 2.2 ± 4.0 0.0 ± 0.0 SE ND

Key: SE = semi-exposed; SP = semi-protected; ND = no data
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Table 1.2 Reproductive proportions of Nereocystis (n = number of individuals surveyed). After 

April, there was a relocation of study site from Jakolof Bay to the Herring Islands.

Outside Beach Hesketh Island Jakolof Bay Herring Islands

Mar 20.0% (n = 10) 95.5% (n = 44) 92.3% (n = 39) ND

Apr 70.0% (n = 20) 100% (n = 20) 70.0% (n = 20) ND

May 76.2% (n = 21) 94.1% (n = 17) ND 95.5% (n = 22)

Jun 75.0% (n = 4) 100% (n = 20) ND 95.0% (n = 20)

Jul 50.0% (n = 14) 30.0% (n = 20) ND 100% (n = 7)

Aug 65.0% (n = 20) 25.0% (n = 20) ND 90.0% (n = 20)

Sep 100% (n = 20) 95.0% (n = 20) ND 81.3% (n = 16)

Key: ND = no data
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Table 1.3 (a) Spearman's rank correlation coefficients between biomass and environmental 

variables. (b) ANOVA comparisons of mean standing crop and mean harvest rebound between 

semi-exposed and semi-protected sites.

(a) Bedrock Boulder Cobble Gravel Sand
Tidal

Elevation
Fucus biomass 0.21* -0.13 -0.26** 0.097 -0.35*** 0.62***
Saccharina 
biomass -0.14 -0.028 0.29* -0.028 0.26 -0.26

Key: * p < 0.05; ** p < 0.01; *** p < 0.001

(b) SE vs. SP

Standing Crop Harvest Rebound

Fucus Fi,io6 = 0.06, p = 0.8 F1,88 = 0.32, p = 0.576

Saccharina Fi,52 = 1.70, p = 0.198 F1,43 = 2.81, p = 0.1

Nereocystis thalli Fi,52 = 1.15, p = 0.288 F1,41 = 1.19, p = 0.282

Nereocystis blades F1,52 = 0.003, p = 0.956 F1,43 = 2.48, p = 0.122

Key: SE = semi-exposed; SP = semi-protected

50



Appendix A

Appendix A1 Mean Fucus densities (and mean reproductive proportions), standard deviations, 

and Tukey HSD comparisons of means for all months combined (n = 70 total quadrats per site).

Tukey HSD Comparisons
Density
[ind./m2]

SD
Anchor Bluff Bishop's Jakolof Outside

(Repro. Point Point Beach Bay Beach
Prop.)

Anchor 104 105
Point (12.4%) (21%)

Bluff
Point

640
(19.4%)

370
(18.1%)

p < 0.001 
(p =

0.412)

Bishop's
Beach

512
(28.8%)

386
(21.4%)

p < 0.001 
(p = 

0.0002)

p = 0.028 
(p =

0.119)

Jakolof
Bay

223
(27.2%)

132
(22.3%)

p = 0.051 
(p =

0.001)

p < 0.001
(p =

0.289)

p < 0.001 
(p =

0.998)

Outside
Beach

238
(29.7%)

166
(26.6%)

p = 0.018 
(p <

0.001)

p < 0.001
(p =

0.064)

p < 0.001
(p = 1.0)

p = 0.999 
(p =

0.985)

Camel
Rock

207
(35.6%)

147
(21.9%)

p = 0.135 
(p <

0.001)

p < 0.001 
(p =

0.0003)

p < 0.001
(p =

0.456)

p = 0.999 
(p =
0.22)

p = 0.977 
(p =

0.618)
Key: Bold values denote significance; SD = standard deviation
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Appendix A2 Mean standing crop (and mean biomass after two months recovery following 

harvesting), standard deviations, sample size (# of plots), and Tukey HSD comparisons of means 

for all months combined for (a) Fucus, (b) Saccharina, (c) Nereocystis thalli, and (d) Nereocystis 

blades.

Key: Bold values denote significance; SD = standard deviation; n = sample size
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(a) Fucus Tukey HSD Comparisons

Anchor Point

Biomass [kg/m2] 
(After 2 Months) 

0.67 
(0.07)

SD

0.5 
(0.1)

n

18
(9)

Anchor
Point Bluff Point Bishop's

Beach Jakolof Bay Outside
Beach

Bluff Point 3.25
(1.07)

1.8
(0.4)

17
(9)

p = 0.0003 
(p < 0.001)

Bishop's Beach 2.65
(0.64)

1.4
(0.07)

18
(9)

p = 0.01 
(p = 0.0001)

p = 0.902
(p = 0.005)

Jakolof Bay 2.53
(0.23)

1.3
(0.09)

18
(9)

p = 0.02
(p = 0.729)

p = 0.81
(p < 0.001)

p = 1.0
(p = 0.008)

Outside Beach 2.19
(0.24)

1.4
(0.24)

18
(9)

p = 0.093
(p = 0.664)

p = 0.455
(p < 0.001)

p = 0.968
(p = 0.011)

p = 0.992
(p = 1.0)

Camel Rock 3.94
(0.3)

2.9
(0.3)

18
(9)

p < 0.001
(p = 0.349)

p = 0.846
(p < 0.001)

p = 0.223
(p = 0.043)

p = 0.145
(p = 0.989)

p = 0.034
(p = 0.995)

(b) Saccharina Tukey HSD Comparisons
Biomass [kg/m2]
(After 2 Months) SD n Anchor Point Bluff Point

Anchor Point 0.86
(0.35)

0.6
(0.4)

18
(9)

Bluff Point 0.51
(0.11)

0.44
(0.11)

18
(9)

p = 0.07 
(p = 0.16)

Bishop's Beach 0.5 
(0.12)

0.4 
(0.17)

18
(9)

p = 0.06 
(p = 0.2)

p = 1.0 
(p = 1.0)

(c) Nereocystis thalli Tukey HSD Comparisons
Biomass [kg/m2]
(After 2 Months)

SD n Outside Beach Hesketh Island Jakolof Bay

Outside Beach 0.92
(0.03)

1.0
(0.07)

18
(9)

Hesketh Island 2.06
(0.09)

1.6
(0.1)

18
(9)

p = 0.05
(p = 0.63)

Jakolof Bay 0.98
(0.07)

0.7 
(0.04)

6
(3)

p = 1.0
(p = 0.95)

p = 0.29
(p = 0.99)

Herring Islands 1.12
(0.01)

1.2
(0.03)

12
(6)

p = 0.97 
(p = 0.98)

p = 0.2 
(p = 0.48)

p = 1.0 
(p = 0.86)

(d) Nereocystis blades Tukey HSD Comparisons
Biomass [kg/m2]
(After 2 Months) SD n Outside Beach Hesketh Island Jakolof Bay

Outside Beach 0.38
(0.17)

0.5
(0.2)

18
(9)

Hesketh Island 0.65
(0.07)

0.5
(0.1)

18
(9)

p = 0.33 
(p = 0.53)

Jakolof Bay
0.23

(0.13)
0.23
(0.1)

6
(3)

p = 0.92 
(p = 0.98)

p = 0.26 
(p = 0.94)

Herring Islands 0.67
(0.12)

0.6
(0.2)

12
(6)

p = 0.38 
(p = 0.86)

p = 1.0 
(p = 0.97)

p = 0.28 
(p = 1.0)



Appendix A3 ANOVA comparisons of harvest rebound after two, four, and six months to biomass 

not previously harvested (NPH) for (a) Fucus, (b) Saccharina, (c) Nereocystis thalli, and (d) 

Nereocystis blades.

Key: Bold values denote significance; ND = no data

Two Months vs. NPH Four Months vs. NPH Six Months vs. NPH

(a) Fucus

Anchor Point Fi,25 = 15.32, p = 0.0006 F1,4 = 86.16, p = 0.0007 F1,4 = 77.35, p = 0.0009
Bluff Point Fi,24 = 12.04, p = 0.002 F1,4 = 3.24, p = 0.15 F1,3 = 0.90, p = 0.4
Bishop's Beach Fi,25 = 17.13, p = 0.0003 F1,4 = 1.63, p = 0.27 F1,4 = 0.29, p = 0.6
Jakolof Bay F1,25 = 27.37, p = 0.001 F1,4 = 13.95, p = 0.02 F1,4 = 7.77, p = 0.05
Outside Beach F1,25 = 16.20, p = 0.0005 F1,4 = 12.03, p = 0.03 F1,4 = 0.16, p = 0.7
Camel Rock F1,25 = 14.03, p = 0.001 F1,4 = 68.52, p = 0.001 F1,4 = 6.88, p = 0.06

(b) Saccharina

Anchor Point F1,25 = 5.49, p = 0.028 F1,4 = 2.85, p = 0.17 F1,4 = 0.23, p = 0.66
Bluff Point F1,25 = 7.12, p = 0.013 F1,4 = 2.37, p = 0.2 F1,4 = 1.47, p = 0.29
Bishop's Beach F1,25 = 7.97, p = 0.009 F1,4 = 4.91, p = 0.09 F1,4 = 4.52, p = 0.1

(c) Nereocystis thalli
Outside Beach F1,25 = 6.63, p = 0.016 F1,4 = 21.45, p = 0.01 F1,4 = 1.92, p = 0.238
Hesketh Island F1,25 = 12.87, p = 0.001 F1,4 = 9.94, p = 0.03 ND
Jakolof Bay F1,7 = 5.55, p = 0.05 ND ND
Herring Islands F1,16 = 4.74, p = 0.05 F1,4 = 2.89, p = 0.17 ND

(d) Nereocystis blades
Outside Beach Fi,25 = 1.43, p = 0.2 F1,4 = 0.4, p = 0.6 F1,4 = 5.82, p = 0.07
Hesketh Island F1,25 = 11.34, p = 0.002 F1,4 = 2.45, p = 0.193 F1,4 = 0.01, p = 0.941
Jakolof Bay F1,7 = 0.49, p = 0.5 ND ND
Herring Islands F1,16 = 5.86, p = 0.028 F1,4 = 25.12, p = 0.007 ND
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Appendix A4 State of Alaska Department of Fish and Game Aquatic Resource Permit 

(#CF-18-037) that authorized the collection of macroalgae from 1 March to 31 October 2018 in 

Kachemak Bay, Alaska.

This permit authorizes:

STATE OF ALASKA 
DEPARTMENT OF FISH AND GAME

P.O. Box 115526
JUNEAU, ALASKA 99811 -5526

Permit No. CF-18-037

Expires: 10/31/2018

AQUATIC RESOURCE PERMIT 
(For Scientific/Collection/Holding Purposes)

Brian Ulaski
(whose signature is required on page 2 for permit validation) 

of
University of Alaska Fairbanks

P.O. Box 757220, Fairbanks. AK 99775
(925)519-6224 bpulaski2@alaska.edu

to conduct the following activities from March 1. 2018 to October 31, 2018 in accordance with AS 16.05.930 and AS 
16.05.340(b), and 5 AAC 41.600.

Purpose: To study seaweed reproductive viability and rebound rates from harvest.

Location: Kachemak Bay including Anchor Point, Bluff Point, and Bishop's Beach, Jakalof Bay, Outside Beach, and Camel 
Rock.

Species: 1,980 Sugar kelp (Saccharina latissima), 990 bull kelp (Nereocystis leutkeana), 1,080 rockweed (Fucus distichus), 
420 bags of wrack. Individuals collected will parts of plants above the holdfast. Some of the same individual plants may be 
sampled monthly.

Method of Collection: Hand collection.

Disposition: Species will be held live at the Kasitsna Bay Laboratory for spore release timing. Specimens will be destroyed 
at the end of the project. Any specimens remaining alive at the end of the permit effective period will be held under a 
subsequent permit, if issued, or destroyed as directed. See Stipulations section.

A COLLECTION REPORT IS DUE November 30, 2018 and a COMPLETION REPORT IS DUE April 30, 2019. See 
Stipulations section for more information. Data from such reports are considered public information. Reports must be 
submitted to the Alaska Department of Fish and Game, Division of Commercial Fisheries, PO Box 115526, Juneau, AK 
99811-5526, attention Michelle Morris (907-465-4724; dfg.fmpd.permitcoordinator@alaska.gov). A report is required 
whether or not collecting activities were undertaken.

GENERAL CONDITIONS, EXCEPTIONS AND RESTRICTIONS
1. This permit must be carried by person(s) specified during approved activities who shall show it on request to persons authorized to 

enforce Alaska's fish and game laws. This permit is nontransferable and will be revoked or renewal denied by the Commissioner of 
Fish and Game if the permittee violates any of its conditions, exceptions or restrictions. No redelegation of authority may be allowed 
under this permit unless specifically noted.

2. This permit is for non-propagative research that requires maintaining live specimens for some amount of time after capture.
3. No specimens taken under authority hereof may be sold, bartered, or consumed. All specimens must be deposited in a public 

museum or a public scientific or educational institution unless otherwise stated herein. Subpermittees shall not retain possession of 
live animals or other specimens.

4. The permittee shall keep records of all activities conducted under authority of this permit, available for inspection at all reasonable 
hours upon request of any authorized state enforcement officer.

5. Permits will not be renewed until detailed reports, as specified In the Stipulation section, have been received by the department.
6. UNLESS SPECIFICALLY STATED HEREIN, THIS PERMIT DOES NOT AUTHORIZE the exportation of specimens or the taking of 

specimens in areas otherwise closed to hunting and fishing; without appropriate licenses required by state regulations; during closed 
seasons; or in any manner, by any means, at any time not permitted by those regulations.

Peter Bangi 2/26/18
Deputy or Assistant Director 
Division of Commercial Fisheries 
Alaska Department of Fish and Game
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Appendix A4 (continued)

CF-18-037 continued (page 2 of 2)

Authorized Personnel: The following personnel may participate in collecting activities under terms of this permit:

Brian Ulaski, Marta Ree, and Brenda Konar.

Employees and volunteers under the direct supervision of, and in the presence of, one of the authorized personnel listed above may 
participate in collecting activities under terms of this permit.

Stipulations:

1. Ethan Ford (Division of Commercial Fisheries, Homer, (907)235-8191, ethan ford@alaska.gov) must be notified prior to 
you engaging in collecting activities. Division of Commercial Fisheries management biologists have the authority to 
specify methods for collecting, as well as limiting the collections of any species, and the number of specimens collected 
by time and area.

2. Permits will indicate the number of specimens that may be taken by species and life stage. Sampling or collecting 
activities must stop when the maximum allowable number of specimens is obtained. All live fish, shellfish, and aquatic 
plants collected in excess of the number specified on the permit must be released immediately and unharmed at the 
capture location, unless otherwise specified in the permit. All unintended mortalities must be recorded and returned to 
capture site waters.

3. Up to 2 individuals of each unknown species may be killed and saved for later identification.
4. Specimens collected under the authority of this permit are ONLY to be used for the purposes outlined in this permit.
5. The permit number must be displayed on the aquaria. All aquarium systems (open and closed) may be inspected by an 

ADF&G Fish Health Services pathologist.
6. Upon disposition, specimens will be double-bagged and placed in sanitary landfill.
7. Any specimens remaining alive at the end of the permit effective period will continue to be reared under subsequent 

FRPs, if issued, or destroyed as directed.
8. A copy of this permit, including any amendments, must be made available at all field collection sites and project sites for 

inspection upon request by a representative of the department or a law enforcement officer.
9. Issuance of this pennit does not absolve the permittee from compliance in full with any and all other applicable federal, 

state, or local laws regulations, or ordinances.
10. A report of collecting activities, referencing this aquatic resource permit, must be submitted within 30 days after 

the expiration of this permit. This report must summarize the number of all specimens, including bycatch, captured by 
date, location, species, size (weight and length where appropriate), age (where appropriate), numbers, and the fate of 
those specimens. A report is required whether or not collecting activities were undertaken.

11. A report of research activities, referencing this aquatic resource permit, must be submitted within 6 months 
after the expiration of this permit. This report should present the research conducted in a format similar to a scientific 
paper including the following: introduction (objective of the study plan and hypothesis), methods, and results. The report 
is ad-hoc and intended to show that the specimens were used in a scientific method and allows for the evaluation of 
potential cumulative effects from multiple projects in the same area, but is not intended to be a full peer-reviewed 
scientific paper. A report is required whether or not research activities were undertaken.

12. Failure to comply with the conditions of this permit will result in the loss of future permitting privileges.
13. PERMIT VALIDATION requires permittee's signature agreeing to abide by permit conditions before beginning collecting 

activities:

Signature of Permittee

ecc: Ethan Ford, Glenn Hollowell, Ted Otis, Matt Miller, Ted Meyers
CF Division Files
Alaska Wildlife Troopers-Homer
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Chapter 2

How Landscape Variables Influence the Relative Abundance, Composition, 

and Reproductive Viability of Macroalgal Wrack in a Glacial Estuary2

2 Published as: Ulaski, B.P., E.O. Otis, and B. Konar. 2023. How landscape variables influence the relative 
abundance, composition, and reproductive viability of macroalgal wrack in a high latitude glacial estuary. Estuarine, 
Coastal and Shelf Science. https://doi.org/10.1016/j.ecss.2022.108169 .

Abstract

Beach-cast wrack is an important resource that is commonly harvested by humans, and its 

removal can have consequences for coastal ecosystems. To further our understanding of wrack 

dynamics within high latitude ecosystems, this study compared spatio-temporal variability in 

drifting and beach-cast wrack in relation to selected landscape variables, examined the 

reproductive status of kelp and rockweed wrack, and evaluated the paired use of aerial drone and 

ground surveys to estimate wrack distribution and surface area. This study was based in Kachemak 

Bay, Alaska, a high latitude estuarine system, where wrack harvest is carefully regulated by the 

Alaska Department of Fish and Game. Wrack from eleven beaches was surveyed over two seasons 

between March and September 2018 and 2021. Coastline (substrate type, slope, and exposure) and 

adjacent watershed characteristics (percent glacial cover and range in seawater salinity) correlated 

with diversity and compositional differences in drifting and beach-cast wrack throughout 

Kachemak Bay. The seasonal input of kelp sori and fucoid conceptacles that washed ashore with 

reproductive individuals suggests that harvesting wrack has the potential to remove viable 

propagules from the reproductive pool. On-the-ground and drone-based surveys of beach-cast 

wrack both revealed similar seasonal patterns of patchy (spring) and continuous (summer) 

deposition onshore. Our results confirm that aerial drone surveys are a useful and efficient tool for 

monitoring beach-cast wrack surface area. This study identified several factors that contribute to 

wrack abundance, distribution, composition, and reproductive viability, which can be used by 

resource managers to develop wrack stock assessment and sustainable harvest strategies.
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Introduction

Wrack (dislodged accumulations of marine macroalgae and terrestrial matter) is a 

renewable natural resource that, when harvested by humans, can disturb the ecological function of 

the beach ecosystem (Dugan et al. 2003, Kirkman and Kendrick 1997). In some regions of the 

world, entire beaches are cleared of wrack for aesthetics (Defeo et al. 2009), or the accumulation 

of wrack is inhibited by coastal armoring (Heerhartz et al. 2014). Wrack drifting in the nearshore 

is commonly harvested for animal feed (Kirkman and Kendrick 1997). The interplay between the 

ecological importance of wrack and society's desire to remove it has spurred research worldwide 

(Dugan et al. 2003, Vieira et al. 2016). However, the importance of this habitat and resource within 

higher latitude coastal ecosystems has not been extensively explored, especially in regions where 

there is a growing interest in wrack harvesting. The distinctiveness of harsh beach conditions (heat, 

desiccation, freezing, and snow) and seasonally limited light and growth periods are unique 

selective factors among high latitude coastal systems that shape particular species assemblages of 

wrack.

Habitat created by marine macroalgae, when dislodged, is transported from a marine 

ecosystem that supports fish and marine invertebrates to one that supports terrestrial invertebrates 

and their predators (Fox et al. 2014). Dislodged macroalgae provide subsidies of marine derived 

nutrients (MDN) to other nearshore (drifting wrack) and onshore (beach-cast wrack) ecosystems, 

where in situ primary production may otherwise be limited (Kelly et al. 2012, Filbee-Dexter and 

Scheibling 2016, Liebowitz et al. 2016). Foundational habitat formed by beach-cast macroalgal 

wrack may help facilitate early terrestrial nearshore successional processes of invertebrate 

communities and ecosystem assemblies (Sikes and Slowik 2010). Beach-cast wrack also helps 

maintain overall species diversity (Harris et al. 2014) and ecosystem function (Defeo et al. 2009, 

Barreiro et al. 2011), and facilitates trophic associations between marine and terrestrial systems 

(Roth 2003). Before being deposited onshore, drifting wrack often accumulates in surf zones, 

where near-subtidal and intertidal macroinvertebrates find refuge, and fish find forage in the loose 

organic debris (Clark 1997, Olds et al. 2018). Drifting wrack left on the beach by outgoing tides 

and storm surges increases onshore productivity (Dugan et al. 2003, Vieira et al. 2016). Further 

ecological effects of beach-cast wrack are evident through biogeochemical processing, where 

heaps of decomposing wrack directly increase MDN on beaches, fertilizing nearby vegetation 
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(Lastra et al. 2018). Wrack deposits also enhance dune formation and the stability of the substrate 

(Hemminga and Nieuwenhuize 1990, Innocenti et al. 2018).

Seasonality may shape the composition of wrack given differences in macroalgal life 

history strategies (Barreiro et al. 2011, Gomez et al. 2013). Annuals develop sporophytes 

seasonally, whereas perennials may contribute detrital material year-round. Changing oceanic 

conditions that threaten the persistence of anchored macroalgae with structural and nutritional 

value (Rugiu et al. 2018) may also affect the quality of macroalgae that wash ashore for intertidal 

and terrestrial consumers (Mews et al. 2006, Michaud et al. 2019). The seasonal and spatial 

variability of wrack abundance and composition may play a role in shaping wrack-associated 

macrofaunal communities (Olabarria et al. 2007). Longevity of wrack can depend on substrate 

type and the intensity of consumption, the latter of which can be reduced by the presence of 

rockweeds and seagrasses due to higher concentrations of phenolic compounds that deter 

consumers (Orr et al. 2005). Habitat use by invertebrates and rate of MDN release on a beach are 

likely dependent on which macroalgae and aquatic plants wash ashore.

Increased glacial outflow may negatively impact macroalgal reefs (Traiger and Konar 

2018), indirectly influencing wrack. Macroalgae require sufficient nutrients, light, temperature, 

and salinity for successful development (Ladah and Zertuche-Gonzalez 2007). For high latitude 

ecosystems, these physical parameters in the near-subtidal and intertidal zones are substantially 

influenced by glacial outflow (Spurkland and Iken 2011a, Larsen et al. 2015). Increased sediment 

scour from glacial silt can reduce the diversity of macroalgal assemblages (Balata et al. 2015). 

Suspended sediments increase turbidity, which reduces access to light and decreases the stability 

of reefs (Airoldi 2003, Bonsell and Dunton 2018). The introduction of freshwater to coastal 

systems lowers salinity below tolerable levels for many macroalgal species (Spurkland and Iken 

2011b, Rugiu et al. 2018). Given the known effects of freshwater and glacial input on nearshore 

macroalgal reefs, drifting and beach-cast wrack composition might look considerably different 

under variable physical parameters in a glacially influenced estuary.

Macroalgae can remain reproductively viable following detachment and deposition as 

wrack (McKenzie and Bellgrove 2008, Ulaski and Konar 2021). Kelps have robust independent 

early life-history stages (Ladah and Zertuche-Gonzalez 2007) with typical spore dispersal ranging 

from 1 - 10 m from the adult sporophyte (Filbee-Dexter and Wernberg 2018). Gametes are released 

by fucoids during non-turbulent conditions for successful settlement (Pearson and Brawley 1996). 
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However, kelps and fucoid propagules may also travel hundreds of kilometers depending on water 

column conditions during the time of release (Schiel and Foster 2006). Reproductively viable 

fragments caught up in rafts of drifting wrack may be an important means of long-distance 

dispersal (McKenzie and Bellgrove 2008). Resuspension of beach-cast wrack by tides (Orr et al. 

2005) may also be a vector of gene flow among longshore populations (Kusumo and Druehl 2000, 

Tatarenkov et al. 2007). Removal of beach-cast wrack through harvesting efforts may interfere 

with this mode of macroalgal propagule dispersal and genetic mixing.

There are many methodological approaches for estimating beach-cast wrack biomass and 

surface area (Dugan et al. 2003, Barreiro et al. 2011, Gomez et al. 2013, Wickham et al. 2020, 

Gilson et al. 2021). These methods can be labor-intensive, as beach length and topographical 

constraints add complexity to estimating wrack surface area on-the-ground (OTG). The use of 

unmanned aerial vehicles (drones) offers a labor-saving approach to coastal monitoring (Konar 

and Iken 2018, Escobar-Sanchez et al. 2021, Pucino et al. 2021) and has been proven a feasible 

tool to map wrack on beaches (Pan et al. 2021). Routine implementation of aerial drone surveys 

offers an efficient, long-term, and reproducible monitoring practice available to coastal managers. 

This study addressed four main questions regarding wrack assemblages within a high latitude, 

glacially-influenced estuary: (1) What are the distributional differences in beach-cast wrack 

biomass and composition, and which environmental variables correlate with spatio-temporal 

patterns? (2) How similar in composition are drifting and beach-cast wrack? (3) What is the 

reproductive status of beach-cast kelp and rockweed wrack over time? (4) Are OTG and drone 

sampling approaches comparable for monitoring seasonal changes in beach-cast wrack surface 

area?

Methods

Study area

This study was conducted in Kachemak Bay, a large fjord-type, glacially fed estuary in 

Lower Cook Inlet, Alaska (Fig. 2.1). Incoming oceanic water diverging from the Alaska Coastal 

Current enters Kachemak Bay from the south and generally circulates cyclonically 

(counterclockwise) along the coastline to ultimately flow out of the region along the northern 

extent (Johnson 2021). Tides also add inter-daily flow and circulation variation given the large 
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changes between low and high tide in Kachemak Bay. The nearshore regions of the bay are 

populated by a diverse array of macroalgae (Konar et al. 2010). Extensive nearshore reef 

macroalgae wash up as beach-cast wrack, which has historically been harvested by the public (G. 

Hollowell, Alaska Department of Fish and Game, pers. comm.), and in most places, it is highly 

regulated by the Alaska Department of Fish and Game. Currently, beach-cast wrack harvest is 

presumed to be relatively low, but precautionary restrictions are in place, because stock status 

information for macroalgal populations in the area (including macroalgal wrack washed up on the 

beach) is currently too limited to develop an optimal harvest strategy, and it is uncertain how 

increased harvest may alter the productivity and natural distribution of this resource. As such, six 

beaches were chosen as field sites in areas easily accessible to the public along the Homer and 

Seldovia road systems. Data were collected monthly from March to September in 2018 and 2021 

to determine spatio-temporal variability in beach-cast wrack. Three sites were located on the north 

side of the bay (Anchor Point, Bishop's Beach, and Bluff Point; Fig. 2.1) in a personal-use seaweed 

fishery. In this region, there are added limitations to the harvesting of beach-cast wrack, i.e., 

commissioner's permits are required by the Alaska Department of Fish and Game for commercial 

activities (Alaska Administrative Code 5 AAC 37.420) and daily harvest limits for personal-use 

are set (Alaska Administrative Code 5 AAC 77.532; Table 2.1). Three study sites were located on 

the south side (Camel Rock, outer Jakolof Bay, and Outside Beach; Fig. 2.1), situated west of 

Jakolof Point in a subsistence-use seaweed fishery. During 2021, five separate beaches on the 

south side of the bay (Grewingk River, Halibut Cove, inner Jakolof Bay, Tutka Bay, and 

Wosnesenski River; Fig. 2.1) were also sampled to investigate relationships between detached 

wrack composition before (drifting) and after (beach-cast) deposition onshore relative to watershed 

characteristics.

Coastline orientation, wave exposure, beach slope, and substrate type (i.e., percent boulder, 

percent cobble, percent gravel, and percent sand), were characterized for all sites to evaluate 

correlations between static environmental conditions and wrack composition (Table 2.1). Total 

watershed area, percent glacier cover of watershed, and percent forested area of the watershed 

were also determined for the separate sites added in 2021 for analysis between static watershed 

characteristics and wrack composition (Table 2.2). For all sites, coastline orientation, wave 

exposure, and beach slope were determined from the National Oceanic and Atmospheric 

Administration's Alaska ShoreZone website (https://alaskafisheries.noaa.gov/mapping/sz_js/) 
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under “Derived ShoreZone Attributes”. Within these attributes, wave exposure was determined by 

the “Biological Wave Exposure” data to determine exposure classifications: exposed, protected, 

semi-exposed, or semi-protected. Beach slope was determined by the “Intertidal Zone Slope” data. 

Substrate type was classified for each beach using a Wentworth scale with ten 1-m2 quadrats 

haphazardly placed along the wrack line, from which percent cover of boulder, cobble, gravel, and 

sand was visually estimated (Wentworth 1922). Physical watershed characteristics of total 

watershed area, percent glacier cover, and percent forested area were provided by Alaska EPSCoR 

(https://catalog.epscor.alaska.edu/) and used to assess compositional differences between drifting 

and beach-cast wrack at the separate sites added in 2021. Air temperature, wind speed, and wind 

direction data were obtained from the Alaska Ocean Observing System (AOOS; 

https://portal.aoos.org/) and were used to evaluate correlations between dynamic environmental 

conditions and beach-cast wrack only for the sites that were sampled in both 2018 and 2021. The 

AOOS dataset was queried to provide the mean air temperature, maximum wind speed, and wind 

direction associated with maximum wind speed of the week prior to each monthly sampling event. 

For the separate set of sites added in 2021 for drifting and beach-cast wrack comparisons, dynamic 

variables of monthly seawater temperature and salinity ranges were also provided by Alaska 

EPSCoR (Table 2.2).

Wrack collections

In 2018, ten 0.25-m2 quadrats were haphazardly placed along the wrack line at the six 

beaches to estimate species composition, proportional biomass of each species, and total biomass 

of beach-cast wrack monthly from March to September. We defined biomass as a measure of mass 

per area (kg m-2). All wrack within each of the quadrats was collected and bagged by replicate (n 

= 10 quadrats/beach/month) and wet weight of each macroalgal species was determined (Dugan 

et al. 2011, López et al. 2019). A guide by Lindeberg and Lindstrom (2010) was used to identify 

macroalgae down to species level when possible given their decomposition state. During 2021, a 

modified sampling design was implemented at the same six beaches (modified from Lastra et al. 

2008 and Barreiro et al. 2011) to include estimates of wrack surface area to accompany biomass 

and composition estimates. In 2021, a 50-m long horizontal transect was placed parallel to and 

centered on the wrack line. Along the horizontal transect, width of the wrack line was estimated 

by running a vertical transect every 5 m (perpendicular to the horizontal transect) out to the upper 
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and lower boundaries of the wrack line (n = 10 vertical transects/beach/month). We defined the 

upper and lower end points where the boundaries of the wrack line started to lose definition and a 

gap of at least 1 m first occurred between scattered wrack material. To estimate surface area from 

OTG measurements, vertical wrack-width transects were averaged and multiplied by 50 m. Along 

each vertical wrack-width transect, one 0.25-m2 quadrat was haphazardly placed and all wrack 

within each of the quadrats was collected and bagged by replicate (n = 10 quadrats/beach/month), 

and wet weight for each macroalgal species was determined.

Additional sampling was conducted in 2021 at a separate set of sites (Grewingk River, 

Halibut Cove, inner Jakolof Bay, Tutka Bay, and Wosnesenski River) to facilitate comparisons of 

drifting and beach-cast wrack composition. Drifting wrack was collected by beach seining and was 

sampled from the nets using a semi-quantitative coring method. Monthly at each site, three 

nearshore beach seines were pulled by two people walking parallel to the shoreline for 4-5 

minutes, one in ankle-deep water and one in approximately waist-deep water (net length = 15 m; 

mesh size = 1.2 cm). Once the net was brought ashore, 11-cm diameter cores were placed at three 

fixed points near the cod end to collect any retained drifting wrack for assessment of composition 

(n = 9 drifting wrack cores/site/month). Along the wrack line at the same beaches where drift was 

collected, beach-cast wrack was also sampled using the same 11-cm diameter corer pushed down 

through the wrack and into the underlying sediment to a depth of 10 cm (n = 9 beach-cast wrack 

cores/site/month; Deidun et al. 2009, MacMillan and Quijón 2012, Heerhartz et al. 2014). The 

contents of all cores were bagged by replicate. All drifting and beach-cast wrack samples were 

transported to the National Oceanic and Atmospheric Administration/University of Alaska 

Fairbanks Kasitsna Bay Laboratory and contents were sorted, identified to the lowest taxonomic 

level as possible given their decomposition state, and weighed to determine relative biomass.

Statistical analyses were carried out in PRIMER v7 software with the PERMANOVA+ 

package (Anderson et al. 2008) and opensource R software (R Core Team 2021). One-way analysis 

of variance (ANOVA) tests were used to determine variability in total beach-cast wrack biomass 

by region, site, year, and month. When ANOVA tests suggested significance (a = 0.05), Tukey 

honest significant difference (HSD) post hoc tests were carried out to confirm pairwise differences. 

Pearson correlation coefficients were computed to assess relationships between total beach-cast 

wrack biomass and dynamic environmental variables (i.e., air temperature, wind speed, and wind 

direction). Separate ANOVA tests were used to determine variability in the Shannon Diversity 
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Index between beach-cast wrack in the northern and southern regions of the bay and between 

drifting and beach-cast wrack habitats. Multivariate biomass data were standardized to calculate 

relative biomass and then square root transformed to increase normality (Anderson et al. 2008, 

Clarke and Gorley 2015). A Bray-Curtis similarity index was calculated to produce a resemblance 

matrix of multivariate data from the set of sites sampled in both 2018 and 2021 used to assess 

spatio-temporal variability in beach-cast wrack. A four-factor permutational multivariate analysis 

of variance (PERMANOVA) was used to test for responses of beach-cast wrack composition to 

region (north and south shore; fixed factor), site (nested in region; random factor), year (random 

factor), and month (random factor). A separate Bray-Curtis similarity index was calculated to 

produce a resemblance matrix for permutational analysis of multivariate data from the separate set 

of sites sampled in 2021 used to assess compositional differences in drifting and beach-cast wrack. 

As such, a separate three-factor PERMANOVA was then used to test for responses of drifting and 

beach-cast wrack composition to habitat (drifting and beach-cast; fixed factor), site (random 

factor), and month (random factor). A cyclic resemblance model matrix was used in the RELATE 

routine (in Primer v7) to determine seasonal shifts of beach-cast wrack composition. Non-metric 

multidimensional scaling (nMDS) ordinations were used to visually explore spatial and temporal 

compositional dissimilarities among grouping factors. Similarity percentages (SIMPER) analyses 

were carried out to determine which taxa were most responsible for driving compositional 

differences among grouping factors. The BEST-BIOENV procedure was carried out to determine 

if any environmental variables correlated with variability in wrack composition.

Propagule release experiments

If visually reproductive tissues of the commonly harvested Fucus distichus, Nereocystis 

luetkeana, and Saccharina latissima were found in the 2018 beach-cast wrack collections, 

reproductive viability was confirmed in the lab through propagule release experiments (Siméon 

and Hervé 2017, Traiger and Konar 2017, Ulaski et al. 2020, Ulaski and Konar 2021). To ensure 

that reproductive target species in the wrack were properly identified, only reproductive tissues 

with intact branches (F. distichus) and blades (N. luetkeana and S. latissima) were selected for 

propagule release experiments.

For F. distichus, reproductive tissue samples (receptacles bearing conceptacles) were 

rinsed with 0.2 μm-filtered seawater (filter-sterilized) and gently removed of sediment and 
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macroscopic epiphytes. The receptacles were wrapped in a damp paper towel and placed in a 10 

°C dark room for one hour. Following the desiccation period, each receptacle was placed in 

individual plastic cups filled with 100 mL of 10 °C filter-sterilized seawater. Glass slides were 

placed at the bottom of each cup as a substrate for settling zygotes. The cups were then maintained 

at 10 °C with a photoperiod of 17 h of light (50 |μmol photons m-2 s-1 fluorescent lighting) and 7 h 

of darkness (Ang 1991, Siméon and Hervé 2017) to mimic natural summer conditions. Cultivated 

F. distichus were then observed for developing zygotes under a compound microscope (observed 

under both 100X to 400X total magnifications) after 72 h. Individuals were scored as 

reproductively viable if settled zygotes began to cleave and show elongation in one hemisphere of 

the cell (Siméon and Hervé 2017). Zygotes were not quantified.

For N. luetkeana and S. latissima, intact blades bearing sori were rinsed with filter- 

sterilized seawater and gently removed of sediment and macroscopic epiphytes. A standardized 

2.5 cm diameter disc of each ripe sorus was haphazardly removed and used for further analyses 

(Traiger and Konar 2017, Ulaski et al. 2020, Ulaski and Konar 2021). Sori discs were then wrapped 

in damp paper towel and gently desiccated for one hour in a dark 10°C cold room to stimulate a 

synchronous release of spores (Redmond et al. 2014). Each sorus disc was then placed in individual 

plastic cups filled with 100 mL of 10 °C filter-sterilized seawater and a glass slide. The cups were 

maintained at 10 °C with a photoperiod of 17 h of light (50 μmol photons m-2 s-1 fluorescent 

lighting) and 7 h of darkness to mimic summer conditions (Deiman et al. 2012). Microscope slides 

were observed under a compound microscope (400X total magnification) after 48 h, and viable 

spores were characterized by the presence of a germ tube. Spores were not quantified. Separate 

one-way ANOVA tests were used to determine temporal variability of individual and combined 

contributions of reproductive target species to total beach-cast wrack biomass. When ANOVA 

tests suggested significance, Tukey honest significant difference (HSD) post hoc tests were carried 

out to identify pairwise differences.

Aerial drone surveys

Drone imaging using a DJI Mavic 2 Pro was implemented in 2021 to scale-up estimates of 

wrack surface area (m2 km-1) on one of the beaches in the non-subsistence zone (Bluff Point) prior 

to each monthly OTG sampling event. We used wrack surface area, expressed as square meters of 

wrack per kilometer of beach, as a measure of relative abundance to facilitate comparing drone 
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and OTG sampling methods. Monthly orthomosaics were created, providing a snapshot of beach

cast wrack surface area on a 20X larger scale (1-km transects) than what was achieved with OTG 

sampling (50-m transects). Opensource DJI Pilot PE mobile software was used to design a 

standardized monthly drone flight route using a gridded sampling approach for capturing aerial 

images. Flight altitude was set to 30 m above ground level (ground sampling distance = 0.71 cm 

pixel-1) with a 1-km transect parallel to and centered on the wrack line resulting in approximately 

30,000 m2 of mapped coastline, repeated each month. Images were captured at a 90° camera angle 

(nadir) set to 80% and 70% front and side image overlap, respectively. Images were processed in 

Agisoft Metashape Pro v1.7.6 (Agisoft LLC) to create the stitched orthomosaic maps that were 

analyzed for monthly beach-cast wrack surface area along the 1 km of coastline. Each 50-m 

horizontal transect tape used for OTG sampling of beach-cast wrack was visible within each of the 

drone-derived orthomosaic maps and were used for ground-truthing and subsequent digital 

estimations of beach-cast wrack surface area. In Agisoft Metashape Pro, vertical measurements of 

wrack line width were taken every five meters along the same 50-m transect that was surveyed 

OTG to directly compare drone and OTG methods. Vertical measurements along the 50-m transect 

were averaged and extrapolated to estimate beach-cast wrack surface area for 1 km of beach. 

Vertical measurements of wrack line width were also taken every 100 m along wrack lines 

observed on each 1-km long drone transect and were averaged to estimate wrack surface area to 

determine if the 50-m long OTG transects were representative of the greater 1-km wrack line. 

Separate one-way ANOVA tests were used to determine variability in surface area over time 

(months), between methods (OTG and drone), and between scales (meters and kilometers). When 

ANOVA tests suggested significance, Tukey honest significant difference (HSD) post hoc tests 

were carried out to identify pairwise differences.

Results

Spatio-temporal variability in beach-cast wrack biomass and composition

Beach-cast wrack was variably distributed on spatial and temporal scales. Total beach-cast 

wrack biomass was similar between years (ANOVA, F1,826 = 0.02, p = 0.89) with mean overall 

biomass of 1.03 ± 0.17 (SE) kg m-2 and 1.05 ± 0.35 kg m-2 in 2018 and 2021, respectively (Fig. 

2.2). However, within each year, estimates of total beach-cast wrack biomass were significantly 
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different across months (ANOVA, 2018: F6,401 = 10.86, p < 0.001; 2021: F6,413 = 4.82, p < 0.001; 

Fig. 2.2). Total beach-cast wrack biomass was greater in August than all other months in both 

years only on the north beaches. Total beach-cast wrack biomass was also significantly different 

among some sites (ANOVA, F5,822 = 12.04, p < 0.001) and between regions (ANOVA, F1,826 = 

33.37, p < 0.001). Total beach-cast wrack biomass peaked in August in both 2018 (3.00 ± 1.36 kg 

m-2) and 2021 (5.43 ± 4.20 kg m-2) in the northern region, whereas total biomass on the south side 

of the bay remained relatively steady over time in both years, ranging from only 0.16 ± 0.05 kg 
m-2 to 1.43 ± 0.97 kg m-2 (Fig. 2.2).

There was no correlation between mean air temperature and total beach-cast wrack biomass 

in either region in 2018 (Pearson, north: R = 0.2, p = 0.66; south: R = -0.1, p = 0.85) or 2021 

(Pearson, north: R = 0.64, p = 0.12; south: R = -0.72, p = 0.07; Fig. 2.2). There were also no 

correlations between maximum wind speed and total beach-cast wrack biomass in 2018 (Pearson, 

north: R = -0.23, p = 0.62; south: R = -0.32, p = 0.48) or 2021 (Pearson, north: R = -0.23, p = 0.62; 

south: R = 0.44, p = 0.33; Fig. 2.2). Similarly, there were no correlations between wind direction 

associated with maximum wind speed and total beach-cast wrack biomass in 2018 (Pearson, north: 

R = 0.32, p = 0.49; south: R = 0.38, p = 0.4) or 2021 (Pearson, north: R = 0.25, p = 0.59; south: R 

= -0.27, p = 0.57; Fig. 2.2).

Species diversity of beach-cast wrack was similar between years (ANOVA, F1,838 = 1.24, 

p = 0.27). However, beach-cast wrack on the north side of the bay (Shannon Diversity Index H' = 

1.10 ± 0.02) was significantly more diverse than that on the south side (Shannon Diversity Index 

H' = 0.88 ± 0.02; ANOVA, F1,838 = 46.66, p < 0.001; Fig. 2.3). In addition to these regional 

differences in overall diversity, compositional differences of beach-cast wrack were also 

significant between regions (PERMANOVA, F1,748 = 2.99, p = 0.001; Fig. 2.3a). Significant 

compositional differences were also seen between years in both regions (PERMANOVA, north: 

F1,373 = 2.71, p = 0.01; south: F1,375 = 2.26, p = 0.04) and across months in the northern region 

(PERMANOVA, F6,373 = 1.97, p = 0.002), but not in the southern region (PERMANOVA, F6,375 

= 1.15, p = 0.29). SIMPER analyses indicated that differences between the regions were driven 

mostly by Agarum, Alaria, Desmarestia, dregs (unidentifiable algal remnants), Fucus, Laminaria, 

miscellaneous red algae, Nereocystis, and terrestrial matter, which cumulatively accounted for 

72% of the dissimilarity (Fig. 2.3b). Temporally, changes in beach-cast wrack composition 

followed a seasonal pattern in the northern region in both years (cyclic RELATE, 2018: p = 0.74, 
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p = 0.002; 2021: p = 0.58, p = 0.002). In the southern region, changes in beach-cast wrack 

composition did not follow a seasonal pattern in 2018 (cyclic RELATE, p = 0.24, p = 0.13), but 

did follow a seasonal pattern in 2021 (cyclic RELATE, p = 0.78, p = 0.002; Fig. 2.4). SIMPER 

analyses indicated that Agarum, Fucus, Laminaria, miscellaneous red algae, Nereocystis, 

terrestrial matter, and Ulva were major contributors to the interannual and monthly differences in 

the northern region (Fig. 2.5). Conversely, Acrosiphonia, Agarum, Alaria, Cymathaere, Fucus, 

Laminaria, miscellaneous red algae, Nereocystis, and terrestrial matter contributed to interannual 

and monthly variability in the southern region (Fig. 2.5). In both regions, seasonal changes in 

wrack composition were influenced by the seasonal growth of annuals in the summer (e.g., Alaria, 

Nereocystis, and Ulva; Fig. 2.5).

Among all the static environmental variables assessed for the sites that were sampled in 

both 2018 and 2021 (i.e., wave exposure, beach slope, percent boulder substrate, percent cobble 

substrate, and percent sand substrate), a BEST-BIOENV analysis indicated that spatial differences 

in beach-cast wrack composition were mostly correlated with wave exposure, beach slope, percent 

boulder substrate, and percent sand substrate. Beaches in the northern region with greater percent 

cover of boulder and sand substrate and greater exposure to wave action accumulated more diverse 

wrack assemblages that contained more A. clathratum (Fig. 2.5). However, beaches in the southern 

region had steeper slopes and accumulated less diverse wrack assemblages that were mostly 

comprised of F. distichus, Laminaria spp., and N. luetkeana (Fig. 2.5). Percent gravel and coastline 

orientation were not included in the analyses, as draftsman plots indicated collinearity of these 

variables with others (correlation cutoff |r| > 0.80). However, steeper sloped beaches in the 

southern region were mostly gravel substrate.

Macroalgal composition of drifting and beach-cast wrack

Various red, green, and brown macroalgal species appeared in drifting and beach-cast 

wrack collections. Aquatic plants (e.g., seagrass), terrestrial matter, and diatom mats were also 

present in many of the samples. Drifting (Shannon Diversity Index H' = 0.73 ± 0.03) and 

beach-cast (Shannon Diversity Index H' = 0.76 ± 0.03) wrack were similar in overall diversity 

(ANOVA, F1,527 = 0.54, p = 0.46). Though overall diversity was similar between the two habitats, 

overall composition of macroalgal taxa in drifting and beach-cast wrack was significantly different 

(PERMANOVA, F1,469 = 4.88, p = 0.003; Fig. 2.6a), except for the inner Jakolof Bay 
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(PERMANOVA, F1,93 = 1.52, p = 0.21). A SIMPER analysis, removing the effects of site and 

month, showed that compositional differences between the two habitats were driven mostly by 

Acrosiphonia spp., F. distichus, Laminaria spp., terrestrial matter, and Ulva spp., which 

cumulatively accounted for 74% of the dissimilarity between the habitats (Fig. 2.6b). Generally, 

more Ulva spp. were present in drifting wrack, while more F. distichus and terrestrial matter were 

present in beach-cast wrack. Despite these habitat associations, site differences were significant 

(PERMANOVA, F4,469 = 8.98, p = 0.001) when the effect of habitat was removed, indicating that 

beach-cast wrack is likely highly influenced by the nearby drifting wrack, and that there is 

significant variability in wrack composition along the coast. An interaction effect with site 

confirmed significant monthly differences in drifting and beach-cast wrack composition, with a 

SIMPER analysis indicating that compositional differences over time for all sites were driven 

mostly by Acrosiphonia spp., Desmarestia spp., F. distichus, Laminaria spp., terrestrial matter, 

and Ulva spp. in both habitats (PERMANOVA, F20,469 = 7.48, p = 0.001; Fig. 2.7). The site 

adjacent to the largest watershed assessed (Wosnesenski River) saw the greatest increases in 

terrestrial matter to both drifting and beach-cast wrack later in the summer (Fig. 2.7).

Among all the environmental variables assessed for the separate sites on the south side of 

the bay that were added in 2021 (i.e., beach slope, percent cobble substrate, percent gravel 

substrate, total watershed area, percent glacier cover of watershed, percent forested area of 

watershed, seawater temperature range, and seawater salinity range), the BEST-BIOENV routine 

indicated that spatial differences in composition of drifting and beach-cast wrack were mostly 

correlated with percent glacier cover of watershed, beach slope, percent cobble substrate, percent 

gravel substrate, and seawater salinity range. For this analysis, coastline orientation, wave 

exposure, percent boulder substrate, and percent sand substrate were not included in the analyses, 

as draftsman plots indicated collinearity of these variables with others (correlation cutoff |r| > 

0.80). The site with the steepest beach slope (inner Jakolof Bay) correlated with large contributions 

of Laminaria spp. in both drifting and beach-cast wrack. Sites adjacent to watersheds with higher 

percent glacier cover (Grewingk River, Halibut Cove, and Wosnesenski River) also saw large 

contributions of Laminaria spp. to both drifting and beach-cast wrack. The site that experienced 

larger salinity ranges and had the shallowest beach slope with the highest percent cobble substrate 

(Tutka Bay) correlated with greater contributions of F. distichus in drifting and beach-cast wrack 

consistently throughout the study period. The site with the smallest salinity range (Halibut Cove) 
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also saw large contributions of F. distichus to beach-cast wrack, but not in drifting wrack. When 

gravel was 75% or more of substrate type, there were large contributions of F. distichus to both 

habitats.

Reproductive viability of beach-cast kelp and rockweed wrack

Reproductive tissues of F. distichus, N. luetkeana, and S. latissima found in beach-cast 

wrack from April through September were confirmed to be reproductively viable from the 

propagule release experiments (Fig. 2.8). Combined contributions of all reproductive target species 

to total beach-cast wrack biomass varied significantly over time (ANOVA, F6,413 = 6.38, p < 

0.001). The combined biomass of reproductive target species peaked in June (27% of total 

beach-cast wrack biomass), which was significantly higher than the other months. When 

proportions of total wrack biomass were analyzed individually for each target species, 

contributions of reproductive F. distichus varied significantly over time (ANOVA, F6,413 = 8.44, p 

< 0.001), whereas individual contributions of N. luetkeana (ANOVA, F6,413 = 0.91, p = 0.49) and 

S. latissima (ANOVA, F6,413 = 0.97, p = 0.45) were both similar over time. The predominant 

reproductive target species in wrack was F. distichus, and it appeared in wrack continuously 

starting in April, whereas contributions from N. luetkeana and S. latissima were intermittent 

throughout the study period. The greatest contribution of reproductive F. distichus to total wrack 

biomass occurred in June (23%), while the greatest contributions of reproductive S. latissima (4%) 

and N. luetkeana (6%) occurred later in the summer in July and August, respectively.

Aerial drone surveys of beach-cast wrack surface area

Estimates of beach-cast wrack surface area (m2 km-1) derived from digital measurements 

taken from drone imagery of the 50-m transect were consistently similar with OTG measurements 

of the same 50-m transect (ANOVA, F1,128 = 0.07, p = 0.79; Fig. 2.9). Surface area estimates 

derived from the larger scale 1-km aerial drone transects were generally consistent with both 

smaller scale 50-m transect estimates, once they had been extrapolated out to 1 km (ANOVA, 

F2,187 = 0.82, p = 0.44). However, during the March surveys, the 1-km aerial drone survey estimate 

was significantly larger (ANOVA, F2,27 = 30.52, p < 0.001) than the extrapolated surface area 

estimates derived from the 50-m scale aerial drone transect (Tukey, p < 0.001) and OTG transect 

(Tukey, p < 0.001; Fig. 2.9). Overall, beach-cast wrack surface area was significantly variable over 
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time (ANOVA, F6,183 = 125.6, p < 0.001), with significantly more surface area in June according 

to 50-m scale drone (8,705 ± 545 m2 km-1) and OTG (8,370 ± 546 m2 km-1) transects, and the 1-km 

scale drone (9,411 ± 546 m2 km-1) transect. Generally, beach-cast wrack surface area slightly 

increased from March to May before peaking in June. After June, surface area decreased before 

increasing again into August and September.

Discussion

Precautionary restrictions on wrack harvesting are in place as stock status information is 

currently too limited. Meanwhile, interest in macroalgal harvesting is growing, and it is uncertain 

how increased harvest may alter the productivity and natural distribution of this resource. With 

practical applications to help inform resource managers, this study identified the spatio-temporal 

variability in wrack distribution and composition, the viability of visually reproductive macroalgal 

wrack, and assessed the accuracy of drone imagery to monitor wrack distribution in a high latitude 

estuary. Altogether, these findings of wrack dynamics across seasons, years, and habitats can be 

used in development of wrack stock assessments and sustainable harvest strategies in Alaska and 

elsewhere.

Spatio-temporal variability in beach-cast wrack biomass and composition

Characterizing spatial and temporal trends in distribution of beach-cast wrack biomass is 

fundamental to crafting best harvest practices and regulations. Variability in spatio-temporal 

distribution of beach-cast wrack in Alaska is consistent with other studies that found greater 

biomass on coastlines characterized by a variety of porous substrate types, such as boulder, cobble, 

pebble, gravel, or sand (Orr et al. 2005, Wickham et al. 2020). Gilson et al. (2021) found no 

significant difference in wrack biomass between habitats defined by different substrate types, but 

observed generally lower biomass accumulations on sandy beaches compared to pebble beaches 

in Ireland. The present study found that beaches with higher percentages of sand substrate, in 

combination with boulder and cobble, retained more diverse wrack among the heterogeneous 

substrate. On the shores of British Columbia, Canada, substrate effects indicate there is a positive 

correlation between wrack biomass and grain size (Orr et al. 2005). Our study sites with higher 

percent cover of sand also had higher percent cover of cobble, which may explain the greater 
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accumulations of wrack biomass at the sites characterized by more diverse substrate. However, 

beaches with higher percent cover of gravel were also characterized by steeper slopes that 

generally accumulated less beach-cast wrack biomass, similar to other work that found negative 

correlations between shoreline slope and wrack biomass (Wickham et al. 2020). Managers seeking 

to develop surveys to assess wrack biomass to determine appropriate harvest levels should consider 

incorporating substrate type and beach slope into their survey design.

Accumulation of wrack on beaches is largely influenced by localized environmental 

forcing (Orr et al. 2005, Gilson et al. 2021). Frequency and intensity of local storms along the coast 

of Chile contribute to the stranding of Durvillaea antarctica wrack on beaches, with higher inputs 

in austral summer and autumn (January to May) and lower inputs in austral spring (September to 

December; López et al. 2019). Proximity to reefs and topography of shorelines affect the 

distribution and composition of wrack (Gomez et al. 2013). Detached macroalgae may also travel 

hundreds of kilometers to subsidize distant beaches (Hinojosa et al. 2010, Krumhansl and 

Scheibling 2012), where dispersal is significantly affected by winds and tides (Barreiro et al. 2011, 

Hammann and Zimmer 2014, Hawes et al. 2017). Coastlines with high tidal fluctuation and wave 

events increase wrack biomass (Suursaar et al. 2014). As in the present study, regional differences 

in macroalgal species growing on nearby reefs can strongly influence local wrack composition 

(Gomez et al. 2013, Liebowitz et al. 2016).

Variability in wrack supply can be explained by interactions of wave exposure and 

seasonality (Barreiro et al. 2011). Some studies found that wave height is a significant explanatory 

variable in the distribution of wrack and its composition (Barreiro et al. 2011), while others found 

that wave height explains very little (Klosinski 2015), or does not always correlate with surf zone 

force (Helmuth and Denny 2003). In our study, though wave height was not assessed directly, 

seasonal peaks of beach-cast wrack biomass accumulated in the northern region that is exposed to 

wave action. As oceanic waters circulate around the bay, it is possible that wrack accumulates 

along the way until reaching the outer northern extent, where they are largely being deposited by 

wind-induced surface waves and extreme tidal exchanges over shallow beach slopes.

Like other studies along the Pacific coast of North America (e.g., Wickham et al. 2020), 

this study found that beach-cast wrack is predominantly composed of F. distichus and various kelp 

species, though their total biomass differed among sites. Predominant species that washed ashore 

were local species that are common along Alaska's coast, but macroalgae that are not local (e.g., 
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Macrocystis pyrifera) also appeared in the wrack. The nearest documented beds of M. pyrifera are 

over 100 km away off the coast of the Kodiak Island archipelago (S. Saupe, Cook Inlet Regional 

Citizens Advisory Council, pers. comm.), providing evidence that long-distance dispersal can 

influence wrack composition in Kachemak Bay. Wrack deposited in the southern region was 

predominately composed of F. distichus, where its growth is ubiquitous on the rocky intertidal 

shores. Attached F. distichus stands are present but decrease in sandier areas on the north side of 

the bay (Ulaski et al. 2020), which is reflected in less F. distichus appearing in wrack in this region. 

This indicates that the transport of F. distichus onshore can be highly influenced by proximity of 

the beach to the source, similar to biogeographical patterns of macroalgal wrack in the US Pacific 

Northwest (Reimer et al. 2018). Furthermore, Ulva spp. were also common, similar to wrack on 

the outer coast of Vancouver Island, British Columbia (Mews et al. 2006). Although Ulva spp. do 

not have air bladders, they may have been common in wrack due to their intertidal location; when 

detached, their travel distance is likely short; however, the thin thalli of Ulva spp. float very well 

and may disperse farther, as witnessed during green tides after bloom events that depend on them 

drifting (Yabe et al. 2009). Ulva spp. are also short-lived annuals, which was represented by their 

increased contributions to wrack composition later in the summer. The seasonal growth of other 

annuals was also apparent in their appearance in wrack, including A. marginata and N. luetkeana. 

Though, overwintered N. luetkeana did appear in wrack as early as March.

A noticeable difference in the present study compared to others from more temperate 

latitudes was the lack of eelgrass (Zostera marina) and other seagrasses that accumulated in 

beach-cast wrack (Orr et al. 2005, Mews et al. 2006, Wickham et al. 2020). Although eelgrass beds 

are found in the study area, eelgrass wrack was rare in this study. Eelgrass may have been rare in 

wrack due to the distance of isolated beds from the study beaches, or senescence timing followed 

the study period (Hansen and Reidenbach 2013). The presence of Z. marina in wrack may release 

cadmium, which has carcinogenic properties (Franzen et al. 2019). Traces of cadmium appear in 

terrestrial plants that are fertilized with decomposing eelgrass wrack (Franzen et al. 2019). The 

presence or absence of eelgrass could influence where and when artisanal and commercial 

harvesting of wrack should be allowed (Franzen et al. 2019). Although the low presence of eelgrass 

in Alaskan wrack may have benefits to wrack harvesters, the harvesting community should be 

mindful of eelgrass presence in wrack.

72



Macroalgal composition of drifting and beach-cast wrack

While beach-cast wrack has been well studied in many regions of the world, further efforts 

were made here to understand assemblage shifts across subtidal and onshore accumulations of 

wrack, as reports on drifting wrack are far less common (e.g., Hinojosa et al. 2011, Baring et al. 

2018). As a precursor to beach-cast wrack, wrack drifting in the adjacent near-subtidal waters was 

expected to harbor many of the detached taxa that appeared on the beach. Differences in 

macroalgal thallus morphology and feeding preferences by intertidal consumers may explain why 

some taxa, including Acrosiphonia spp. and Ulva spp., were more predominant in drifting than in 

beach-cast wrack. For instance, Ulva spp. have thin sheet-like thalli that are often preferred by 

intertidal consumers (Watson and Norton 1985). Likewise, filamentous Acrosiphonia spp. are 

delicate and may disintegrate rapidly when cast ashore, while suspension in the water would help 

them maintain structural integrity. In Portugal, some taxa (e.g., Sargassum muticum) are more 

tolerant than others (e.g., Laminaria ochroleuca) of exposure to ultraviolet radiation and warmer 

temperatures out of the water (Rodil et al. 2015). In this current study, the robust structures of A. 

clathratum, F. distichus, and terrestrial matter were more predominant in beach-cast wrack than 

in drifting wrack. Agarum spp. are generally less preferred as a source of nutrition over other algae 

(Dubois and Iken 2012, Dethier et al. 2014), and terrestrial matter in the form of woody debris can 

also be significantly less preferred by intertidal consumers (Storry et al. 2006). Tissue degradation 

rates after deposition onshore for Macrocystis integrifolia, N. luetkeana, and Ulva spp. Can take 

place over a single day, whereas Fucus spp. And seagrasses like Phyllospadix spp. Can take a 

month to decompose (Mews et al. 2006). Given the ambiguity of how long wrack was deposited 

on the beach prior to sampling, some species may have been further along in their decomposition 

due to exposure and consumption stresses, thus lowering their contributions to wrack. Differences 

in the rate of microbial colonization and subsequent decomposition also varies by macroalgal 

species (Dethier et al. 2014). For instance, aged Agarum fimbriatum detritus showed no increase 

in colonization of microbes over the course of five weeks, while Saccharina subsimplex showed 

significant microbial colonization that enhanced decomposition rates (Dethier et al. 2014). When 

drifting macroalgae wash ashore, they are exposed to air and accompanying physical and 

biological stresses. Individual tolerances to air exposure may contribute to observed differences in 

composition between the drifting and beach-cast wrack habitats.
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Hydrodynamic settings (i.e., water motion influenced by winds, waves, and tides) can 

determine algal dislodgment and transportation (Biber 2007). Given that drift algae can travel 

hundreds to thousands of kilometers (Olafsson et al. 2001), the composition found onshore may 

be the result of a combination of distant and local donor systems. Effects of hydrodynamics may 

also vary with species. F. distichus, which occurs more in the intertidal than subtidal, contains 

positively buoyant air bladders when reproductive and can be easily pushed ashore by tides and 

wave action. Thallus morphology can determine how macroalgae move with currents after 

detachment (Gomez et al. 2013). In Spain, species with air bladders, including Cystoseira spp., 

Fucus spp., and S. muticum, dominate wrack piles in areas with high exposure to wave action 

(Barreiro et al. 2011). As such, morphological features of macroalgae, and where they grow along 

the vertical intertidal gradient, may influence their chances of being dislodged and washing ashore.

Beaches adjacent to larger watersheds with higher percent glaciation and more total 

forested area had higher contributions of A. clathratum and terrestrial matter. The appearance of 

A. clathratum in wrack under these conditions is consistent with its persistence and formation of 

subsurface reefs in regions with decreased salinity due to large freshwater input from substantial 

glacial melt (Filbee-Dexter et al. 2019). The smallest watershed assessed (Jakolof Bay) 

accumulated drifting and beach-cast wrack that was mostly composed of Laminaria spp. This site 

is also the most protected site with unstable cobble interspersed among boulder, possibly 

explaining the expansive beds of C. triplicata and S. latissima kelps that grow in these conditions 

(Lindeberg and Lindstrom 2010). Beaches exposed to seawater with the greatest ranges of 

temperature and salinity accumulated more F. distichus, which may be explained by the nearby 

growth of F. distichus and their tolerance to variable conditions in and out of the water (Smolina 

et al. 2016, McCabe and Konar 2021). As such, the environmental effects of glacial inputs to 

nearshore macroalgal reefs and subsequently detached macroalgae may be species-specific. For 

instance, Traiger and Konar (2017) found that experimental glacial-induced sedimentation and 

order of settlement played a role in determining whether N. luetkeana or S. latissima outcompeted 

the other at the microscopic life stage. Intertidal species of the genus Ulva may be less impacted 

by increased glacial freshwater input given their tolerance to variations in salinity (Rybak 2018). 

As mass glacial loss is accelerated by climate change (Hugonnet et al. 2021), continued effects of 

glacial discharge (e.g., increased sedimentation, decreased salinity) may shape nearshore and 
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intertidal macroalgal communities and subsequent composition of drifting and beach-cast wrack 

(Spurkland and Iken 2011b).

Reproductive viability of beach-cast kelp and rockweed wrack

The viability of reproductive tissue from F. distichus, N. luetkeana, and S. latissima wrack 

was confirmed in our high latitude glacially influenced estuary, expanding the latitudinal range of 

observed viability of reproductive wrack. Reproductive kelp and rockweed wrack cumulatively 

accounted for over 25% of total wrack biomass in the June, with lower but also elevated 

proportions in July and August. Thus, removal of wrack through harvesting efforts may negatively 

impact the macroalgal reproductive pool depending on harvest timing. Further investigation of the 

proportional contribution of reproductive beach-cast wrack to standing populations (e.g., 

determining if these viable propagules ever make it back into the ocean) would help inform harvest 

regulations, but was beyond the scope of this study. Beach-cast wrack may get resuspended in the 

water by higher tides or storm-induced wave action (Orr et al. 2005, Pattiaratchi et al. 2011). 

Deposition of reproductive individuals at the upper extent of the intertidal zone may be less likely 

to get resuspended and contribute to overall productivity and, therefore, may be more appropriate 

for harvesting. If wrack can remain reproductive, it may still be considered alive. Reproductive 

fronds of the intertidal Australasian fucoid, Hormosira banksii, released viable gametes up to eight 

weeks after detachment (McKenzie and Bellgrove 2008). Furthermore, reproductive sporophytes 

of M. pyrifera remained viable after drifting for 21 days (Macaya et al. 2005), and up to 125 days 

(Hernandez-Carmona et al. 2006).

Given that propagules generally only travel within meters of the anchored adult sporophyte 

(Filbee-Dexter and Wernberg 2018), but the actual plants can travel for kilometers when adrift in 

the ocean, wrack persistence and distribution may play a role in species dispersal. Wrack may offer 

some form of protection and transport for drifting reproductive material; however, this is likely to 

be species-dependent and mediated by local environmental conditions (Johansson et al. 2015). 

Population genetic structure is variable among species and spatial scales, and it is evident that 

drifting kelp and rockweed are a means of long-distance dispersal contributing to population 

connectivity (Amsler and Searles 1980, Macaya et al. 2005, Saunders 2014, Rothäusler et al. 

2015). Contrastingly, dispersal of spores from drifting M. pyrifera likely was not the main source 

of recruitment to new sites and not driving population genetic structure in southern California
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(Reed et al. 2004). Investigating connectivity of macroalgal populations and understanding how 

long reproductive tissue remains viable after deposition onshore, where it is susceptible to 

desiccation, are important to crafting harvest regulations on beach-cast wrack.

Aerial drone surveys of beach-cast wrack surface area

Previous drone work on mapping wrack or intertidal communities has revealed the 

feasibility of this technique in the field (Konar and Iken 2018, Pan et al. 2021). We also found that 

drones are a useful tool for producing orthomosaic maps of beaches to facilitate estimates of wrack 

surface area and were just as accurate as OTG measurements. Both methods (drone and OTG) 

consistently produced very similar surface area estimates at the 50 m scale. However, the 50-m 

transects were not always representative of the 1 km of beach surveyed by the drone, indicating 

patchy distribution of wrack along the beach, at least in some seasons. The 1-km drone transect 

captured more of the patchily distributed wrack piles in March, which were missed by the 50-m 

transects. The use of aerial drone surveys on large-scales (kilometers) is useful in achieving more 

representative wrack surface area estimates during winter and early spring months when transport 

onshore is pulsed and patchy (based on our early spring sampling), similar to observations of wrack 

supply in the Mediterranean Sea (Remy et al. 2021). Similar estimates between scales were made 

later in the growing season when macroalgal production was well underway and wrack supply was 

less patchy. This may be explained by the overwintered and low biomass of perennial and biennial 

species contributing to wrack at the end of winter and early spring. We would expect some winter 

wrack accumulation from storms (Balestri et al. 2006), but subtidal vegetation is limited, so wrack 

deposition is also limited. As the growing season progresses, annual macroalgal production starts 

to play a crucial role in supplying continuous, rather than pulsed, contributions of wrack to 

beaches. Continuous supply in summer may precede pulsed supply in fall (Remy et al. 2021). 

Hence, managers seeking to develop surveys to assess wrack abundance to determine appropriate 

harvest levels should consider wrack seasonal distribution in their survey design. More 1-km (or 

larger) transects are needed to accurately characterize surface area of patchily distributed wrack.

Drone surveys have their limitations. Depending on where study beaches are located (e.g., 

proximity to controlled airspace), permits may be required far in advance, and permit processing 

times may impede the flexibility that is often essential for field work. Good weather days are also 

required for safely operating a drone, further limiting scheduled survey efforts. Additionally, drone 
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surveys conducted herein were only deployed at one beach for one season. Further research should 

expand these metrics both spatially and temporally. Furthermore, nadir drone surveys provide only 

wrack surface area. If biomass or species composition estimates are of interest, paired OTG 

surveys should be included in the survey design to sub-sample drone transects.

Conclusions

The findings of this study expand our understanding of wrack distribution patterns within 

high latitude glacial estuaries and have important implications for management decisions regarding 

harvest timing and location given the identified patterns of deposition and reproductive viability 

of wrack throughout the summer. Beach-cast wrack biomass was correlated with exposure to 

waves, beach slope, substrate type, and season, which has important implications for identifying 

appropriate areas and times for wrack harvest to mitigate impacts. Systematic large-scale drone 

surveys of beach-cast wrack would be a useful and accurate tool for managers interested in 

estimating wrack distribution and surface area to inform sustainable harvest practices, but they 

would need to be paired with OTG sampling to characterize wrack composition and biomass.

Shallow-sloped beaches characterized by heterogeneous sediments with high percentages 

of boulder and sand are areas where more wrack biomass might be available for harvest later in 

the season (August). Conversely, sites characterized by steep slopes and homogeneous gravel 

substrate do not accumulate as much wrack over time and might not offer suitable inputs of wrack 

to meet harvest demands. Additionally, harvesting attached reefs in protected areas might reduce 

the nearby accumulation of beach-cast wrack, because compositional similarity between drifting 

and beach-cast wrack in these areas suggests that protected beaches have less exchange with distant 

drifting macroalgal taxa. Late summer or early fall wrack harvests would also avoid the peak 

contribution of reproductive material to beach-cast wrack. However, research investigating 

diminishing viability and longevity of reproductive macroalgal tissue in beach-cast wrack will 

further help determine appropriate management strategies.
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Figures

Figure 2.1 Map of study beaches located in Kachemak Bay, Alaska (black rectangle of inset map) 

that were sampled in both 2018 and 2021 for spatio-temporal assessment of beach-cast wrack 

biomass and composition (black circles and diamonds), and the separate set of sites that were 

added in 2021 for assessment of drifting and beach-cast wrack compositional variability (white 

circles and diamonds). Circles denote sites located in a personal-use seaweed fishery and diamonds 

denote sites located in a subsistence-use seaweed fishery. Dashed line denotes generalized cyclonic 

water circulation along the perimeter of the bay (Johnson 2021). AP = Anchor Point; BB = 

Bishop's Beach; BP = Bluff Point; CR = Camel Rock; GR = Grewingk River; HC = Halibut Cove; 

JB1 = outer Jakolof Bay; JB2 = inner Jakolof Bay; OB = Outside Beach; TB = Tutka Bay; WR = 

Wosnesenski River.
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Figure 2.2 Monthly mean air temperature (°C), maximum wind speed (m s-1), wind direction 

(cardinal degrees) associated with maximum wind speed, and total beach-cast wrack biomass (kg 

m-2; bars represent standard error) showing differences between years (2018 and 2021) and regions 

(north and south) of Kachemak Bay, Alaska.
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Figure 2.3 (a) Non-metric multidimensional scaling (nMDS) ordination plot of beach-cast wrack 

composition in north (purple) and south (green) regions of Kachemak Bay, Alaska based on 

relative biomass (kg m-2). (b) Stacked bar plot of seaweed taxa most responsible (from SIMPER 

analysis) for driving compositional differences in beach-cast wrack between the north and south 

regions based on biomass (kg m-2). Stress indicates how well the ordination summarizes the 

two-dimensional distances among the points.
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Figure 2.4 Non-metric multidimensional scaling (nMDS) ordination plots of monthly beach-cast 

wrack composition in the north and south regions of Kachemak Bay, Alaska in (a) 2018 and (b) 

2021 based on relative biomass (kg m-2). Trajectories over time (months) are overlayed for each 

region in each year. Stress indicates how well the ordination summarizes the two-dimensional 

distances among the points.

90



Figure 2.5 Stacked bar plots of seaweed taxa most responsible (from SIMPER analysis) for driving 

compositional differences among sites over time (months) in north and south regions of Kachemak 

Bay in 2018 and 2021 based on biomass (kg m-2). AP = Anchor Point; BB = Bishop's Beach; BP 

= Bluff Point; CR = Camel Rock; JB1 = outer Jakolof Bay; OB = Outside Beach.
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Figure 2.6 (a) Non-metric multidimensional scaling (nMDS) ordination plot of drifting (red) and 

beach-cast (blue) wrack composition in Kachemak Bay, Alaska based on relative biomass (kg m-2).

(b) Stacked bar plot of seaweed taxa most responsible (from SIMPER analysis) for driving 

compositional differences between drifting and beach-cast wrack based on biomass (kg m-2). Stress 

indicates how well the ordination summarizes the two-dimensional distances among the points.
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Figure 2.7 Stacked bar plots of seaweed taxa most responsible (from SIMPER analysis) for driving 

compositional differences among sites in Kachemak Bay, Alaska in 2021 over time (months) in 

drifting and beach-cast wrack based on biomass (kg m-2). GR = Grewingk River; HC = Halibut 

Cove; JB2 = inner Jakolof Bay; TB = Tutka Bay; WR = Wosnesenski River.
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Figure 2.8 Stacked bar plot of the cumulative proportions of reproductive target species (i.e., 

Fucus distichus, Nereocystis luetkeana, and Saccharina latissima) and all other macroalgae 

(including non-reproductive target species) to total beach-cast wrack biomass over time (months) 

in 2018 (all sites combined in Kachemak Bay, Alaska). In June, 27% of the total beach-cast wrack 

biomass was comprised of reproductively viable individuals of the three target species.
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Figure 2.9 Mean surface area (m2 km-1) of beach-cast wrack by month (bars represent standard 

error) estimated by three different methods at Bluff Point, Kachemak Bay, Alaska in 2021. Drone 

(1-km) = digital surface area estimates from 1-km drone transects (black); Drone (50-m) = digital 

surface area estimates from 50-m drone transects (orange); OTG (m) = surface area estimates from 

50-m on-the-ground transects (blue).
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Tables

Table 2.1 Static site characteristics (seaweed fishery harvest limits, region, coastline orientation, 

wave exposure, beach slope, and substrate type) used to assess spatial and temporal (i.e., monthly 

and between years) variability of wrack composition in Kachemak Bay, Alaska.

Site
Seaweed Fishery

Harvest Limits
Region Orientation

Wave

Exposure

Slope 

(degrees)

Boulder

(%)

Cobble

(%)

Gravel

(%)

Sand 

(%)

AP Weight + Season North Southwest Semi-Exposed 1 0.0 11.2 16.8 72.0

BB Weight + Season North South Semi-Protected 1 0.0 80.9 19.1 0.0

BP Weight + Season North Southwest Semi-Exposed 2 1.5 15.6 13.1 69.8

CR Weight South Northwest Semi-Exposed 9 0.0 3.5 94.5 2.0

GR Weight + Season South West Semi-Exposed 8 0.0 17.0 39.5 43.5

HC Weight + Season South Southwest Semi-Protected 10 0.0 0.0 95.0 5.0

JB1 Weight South East Protected 6 0.0 30.0 70.0 0.0

JB2 Weight South Southwest Protected 19 90.0 10.0 0.0 0.0

OB Weight South West Semi-Exposed 7 0.0 0.4 99.6 0.0

TB Weight + Season South Southwest Protected 2 0.0 25.2 74.8 0.0

WR Weight + Season South West Semi-Exposed 5 0.0 0.0 34.0 66.0

Key: AP = Anchor Point; BB = Bishop's Beach; BP = Bluff Point; CR = Camel Rock; GR = Grewingk River; HC = Halibut 
Cove; JB1 = outer Jakolof Bay; JB2 = inner Jakolof Bay; OB = Outside Beach; TB = Tutka Bay; WR = Wosnesenski River. 
Seaweed fishery harvest limits: Weight = 10 gal/person/day; Season = personal-use wrack harvests are allowed from January 
1 to April 30 and September 1 to December 31 (Alaska Administrative Code 5 AAC 77.532).
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Table 2.2 Watershed characteristics (total watershed area, percent glacier cover, percent forested 

area, overall seawater temperature range, and overall seawater salinity range) for the separate sites 

in Kachemak Bay, Alaska added in 2021 that were used to assess spatial variability of drifting and 

beach-cast wrack composition.

Site Area
(km2)

Glacier
(%)

Forest
(%)

Seawater Temperature
Range (°C)

Seawater Salinity
Range

GR 111.5 60.0 2.3 -0.04-15.7 10.8-31.7

HC 55.6 16.1 6.5 1.2-15.3 13.6-31.4

JB2 18.9 0.0 64.3 -0.3-12.7 5.4-30.5

TB 65.7 8.0 17.9 -1.4-15.5 0.9-29.8

WR 256.6 27.3 17.5 0.5-14.1 5.7-31.6

Key: GR = Grewingk River; HC = Halibut Cove; JB2 = inner Jakolof Bay; TB = Tutka Bay; 
WR = Wosnesenski River.
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Appendix B

Appendix B1 State of Alaska Department of Fish and Game Aquatic Resource Permit 

(#CF-21-026) that authorized the collection of macroalgae from 1 March to 31 October 2021 in 

Kachemak Bay, Alaska.

STATE OF ALASKA 
DEPARTMENT OF FISH AND GAME

P.O. Box 115526
JUNEAU, ALASKA 99811 -5526

Permit No. CF-21-026

Expires: 10/31/2021

AQUATIC RESOURCE PERMIT
(For Scientific/Collection/Holding Purposes)

This permit authorizes: Brian Ulaski(whose signature is required on page 2 for permit validation)ofUniversity of Alaska Fairbanks. College and Fisheries and Ocean Sciences
P.O. Box 757220, Fairbanks, AK 99775(925)519-6224 bpulaski2@alaska.edu

to conduct the following activities from March 1, 2021 to October 31, 2021 in accordance with AS 16.05.930, AS 16.05.340(b) and 5 AAC 41.600.
Purpose: This project is to study the importance of seaweed wrack as habitat and a resource. Beach wrack will be collected to determine spatial and temporal variability and composition, impact on organisms, and community composition as wrack decomposes.
Location: Kachemak Bay including Anchor Point, Bluff Point, Bishop's Beach, Jakolof Bay, Outside Beach, Camel Rock, Tutka Bay, Wosnesenski River, Halibut Cove and Grewingk River
Species: 700 samples of beach wrack from 0.25m quadrats. See Stipulation 9 on method of reporting
Method of Collection: Hand collection
Disposition: Sample collections will be taken to lab for identification and disposed of as directed. See Stipulations section.

A COLLECTION REPORT IS DUE November 30, 2021 and a COMPLETION REPORT IS DUE April 30, 2022. See Stipulations section for more information. Data from such reports are considered public information. Reports must be submitted to the Alaska Department of Fish and Game, Division of Commercial Fisheries, PO Box 115526, Juneau, AK 99811-5526, attention Michelle Morris (907-465-4724; dfg.fmpd.permitcoordinator@alaska.gov). A report is required whether or not collecting activities were undertaken.
GENERAL CONDITIONS, EXCEPTIONS AND RESTRICTIONS1. This permit must be carried by person(s) specified during approved activities who shall show it on request to persons authorized to enforce Alaska's fish and game laws. This permit is nontransferable and will be revoked or renewal denied by the Commissioner of Fish and Game if the permittee violates any of Its conditions, exceptions or restrictions. No redelegation of authority may be allowed under this permit unless specifically noted.2. No specimens taken under authority hereof may be sold, bartered, or consumed. All specimens must be deposited in a public museum or a public scientific or educational institution unless otherwise stated herein. Subpermittees shall not retain possession of live animals or other specimens.3. The permittee shall keep records of all activities conducted under authority of this permit, available for inspection at all reasonable hours upon request of any authorized state enforcement officer.4 Permits will not be renewed until detailed reports, as specified in the Stipulation section, have been received by the department.5. UNLESS SPECIFICALLY STATED HEREIN, THIS PERMIT DOES NOT AUTHORIZE the exportation of specimens or the taking of specimens in areas otherwise closed to hunting and fishing; without appropriate licenses required by state regulations; during closed seasons; or in any manner, by any means, at any time not permitted by those regulations.

Peter Bangs 1/25/2021____
Deputy or Assistant Director Division of Commercial Fisheries
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Appendix B1 (continued)

CF-21-026 continued (page 2 of 2)

Authorized Personnel: The following personnel may participate in collecting activities under terms of this permit:

Brian Ulaski and Brenda Konar.

Employees and volunteers under the direct supervision of, and in the presence of, one of the authorized personnel listed above may 
participate in collecting activities under terms of this permit.

Stipulations:

1. Ethan Ford (Division of Commercial Fisheries, Homer, (907)235-8191, ethan.ford@alaska.gov) must be notified prior to 
you engaging in collecting or release activities. Division of Commercial Fisheries management biologists have the 
authority to specify methods for collecting, as well as limiting the collections of any species, and the number of 
specimens collected by time and area.

2. Permits will indicate the number of specimens that may be taken by species and life stage. Sampling or collecting 
activities must stop when the maximum allowable number of specimens is obtained. All live fish, shellfish, and aquatic 
plants collected in excess of the number specified on the permit must be released immediately and unharmed at the 
capture location, unless otherwise specified in the permit. All unintended mortalities must be recorded and returned to 
capture site waters.

3. Up to 2 individuals of each unknown species may be killed and saved for later identification.

4. Specimens collected under the authority of this permit are ONLY to be used for the purposes outlined in this permit.

5. If evidence of chronic sea star wasting disease is encountered, please report the finding at the University of California, 
Santa Cruz website, http://www.seastarwasting.org. Please leave organisms undisturbed.

6. Destroyed specimens must be double-bagged and placed in a sanitary landfill.

7. A copy of this permit, including any amendments, must be made available at all field collection sites and project sites for 
inspection upon request by a representative of the department or a law enforcement officer.

8. Issuance of this permit does not absolve the permittee from compliance in full with any and all other applicable federal, 
state, or local laws regulations, or ordinances.

9. A report of collecting activities, referencing this aquatic resource permit, must be submitted 30 days after the 
expiration of this permit. This report must summarize the number of all specimens, including bycatch, captured by 
date, location, depth of capture, species, size (weight and length where appropriate), age (where appropriate), sex, 
numbers, and the fate of those specimens. Total beach wrack collections must be reported by volume in gallons and 
composition identified. A report is required whether or not collecting activities were undertaken.

10. A report of research activities, referencing this aquatic resource permit, must be submitted within 6 months 
after the expiration of this permit. This report should present the research conducted in a format similar to a scientific 
paper including the following: introduction (objective of the study plan and hypothesis), methods, and results. The report 
is ad-hoc and intended to show that the specimens were used in a scientific method and allows for the evaluation of 
potential cumulative effects from multiple projects in the same area, but is not intended to be a full peer-reviewed 
scientific paper.

11. Failure to comply with the conditions of this permit will result in the loss of future permitting privileges.

12. PERMIT VALIDATION requires permittee's signature agreeing to abide by permit conditions before beginning collecting 
activities:

Signature of Permittee 

ecc: Ethan Ford, Matt Miller, Glenn Hollowell, Ted Otis, Jan Rumble, Chris Habicht
CF Division Files
Alaska Wildlife Troopers - Homer
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Chapter 3

The Importance of Beach-Cast and Drifting Wrack Habitat 

for Macrofauna in a High Latitude Estuary

Abstract

Macroalgae maintain their functional role as foundation species across near-subtidal and 

intertidal zones, including when detached and free-floating and then cast ashore as wrack, where 

it becomes home to many invertebrates, is foraged by shorebirds, and removed by humans. 

Beach-cast wrack is harvested mostly for fertilizer or removed for aesthetics, but the resulting 

impact to coastal ecosystems has not been extensively explored in high latitude regions. To 

determine which fauna might be impacted if beach-cast wrack were to be removed and to 

determine what environmental variables influence their presence in a high latitude estuary, the 

composition and relative abundance of macroinvertebrates were quantified monthly and compared 

in areas with and without wrack. Relationships were assessed between macroinvertebrates and 

wrack line (tidal height, moisture content, and macroalgal biomass) and beach characteristics 

(wave exposure, beach slope, and substrate types). Macroinvertebrate communities within 

beach-cast wrack and bare sediment habitats were significantly different. Beach-cast wrack 

generally had more terrestrially-derived animals, especially Coleoptera and Diptera. Bare beach 

sediment was predominantly occupied by Annelida. Macroinvertebrate diversity, biomass, and 

abundance were positively correlated with wrack biomass and tidal height of the wrack line. 

Beach-cast wrack and bare sediments were also compared to drifting wrack in shallow, nearshore 

waters. Drifting wrack was different and generally occupied by more marine-derived animals, 

especially Amphipoda, Gastropoda, Mytilidae, and Polychaeta. Aged wrack that had been cast 

ashore for 3-24 days harbored diverse and changing macroinvertebrate communities, with 

decomposers (e.g., Amphipoda and Diptera) being early colonizers, and predators (e.g., Coleoptera 

and Hymenoptera) arriving later. Monthly bird surveys were also performed to determine possible 

associations with beach-cast wrack. Birds were not strongly associated with wrack during the 

survey period and possible reasons are discussed. Understanding this unique and ecologically 

100



important habitat is fundamental, as reductions in wrack availability likely influence 

macroinvertebrate community structure, higher trophic level consumers, and key ecological 

processes on beaches.

Introduction

The intertidal is a highly complex ecological system with various energy pathways that 

transition across its interface. This ecotone receives energy and nutrients from multiple donor 

systems, supporting unique macrofaunal communities that rely on the allochthonous input of 

organic subsidies (Jaramillo et al. 2006). Effects of these cross-boundary subsidies (Polis et al. 

1997) are reflected in the productivity of intertidal food webs. Soft-sediment beaches, for example, 

are generally low in autochthonous primary production given the frequent disturbances of wave 

action, substrate instability, and exchanging of tides (McLachlan et al. 1993). Macrofauna at the 

fringe of the tide line on a beach are tolerant to these harsh conditions and increase productivity 

where macroalgal and terrestrial subsidies accumulate to form patches of habitat (Jaramillo et al. 

2006). Nearshore reefs and inland riparian donor systems are both sources of exported detritus that 

form habitat when deposited on beaches (Chapter 2).

Collectively, the organic debris that accumulates onshore is known as beach-cast wrack 

and supports intertidal macroinvertebrates and higher trophic level consumers. Ecologically, 

beach-cast wrack is key for maintaining diversity (Harris et al. 2014) and function (Defeo et al. 

2009, Barreiro et al. 2011) on beaches by increasing macrofaunal biomass and species richness 

(Dugan et al. 2000, MacMillan and Quijón 2012, Ruiz-Delgado et al. 2015, Vieira et al. 2016). 

The unique assemblages of macroinvertebrates that converge and persist in beach-cast wrack feed 

higher trophic level consumers, including vertebrates (Dugan et al. 2003, Mellbrand et al. 2011, 

Fox et al. 2014). Along the southwestern coasts of California and South Africa, where nearshore 

kelp beds are expansive, abundance of wintering shorebirds is positively correlated with beach

cast wrack cover and abundance of associated prey (Tarr and Tarr 1987, Hubbard and Dugan 2003, 

Dugan et al. 2003). Before detached macroalgae and terrestrial debris wash ashore with tides, 

winds, and storms, they can drift hundreds of kilometers in the ocean (Krumhansl and Scheibling 

2012). As a precursor to beach-cast wrack, drifting wrack creates habitat in the nearshore water 

column and benthos, where macroinvertebrates and fish find refuge and forage among the loose 
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debris (Baring et al. 2018). Derived from the same sources, beach-cast and drifting wrack are 

spatial subsidies that create habitat in two very different systems.

Morphological differences among macroalgae that contribute to beach-cast wrack can 

determine the complexity and appeal of the habitat for intertidal inhabitants (MacMillan and 

Quijon 2012). For example, some consumers prefer kelp wrack over seagrass or rockweed wrack 

due to more mucus secretion and lower concentrations of phenols in kelps (Mews et al. 2006, 

Michaud et al. 2019). Thus, biotic conditions of macroalgal composition can influence the 

structure of associated macrofaunal communities, which in turn can affect the persistence of wrack 

on beaches. Variability in wrack supply can be explained by interactions of wave exposure, 

substrate type, and seasonality (Barreiro et al. 2011, Wickham et al. 2020). Seasonality of attached 

macroalgal growth and community development (Ulaski et al. 2020) and general temporal 

oscillations of macroinvertebrate abundances (Ely et al. 2018) may be reflected in the macrofaunal 

communities that develop in wrack over time. Beach slope is another abiotic characteristic that is 

not only negatively correlated with the accumulation of beach-cast wrack (Harris et al. 2014, 

Wickham et al. 2020), but also with species richness of non-wrack associated benthic intertidal 

macroinvertebrates (McLachlan 1996).

As wrack decomposes, it releases nutrients into the surrounding area, acting as a fertilizer 

for nearby vegetation (Dugan and Hubbard 2010, Dugan et al. 2011). Wrack contains high 

concentrations of nitrogen, potassium, and many trace elements that contribute to healthy plant 

growth (Villares et al. 2016). In addition to wrack being applied to the soil as a mulch, it can be 

added to compost heaps as an activator. This recognition has led to increased interest by people to 

harvest wrack for use as garden fertilizer, and in some areas of the US (Alaska), Canada, Australia, 

and Ireland, wrack is harvested for personal and commercial uses (Kirkman and Kendrick 1997, 

McLaughlin et al. 2006, Holden et al. 2018). Removal of wrack from beaches is also common 

practice for aesthetic reasons in areas where recreation and tourism are high (Fairweather and 

Henry 2003, Noriega et al. 2012). Studies have shown that there are significant ecological 

consequences associated with wrack removal, where wrack-associated macrofauna is reduced in 

species richness, abundance, and biomass (Dugan et al. 2000, Davenport and Davenport 2006, 

Defeo et al. 2009), thus impacting energy transfer through the detrital food web.

After wrack is deposited onto beaches, it either stays to begin desiccation and burial, goes 

back out to sea during a subsequent higher tide, or gets transported higher up the beach (Orr et al.

102



2005). Desiccation and decomposition of beach-cast wrack affect organism colonization and 

successional development of the wrack community (Olabarria et al. 2007). Succession of 

macroinvertebrate users of wrack is apparent throughout the stages of wrack decomposition 

(Colombini et al. 2000, Olabarria et al. 2007, Beeler 2009), and rates of decomposition vary among 

macroalgal species (Mews et al. 2006). Aging wrack results in changes to the microclimate that it 

creates for consumers (Davis and Keppel 2021), and aged wrack is generally preferred over fresh 

wrack by consumers (Beeler 2009). As aging wrack can impact invertebrate assemblages 

(Olabarria et al. 2007), it is important to better understand how timing of harvest may impact 

associated communities. For example, harvesting that occurs directly following a storm that 

produces fresh wrack may have lesser effects on the sparsely colonized wrack deposits. Whereas, 

if harvesting occurs after several consecutive days or weeks, the aged wrack on the beach might 

harbor more invertebrates and harvesting might have a greater effect on the associated wrack 

communities. As such, successional states of wrack communities are important to know, as wrack 

removal would impact these states differently depending on the timing of deposition. This study 

addresses four overarching questions about the importance of wrack as habitat and resource in a 

high latitude estuary: 1) How do macroinvertebrate communities differ among beach-cast wrack, 

drifting wrack, and bare sediment habitats over time? 2) How do macroinvertebrate communities 

in beach-cast wrack, drifting wrack, and bare sediment habitats correlate with biotic and abiotic 

environmental variables? 3) Are there successional states in macroinvertebrate communities as 

beach-cast wrack ages? 4) Which birds associate with beach-cast wrack?

Methods

Study area

This study was conducted in Kachemak Bay, a large high latitude fjord-type estuary in 

Lower Cook Inlet, Alaska (Fig. 3.1). Some incoming oceanic water diverging from the Alaskan 

Coastal Current mixes with local waters as it enters Kachemak Bay, joining the flow that generally 

circulates counterclockwise along the coastline (Johnson 2021). The diverse array of macroalgae 

that populate the nearshore regions of the bay (Konar et al. 2010) are exposed to dynamic high 

latitude conditions, including wind-induced stress, extreme tidal forcing, and glacially influenced 

freshwater flux, contributing to the accumulation of subtidal drifting organic material that washes 

103



ashore as wrack. This beach-cast wrack is historically harvested by the public (G. Hollowell, 

Alaska Department of Fish and Game, pers. comm.) for personal- or subsistence-use as an additive 

to garden fertilizer, although the harvest is highly regulated inside Kachemak Bay (Table 3.1).

For this study, twelve beaches were chosen throughout Kachemak Bay in areas easily 

accessible to the public along the Homer and Seldovia road systems or by small boat (Anchor 

Point, Bishop's Beach, Bluff Point, Camel Rock, Grewingk River, Halibut Cove, outer Jakolof 

Bay, inner Jakolof Bay, MacDonald Spit, Outside Beach, Tutka Bay, and Wosnesenski River; Fig. 

3.1). Beaches were sampled monthly from April to August in 2021, but varied in the parameters 

that were examined (i.e., beach-cast wrack, bare sediment, and drifting wrack). These months were 

examined given the results of a pilot study in which macroinvertebrates on beaches were rare 

during winter months, likely due to their intolerance to the icy conditions, in which wrack was 

usually frozen and covered in snow. All sites were characterized for wave exposure, beach slope, 

and substrate type to examine relationships between static environmental conditions and 

macroinvertebrate communities found in beach-cast wrack, drifting wrack, and bare sediment 

habitats.

Abiotic environmental variables

Wave exposure and beach slope were determined from the National Oceanic and 

Atmospheric Administration's (NOAA) Alaska ShoreZone website (https://alaskafisheries.noaa. 

gov/mapping/sz_js/), under “Derived ShoreZone Attributes.” Wave exposure was determined by 

the “Biological Wave Exposure” data, where exposure ranks of exposed, protected, semi-exposed, 

or semi-protected are classified. Beach slope was identified under “Intertidal Zone Slope”, where 

calculated slopes (in degrees) are provided. Substrate type was characterized one time for each site 

using a Wentworth scale within ten 1-m2 quadrats haphazardly placed along the wrack line, from 

which percent cover of boulder, cobble, gravel, and sand was visually estimated (Wentworth 

1922).

Wrack and macroinvertebrate collections

Biomass and composition of macroalgal wrack along with biomass, composition, and 

abundance of macroinvertebrates, that appeared in the beach-cast wrack and in the sand under the 

wrack, were determined monthly at all twelve beaches. Along a 50-m horizontal transect, a vertical 
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transect was placed perpendicular every five meters from the upper to the lower boundaries of the 

wrack line. We defined the upper and lower end points where the boundaries of the wrack line 

started to lose definition and a gap of at least 1 m first occurred between scattered wrack material. 

Randomly along each vertical transect, one 11-cm diameter steel corer was pushed down through 

the wrack and into the underlying sediment to a depth of approximately 10 cm to collect 

macroalgae and macroinvertebrates in the beach-cast wrack (n = 10 beach-cast wrack 

cores/site/month; Deidun et al. 2009, MacMillan and Quijon 2012, Heerhartz et al. 2014). Bare 

sediment cores were also taken above and below and at least 1 m away from the wrack line at 

seven of the beaches (Anchor Point, Bishop's Beach, Bluff Point, Camel Rock, outer Jakolof Bay, 

MacDonald Spit, and Outside Beach) to a depth of approximately 10 cm to quantify 

macroinvertebrate biomass, composition, and abundance in bare substrate (n = 10 bare sediment 

cores/beach/month).

Drifting wrack was collected at five of the beaches (Grewingk River, Halibut Cove, inner 

Jakolof Bay, Tutka Bay, and Wosnesenski River) by beach seining and was sampled from the nets 

using the same 11-cm diameter corer (pushed down through the wrack until contact with the net) 

used to collect beach-cast wrack and bare sediment samples. Three nearshore beach seines were 

pulled by two people walking parallel to the shoreline for 4-5 minutes, one in ankle-deep water 

and one in approximately waist deep water (net length = 15 m; mesh size = 1.2 cm). Once the net 

was brought ashore, the cores were placed at three fixed points along the net to collect any retained 

macroalgae and macroinvertebrates from the drifting wrack debris (n = 9 drifting wrack 

cores/beach/month).

All beach-cast wrack, drifting wrack, and bare sediment cores were immediately sieved 

separately through a 1-mm mesh bag in the swash zone (Dugan et al. 2003, McLachlan and Brown 

2006, Schlacher et al. 2008, Deidun et al. 2009, MacMillan and Quijon 2012). All retained 

macroalgae and macroinvertebrates were immediately bagged by replicate and transported to 

a -20°C freezer at the NOAA/University of Alaska Fairbanks (UAF) Kasitsna Bay Laboratory until 

subsequent processing. Frozen samples were thawed in trays filled with seawater. Thawed samples 

were sorted, macroalgae were identified and weighed, and macroinvertebrates were identified to 

the lowest possible taxonomic level (Triplehorn and Johnson 2005), counted, and weighed. 

Representative voucher specimens (insects only) were deposited at the University of Alaska 

Museum Insect Collection as Accession UAM-2022.09-Ulaski-Ento.
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During each monthly sampling event, tidal elevation of the beach-cast wrack line was 

measured using a site level and stadia rod. Ten haphazardly chosen macroalgal samples of 

approximately 10 g each were collected from the wrack line for moisture content analysis using a 

loss-on-drying (LOD) technique (Olabarria et al. 2007, MacMillan and Quijon 2012). Briefly, each 

macroalgal wrack sample was weighed separately, dried in a drying oven at a constant temperature 

of 60°C (for at least 24 h) until a constant weight was achieved (± 0.01 g), and re-weighed to 

determine percent moisture content.

Statistical analyses were carried out in PRIMER v7 software with the PERMANOVA+ 

package and the opensource R software (R Core Team 2021). Multivariate data were fourth root 

transformed following standardization, so that measurements on relative community biomass and 

abundance were comparable given the slightly different methods of core collections among 

habitats (i.e., beach-cast wrack, drifting wrack, and bare sediment). Univariate data remained non

normal (Shapiro-Wilk test, biomass: p < 0.001; abundance: p < 0.001), but the robustness of 

analysis of variance (ANOVA) was considered appropriate for univariate analysis given the very 

large number of samples collected. Separate one-way ANOVA tests were used to determine 

variability in total macroinvertebrate biomass and abundance by site, month, and habitat (i.e., 

beach-cast wrack, drifting wrack, and bare sediment). When ANOVA tests suggested significance, 

Tukey honest significant difference (HSD) post-hoc tests were carried out to confirm pairwise 

differences. Separate resemblance matrices were calculated using a Bray-Curtis similarity index 

for permutational analysis of multivariate macroinvertebrate community relative biomass and 

abundance data. A three-factor permutational multivariate analysis of variance (PERMANOVA) 

was used to test for responses of macroinvertebrate communities to grouping factors of site, month, 

and habitat. A cyclic resemblance model matrix was used in the RELATE routine to assess 

monthly shifts in macroinvertebrate communities. Non-metric multidimensional scaling (nMDS) 

ordinations were used to visually explore compositional dissimilarities among grouping factors. 

Similarity percentage (SIMPER) analyses were carried out to determine which macroinvertebrate 

taxa were most responsible for driving compositional differences among grouping factors. Pearson 

correlation coefficients were computed to assess relationships between beach-cast wrack, drifting 

wrack, and bare sediment macroinvertebrate communities (diversity, biomass, and abundance) and 

wrack line (tidal height, moisture content, and macroalgal biomass) and beach (wave exposure, 

beach slope, and substrate types) characteristics.
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Succession experiments in beach-cast wrack

To determine if there was succession in the wrack-associated macroinvertebrate 

communities as wrack aged, 18 marked piles, each with 1- to 2-kg wet weight of freshly harvested 

macroalgae, were homogenized by hand and deposited just above the highest predicted tide line 

of the cycle on a beach near the NOAA/UAF Kasitsna Bay Laboratory (Olabarria et al. 2007, 

MacMillan and Quijon 2012). Alaria marginata, Cymathaere triplicata, Fucus distichus, Palmaria 

spp., Saccharina latissima, and Ulva spp. were collected to produce the artificial wrack piles and 

were consistent across months, as these species were easily accessible for harvest at low tides. 

Piles were 0.5 m in diameter and placed approximately 1 to 2 m apart and other naturally present 

accumulations of wrack were removed before placing the experimental plots. Experiments were 

conducted monthly from April to August 2021 (n = 18 experimental wrack piles/month). A pilot 

study conducted in March of 2020 indicated the absence of macroinvertebrates in frozen wrack 

covered in snow. Surveyor's flags were placed next to each pile to mark their positions. Starting 

on Day 0, three of the piles were randomly sampled every three days (every six days in August) to 

quantify temporal changes in the macroinvertebrate communities (n = 3 experimental 

cores/sampling day). Each pile of wrack was sampled using one 11-cm diameter steel sediment 

corer pushed down through the wrack and into the underlying sediment to a depth of approximately 

10 cm (Deidun et al. 2009, MacMillan and Quijon 2012, Heerhartz et al. 2014). Control cores were 

taken at the same tidal height from bare sediments to a depth of approximately 10 cm at least 1 m 

away from the experimental wrack piles during each sampling event (n = 3 control cores/sampling 

day). All experimental and control cores were immediately sieved separately through a 1-mm mesh 

bag (Dugan et al. 2003, McLachlan and Brown 2006, Schlacher et al. 2008, Deidun et al. 2009, 

MacMillan and Quijon 2012). Retained macroalgae and macroinvertebrates from the sieved cores 

were immediately bagged by replicate and placed into a -20°C freezer at the NOAA/UAF Kasitsna 

Bay Laboratory until subsequent processing. Frozen samples were thawed in trays and filled with 

a thin layer of seawater. Thawed samples were sorted, macroalgae were weighed, and 

macroinvertebrates were identified to the lowest possible taxonomic level, counted, and weighed.

HOBO Pendant temperature loggers (Onset; Bourne, MA) were used to determine 

temperature microhabitats formed by the experimental wrack piles for the duration of each 

monthly experiment. Among the experimental wrack piles, a logger was attached to rebar and 

fixed above the sediment to record external ambient air temperatures over time. Loggers were also 
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placed inside of a wrack pile and buried 5-10 cm in the sand underneath a wrack pile. Separate 

samples of macroalgae from each wrack pile were taken alongside each core for moisture content 

analysis using the LOD technique as described above (n = 3 moisture content samples/sampling 

day).

A Bray-Curtis similarity index was calculated to produce a resemblance matrix for 

permutational analysis of multivariate macroinvertebrate community data collected from the 

succession experiments. A three-factor PERMANOVA was used to determine macroinvertebrate 

community differences (species composition) between experimental and control groups and to test 

for succession in wrack-associated macroinvertebrate communities over time (days and months). 

Separate one-way ANOVA tests were used to determine variability in total macroinvertebrate 

biomass and abundance and diversity (Shannon Index) by day of experiment and treatment 

(experimental and control). When ANOVA tests suggested significance (a = 0.05), Tukey honest 

significant difference (HSD) post hoc tests were carried out to confirm pairwise differences. 

SIMPER analyses were carried out to determine which taxa were most responsible for driving 

compositional differences over time. Pearson correlation coefficients were calculated to determine 

if moisture content and/or wrack temperature correlated with variability in macroinvertebrate 

community composition.

Bird surveys

At four of the beaches (Anchor Point, Bishop's Beach, Bluff Point, and MacDonald Spit), 

a 1-km section of coastline was identified, georeferenced, and revisited every month from April to 

August in 2021 to conduct bird surveys. Survey sections were chosen based on their predominately 

sandy beach characteristics. Surveys were intentionally conducted during an outgoing tide soon 

after slack high, between 2.4 to 4.6 m tidal height, for consistency and optimal viewing conditions 

(Tarr and Tarr 1987, Dugan et al. 2003, Lafferty et al. 2013, Matz 2017). A modified distance 

sampling approach was used (Tarr and Tarr 1987, Hubbard and Dugan 2003, Neuman et al. 2008, 

Byrne et al. 2009, Brown et al. 2012) that consisted of walking parallel to shore and was centered 

between the bluffs and swash zone. There were three 200-m blocks within the 1-km section, where 

the surveyor walked line transects for approximately 5 min (n = 3 line transects/beach/month). The 

location of the blocks within the 1-km section were randomized each month. In each block, the 

beach was divided into horizontal distance bins that were approximately 15 m wide. Habitat 
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features within each bin were recorded, such as substrate type and presence or absence of wrack 

during each survey. The wrack line was expected to occupy different bins depending on the tidal 

activity prior to each survey event. Birds were counted, identified (O'Brien et al. 2006), and 

designated to a bin within the vertical boundaries of the outermost bins. Because birds were rare 

in our field surveys, no formal distance sampling analyses could be completed. As such, all 

transects were pooled and a single-factor PERMANOVA was used to test for response of bird 

assemblages on and off the beach-cast wrack line.

Results

Abiotic environmental variables

Beach characteristics were variable among sites (Table 3.1). Most sites were semi-exposed, 

with some being more protected or semi-protected from wave action. Many of the sites had 

shallower slope angles under 10°, while inner Jakolof Bay had the steepest slope at 19°. Few sites 

had proportions of sand that were around 70% of the substrate. Most sites were predominantly 

characterized by gravel substrate.

Macroinvertebrate communities in beach-cast wrack, drifting wrack, and bare sediment

A total of 80 different taxa were identified from approximately 37,653 individuals collected 

from beach-cast wrack, drifting wrack, and bare sediment habitats (Table 3.2). Removing effects 

of month and site, total macroinvertebrate biomass and abundance differed among the three 

habitats (ANOVA, biomass: F2,1145 = 19.1, p < 0.001; abundance: F2,1145 = 14.5, p < 0.001; Fig. 

3.2). Total macroinvertebrate biomass (0.003 ± 0.001 SE kg m-2) and abundance (298 ± 99 

individuals m-2) in bare sediment was significantly lower than beach-cast wrack (Tukey, biomass: 

p < 0.001; abundance: p < 0.001) and drifting wrack (Tukey, biomass: p < 0.001; abundance: p < 

0.001) habitats (Fig. 3.2). Total macroinvertebrate biomass (0.07 ± 0.01 kg m-2) in beach-cast 

wrack was significantly lower than in drifting wrack (0.14 ± 0.03 kg m-2); however, total 

macroinvertebrate abundance was similar between beach-cast (4,043 ± 575 individuals m-2) and 

drifting (5,557 ± 1,203 individuals m-2) wrack habitats (Tukey, biomass: p < 0.01; abundance: p = 

0.28). Differences in total macroinvertebrate biomass and abundance in beach-cast wrack were 

significant over time (Table 3.3; Fig. 3.3) and among beaches (Table 3.3; Fig. 3.4). 
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Macroinvertebrate biomass in beach-cast wrack decreased after April (0.1 ± 0.03 kg m-2) before 

increasing again in August (0.15 ± 0.03 kg m-2), while abundance generally increased over time 

from April (892 ± 110 individuals m-2) to August (11,733 ± 2,517 individuals m-2). Spatially, 

beach-cast wrack in the northern-most site with a shallow beach slope and mostly sand substrate 

(Anchor Point) had the greatest biomass (0.26 ± 0.07 kg m-2) and abundance (14,596 ± 4,082 

individuals m-2) of macroinvertebrates relative to the other sites. Differences in total 

macroinvertebrate biomass in beach-cast wrack was not significant over time or among beaches; 

however, differences in abundance of drifting wrack were significant over time (Table 3.3; Fig. 

3.3), but were not significant among beaches (Table 3.3; Fig. 3.4). Total macroinvertebrate 

abundance in drifting wrack peaked in June (10,004 ± 4,575 individuals m-2). Differences in total 

macroinvertebrate biomass and abundance found in bare sediment were not significant over time 

(Table 3.3; Fig. 3.3) or among beaches (Table 3.3; Fig. 3.4).

Macroinvertebrate community composition based on biomass and abundance was 

significantly different among beach-cast wrack, drifting wrack, and bare sediment habitats when 

all beaches and months were combined (PERMANOVA, biomass: F12,718 = 4.9, p = 0.001; 

abundance: F12,704 = 5.8, p = 0.001; Fig. 3.5). SIMPER analyses revealed that differences in 

macroinvertebrate communities among habitats, based on both relative biomass and abundance, 

were mostly driven by Amphipoda, Annelida, Cirripedia, Coleoptera, Diptera, Gastropoda, 

Mytilida, and Polychaeta (Fig. 3.6). Beach-cast wrack generally had more Cirripedia (molts), 

Coleoptera, and Diptera. Drifting wrack generally had more Amphipoda, Gastropoda, Mytilida, 

and Polychaeta. Bare sediment was consistently composed mostly of Annelida. Differences in 

macroinvertebrate community composition were also significant among beaches and over time 

(Table 3.4). Though there were monthly differences in macroinvertebrate community composition, 

there were no significant seasonal trends across habitats (Table 3.5; Fig. 3.7). SIMPER analyses 

revealed site differences in macroinvertebrate community composition. In particular, the site 

adjacent to the largest watershed (Wosnesenski River) consistently had more Coleoptera 

contributing to community composition over all other sites, while a more protected site (Tutka 

Bay) had more Geophilomorpha. The site with the most sand contributing to the substrate (Anchor 

Point) had more Amphipoda contributing to community composition than all other sites. SIMPER 

analyses also revealed that monthly differences in macroinvertebrate communities among all 

habitats based on both relative biomass and abundance were mostly driven by Amphipoda,
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Annelida, Cirripedia, Coleoptera, Cyclostomata, Diptera, Gastropoda, Mytilida, and Polychaeta 

(Fig. 3.8). Proportions of Annelida to relative biomass and abundance generally decreased over 

time in beach-cast wrack and bare sediment habitats, as proportions of Amphipoda, Diptera, and 

Coleoptera increased over time (Fig. 3.8). Gastropoda recruits were major contributors to temporal 

shifts in macroinvertebrate biomass and abundance proportions in drifting wrack (Fig. 3.8). 

Amphipoda alone accounted for approximately 28% and 32% of biomass and abundance, 

respectively, in beach-cast wrack. Dipteran flies (adults, pupae, and larvae combined) contributed 

proportions of 7% and 16% to biomass and abundance, respectively, to beach-cast wrack 

macroinvertebrate communities. The largest contributions to beach-cast wrack were Annelida with 

8% and 42% proportions of biomass and abundance, respectively.

Response of macroinvertebrate communities to environmental characteristics

Percent boulder substrate was removed from the analysis, because draftsman plots 

indicated collinearity of percent boulder substrate with beach slope (with a correlation cutoff of |r| 

> 0.80). Shannon Index, based on biomass calculated for macroinvertebrate communities in 

beach-cast wrack, was positively correlated with tidal height of the wrack line and negatively 

correlated with percent sand substrate (Fig. 3.9). Shannon Index, based on biomass for 

macroinvertebrate communities in drifting wrack and bare sediment habitats, did not correlate with 

any of the tested environmental variables (Fig. 3.9). Shannon Index, based on abundance 

calculated for macroinvertebrate communities in beach-cast wrack, was positively correlated with 

both tidal height of the wrack line and wrack biomass, but negatively correlated with wave 

exposure (Fig. 3.10). Shannon Index for macroinvertebrate communities, based on abundance in 

drifting wrack and bare sediment habitats, did not correlate with any of the tested environmental 

variables (Fig. 3.10). Total macroinvertebrate biomass and abundance in both beach-cast and 

drifting wrack was positively correlated with wrack biomass (Figs. 3.11; 3.12), whereas total 

macroinvertebrate biomass and abundance in bare sediment did not correlate with any of the tested 

environmental variables (Figs. 3.11; 3.12).

Succession in aging beach-cast wrack

Wrack piles created microclimates by retaining moisture and decreasing the temperature 

fluctuation range within the wrack relative to the surrounding ambient air temperatures; underlying
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sediments had the lowest temperature fluctuations (Fig. 3.13). Inside of the wrack piles, 

temperature changes lagged ambient air temperatures, and underlying sediment temperatures even 

more so.

Macroinvertebrate communities strongly increased in diversity (Shannon Index based on 

biomass and abundance; Fig. 3.14) after Day 0, but then fluctuated, and often decreased towards 

the end of the monthly experiments. Total biomass and abundance of macroinvertebrate 

communities was significantly higher in experimental wrack piles than in bare sediment controls 

(ANOVA, biomass: F1,126 = 13.03, p < 0.001; abundance: F1,126 = 18.4, p < 0.001; Fig. 3.15). 

Macroinvertebrate communities generally increased in total biomass and abundance over the 

course of the experiments, with marginal differences across months (ANOVA, biomass: F4,74 = 

2.6, p = 0.05; abundance: F4,74 = 2.5, p = 0.05; Fig. 3.15). Total biomass and abundance of 

macroinvertebrates peaked on Day 9 in June and July (Fig. 3.15). In April, May, June, and July, 

changes in total macroinvertebrate biomass (ANOVA, April: F4,10 = 1.1, p = 0.41; May: F4,10 = 

0.9, p = 0.52; June: F5,12 = 1.9, p = 0.17; July: F5,12 = 2.1, p = 0.14) and abundance (ANOVA, 

April: F4,10 = 1.2, p = 0.37; May: F4,9 = 3.4, p = 0.06; June: F5,12 = 1.7, p = 0.2; July: F5,12 = 1.9, p 

= 0.16) were not significant over the 15-24 days of the experiment in each month. In the longer 

August experiment, total biomass and abundance of macroinvertebrates peaked on Day 18, which 

was significantly higher than the other days of the experiment for that month (ANOVA, biomass: 

F4,9 = 4.8, p = 0.02; abundance: F4,9 = 17.8, p < 0.001; Fig. 3.15).

The relationships between wrack moisture and macroinvertebrate diversity (Shannon Index 

based on abundance) were positive early in the season, but became negative starting in June, 

although only the negative relationship in July was significant (Fig. 3.16). Wrack moisture content 

was negatively related to macroinvertebrate abundance in May and August (Fig. 3.16). The 

relationships between internal wrack temperature and macroinvertebrate diversity (Shannon Index 

based on biomass and abundance) were positive early in the season, with significant correlations 

in April, but were negative at the end of the season, with significant correlations in August (Fig. 

3.17). Similarly, the relationships between internal wrack temperature and macroinvertebrate 

biomass and abundance were positive early in the season, but negative at the end of the season 

(Fig. 3.17).

Macroinvertebrate communities that developed over time in the monthly wrack succession 

experiments were significantly different than bare sediment controls (PERMANOVA, biomass: 
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F1,70 = 140.7, p = 0.001; abundance: F1,70 = 111.6, p = 0.002) and among days in each month 

(PERMANOVA, biomass: F22,70 = 1.7, p = 0.03; abundance: F22,70 = 1.8, p = 0.03). Removing the 

effect of day, community composition based on biomass was significantly different among months 

(PERMANOVA, F4,70 = 2.4, p = 0.03); however, community composition based on abundance did 

not change significantly among months (PERMANOVA, F4,70 = 1.8, p = 0.09). Few taxa were 

present on Day 0 of each experiment, but these included Annelida, Araneae, Diptera, and 

Geophilomorpha. These taxa were also common in control samples from bare sediment. At least 

by Day 3 of every month, except for April, both Amphipoda and Diptera appeared and, along with 

Annelida, remained predominant for the remainder of the experiment (Fig. 3.18). Hydrophilidae 

(Coleoptera) were not present until Day 15 in May and Day 6 in June and July, but not until Day 

12 in August (Fig. 3.18). Staphylinidae (Coleoptera) consistently were found on Day 9 in May, 

June, and July. Day 9 was not sampled in August, but Staphylinidae were present at least by Day 

12 (Fig. 3.18). Isopoda only appeared in May on Day 15 (Fig. 3.18). Braconidae (Hymenoptera) 

only appeared in July and August, as early as Day 9, but usually occurred later in experiments on 

Days 12, 15, or 18.

The shift in proportions of different feeding guilds was variable over different months 

(PERMANOVA, biomass: F4,87 = 3.0, p = 0.01; abundance: F4,87 = 2.8, p = 0.01); however, some 

similarities were observed across months (Fig. 3.19). Decomposers were the predominant feeding 

guild for the duration of the experiments. In April, May, and July, predators (i.e., Araneae, 

Geophilomorpha, and Pseudoscorpiones) were present earlier than in June and August. Generally, 

predators and omnivores appeared in later successional states (Fig. 3.19).

Beach-cast wrack as potential foraging grounds for birds

Though birds were rare during the transect surveys, seven taxa were observed, including 

bald eagle (Haliaeetus leucocephalus), black-billed magpie (Pica hudsonia), black turnstone 

(Arenaria melanocephala), chickadee (Paridae spp.), crow (Corvus spp.), glaucous-winged gull 

(Larus glaucescens), and whimbrel (Numenius phaeopus). With the data that were collected, bird 

assemblages were similar on and off the beach-cast wrack line (PERMANOVA, F1,6 = 1.3, p = 

0.3; Fig. 3.20). Chickadees, crows, and glaucous-winged gulls were the predominate species 

foraging in the wrack. Black turnstones and whimbrels were the only shorebirds observed during 
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the surveys. Whimbrels, however, were observed to feed both on and off the beach-cast wrack 

line.

Discussion

Macroinvertebrate communities in beach-cast wrack, drifting wrack, and bare sediment

The present study determined that both beach-cast and drifting wrack improve habitat 

quality by supporting more diverse and greater numbers of macroinvertebrates compared to bare 

soft sediment beach habitats. Beach-cast wrack supported more terrestrial taxa, while drifting 

wrack supported more marine taxa. Annelids were ubiquitous across beach habitats whether wrack 

was present or not, but the presence of wrack sometimes increased their abundance. Drifting wrack 

that accumulates in surf zones can provide refuge for marine invertebrates and foraging grounds 

for fishes (Clark 1997, Olds et al. 2018). In the present study, drifting wrack supported greater 

numbers of amphipods than did beach-cast wrack. Beach-cast talitrid amphipods may burrow 

beneath piles of wrack during the day to avoid warmer temperatures, and predators and can be 

found actively foraging in wrack at night (Dugan et al. 2003). Hydrophilidae and Staphylinidae 

were also more common in wrack than in surrounding bare sediment and appeared occasionally in 

drifting wrack. Terrestrial beetles occurring in wrack have physiological adaptations that allow 

them to survive in the intertidal environment to broaden their access to food (Doyen 1976). For 

example, some staphylinids are adapted to the marine environment by reducing metabolic rate and 

oxygen consumption when submerged in seawater (Topp and Ring 1988). Similarly, primarily 

terrestrial Heteroceridae were also found in both beach-cast and drifting wrack, probably due to 

their adaptation to reduce oxygen consumption when submerged in seawater during high tide 

(Doyen 1976). Other beetles, such as Hydraenidae, were also collected from beach-cast wrack in 

the present study and have been reported to inhabit saline shoreline environments in marine 

rockpools (Sabatelli et al. 2021). Although some marine taxa, such as mussel and gastropod 

recruits were common in drifting wrack, they were also present in beach-cast wrack, but were 

considered incidental based on their sessile life history and not actively using the emerged 

beach-cast wrack habitat. However, when associated with drifting wrack, these species may rely 

on this habitat for assisted transport (Baring et al. 2018). Although bare sediment habitat supported 

significantly fewer animals than both beach-cast and drifting wrack habitats, bare beach sediment 
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was predominantly inhabited by Annelida. The ubiquity of Annelida in bare beach sediments and 

under beach-cast wrack may have been due to their feeding on sand-dwelling microbes (Whitman 

et al. 2014).

Some taxa collected from beach-cast wrack in the present study are rarely collected in 

Alaska. Given that eucoiline wasps (Hymenoptera: Figitidae: Eucoilinae; Ashmead 1902) are 

parasitoids of dipteran larvae (Wu and Abe 2020), it is likely that the high concentrations of 

multiple dipteran life stages in decomposing wrack on beaches attracts such rarely collected 

parasitoid taxa. In Northern Europe and New Zealand, parasitoid Hymenoptera are known to 

associate with beach-cast wrack (Backlund 1945, Hodge and Early 2016). For example, in New 

Zealand, 20 species of Hymenoptera were identified in wrack, including common encounters of a 

parasitoid wasp species in the subfamily Eucoilinae (Hodge and Early 2016). Further 

investigations into wrack-associated macroinvertebrates could reveal more occurrences of habitat 

use by rarely collected taxa.

Response of macroinvertebrate communities to environmental characteristics

Macroinvertebrate communities in beach-cast and drifting wrack were often correlated 

with environmental characteristics, while bare beach sediment communities did not correlate with 

abiotic features. Macroinvertebrate community diversity in beach-cast wrack decreased with 

exposure to wave action in the present study. Though Dugan et al. (2003) found that swash climate 

and associated factors have little influence on wrack-associated macroinvertebrate communities, 

it is possible that higher levels of wave exposure directly affect wrack age. It may be that high 

exposure beaches do not allow wrack communities to fully mature. In the context of the 

intermediate disturbance hypothesis (England et al. 2008), high disturbance from exposed sites 

may be keeping the wrack community in an early successional state. Especially in areas with large 

tidal cycles (e.g., Kachemak Bay), waves during high tides may wash away wrack rather than 

transporting it higher on the beach. In the present study, wrack from the sites with the highest 

exposure to waves (Anchor Point, Bluff Point, Camel Rock, Grewingk River, MacDonald Spit, 

Outside Beach, and Wosnesenski River) was predominately inhabited by fewer taxa, including 

Amphipoda, Annelida, or Diptera, with other taxa appearing more rarely. These taxa may be less 

sensitive to frequent disturbances by waves and associated effects due to their highly developed 

orientation behavior (Amphipoda; Scapini et al. 1995), increased mobility (Diptera), and ubiquity 
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(Annelida). Macroinvertebrate diversity, biomass, and abundance in drifting wrack and bare beach 

sediment did not change with level of exposure to waves. This may be because they do not rely on 

deposition of habitat, rather the persistence of drifting wrack is unaffected by exposure and bare 

beach sediment habitat is not reliant on deposition and removal of wrack subsidies.

Although total macroinvertebrate biomass and abundance in beach-cast wrack were not 

affected by substrate type, the present study determined that macroinvertebrate diversity decreased 

significantly with percent sand substrate. Where proportions of sand were greater than 70% of the 

substrate, beach-cast wrack was predominately occupied by Amphipoda and Annelida. 

Amphipoda and Annelida burrow in finer sediments with increased densities in wrack 

accumulations (Coupland and McDonald 2008, Malm 2016). Many studies that have characterized 

macroinvertebrate communities associated with wrack have been conducted on sandy beaches; 

however, some work has been done to characterize wrack degradation rates on pebble substrate 

(Gilson et al. 2021). In the present study, proportions of coarser sediments did not influence 

macroinvertebrate diversity, biomass, and abundance in any of the habitats (i.e., beach-cast wrack, 

drifting wrack, bare sediment). Though abiotic beach characteristics (e.g., substrate type, wave 

exposure) may influence macroalgal wrack accumulations on beaches seasonally (Chapter 2), it 

is the wrack itself that has a more important role in structuring macroinvertebrate communities.

Wrack biomass plays a more important role in wrack community development than the 

substrate on which wrack is deposited. The present study found that macroinvertebrate diversity, 

biomass, and abundance increased with biomass of macroalgal subsidies in beach-cast and drifting 

wrack. These findings are similar to other studies that found higher beach-cast wrack biomass 

increases macrofaunal biomass and species richness (Dugan et al. 2000, MacMillan and Quijon 

2012, Ruiz-Delgado et al. 2015, Vieira et al. 2016). The increased biomass of wrack creates greater 

amounts of complex habitat on beaches for different animals to exploit and partition the subsidized 

resource, possibly decreasing competitive interactions (Colombini and Chelazzi 2003). For 

example, if wrack biomass is low, amphipods may leave wrack to find other feeding grounds to 

decrease intraspecific competition (Colombini and Chelazzi 2003). Stratified microclimates in 

wrack may result from higher biomass, with increased insulation and moisture retainment in the 

middle, and more dry and fluctuating temperatures near the outside of the wrack. The increased 

biomass and abundance of macroinvertebrates with increased drifting wrack biomass is also likely 

due to the high densities of bivalve and gastropod recruits remaining attached and feeding on 
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Laminaria spp. and Ulva spp. that get dislodged from the seafloor. In both wrack habitats, the 

increased biomass of wrack expands spatial availability for more animals to find refuge and forage.

The tidal height at which the beach-cast wrack line was deposited positively correlated 

with diversity, biomass, and abundance of macroinvertebrate communities, possibly due to the 

higher wrack lines being older, giving the community time to reach more developed successional 

states. This may also be explained by the accessibility of higher elevation wrack deposits to 

macroinvertebrates of upper intertidal or terrestrial origin, such as beetles, ants, pseudoscorpions, 

spiders, and centipedes. Not only does higher elevation of wrack deposition attract more terrestrial 

arthropods, but the talitrid amphipods that feed on the wrack often inhabit the upper intertidal and 

supralittoral zones (Dugan et al. 2003). It has been shown that macroinvertebrate communities are 

more strongly influenced by wrack biomass rather than beach morphodynamics (Dugan et al. 

2003). Ecological function of some coastal macroinvertebrate scavengers of carrion has been 

shown to decrease with distance inland from the beach (Schlacher et al. 2020). Bare beach 

sediment macroinvertebrates did not change with tidal height, providing further evidence that 

wrack increases habitat quality across tidal elevations on beaches. Overall, the relative abundance 

of macroalgal wrack and the elevation at which it is deposited on the beach are consistent drivers 

of macroinvertebrate diversity, biomass, and abundance. Wave exposure and substrate fostered 

differences only in diversity.

The present study found that macroinvertebrate diversity and abundance were sometimes 

negatively correlated with moisture content of the macroalgal wrack itself. This negative 

correlation may reflect invertebrates tending to prefer aged wrack (Pelletier et al. 2011), which 

often lost moisture as the experiments progressed; however, a steady decline in moisture content 

of the wrack was not observable given the intermittent precipitation during each monthly 

experiment. Some intertidal macroinvertebrates (e.g., talitrid amphipods) can be positively 

influenced by temperature and moisture of the sands underneath the wrack (Olabarria et al. 2007). 

Although macroinvertebrate diversity, biomass, and abundance in the present study were 

positively correlated with internal wrack temperatures in the spring and early summer months, 

negative correlations were observed later in the summer. These opposing correlations may be an 

artefact of macroinvertebrate phenology and seasonal shifts from the beginning (April) to the end 

(August) of the experiments, and not directly related to wrack temperature. For example, in 

August, ambient air temperatures began to decrease over time, but macroinvertebrates still saw 
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increases in diversity and abundance over time, thus depicting a negative correlation between the 

two variables.

Succession in aging beach-cast wrack

The present study identified taxonomic and feeding guild succession in aging wrack. The 

order of colonization was representative of the facilitation model of ecological succession (Connell 

and Slatyer 1977). Under this model, ecological succession proceeds, if the pioneer colonizers of 

the system modify the substrate to a point that is habitable for other organisms to settle and grow. 

This is apparent in wrack communities, because of ecological function during each stage of 

decomposition and colonization. The bacteria and fly larvae decompose the wrack, and this aged, 

decomposed wrack is generally preferred by herbivorous invertebrates (e.g., amphipods; Pelletier 

et al. 2011). The unexpected early appearance of predators in wrack during April and May was 

likely due to the presence of annelid prey already present in the sediment. The succession 

experiments corroborated likely biological interactions among taxa. For example, hymenopterans 

(i.e., Family: Braconidae; Subfamily: Alysiinae) were found in aging wrack only after dipteran 

flies colonized and larvae began permeating the wrack. This order of succession aligns with the 

common observation of braconids as parasitoids of Diptera by ovipositing into their larvae (Ranjith 

et al. 2022). Centipedes (Geophilomorpha) are of terrestrial origin, but some species are tolerant 

of seawater and possibly use seaweed wrack as foraging grounds and means of passive dispersal 

(Barber 2011). Geophilomorpha are predators themselves, but may also seek refuge in wrack 

(Barber 2011). This is likely, given that they disappeared early in the successional stages, but 

reappeared after biomass and abundance of wrack colonizers reached its peak. Coleopterans were 

more abundant in wrack following surges in colonization by amphipods, likely due to the increased 

availability of prey.

The present study provides further evidence of successional states of macroinvertebrate 

communities that develop in aging wrack on high latitude beaches. Early colonizers of beach-cast 

wrack are often decomposers, including amphipods and dipterans, followed by isopods and 

predatory coleopterans (Olabarria et al. 2007). Amphipods are direct consumers of the seaweed 

(Colombini and Chelazzi 2003). Flies deposit their eggs onto moist piles of seaweed wrack, in 

which the fly larvae hatch and feed on the bacterial mats that are decomposing the wrack 

(Jędrzejczak 2002). The adult flies are saprophagous and feed on the decaying macroalgae. The 
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richness and rapid reproduction of kelp flies and the developing larvae attract predators. Predatory 

Coleoptera and Araneae feed on arthropods, such as Acari and Diptera larvae that might also be 

foraging in the wrack (Colombini and Chelazzi 2003). The flow of energy from these various 

scavengers and predators might then enter higher trophic levels consisting of both invertebrate and 

vertebrate consumers, such as Araneae, Pseudoscorpiones, rodents, birds, and mammals (see 

Wickham et al. 2020 and references therein). Occasionally, other marine invertebrate foragers will 

be found feeding in the wrack (e.g., herbivorous snails and crabs; Colombini and Chelazzi 2003), 

and these larger invertebrates might attract even larger predatory consumers, such as foxes or bears 

(Colombini and Chelazzi 2003). The species richness within this coastal food web may be high, 

including members from the ocean and the land converging at this interface; however, Gilson et 

al. (2021) determined that macroinvertebrates may play a more limited role in the breakdown of 

wrack subsidies than what is currently understood and suggest that meiofauna and microbes likely 

play a major role in wrack processing.

Beach-cast wrack as potential foraging grounds for birds

The present study observed very few birds actively foraging in the wrack zone. Although 

shorebirds were not found to be strongly associated with wrack during the survey period, 

Kachemak Bay in general is an important stopover site for shorebirds during spring northern 

migration, when thousands of individuals are reported each year in April and May (Matz 2017). 

Turnstones (Arenaria melanocephala and A. interpres), for example, are ground foragers that 

migrate through Kachemak Bay with a feeding style that involves flipping over stones and debris 

on the beach. Though turnstones have been observed to forage in seaweed wrack in other regions 

of the world where turnstones stage (Burger et al. 2018), they were only spotted lower in the 

intertidal foraging among coarser rocky substrate in the present study. Whimbrels (Numenius 

phaeopus) are also migrators that respond to visual cues, but they look for signs of entrances into 

the sand from burrowing invertebrates (e.g., sand crabs, amphipods; Turpie and Hockey 1993). 

Their morphological adaptation of having a long bill allows them to probe the substrate for 

burrowing animals; however, the present study observed whimbrels opportunistically foraging and 

pecking in the wrack surface, though they were more often observed foraging in the sands of the 

swash zone. It is also likely that major alternative feeding habitats (e.g., swash zone, mudflats) 

throughout Kachemak Bay influenced the lack of observations. Furthermore, surveys were only 
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done in one year, and there is known interannual variability in spring migration phenology (Haest 

et al. 2019). Thus, multi-year studies with daily to weekly surveys during migration are needed to 

determine the extent to which birds may rely on wrack subsidies. Because northward migrating 

shorebirds are primarily income breeders (McGuire et al. 2020), meaning they need to sufficiently 

fuel after they arrive at their breeding grounds, and Lower Cook Inlet is one of the final staging 

areas prior to reaching breeding grounds farther north, all forms of potential habitat (including 

wrack) for shorebirds should be monitored to maintain stopover habitat quality to help meet their 

fueling demands during peak migration. If population size is small, birds may forage for the most 

nutritious prey, but when populations are high and resource availability becomes limited, less ideal 

habitats might be foraged.

As there is concern for global declines in shorebird abundance, including North American 

inhabitants (Bart et al. 2007), impacts that human activity may have on stopover habitat quality is 

consequential to their persistence. Wintering shorebirds have been observed to forage for 

invertebrates (e.g., beetles, amphipods, isopods) that are living in wrack, and shorebird abundance 

is positively correlated with wrack cover and biomass of wrack-associated prey (Dugan et al. 2003, 

Mellbrand et al. 2011, Fox et al. 2014). Removal of wrack resources might exacerbate reduction 

in food availability as coastal development threatens coastal habitat quality (Studds et al. 2017). 

Stopover areas (and the availability of food) are critical to the fitness of migrating shorebirds 

(Schnurr et al. 2020). Once migration is underway, when there is a lack of food availability at any 

given stopover site, this has the potential to result in delayed or underweight departure (Tucker et 

al. 2019). If the availability of food at stopover sites is reduced, then foraging behavior and 

increased length of time spent foraging may have carry-over effects in terms of reduced 

reproductive success resulting in reduced population size the following season (Norris 2005).

Conclusions

Currently, there are few studies that have investigated the colonization of wrack in high 

latitude, tidally-driven glacial estuaries (e.g., Urban-Malinga and Burska 2009). To my knowledge, 

this study is the first direct investigation into macroalgal wrack-associated macroinvertebrate 

communities in Alaska and corroborates the general understanding that wrack is an important 

resource to ecological processes on beaches and in the near-subtidal. Attached macroalgae growing 

on nearshore reefs are already in decline globally due to multiple stressors (Filbee-Dexter and 
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Wernberg 2018), with direct harvesting as an ongoing and increasing threat to these systems 

(Krumhansl et al. 2016). Broader impact from human activity not only includes the direct loss of 

macroalgae, but also affects intertidal ecosystems. For example, climate change and associated 

heatwaves that have resulted in the decline of kelp forests globally (Krumhansl et al. 2016, Starko 

et al. 2022) may impact the valuable habitat provided by wrack both in the nearshore subtidal and 

intertidal beaches as the source of this subsidy is depleted. This research offers resource managers 

essential information on the importance of wrack to coastal systems and encourages attention be 

allocated toward wrack and shoreline habitats when crafting aquatic plant harvest regulations. 

Surveys demonstrated that beach-cast and drifting wrack are important habitats to many marine 

and terrestrial macroinvertebrates. The most important environmental correlates to 

macroinvertebrate communities were the tidal elevation of the wrack line and the amount of wrack 

biomass that formed habitat. This reinforces the concern that declining kelp forests will have 

cross-ecosystem impacts. As source populations decline, so will the subsequent sink communities. 

Beach experiments illustrated classical succession in wrack macroinvertebrate communities, 

highlighting the need to allow some wrack to mature before harvestings. Further research should 

focus efforts on increasing the spatial scale of migratory shorebird surveys (e.g., more point counts 

or line transects), frequency of site visits (e.g., more consecutive days of surveying), types of 

habitats visited (e.g., mudflats), and temporal resolution (e.g., multi-year surveys) to better 

characterize direct use of wrack by shorebirds during northward migrations.
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Figures

Figure 3.1 Map showing study beaches located in Kachemak Bay, Alaska (black rectangle of inset 

map). Circles denote study beaches from which beach-cast wrack and bare sediment samples were 

collected. Open circles denote where bird surveys were conducted. Black diamonds denote study 

beaches from which beach-cast wrack and drifting wrack samples were collected. The white 

triangle refers to the locations of the NOAA/University of Alaska Fairbanks (UAF) Kasitsna Bay 

Laboratory where macroinvertebrate community succession in aging wrack experiments were 

conducted. AP = Anchor Point; BB = Bishop's Beach; BP = Bluff Point; CR = Camel Rock; GR 

= Grewingk River; HC = Halibut Cove; JB1 = outer Jakolof Bay; JB2 = inner Jakolof Bay; MS = 

MacDonald Spit; OB = Outside Beach; TB = Tutka Bay; WR = Wosnesenski River; KBL = 

Kasitsna Bay Laboratory.
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Figure 3.2 Bar plots of mean total macroinvertebrate (a) biomass (kg m-2) and (b) abundance 

(individuals m-2) for beach-cast wrack, drifting wrack, and bare sediment habitats (bars represent 

standard error) from Kachemak Bay, Alaska in 2021. Significantly different means among habitats 

are denoted by different letters above each bar. If the letters above each bar are the same, then they 

are not significantly different (a = 0.05).
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Figure 3.3 Bar plots of monthly mean total macroinvertebrate (a) biomass (kg m-2) and (b) 

abundance (individuals m-2) for beach-cast wrack, drifting wrack, and bare sediment habitats (bars 

represent standard error) from April to August 2021 in Kachemak Bay, Alaska. Refer to Table 3.3 

for significance values.
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Figure 3.4 Bar plots of mean total macroinvertebrate (a) biomass (kg m-2) and (b) abundance 

(individuals m-2) for beach-cast wrack, drifting wrack, and bare sediment habitats (bars represent 

standard error) across study beaches in Kachemak Bay, Alaska in 2021. Habitats with no data for 

a given site are denoted by “X”. Refer to Table 3.3 for significance values. AP = Anchor Point; BB 

= Bishop's Beach; BP = Bluff Point; CR = Camel Rock; GR = Grewingk River; HC = Halibut 

Cove; JB1 = outer Jakolof Bay; JB2 = inner Jakolof Bay; MS = MacDonald Spit; OB = Outside 

Beach; TB = Tutka Bay; WR = Wosnesenski River.
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Figure 3.5 Non-metric multidimensional scaling (nMDS) ordination plots based on relative 

macroinvertebrate community (a) biomass and (b) abundance in beach-cast wrack, drifting wrack, 

and bare sediment habitats from Kachemak Bay, Alaska in 2021. Each point represents a monthly 

sampling event per site. Stress indicates how well the ordination summarizes the two-dimensional 

distances among the points.
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Figure 3.6 Stacked bar plots of macroinvertebrate taxa that were most responsible (from SIMPER 

analysis) for driving compositional differences among beach-cast wrack, drifting wrack, and bare 

sediment habitats based on biomass (top panel) and abundance (bottom panel) in Kachemak Bay, 

Alaska in 2021.
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Figure 3.7 Non-metric multidimensional scaling (nMDS) ordination plots based on relative 

macroinvertebrate community (a) biomass and (b) abundance in beach-cast wrack, drifting wrack, 

and bare sediment habitats from Kachemak Bay, Alaska in 2021. Each point represents a monthly 

sampling event. Stress indicates how well the ordination summarizes the two-dimensional 

distances among the points.
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Figure 3.8 Stacked bar plots of macroinvertebrate taxa that were most responsible (from SIMPER 

analysis) for driving compositional differences among beach-cast wrack, drifting wrack, and bare 

sediment habitats based on biomass (top panels) and abundance (bottom panels) in Kachemak Bay, 

Alaska in 2021.
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Figure 3.9 Scatterplot of Shannon Index values (based on macroinvertebrate biomass) and 

environmental variables for beach-cast wrack (purple), drifting wrack (blue), and bare sediment 

(orange) habitats in Kachemak Bay, Alaska with overlayed trendlines and Pearson correlation 

coefficients. Asterisk next to Pearson's R indicates significance (a = 0.05).
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Figure 3.10 Scatterplot of Shannon Index values (based on macroinvertebrate abundance) and 

environmental variables for beach-cast wrack (purple), drifting wrack (blue), and bare sediment 

(orange) habitats in Kachemak Bay, Alaska with overlayed trendlines and Pearson correlation 

coefficients. Asterisk next to Pearson's R indicates significance (a = 0.05).
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Figure 3.11 Scatterplot of total macroinvertebrate biomass (kg m-2) and environmental variables

for beach-cast wrack (purple), drifting wrack (blue), and bare sediment (orange) habitats in 

Kachemak Bay, Alaska with overlayed trendlines and Pearson correlation coefficients. Asterisk 

next to Pearson's R indicates significance (a = 0.05).
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Figure 3.12 Scatterplot of total macroinvertebrate abundance (individuals m-2) and environmental

variables for beach-cast wrack (purple), drifting wrack (blue), and bare sediment (orange) habitats 

in Kachemak Bay, Alaska with overlayed trendlines and Pearson correlation coefficients. Asterisk 

next to Pearson's R indicates significance (a = 0.05).
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Figure 3.13 Temporal variability in measured temperatures during a beach-cast wrack

macroinvertebrate community succession experiment in Kachemak Bay, Alaska from 28 June to 

14 July 2021. External temperature (ambient air outside of wrack piles) = orange; Internal 

temperature (inside of wrack piles) = blue; Buried temperature (buried 5-10 cm in sediment 

underneath of wrack piles) = turquoise.
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Figure 3.14 Macroinvertebrate community Shannon Index means based on biomass (top panels) 

and abundance (bottom panels) over time (days) from monthly wrack succession experiments (bars 

represent standard error) in Kachemak Bay, Alaska in 2021. Experimental values represent

macroinvertebrate communities collected from wrack piles. There were no controls (bare 

sediment) in April and May experiments.
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Figure 3.15 Macroinvertebrate community means of total biomass (top panels) and abundance 

(bottom panels) over time (days) from monthly wrack succession experiments (bars represent 

standard error) in Kachemak Bay, Alaska in 2021. Experimental values represent 

macroinvertebrate communities collected from wrack piles. There were no controls (bare 

sediment) in April and May experiments.

145



Figure 3.16 Scatterplot of macroinvertebrate community Shannon Index based on biomass, 

Shannon Index based on abundance, total biomass, and total abundance with overlayed trendlines 

and Pearson correlation coefficients in relation to wrack moisture content from monthly succession 

experiments. Points are colored by day they were sampled during the monthly experiments in 

Kachemak Bay, Alaska in 2021. Asterisk next to Pearson's R indicates significance (a = 0.05).
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Figure 3.17 Scatterplot of macroinvertebrate community Shannon Index based on biomass, 

Shannon Index based on abundance, total biomass, and total abundance with overlayed trendlines 

and Pearson correlation coefficients in relation to internal wrack temperatures from monthly 

succession experiments. Points are colored by day they were sampled during the monthly 

experiments in Kachemak Bay, Alaska in 2021. Asterisk next to Pearson's R indicates significance 

(a = 0.05).
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Figure 3.18 Stacked bar plots of macroinvertebrate taxa that were most responsible (from

SIMPER analysis) for driving compositional differences over time (days and months) during 

succession experiments in Kachemak Bay, Alaska based on biomass (top panels) and abundance 

(bottom panels).
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Figure 3.19 Stacked bar plots of macroinvertebrate feeding guilds and their proportions of the 

communities based on the macroinvertebrate taxa most responsible (from SIMPER analysis) for 

driving compositional differences over time (days and months) during the succession experiments

in Kachemak Bay, Alaska based on biomass (top panels) and abundance (bottom panels). Feeding 

guilds are groupings of macroinvertebrates based on diet of primary feeding stage.
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Figure 3.20 (a) Non-metric multidimensional scaling (nMDS) ordination plot of bird communities 

based on abundance on and off the beach-cast wrack line at each site in Kachemak Bay, Alaska in 

2021. (b) Stacked bar plot of all bird taxa observed on and off beach-cast wrack surveys. AP = 

Anchor Point; BB = Bishop's Beach; BP = Bluff Point; MS = MacDonald Spit.
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Tables

Table 3.1 Static site characteristics (seaweed fishery harvest limits, wave exposure, beach slope, 

and substrate type) used to assess spatial and temporal variability of wrack composition in 

Kachemak Bay, Alaska from April to August 2021.

Site Seaweed Fishery
Harvest Limits Wave Exposure Slope 

(degrees)
Boulder
(%)

Cobble 
(%)

Gravel 
(%)

Sand 
(%)

AP Weight + Season Semi-Exposed 1 0.0 11.2 16.8 72.0

BB Weight + Season Semi-Protected 1 0.0 80.9 19.1 0.0

BP Weight + Season Semi-Exposed 2 1.5 15.6 13.1 69.8

CR Weight Semi-Exposed 9 0.0 3.5 94.5 2.0

GR Weight + Season Semi-Exposed 8 0.0 17.0 39.5 43.5

HC Weight + Season Semi-Protected 10 0.0 0.0 95.0 5.0

JB1 Weight Protected 6 0.0 30.0 70.0 0.0

JB2 Weight Protected 19 90.0 10.0 0.0 0.0

MS Weight Semi-Exposed 7 0.0 0.0 28.6 71.4

OB Weight Semi-Exposed 7 0.0 0.4 99.6 0.0

TB Weight + Season Protected 2 0.0 25.2 74.8 0.0

WR Weight + Season Semi-Exposed 5 0.0 0.0 34.0 66.0

Key: AP = Anchor Point; BB = Bishop's Beach; BP = Bluff Point; CR = Camel Rock; GR = Grewingk
River; HC = Halibut Cove; JB1 = outer Jakolof Bay; JB2 = inner Jakolof Bay; MS = MacDonald Spit; 
OB = Outside Beach; TB = Tutka Bay; WR = Wosnesenski River. Seaweed fishery harvest limits: Weight 
= 10 gal/person/day; Season = personal-use wrack harvests are allowed from January 1 to April 30 and 
September 1 to December 31 (Alaska Administrative Code 5 AAC 77.532).
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Table 3.2 Taxonomic list of all macroinvertebrates identified from beach-cast wrack (BW), 

drifting wrack (DW), and bare sediment (BS) habitats in Kachemak Bay, Alaska from April to 

August 2021. Habitat column indicates the habitats from which the taxa were collected. Feeding 

guilds are based on diet of primary feeding stage.

Class Order Family Subfamily Genus Species Habitat Feeding
Guild

Annelida BW/DW/BS Decomposer
Arachnida Acari BW/BS Omnivore

Araneae BW/DW Carnivore
Genuphobia DW Carnivore

Trombidiformes Bdellidae Neomolgus littoralis BW/BS Predator
Asteroidea Forcipulatida Asteriidae BW/DW Predator
Bivalvia Cardiida Cardiidae Clinocardium BW/DW Filter-feeder

Tellinidae Macoma BW/DW Filter-feeder
Carditida Astartidae Astarte BW/DW Filter-feeder
Myida Myidae Mya BW/DW Filter-feeder
Mytilida Mytilidae BW/DW/BS Filter-feeder
Venerida Veneridae Saxidomus BW Filter-feeder

Chilopoda Geophilomorpha BW/DW/BS Predator
Lithobiomorpha BW/DW Predator

Echinoidea Echinoida Strongylocentrotidae Strongylocentrotus BW Grazer
Entognatha Collembola BW/DW/BS Detritivore
Euchelicerata Pseudoscorpiones Neobisiidae Microcreagrinae Halobisium occidentale BW/DW/BS Predator
Gastropoda

Cephalaspidea Gastropteridae Gastropteran pacificum
BW/DW/BS
DW Planktivore

Lottiidae BW/DW Grazer

Gymnolaemata Ctenostomata Flustrellidridae Flustrellidra corniculata BW Suspension
feeder

Holothuroidea BW/DW Scavenger
Insecta Coleoptera Anthicidae BW Omnivore

Carabidae BW/DW Predator
Curculionidae Molytinae Sthereus BW Herbivore
Coccinellidae DW Predator
Elateridae Dendrometrinae Hypolithus littoralis BW Decomposer
Heteroceridae BW/DW Microbivore
Hydraenidae BW Microbivore
Hydrophilidae BW Decomposer
Lycidae Dictyoptera simplicipes BW Fungivore
Scarabaeidae Aphodiinae DW Decomposer
Scraptiidae BW Decomposer
Staphylinidae BW/DW/BS Predator

Aleocharinae BW/DW Predator
Aleocharinae Amblopusa brevipes BW/BS Predator
Omaliinae Eusphalerum BW Predator
Staphylininae BW Predator

Cafius canescens BW Predator
Hadrotes crassus BW Predator

Diptera
Bibionidae

BW/DW/BS
BW/DW Decomposer

Chironomidae BW/DW Decomposer
Culicidae BW Microbivore
Empididae BW Predator
Mycetophilidae BW Fungivore
Sciaridae BW Decomposer
Tipulidae BW/DW Decomposer

Ephemeroptera DW Decomposer
Hemiptera

Aphididae
BW/DW
BW/DW Herbivore

Cicadellidae BW/DW Herbivore
Psylloidea BW Herbivore
Saldidae BW Predator

Hymenoptera
Braconidae Alysiinae

DW
BW/DW/BS Predator

Figitidae Eucoilinae BW/DW Predator
Formicidae Formicinae Camponotus herculeanus BW Predator

Formica BW Predator
Myrmicinae BW Predator

Ichneumonidae BW/DW Predator
Vespidae Vespinae Vespula BW Predator

Lepidoptera BW/DW Herbivore
Neuroptera Hemerobiidae DW Predator
Plecoptera BW/DW Decomposer
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Table 3.2 (continued)

Class Order Family Subfamily Genus Species Habitat Feeding
Guild

Trichoptera BW Decomposer
Malacostraca Amphipoda Ampithoidae Peramphithoe mea DW Scavenger

Caprellidae BW Omnivore
Talitridae Traskorchestia traskiana BW/BS Decomposer

Cumacea BW/DW/BS Detritivore
Decapoda Brachyura BS Carnivore

Caridae DW Omnivore
Majidae Hyas lyratus DW Omnivore
Paguridae BW/DW Omnivore

Isopoda BW/DW/BS Omnivore
Ophiuroidea DW Scavenger
Polychaeta

Eunicida Lumbrineridae Scoletoma
BW/DW/BS
BW/DW Carnivore

Terebellida Flabelligeridae Brada BW Carnivore
Polyplacophora Chitonida Ischnochitonidae Lepidochitoninae Tonicella BW Grazer

Stenolaemata Cyclostomata Crisiidae Crisia BW/DW Suspension
feeder

Thecostraca Cirripedia BW/DW/BS Filter-feeder
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Table 3.3 Results of ANOVA tests comparing total macroinvertebrate biomass and abundance 

based on month and site for beach-cast wrack, drifting wrack, and bare sediment habitats in 

Kachemak Bay, Alaska from April to August 2021. Significance level was set at a = 0.05. 

Significant p-values are in boldface.

Habitat Variable Data /•-value df Residuals p-value
Beach-Cast Wrack Month Biomass 6.4 4 570 <0.001
Beach-Cast Wrack Month Abundance 12.4 4 570 <0.001
Beach-Cast Wrack Site Biomass 4.6 11 563 <0.001
Beach-Cast Wrack Site Abundance 6.2 11 563 <0.001
Drifting Wrack Month Biomass 0.5 4 218 0.7
Drifting Wrack Month Abundance 2.7 4 218 0.03
Drifting Wrack Site Biomass 0.6 11 218 0.9
Drifting Wrack Site Abundance 1.5 11 218 0.1
Bare Sediment Month Biomass 1.8 4 345 0.1
Bare Sediment Month Abundance 1.5 4 345 0.2
Bare Sediment Site Biomass 1.0 11 343 0.5
Bare Sediment Site Abundance 0.8 11 343 0.6
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Table 3.4 Results of PERMANOVA tests comparing macroinvertebrate community biomass and 

abundance based on habitat (i.e., beach-cast wrack, drifting wrack, and bare sediment), month, and 

site in Kachemak Bay, Alaska from April to August 2021. Significance level was set at a = 0.05. 

Significant p-values are in boldface.

Variable Data F-value df Residuals p-value
Habitat (Site) Community Biomass 4.9 12 718 0.001
Habitat (Site) Community Abundance 5.8 12 704 0.001
Month Community Biomass 3.2 4 718 0.001
Month Community Abundance 3.7 4 704 0.001
Site Community Biomass 8.7 11 718 0.001
Site Community Abundance 9.2 11 704 0.001
Month x Site Community Biomass 3.6 44 718 0.001
Month x Site Community Abundance 3.9 44 704 0.001
Month x Habitat (Site) Community Biomass 2.7 46 718 0.001
Month x Habitat (Site) Community Abundance 2.8 46 704 0.001
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Table 3.5 Results of cyclic RELATE tests comparing monthly differences in macroinvertebrate 

community structure based on biomass and abundance for beach-cast wrack, drifting wrack, and 

bare sediment habitats in Kachemak Bay, Alaska from April to August 2021. Significance level 

was set at a = 0.05.

Data Habitat Pearson's R p-value
Community Biomass Beach-Cast Wrack 0.5 0.2
Community Biomass Drifting Wrack 0.3 0.3
Community Biomass Bare Sediment 0.1 0.3
Community Biomass Global Test (Habitats Combined) -0.1 0.8
Community Abundance Beach-Cast Wrack 0.5 0.1
Community Abundance Drifting Wrack 0.3 0.2
Community Abundance Bare Sediment 0.1 0.5
Community Abundance Global Test (Habitats Combined) -0.1 0.8
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Appendix C

Appendix C1 Institutional Animal Care and Use Committee (IACUC) Observational Permit 

(#1529862-5) approval letter from the University of Alaska Fairbanks that authorized the 

collection of observational data on shorebird activity in Kachemak Bay, Alaska from March to 

October 2021.

(907)474-7800 
(907) 474-5993 fax 

uaf-iacuc@alaska.edu 
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
909 N Koyukuk Dr. Suite 212, P.O. Box 757270, Fairbanks, Alaska 99775-7270

January 18,2021

To: Brenda Konar, PhD 
Principal Investigator

From: University of Alaska Fairbanks IACUC
Re: [1529862-5] Seaweed wrack as habitat for shorebirds

The IACUC reviewed and approved the Amendment/Modification referenced above by Designated Member Review.
Received: January 13, 2021
Approval Date:
Initial Approval Date:
Expiration Date:

January 18, 2021
February 28, 2020
February 28, 2022

This action is included on the February 11, 2021 IACUC Agenda.

PI responsibilities:

• Acquire and maintain ail necessary permits and permissions prior to beginning work on this protocol. 
Failure to obtain or maintain valid permits is considered a violation of an IACUC protocol and could 
result in revocation of IACUC approval.

• Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form 
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)

• Inform research personnel that only activities described in the approved IACUC protocol can be 
performed. Ensure personnel have been appropriately trained to perform their duties.

• Be aware of status of other packages in IRBNet; this approval only applies to this package and 
the documents it contains, it does not imply approval for other revisions or renewals you may have 
submitted to the IACUC previously.

• Ensure animal research personnel are aware of the reporting procedures on the following page.

-1 - Generated on IRBNet
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Appendix C1 (continued)

(The following information is also available in a printable format in the IRBNet Forms and Templates)

HOW DO I REPORT CONCERNS ABOUT ANIMALS IN A UAF RESEARCH FACILITY?

• All "live" animal concerns related to care and use should be reported to the IACUC
• Email: uaf-iacuc@alaska.edu Phone: 474-7800
■ Report form: www.uaf.edu/iacuc/report-concems/
• IACUC Committee Members: www.uaf.edu/iacuc/iacuc-info/
• Additional information: www.uaf.edu/ori/responsible-conduct/research-misconduct/ and 

www.uaf.edu/ori/responsible-conduct/conflict-of-interest/

WHAT SHOULD I DO IF AN ACCIDENT OR INCIDENT OCCURS IN AN UAF ANIMAL FACILITY?

• For all immediate human emergencies call 911 or UAF Dispatch at 474-7721 for less immediate 
emergencies.

• If you have suffered an animal bite or other injury, complete an "Accident/lncident Investigation 
form” (personal injury) form available at https://uaf.edu/safetv/occupational-safetv/accident- 
reportinaoho

• If an accident such as a chemical spill occurs, contact the Environmental Health, Safety, and Risk 
Management (EHS&RM) Supervisor at 474-5617 or the Hazmat Coordinator at 474-7889.

WHO DO I CONTACT IF I FIND A DEAD. INJURED, OR DISTRESSED ANIMAL IN A UAF RESEARCH 
FACILITY?

• During regular business hours, immediately contact facility staff and/or Veterinary Services Staff at 
474-7020.

• After hours or on weekends, immediately contact facility staff and/or Veterinary Services Staff using 
the contact numbers posted on the "Emergency Contact Information" in the facility or call UAF 
Dispatch at 474-7721.

• Contact the IACUC at 474-7800 or uaf-iacuc@alaska.edu if an "Emergency Contact Information” 
sign is NOT posted in the facility.

■ Contact the IACUC if you are not satisfied with the response from Vet Services.

HOW DO I REPORT ANY CONCERNS REGARDING WORK HAZARDS OR ANY GENERAL UNSAFE 
CONDITIONS?

• Complete an "Unsafe Condition Reporting Program" form, available at the EHS&RM website: 
www.uaf.edu/safetv/unsafe-condition/

WHERE CAN I OBTAIN GENERAL OCCUPATIONAL SAFETY INFORMATION?

• https://www.uaf.edu/iacuc/uaf-Dolicies-Drocedures/occuDational-health-safetv/

America's Arctic University
UAF is an AA/EO employer and educational institution and prohibits illegal discrimination against any individual: 

www.alaska.edu/titlelXcompliance/nondiscrimination.

- 2 - Generated on IRBNet
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Conclusions

Because seaweeds are biogenic habitat formers that serve many other key ecosystem 

services in coastal environments, it is important that fundamental information on their ecology in 

the context of harvesting pressures is considered, especially as global seaweed biomass loss due 

to a warming climate continues (Krumhansl et al. 2016, Wernberg 2021). In addition to climate 

change, cumulative stressors leading to seaweed biomass loss include the direct human impact of 

harvesting seaweeds for a variety of economic and personal uses (Gheorghita Puscaselu et al. 

2020). As the development of strategies to produce seaweed products through mariculture 

initiatives in Alaska are still underway, there is also increased interest in harvesting wild stock 

seaweeds for commercial and personal uses. When attached seaweed beds are naturally removed 

from the substrate, some wash ashore to provide the base of an important intertidal food web that 

facilitates dynamic marine and terrestrial associations (Hyndes et al. 2022). Thus, mismanaged 

harvesting of wild seaweed stocks may be detrimental to more than one ecosystem.

Taking precautionary measures for managing seaweed harvests could lessen the 

cumulative effects of climate-driven declines and direct removal by humans. A primary set of 

goals for this research was to determine reproductive timing, how much attached seaweed biomass 

is available for harvest, and how quickly seaweeds rebound following harvesting events using 

three focal species (the rockweed, Fucus distichus, and the kelps, Saccharina latissima and 

Nereocystis luetkeana) in a high latitude estuary. The results of this study have implications for 

future management initiatives of coastal seaweed resources. Fucus and Nereocystis were broadly 

reproductive, while Saccharina was not. Results from the present study suggest that July may be 

an optimal time to harvest the attached intertidal rockweed, Fucus, as this marks the end of the 

maximum reproductive period, while having the most biomass available to harvesters. Harvests in 

August or later would occur outside periods of high productivity. However, harvests of the 

attached intertidal sugar kelp, Saccharina, may be optimal before August, as this marks a reduction 

in biomass, slowing of growth, and escalating epiphytic cover. Mid-summer harvesting of the 

attached subtidal bull kelp, Nereocystis, might be optimal, as this would allow overwintered adults 

to release spores in spring and would avoid removal of the new generation at the end of summer, 

promoting more consistent recruitment throughout the year. An alternative strategy would be to 
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harvest first-year Nereocystis at the end of summer after the first-year generation released their 

spores, leaving the overall region with a spore bank for the winter. Limiting Nereocystis harvests 

to allow only a portion of the blades of an individual thallus be removed would decrease harvest 

mortality. This restriction would allow the individual to continue photosynthesizing and 

metabolizing as it recovered; however, Nereocystis is typically harvested for the stipe (just above 

the holdfast). Individuals harvested in this way will not survive, and regrowth in harvested areas 

would rely entirely on recruitment success. Similar to other work (Mafra and Cunha 2006), when 

these species were harvested early in the growing season (March), their regrowth rebounded to 

comparable levels of areas not previously harvested, which took as little as four months and up to 

six months for all three species. Because six months is roughly the length of the growing season 

for rockweeds and a generation of kelps in Alaska, revisiting the same areas harvested early in the 

season should be avoided, whereas rotational harvests would allow adequate time for populations 

to rebound before repeated harvest (Vea and Ask 2011).

Understanding reproductive timing of attached, beach-cast, and drifting seaweeds is 

necessary for proper management of wild stocks. This study determined that Nereocystis can 

overwinter in Alaskan waters and contribute viable propagules to the next generation, similar to 

previous work done on this kelp species (Chenelot 2003). As has been suggested for harvest 

regulations in lower latitudes, this study also determined that reproductive timing of kelps and 

rockweeds should be considered in crafting harvest regulations, and harvest timing should take 

place preferably after reproductive periods (Wheeler 1990, Springer et al. 2010).

This study determined what influences the accumulation of detached kelp, other seaweeds, 

and terrestrial debris, cumulatively known as wrack. Similar to other studies (Innocenti et al. 2018, 

Wickham et al. 2020), results from this study indicated spatial and temporal variability in 

beach-cast wrack distribution (Gilson et al. 2021). Shallow-sloped beaches with heterogeneous 

substrate types retained more wrack, similar to that of other studies (Wickham et al. 2020). Shallow 

slopes may allow more area for drifting wrack to drag on the substrate and get retained, and 

dissipation of wave energy along the shallow slopes would also decrease opportunities for wrack 

resuspension. The larger substrate sizes create rugose surfaces along which wrack can catch and 

are prevented from washing out to sea with the outgoing tide. Beaches characterized by steep 

slopes and homogeneous gravel substrate did not accumulate as much macroalgal wrack over time, 

which might not offer sufficient inputs of wrack to meet harvest demands.
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Although greater amounts of wrack biomass might be available for harvest in some areas 

at certain times throughout the summer, it is important to keep in mind that beach-cast wrack that 

remains onshore provides important habitat for intertidal macrofauna. The results of this study 

determined that wrack serves as an important habitat for many intertidal consumers, such as 

Diptera, Amphipoda, and Coleoptera, as seen in lower latitudes (Dugan et al. 2003). Beach-cast 

wrack in Alaska is colonized in a successional order similar to what has been observed in other 

regions of the world (Olabarria et al. 2007). Decomposers, such as Annelida, Amphipoda, and 

Diptera, are early colonizers of wrack. Terrestrial scavengers and predators, such as Coleoptera 

and Hymenoptera, appeared in a matter of days after deposition and colonization by decomposers. 

Wrack lays the foundation for classical successional processes on beaches (Connell and Slatyer 

1977) but is limited by the intervals between incoming high tides. In contrast to beach-cast wrack, 

this study found that drifting wrack contained large numbers of bivalve recruits, possibly 

incidentally attached to drifting algae or providing a means of dispersal.

Late summer or early fall (August) wrack harvests would not only avoid the peak 

contribution of reproductive macroalgal tissue to wrack, but also would provide harvesters with 

peak biomass deposits on beaches with shallow slopes and rugose substrate, which tended to occur 

on exposed beaches along the northern shore of Kachemak Bay. Regulations on harvesting wrack 

should also consider temporal shifts in macroinvertebrate community development. Early summer 

wrack deposits contained significantly fewer animals than did late summer wrack deposits. If 

harvesting wrack occurs later in the summer, regulations should also consider harvesting fresh 

wrack deposits or those that are deposited at lower tidal elevations, as these characteristics tend to 

result in reduced numbers of animals inhabiting the wrack. However, fresh wrack may have more 

viable reproductive tissue, and if it is deposited at lower tidal elevations, it may be more likely to 

get resuspended and possibly contribute to productivity. Also, harvesting in early summer would 

avoid removing important intertidal habitat when colonization increases. As such, there are many 

ecological tradeoffs to determining best wrack harvest strategy.

This work also tested the use of aerial drones as a means of scaling up on-the-ground (OTG) 

surveys to assess the distribution and abundance of beached macroalgal wrack. Aerial drone 

surveys would fall in the middle of the scale spectrum between the smaller scale OTG surveys, 

and the larger scale fixed-wing aerial surveys, which could result in high resolution georeferenced 

imagery for the entire coastline. This work confirmed the efficacy of using drones as a survey tool 
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that has many benefits to developing management plans. Findings of the present study corroborate 

other work that has identified the applicable use of drones for mapping coastline and wrack (Pan 

et al. 2021). The drone work showed a proof-of-concept in coastal surveying methodology, which 

could be applied to time-sensitive management efforts. Future work should expand on the use of 

aerial drones or fixed-wing aircraft to survey larger areas of coastline to identify potential 

harvesting areas based on the landscape variables deemed to be important for wrack accumulation.

Another goal of this work was to determine reproductive viability of detached kelps and 

rockweed in Alaska, as they have been found capable of photosynthesizing and releasing viable 

propagules in other regions (Frontier et al. 2021). Results indicated that reproductive tissue of both 

kelps and rockweed remained viable for at least a few days after deposition onshore, providing 

insight into the reproductive potential of wrack that may get washed back out to sea; however, 

longer periods of desiccation onshore may affect the viability of deposited macroalgal reproductive 

tissue.

Future work on wild seaweed stock assessments should focus on identifying source and 

sink populations, and their connectivity through genetic assessments, to help guide harvest 

regulations. Depending on their location relative to prevailing currents, some macroalgal beds may 

have the potential to serve as donor sources that seed other beds. Connectivity of kelp populations 

is being investigated by modern genetic approaches (Amsler and Searles 1980, Macaya et al. 2005, 

Saunders 2014, Rothäusler et al. 2015) and should help elucidate source populations that could be 

conserved through management approaches, such as designation of Marine Protected Areas. If not 

managed properly, overharvesting may not only directly remove or inhibit seaweed growth, but it 

may also reduce the supply of seaweeds to intertidal systems. Altogether, this dissertation provides 

fundamental benchmark information on attached seaweed reproduction and harvest rebound, 

landscape variables that correlate with wrack distribution, and the importance of wrack as habitat 

for macrofauna, all of which are essential for current and future management planning in the face 

of increased harvest interests.
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