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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. FromMarch 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 2, 4, and 6 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 2 months, but the amount of biomass after 6 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 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, subsis-
tence, 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 ecosys-
tems (Dugan et al. 2003; Dugan and Hubbard 2010;
Krumhansl and Scheibling 2012) and can also drift over long
distances, providing a mechanism for fish and invertebrate
dispersal while also subsidizing other offshore marine ecosys-
tems (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., tra-
ditional uses of wild resources by cultural groups) because of
their nutritional value (Loureiro et al. 2015; White andWilson
2015). In more recent years, seaweeds have been commercial-
ly 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
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meet global demands (Peteiro et al. 2014), methods for sus-
tainable harvesting practices are continuing to develop
(Marinho et al. 2015; Sharma et al. 2018).

The need to achieve sustainable harvesting practices is rec-
ognized world-wide (Springer et al. 2010; Vea and Ask 2011;
Vásquez et al. 2012). Management concerns include the eco-
logical 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 har-
vests (Ugarte and Sharp 2012), regrowth response following
harvesting (Vea and Ask 2011; Steen et al. 2016), and harvest-
ing methods (Foster and Barilotti 1990). For example, in
Norway, the management of the kelp Laminaria hyperborea
is based on a 5-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 are based on manual harvesting methods (non-
mechanized) to avoid 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 in-
dividuals 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 nec-
essary 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 at-
tached 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 3 months to reach
densities similar to that of non-harvested areas (Smith 1985).
For the red seaweed,Gelidium pristoides, it took 3 to 4months

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 9 months after harvest for the
total recovery of biomass of the brown alga Sargassum
cymosum in southern Brazil (Mafra Jr. and Cunha 2006).
For the fast-growing kelp, Macrocystis pyrifera, harvest re-
covery to pre-harvest biomasses sometimes occurred within
3 to 4 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 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 har-
vesting 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, sea-
weed harvesting was allowed until an overharvest was per-
ceived 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), al-
though knowledge of available biomass and regrowth of that
biomass is key for sustainability.

Development of sustainable harvest strategies for wild sea-
weeds 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 remov-
al of wild stocks of three commonly harvested species: Fucus
distichus (rockweed), Saccharina latissima (sugar kelp), and
Nereocystis luetkeana (bull kelp). Specifically, this study ad-
dressed the following questions: (1) Are Fucus, Saccharina,
and Nereocystis reproductive during (or throughout) March to
October, when they are most frequently targeted for harvest-
ing?; (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
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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 sus-
tainable harvest strategies for brown seaweeds in Southcentral
Alaska.

Methods

Study Area

This study was conducted in Kachemak Bay, a large embay-
ment 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). The north sites
were in a non-subsistence area where harvesting live seaweed
is currently prohibited. The south sites allow limited subsis-
tence harvest. Four subtidal sites (Outside Beach, Hesketh
Island, Jakolof Bay, and Herring Islands) were chosen on the
south side of the bay as this is where Nereocystis is more
common (Fig. 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
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Fig. 1 Map of study sites located in Lower Cook Inlet (Northern Gulf
of Alaska) at the mouth of Kachemak Bay. The three northern
intertidal sites were Anchor Point, Bluff Point, and Bishop’s Beach.
The three southern intertidal sites were Jakolof Bay, Outside Beach,
and Camel Rock. The four subtidal sites were at Outside Beach,
Hesketh Island, Jakolof Bay, and Herring Islands. 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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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 “BiologicalWave 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 indi-
cator 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 cat-
egorized by different levels of wave exposure. For Fucus and
Saccharina, correlations between site conditions (i.e., sub-
strate type and tidal elevation) and standing crop were calcu-
lated with Spearman’s rank correlation coefficients.

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 1 h 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 photo-
period 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 ×100 to
×400 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). 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 20 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). Surveys consisted of (1) swimming six 10 × 2 m swaths
through a Nereocystis bed on SCUBA and counting all adults
(reached the water 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 col-
lected from the underwater swath surveys were used to deter-
mine changes in adult and juvenile densities, while the surface
surveys were used to determine changes in proportions of re-
productive adults from early to late summer.

Sori from five to ten haphazardly selected blades of differ-
ent Nereocystis individuals per site were tested for reproduc-
tive 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 razor-
blade to remove any macroscopic epiphytes. Sori were then
wrapped in damp paper towels and gently desiccated for 1 h 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 micro-
scope (×400 total magnification) for settled and germinating
spores after 48 h. 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 deter-
mine variability in densities and proportions of reproductive
individuals over time from early to late summer. When
ANOVA tests suggested significance, Tukey honest
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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 deter-
mine variability in standing crop from early to late summer,
Fucus and Nereocystiswere cleared in marked quadrats every
other month fromMarch 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 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 com-
mon 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, the blades
were removed and bagged, and then the pneumatocyst
was 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 were used to
compare biomass over time and across sites to examine temporal
and spatial variability of standing crop.

Harvest Rebound

To determine biomass regrowth of Fucus and Nereocystis,
half of the plots initially harvested in March, May, and July
were re-cleared 2 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 6 and 4 months, respectively. For
Saccharina, half of the plots were re-cleared 2 months after
the April, June, and August clearings (i.e., initial April clear-
ings 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 re-
growth after 6 and 4 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 the 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 harvest-
ed 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 2, 4, and 6 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 indi-
viduals were used to determine the size at which Fucus and
Nereocystis become reproductive. Due to a lack of reproduc-
tive 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).
Boulder was the predominant substrate type at the three north-
ern intertidal sites, consistently comprising more than 50% of
the substrate. Sand was also consistently present at the north-
ern 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 chosenNereocystis beds were situated on bedrock
and large, scattered boulders.

The innermost intertidal sites along the north and south
sides of the bay (Bishop’s Beach and Jakolof Bay, respective-
ly) 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 (Jakolof Bay and Herring
Islands) were semi-protected (Alaska ShoreZone).

Tidal elevations derived from the LiDAR dataset were only
available for the three northern intertidal sites (Table 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 (− 0.55m) 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 Fucuswas present at all sites during
March to October, individuals were mostly reproductive in
May, June, and July (Fig. 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, over-
all Fucus density was significantly lower over time relative to
Bluff Point , Bishop’s Beach, and Outside Beach
(Supplementary Table 1). The reproductive proportions of
those individuals at Anchor Point were also significantly low-
er relative to Bishop’s Beach, Jakolof Bay, Outside Beach, and
Camel Rock (Fig. 2a; Supplementary Table 1). Densities ob-
served at Bluff Point were significantly higher than Anchor
Point, Bishop’s Beach, Jakolof Bay, Outside Beach, and
Camel Rock (Fig. 2a; Supplementary Table 1). Densities of
Fucus at Bishop’s Beach were the next highest and were sig-
nificantly higher than Anchor Point, Jakolof Bay, Outside
Beach, and Camel Rock (Supplementary Table 1). 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 (Supplementary Table 1). The
greatest proportion of reproductive Fucus was observed in
April (66.4 ± 23%, n = 10 plots) at Camel Rock (Fig. 2a).
There was no significant difference in proportions of repro-
ductive Fucus between semi-exposed and semi-protected sites
(ANOVA, F1, 418 = 2.45, p = 0.118).

Reproductive Saccharinawas not found until October, dur-
ing 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 densi-
ties 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 2). Although the overall propor-
tions 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 2). While total Nereocystis densities generally increased
from early to late summer, sites were most dense inMay, June,
and July, as juveniles were increasing in number (Fig. 2b).

Table 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

SE = semi-exposed; SP = semi-protected; ND = no data
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Hesketh Island had overall significantly higher densities of
Nereocystis throughout the summer (1.49 ± 2.2 ind./m2, n =
42 plots; ANOVA, F3, 122 = 5.44, p = 0.002; Fig. 2b) and had
the most recruits relative to the other sites, with 215 juveniles
counted in one of the May 10 m × 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 gen-
eral increase from early to late summer for all three species at
most sites. Fucus biomass (all sites combined) was signifi-
cantly different over time (ANOVA, F3, 103 = 9.24, p =
0.00002), with July having higher average standing crop,

compared to the overall lowest average in March (Fig. 3a).
Standing crop of Fucuswas also significantly different among
sites (ANOVA, F5, 101 = 7.39, p = 0.001). At Anchor Point,
standing crop of Fucus (all months combined) was signifi-
cantly lower than standing crops at Bluff Point, Bishop’s
Beach, Jakolof Bay, and Camel Rock (Supplementary
Table 2). 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 com-
pared to the other months (ANOVA, F3, 14 = 28.37, p = 0.001;
Fig. 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. 3a). Standing
crop at the other sites (Anchor Point, Bluff Point, and
Bishop’s Beach) had similar temporal trends to one

Table 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

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

April 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)

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

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

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

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

ND = no data
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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. 3a). At Bluff Point, standing crop was also signifi-
cantly different over time (ANOVA, F3, 13 = 7.87, p =
0.003), with more biomass in May and July than in
March (Fig. 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. 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 2 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. 3a). Rebounded biomass after 2 months
at Bluff Point yielded significantly more biomass compared to
that of Anchor Point, Bishop’s Beach, Jakolof Bay, Outside
Beach, and Camel Rock (Supplementary Table 2). Harvest
rebound at Bishop’s Beach after 2 months also had signifi-
cantly more biomass than Anchor Point, Jakolof Bay, Outside
Beach, and Camel Rock (Supplementary Table 2). The sites
that had greater amounts of standing crop following harvest-
ing 2 months prior (Fig. 3a) were also the sites with higher
densities (Bluff Point and Bishop’s Beach; Fig. 2a;
Supplementary Table 1). In September, biomass that
rebounded after 4 months of growth (i.e., May to

September) remained significantly lower than the not previ-
ously harvested (NPH) September biomass yields at Anchor
Point, Jakolof Bay, Outside Beach, and Camel Rock (Fig. 3b;
Supplementary Table 3). Rebounded biomass after 4 months
of growth at Bluff Point and Bishop’s Beach yielded bio-
masses similar to the NPH September biomass yields (Fig.
3b; Supplementary Table 3), whereas given 6 months of re-
growth (i.e., March to September), Bluff Point, Bishop’s
Beach, Outside Beach, and Camel Rock rebounded to bio-
masses that were not significantly different from the NPH
September biomass yields (Supplementary Table 3). On the
other hand, Anchor Point and Jakolof Bay rebounded to bio-
masses that remained significantly lower than the NPH
September biomass yields (Fig. 3b; Supplementary Table 3).

Saccharina standing crop increased from early to late sum-
mer 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. 4a). Saccharina standing crop (all
months combined) was weakly significantly different among
sites (ANOVA, F2, 51 = 3.45, p = 0.04; Supplementary
Table 2). In April, mean standing crop at Anchor Point
(0.58 ± 0.3 kg/m2, n = 6 plots) was similar to that of Bluff
Point (0.60 ± 0.6 kg/m2, n = 6 plots; Fig. 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
± 0.9 kg/m2, n = 3 plots; Fig. 4a). At Bluff Point and Bishop’s
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Beach, standing crop increased from April to June, but started
to decrease after June or July (Fig. 4a). All three sites had
decreasing standing crop from August to October (Fig. 4a).

Saccharina biomass that rebounded 2 months after harvest-
ing also remained low throughout the growing season, showing
no significant difference among sites (ANOVA, F2, 24 = 2.29,
p = 0.123; Fig. 4a; Supplementary Table 2). Two exceptions of
high regrowth after 2months occurred: one at Anchor Point from
April to June and one at Bishop’s Beach fromAugust to October
(Fig. 4a). In October, biomass that rebounded after 4 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. 4b;
Supplementary Table 3). Similarly, biomass that rebounded after
6 months of growth (i.e., April to October) was similar to the
NPH October yields at Anchor Point, Bluff Point, and Bishop’s
Beach (Supplementary Table 3).

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;
Supplementary Table 2). However, there was an increasing
trend in biomass over time at Outside Beach (Fig. 5 a and
c). Mean standing crop of whole Nereocystis individuals
(i.e., from whole thallus clearings) at Outside Beach increased

from May (0.10 ± 0.1 kg/m2, n = 6 plots) to the greatest over-
all biomass in September (2.63 ± 1.0 kg/m2, n = 3 plots; Fig.
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. 5a).

Nereocystis biomass from whole thallus clearings that
rebounded 2 months after harvesting was not significantly
different among sites (ANOVA, F3, 23 = 0.87, p = 0.47;
Supplementary Table 2), but was significantly lower than
standing crop yields throughout the summer at all sites (Fig.
5a; Supplementary Table 3). In September, after 4 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. 5b; Supplementary Table 3). After 6 months of
regrowth (i.e., March to September), re-cleared plots in
September at Outside Beach yielded biomasses similar to
the NPH September harvests (Supplementary Table 3);
Herring Islands data were not taken since the sampling loca-
tion was relocated to the Herrings Islands in May, and
revisited plots at Hesketh Island and Jakolof Bay were absent
of Nereocystis individuals (Fig. 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; Supplementary Table 2).
Outside Beach, again, increased in biomass from early to late
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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 ±
0.3 kg/m2, n = 3 plots) at Outside Beach (Fig. 5c). The greatest

biomass measured at Hesketh Island was similar in both March
(0.83 ± 0.5 kg/m2, n = 6 plots) and July (0.83 ± 0.1 kg/m2, n = 3
plots), while the greatest biomass measured at the Herring
Islands was in May (0.73 ± 0.8 kg/m2, n = 6 plots; Fig. 5c).
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Nereocystis blade biomass that rebounded after 2 months
was not significantly different among sites (ANOVA, F3, 23 =
0.65, p = 0.59; Supplementary Table 2). However, blade bio-
mass that rebounded after 2 months was significantly lower
than blade standing crop yields throughout the summer at
Hesketh Island and the Herring Islands, but not at Outside
Beach and Jakolof Bay (Fig. 5c; Supplementary Table 3). In
September, biomass of Nereocystis blades that rebounded af-
ter 4 months of growth (i.e., May to September) at the Herring
Islands remained significantly lower than the NPH September
biomass yields (Fig. 5d; Supplementary Table 3). Given
4 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. 5d;
Supplementary Table 3). Similarly, given 6 months of re-
growth (i.e., March to September), rebounded biomass yields
were similar to NPH September biomass yields at Outside
Beach and Hesketh Island (Fig. 5d; Supplementary Table 3).
Since sampling location was relocated from Jakolof Bay to the
Herring Islands in May, harvest rebound after 4 months could
not be measured at Jakolof Bay. After 6 months, revisited
plots at Jakolof Bay were completely absent of Nereocystis,
so blade regrowth was zero (Fig. 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 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 3). There was a positive correlation be-
tween Fucus standing crop and tidal elevation (Spearman,
Rs = 0.62, p = 6.5e-07), where Fucus biomass increased at
higher tidal elevations (Table 3). An opposite trend occurred
for Saccharina, where higher biomass was recorded at the site
with the lowest tidal height (Table 3). Standing crop for Fucus
and Saccharina also followed opposite trends when evaluated
against substrate type (Table 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 3).

Reproductive Size

The size at which Fucus became reproductive overall averaged
11.9 ± 5.9 cm (n = 76 individuals; Fig. 6a). The smallest
reproductive size was similar across sites except for Anchor
Point, where the smallest reproductive individuals were signifi-
cantly larger (24.1 ± 8.2 cm, n = 9 individuals) relative to the
other sites (10.3 ± 2.8 cm, n = 67 individuals; ANOVA, F5,

70 = 26.31, p = 0.001; Fig. 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 individ-
uals at Bluff Point, Bishop’s Beach, Jakolof Bay, and Outside
Beach were between 20 and 30 cm.

For Nereocystis, the stipe lengths of the smallest reproduc-
tive individuals were significantly smaller (ANOVA, F3, 36 =
8.40, p = 0.0002) in September (355.8 ± 146.8 cm, n = 9 indi-
viduals) than March through July (671.1 ± 191.6 cm, n = 31
individuals). Overwintered Nereocystis (individuals already
reaching the surface in March) accounted for all of the indi-
viduals measured in spring, which were on average 810.3 ±
198.5 cm (n = 49 individuals) in stipe length and reproductive.
The smallest reproductive overwintered individuals were sig-
nificantly different across sites in March (ANOVA, F2, 11 =
6.73, p = 0.01), with Hesketh Island individuals (489.8 ±
241.5 cm, n = 4 individuals) being smaller than those at
Jakolof Bay (875.2 ± 156.3 cm, n = 5 individuals) and
Outside Beach (798.0 ± 71.6 cm, n = 5 individuals; Fig. 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 mea-
sured in September at the Herring Islands. Though reproduc-
tive Nereocystis individuals were present at Outside Beach in
May, only newly settled individuals were found in the harvest-
ed plots, so no reproductive individuals were measured for
length during that sampling event. At least by March, a diver-
gence between size frequency curves of reproductive and non-
reproductive Nereocystis was evident over time before resem-
bling one another in September (Fig. 6b).

Table 3 (a) Spearman’s rank
correlation coefficients between
biomass and environmental
variables. (b) ANOVA compari-
sons 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
(b) SE vs. SP

Standing crop Harvest rebound

Fucus F1, 106 = 0.06, p = 0.8 F1, 88 = 0.32, p = 0.576

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

Nereocystis thalli F1, 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

SE = semi-exposed; SP = semi-protected

*p < 0.05; **p < 0.01; ***p < 0.001
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Discussion

Harvesters prefer collecting seaweeds during times of peak bio-
mass 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 popula-
tions can rebound). This study demonstrates that to varying ex-
tents, 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 differ-
ences 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 dif-
ferences in standing crop and density. Individuals that became
reproductive at a larger size were associated with less dense
(and lower biomass) patches with slower regrowth. Wave ex-
posure 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 (Blanchette 1997), the presence of shifting
substrate and extensive submergence at a negative tidal eleva-
tion might be contributing factors in determining density, bio-
mass, and the size at which Fucus becomes reproductive. As
such, soft sediment environments are least favorable for colo-
nization of Fucus (Chapman and Fletcher 2002), which could
partly explain the significantly lower biomass and fewer indi-
viduals found at Anchor Point. Disturbance induced by sub-
strate instability may diminish the ability of Fucus recruits to
settle. It has also been reported that Fucus decreased photo-
synthetic rates and growth when exposed to air for longer
periods of time, not varying across tidal elevations
(Chapman 1995; Williams and Dethier 2005). Fucus mor-
phology is habitat-dependent (Sideman and Mathieson
1983a, 1983b; Sideman and Mathieson 1985), and our results
documenting lower densities and larger individuals at lower
tidal elevation corroborate that observation with one notewor-
thy 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
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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 mecha-
nism for this decline in Alaska is the increased frequency and
magnitude of storms in Southcentral Alaska during late sum-
mer 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 was still growing fast enough to
yield greater standing crop.

Saccharina latissima

Saccharina were not found to be reproductive until October.
This observation is consistent with the reproductive timing of
S. latissima in Norway (sori formation in October), 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 spe-
cies (Spurkland and Iken 2011; Traiger and Konar 2018). At
Anchor Point, it is possible that sand deposition may be con-
tributing to the success of Saccharina over other intertidal
seaweeds, as biomass can be significantly higher at exposed
sites than sheltered sites (Peteiro and Freire 2013) and sedi-
ment 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 individ-
uals senescing in mid-summer, and reduced growth rates con-
tributing 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),
possibly resulting in brittle thalli and reduced access to light
(Lambert et al. 1992). Although not quantified, epiphytic cov-
er was observed in situ later in the summer.

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 abun-
dance of Saccharina are primarily influenced by grazing ac-
tivity (Underwood and Jernakoff 1984), it is possible that
invertebrate grazers are more successful in maintaining
macroalgal recovery in tide pools less frequented by 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 Saccharinawas only sam-
pled 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 indi-
viduals that would potentially become reproductive the fol-
lowing winter. However, subtidal populations may be able to
continue to seed other Saccharina populations.

Nereocystis luetkeana

Due to persisting overwintered adults, reproductive
Nereocystiswere found as early as March, which is unsurpris-
ing as overwintered adults are capable of regenerating blades
with viable sori (Chenelot 2003). In other, lower-latitude re-
gions (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, where reproductive tissue
forms in June (Foreman 1984).

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 repro-
duce. 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 har-
vester interest. As harvesters target clean and smooth stipes for
their products (e.g., pickles), it is likely that the new
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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 indi-
viduals (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 sum-
mer. 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 possi-
bly 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 gra-
dient. Low salinity and high turbidity conditions have nega-
tive effects on Nereocystis growth (Schoch and Chenelot
2004; Deiman et al. 2012), and those conditions intensify
toward inner Kachemak Bay. Accordingly, Nereocystis in-
creased in biomass from the less exposed inner-bay sites
(i.e., Jakolof Bay and Herring Islands) to the more exposed
outer-bay sites (i.e., Outside Beach and Hesketh Island), sug-
gesting 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 avail-
able 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 ex-
pected 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
2 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 re-
moval would also have decreased their surface area available
for 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 hav-
ing high regrowth in early summer. It has been suggested that
enhanced growth rates of kelp (Macrocystis pyrifera) in New
Ze a l a n d i s a f u n c t i o n o f t h e a v a i l a b i l i t y o f
nutrients and thinner diffusion boundary layers, reflected by
higher wave action (Hepburn et al. 2007).

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 in-
form management plans for Southcentral Alaska and else-
where. 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) de-
crease. Perhaps collection should be avoided during the repro-
ductive period prior to July, as high reproductive contributions
also occurring in May and June would help to buffer the ef-
fects of Fucus harvests during peak biomass in July. In con-
trast, 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 epi-
phytic cover escalates.

HarvestingNereocystis in late summermight 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 alter-
native strategywould be to harvest first-yearNereocystis 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 con-
tinue photosynthesizing and taking up nutrients as it recov-
ered, though, in general, most Nereocystis are harvested for
the stipe (just above the holdfast). Individuals harvested in this
manner will not survive.

Regulations for harvesting seaweeds should account for the
temporal and spatial variability of reproductive timing and
biomass availability at the species level. Though species-
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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.
2020). The present study supports current harvesting restric-
tions 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 sea-
weed harvesting as a next step toward implementing
regulations that allow harvesting. As wild seaweed
stocks remain an important option for consumers, addi-
tional studies should consider not only the response of
seaweeds to harvesting, but also the impact their remov-
al may have on the ecosystem.
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