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Abstract As the number of seaweed introductions continues
to grow globally, the beach-cast collection of non-indigenous
macroalgae has become increasingly common for both esthet-
ic and commercial reasons. These harvests and their effects,
however, are poorly characterized in the literature. Since
2007, the British Columbia Ministry of Agriculture has been
issuing licenses permitting the commercial harvest of beach-
cast Mazzaella japonica, an introduced red algae, on eastern
Vancouver Island. A 900 tonne quota was approved for the
4.2 km harvest region in 2014/2015, and was increased to
1500 tonnes for the 2015/2016 season. The objective of this
study was to provide the first documentation of: (1) beach-cast
seaweed accumulation, (2) depositional dynamics, and (3) the
proportion of biomass removed within the harvest region. At
peak biomass, we recorded 1586 tonnes of beach-cast sea-
weeds within the harvest region and up to 1.33 tonnes per
meter of shoreline in areas of greatest accumulation. This bio-
mass was highly transient and largely disappeared from the

region in late December of both harvest seasons, likely as a
result of longshore drift. On average, the commercial harvest
removed less than 16% of the available biomass each week.
These findings contribute to the limited literature on beach-
cast harvesting, helping to inform management practices at
both a local and global scale. Furthermore, they provide an
important record ofM. japonica’s abundance and distribution
in the harvest region, which has previously been limited to
anecdotal information.
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Introduction

With over 400 macroalgae introductions reported worldwide
(Williams and Smith 2007), the global spread of seaweeds
presents an array of new challenges and economic opportuni-
ties (Andreakis and Schaffelke 2012). This number continues
to grow as cultivated species are increasingly introduced for
farming purposes (Schaffelke et al. 2006; Schaffelke and
Hewitt 2007), and intensified maritime traffic and aquaculture
contribute to an accelerated incidence of accidental introduc-
tions (Ruiz et al. 2000; Schaffelke et al. 2006). Free-floating or
detached seaweeds can be transported to coastlines by oceanic
currents, tides, winds, or surf, where they may become strand-
ed on the beach (Kersen and Martin 2007; Suursaar et al.
2014). Large accumulations of beach-cast seaweeds can im-
pede the esthetic appeal, recreational use, or enjoyment of
beaches, having profound economic consequences for coastal
communities that rely heavily on tourism (Van Beukering and
Cesar 2004). In other cases, the introduction of an economi-
cally valuable species, such as Undaria pinnatifida in
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Australia and New Zealand, has yielded profitable commer-
cial beach-cast harvests (Kirkman and Kendrick 1997;
Ministry of Agriculture and Forestry 2010).

While the commercialization of an introduced species is
generally considered positive for the economic development
of the recipient community (Pickering et al. 2007), literature
on the impacts of harvesting activity is limited (Kirkman and
Kendrick 1997). Beach-cast seaweeds and other matter, col-
lectively known as wrack, play an important and well-
documented role as a source of refuge from desiccation and
predation for many species of macrofauna (Inglis 1989;
Blanche 1992; Colombini et al. 2000; Olabarria et al. 2007).
Furthermore, wrack is a main source of food for numerous
species of terrestrial and marine invertebrates (Ince et al.
2007; Olabarria et al. 2007), as well as a source of nutrients
for beaches and oligotrophic coastal waters (Kirkman and
Kendrick 1997; Mews et al. 2006). The benefits of wrack
extend to terrestrial ecosystems via food webs, including birds
and terrestrial mammals (Dugan et al. 2003; Mellbrand et al.
2011; Fox et al. 2014). Given the ecological role of beach-cast
seaweeds, there are several common knowledge gaps that
should be addressed when making management decisions on
this resource; these include assessments of wrack biomass, the
proportion removed by harvesting activity, and the impact of
collection methods (Kirkman and Kendrick 1997; Zemke-
White et al. 2005). Of the few studies that have investigated
the effects of beach-cast seaweed harvests, most have taken
place in oligotrophic systems (Kirkman and Kendrick 1997).
Filling these knowledge gaps is therefore of particular impor-
tance in nutrient-rich waters, such as those of the Northeast
Pacific.

In 2007, a pilot harvest of beach-cast seaweeds began on
the east coast of Vancouver Island, British Columbia (BC),
targeting the introduced red algal species Mazzaella japonica
(Kingzett et al. 2015). Like many other red seaweeds, this alga
is rich in carrageenan, a valuable gelling and thickening agent
used in a variety of processed foods, cosmetics, and pharma-
ceuticals (McHugh 2003; Krishnan and Narayanakumar
2013). Worth an estimated US$ 527 million in annual revenue
in international trade, 50,000 t of carrageenans were produced
in 2009 (Bixler and Porse 2011). In Canada, M. japonica has
become a valuable source of carrageenan, particularly after the
collapse of Irish moss (Chondrus crispus) fisheries on the east
coast.

Native to Korea, Japan, and Russia, there is little informa-
tion in the literature about M. japonica’s ecology within its
native range. Typical of other red algae, M. japonica’s life
history likely consists of three separate phases: one gameto-
phyte phase (either male or female) and two sporophyte
phases (carposorophyte and tetrasporophyte), with gameto-
phyte and tetrasporophyte phases being isomorphic
(indistinguishable) until reproductive (Searles 1980).
Mazzaella japonica is reportedly reproductive throughout

the year, and capable of also propagating vegetatively from
its extensive basal crust (Kingzett et al. 2015). A study off
Minedomari, Hokkaido, Japan, reported the presence of
M. japonicawithin natural platform-like rocky shores, provid-
ing some insight into this species’ habitat within native ranges,
though it was not a dominant macrophyte at this location
(Hoshikawa et al. 2001).

Mazzaella japonica has only been recognized in BC within
the past decade, but may have been transported with ship-
ments of oyster seed from Japan more than 80 years ago
(Saunders 2009; Saunders and Millar 2014). While its full
subtidal distribution remains to be determined, reports indicate
that M. japonica grows from the low intertidal down to the
upper subtidal zone, as far north as Comox, and further south
in Nanoose (Pawluk 2016). This non-indigenous species ap-
pears to be concentrated, however, in the area south of Baynes
Sound, where it accounts for approximately 88% of the
subtidal macrophyte cover (Pawluk 2016) and 90% of the
wrack biomass (Holden 2016; Pawluk 2016). Within this re-
gion, three license holders were each granted harvest quotas
for the collection of 300 t of beach-cast M. japonica in the
2014/2015 season (September 15, 2014 to February 15,
2015). These quotas were increased to 500 t each for the
following harvest season from September 15, 2015 to
February 15, 2016.

Despite its conspicuous presence and growing economic
importance, the depositional dynamics of these accumulations
are not well known. Quantitative assessments of beach-cast
seaweed distribution and biomass are a key research gap, par-
ticularly for regions of nutrient-rich waters, and are important
for making resource management decisions as well as evalu-
ating the effects of beach-cast harvests (Kirkman and
Kendrick 1997; Zemke-White et al. 2005). The goals of this
study were therefore (1) to quantify the biomass of beach-cast
seaweeds available within the harvest region, (2) to assess
depositional dynamics in relation to environmental condi-
tions, and (3) to determine what proportion of this available
biomass is removed by harvesting activity. Information on the
accumulation and removal of beach-cast seaweeds within the
harvest region will help inform effective management mea-
sures and contribute to the limited literature available on
beach-cast harvesting. Further, it will serve as an important
baseline for future monitoring of the ecology, distribution, and
density of the introduced M. japonica on recipient beaches.

Materials and methods

Study region

The study area was located on the east coast of Vancouver
Island and encompassed the marine foreshore licensed for har-
vest by the BCMinistry of Agriculture. This area extends from

1176 J Appl Phycol (2018) 30:1175–1184



a point east of the entrance to Baynes Sound, within the unin-
corporated community of Deep Bay (49.465911 N,
124.723283 W), south east approximately 4.2 km along the
shore to a point at 49.445017 N, 124.680917 W, in the com-
munity known as Bowser (Fig. 1). The shoreline within this
region is characterized as wide gravel flats, andwide gravel and
sand flats, comprised of boulders, cobble, pebbles, and sand,
with a mean slope of < 5°, and a width of >30 meters (Kingzett
et al. 2015; Holden 2016). The following data were collected
for the both the 2014/2015 and 2015/2016 harvest seasons.

Environmental conditions

Weather event data were obtained from the Department of
Fisheries and Oceans website (Department of Fisheries and
Oceans Canada 2014a). The Halibut Bank Weather buoy
was chosen for its location, as well as its abundance and con-
sistency of data. A wind rose was produced with the Openair
package in R (Carslaw and Ropkins 2012), using the arithmet-
ic mean to calculate wind speed and vector averaging to cal-
culate wind direction, consistent with procedures used by the
National Oceanic and Atmospheric Administration’s National
Data Buoy Center (2012). The height of the last high tide prior
to samplingwas recorded from the DFOHornby Island station
(#7953; 49.5°N, 124.67°W) (Department of Fisheries and
Oceans Canada 2014b). Tidal amplitudes ranged from mini-
mum low tides of 0.41 m to high tides of up to 4.88m over the
course of the monitoring period.

Harvesting logs and regulations

The terms of license for the 2014/2015 and 2015/2016 harvest
seasons were obtained from the BC Ministry of Agriculture
(BC Ministry of Agriculture 2014). Each license holder

provided harvest logs including the number of baskets hailed,
wet weight of harvested seaweed, and the location of harvest-
ing activities for each collection day. The weights provided by
the harvesters were summarized by the week (Monday–
Sunday) in which the harvests took place.

Determination of wrack age classes

Prior to the start of the project in 2014, we observed that wave
action tended to Bsort^ M. japonica into bands of relatively
consistent age or decomposition classes. We also noted that as
the wrack decayed, the weight per volume increased. To ac-
count for this, we established an age class categorization
(Electronic Supplement A, Fig. A1) modeled after the Large
Woody Debris classification by Wooster and Hilton (2004).
Classes were based on the coloration and texture of beach-cast
M. japonica, which went from a deep red to bleached white,
and became increasingly gelatinous and fragmented as it
decomposed. Decomposition categories were numbered from
1 through 6, with Class 1 (deep red and fully intact) being the
freshest and Class 6 (completely bleached, gel-like, and highly
decomposed) being the highest level of decomposition ob-
served in the field.

Sampling locations and data collection

During the 2014/2015 harvest season, field biomass sampling
began November 7, 2014 and ended March 1, 2015, 3 weeks
after the harvest was scheduled to end. Sampling began earlier
for the 2015/2016 season, starting the week of October 5,
2015 and ending on March 6, 2016, 8 weeks after harvesting
ended. For both seasons, sampling was performed weekly
from the start date until harvesting activity ended, after which
surveys were conducted every 2 weeks until the conclusion of
the season.

At the outset of each biomass survey, we recorded: date,
time, current weather conditions, and the estimated height of
tide at time of sampling from tide charts. For each survey, the
entirety of the harvest region was walked. Sampling was per-
formed at random intervals ranging from 50 to 125 paces,
determined using a random number generator. This approach
was chosen to make sure that the entire length of the region
was sampled, while still ensuring that specific stations were
randomly selected, and that a minimum of 30 samples per
survey were made. At each sampling location, we recorded
latitude and longitude, using a handheld GPS. The number of
discrete wrack bands was counted and the width of each band
was measured using a measuring tape. To determine the depth
of each band, a measuring rod was driven down into the wrack
until it hit the ground, but was not pushed into the sediment
(Lenanton et al. 1982). A minimum of three measurements
across each band were used to determine mean depth. Avisual
estimate of percent cover and age class, according to our
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Fig. 1 Map of harvest region between the unincorporated communities
of Deep Bay and Bowser, British Columbia. Shoreline licensed for
harvesting of beach-cast seaweeds (study area) indicated by a dashed line
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classification scheme (Electronic Supplement A, Fig. A1),
was also recorded for each discrete band.

At randomly selected locations within representative wrack
bands, a 19 L bucket was filled to the brim with wrack from
multiple depths to form a sample of each decomposition class
on the day of the survey. The filled bucket was weighed using
a handheld spring scale. This was repeated a minimum of
three times for each distinct band of wrack belonging to a
given age class. These measurements were used to develop a
daily volume to weight conversion value for each age class.

Wrack biomass and distribution

Wrack volumes were estimated from the mean depth and total
width of the wrack bands at each transect. This volume was
converted to wet weight using the weight of the wrack for
each age class divided by the volume of the bucket
(0.019 m3). In cases where a band of wrack was composed
of multiple age classes, biomass was determined from the
mean weight of the combined age classes recorded for that
band. The biomass present at a given sampling location was
calculated as the sum of the estimated weights of wrack bands
recorded at that location.

Sampling points ranged from approximately 100 to 300 m
apart. The use of interpolation for estimating the distribution
of wrack biomass was assessed using visual inspection of the
data followed by Moran’s I tests, which were run with the
datasets from four collection days, to assess spatial autocorre-
lation (Moran 1950). This test indicated potential autocorrela-
tion; however, when 4 to 5 clustered points with the greatest
biomass were removed, Moran’s I test indicated that the dis-
tribution was most likely random.We therefore concluded that
it would suffice to use a mean biomass, calculated across all
sampling locations, to estimate the total wet weight of wrack
present on a given sampling day. Total harvested biomass,
removed from the beach during the prior week (Monday
through Sunday), was added to each wet weight estimate in
order to approximate the total biomass of wrack originally
available within the harvest region. The percentage of avail-
able wrack biomass harvested each week was then calculated
from these values.

Wrack biomass per sampling location was converted to
tonnes per linear meter of coastline, and mapped using
ArcGIS® software by ESRI (Environmental Systems
Resource Institute 2009).

Results

Environmental conditions

The strongest winds, ranging from 20 to 62 km h−1, came
primarily from the East to Southeast and accounted for a large

percentage of the wind activity recorded during both harvest
seasons (Fig. 2). Though a notable proportion of winds also
came from the Northwest, these were primarily weaker, and
rarely exceeded 20 km h−1. Winds from the Northeast and
Southwest were least frequent and mostly ranged from 0 to
15 km h−1. Weekly mean wind speed was highest in late
October and early November for the 2014/2015 season
(Fig. 3a), but peaked in December during the 2015/2016 sea-
son (Fig. 3b).

Available biomass

In 2014/2015, the maximum measured biomass of wrack
(1268 t, 95% CI: [527, 2010]) was recorded on October 26,
the first day of sampling (Fig. 3a). This decreased rapidly to an
estimated 587 t (95% CI: [106, 1069]) and 608 t (95% CI:
[262, 955]) during the following 2 weeks. Survey biomass
averaged 212 t per week through January 15, after which
estimates dropped below 100 t. High variability in biomass
was observed between sampling locations for any given date
across the harvest region.

During the 2015/2016 harvest season, wrack biomass re-
corded in the field peaked later (Fig. 3b), reaching an estimat-
ed 1586 t (95% CI: [988, 2184]) on November 22, 2015. The
measured wrack biomass dropped quickly after this date, de-
clining to 137 t (95% CI: [71, 203]) by December 13. From
this date onwards, measured mean biomass averaged 219 t a
week and did not surpass 322 t for the remainder of the mon-
itored period (Fig. 3b).

Harvest management

In the 2014/2015 season, harvesting activity began onOctober
10 and ended January 4. In the second monitored season,
harvesting ran from October 12, 2015 to January 10, 2016.
License holders cited the declining quality of M. japonica as
the reason they stopped harvesting prior to the mid-February
deadlines. Opportunistic observations of harvesting activity
were consistent with licensing regulations (BC Ministry of
Agriculture 2014). Harvesting was limited to the upper inter-
tidal zone, and was not permitted in the water. Beach-cast
seaweeds were skimmed from the surface using pitchforks,
leaving a sufficient layer of wrack to cover the substrate. No
more than four individuals were permitted to harvest at any
one time under a single license, and all harvesting activity was
conducted from sunrise to sunset, Monday through Friday
only. Filled baskets of wrack were transported from the beach
using a tracked vehicle, which traveled bi-directionally near or
above the high tide mark, parallel to the shore. We observed
that the tracks left behind by this vehicle were typically
washed away by the next high tide or storm event.

Between three license holders, 75% of the permitted bio-
mass (674.5 t of the 900 t quota) for beach-cast seaweeds was
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harvested during the 2014/2015 season, and 43% (643.4 t of
the 1500 t quota) was harvested during the 2015/2016 season.
Harvested biomass began to decline in late November to early
December, and never returned to the peak quantities harvested
during the fall (Fig. 3a, b). Throughout these harvesting pe-
riods, the proportion of beach-cast seaweeds removed ranged
from 2 to 50% of the estimated available weekly biomass
(Table 1). An average 15.8% (SD = 12.1) of available weekly
biomass was harvested in 2014/5 and an average of 12.7%
(SD = 12.8) was harvested in the 2015/16 harvest season. For
both harvesting seasons, only 1 week of harvesting activity
surpassed 25% of the estimated available biomass (Table 1).

Wrack distribution

Throughout both monitoring seasons, the greatest accumula-
tions of wrack were generally observed at the northern-most
end of the study region. Smaller pockets of wrack accumula-
tions typically occurred on south-east facing shorelines
(Electronic Supplement, Fig. B1).

Changes in wrack age class over time

In 2014/2015 the freshest wrack (Class 1) constituted at least
40% of wrack biomass recorded in the harvest region from
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by the Halibut Bank Weather
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October 27 to November 27, but was only observed on three
occasions thereafter (Fig. 4a). Wrack age class composition
shifted from primarily fresher wrack (Classes 1, 2, and 3) early
during the monitoring period, to an increasingly large propor-
tion of older wrack classes late in the season. From January 19
onwards, for example, 40% or more of the wrack belonged to
Class 5. While four to five age classes were commonly ob-
served on a given sampling date during the first 7 weeks,
wrack age composition appeared to become increasingly ho-
mogeneous towards the end of the monitoring period, gener-
ally consisting of only one or two fresher classes (Classes 1, 2,
or 3) and one older (Class 5 or 6) class of wrack.

During the 2015/2016 harvest season, the proportion of
freshest wrack (Class 1) peaked in December, representing
87 to 100% of wrack biomass (Fig. 4b). Older wrack
(Classes 4, 5, and 6) was consistently present in October,
representing 30 to 54% of wrack biomass, but occurred more
sporadically from November through December. From
January 24 until February 28, wrack was composed almost
entirely of age classes 2 and 4, with the remaining biomass
(≤ 3%) belonging to age class 1.

Discussion

Wrack biomass and distribution

Wrack biomass within the southern end of Baynes Sound
appears to be unprecedentedly high for British Columbia, with
up to 1586 t (95% CI: [988, 2184]) recorded in the entire
4.2 km harvest region, and up to 1.33 t of wrack per meter
of shoreline (Electronic Supplement B, Fig. B1), in the late fall

and early winter. While little is known about the biomass of
beach-cast seaweeds elsewhere in British Columbia, accumu-
lations of such magnitude may be unique to this region.
Nearby shorelines which lackM. japonica do not receive such
large quantities of beach-cast seaweeds (personal observa-
tion). In Barkley Sound, on the west coast of Vancouver
Island, for example, Orr et al. (2005) recorded a mean stand-
ing load of only 9.58 kg (± 2.3 mean absolute deviation) and
37.7 kg (± 6.08 mean absolute deviation) of wet wrack per
meter of shoreline on gravel and cobble beaches, respectively.
Standing loads of wrack were similarly low in southern
California, ranging from 0.41 to 46.43 kg m−1 across 10 dif-
ferent beaches during their period of annual peak biomass
(Revell et al. 2011). A study on the northern coast of the
Saint-Lawrence, on the East Coast of Canada, recorded mean
macroalgae biomass measurements ranging from 1.97 to
21.7 kg per meter transect of shoreline across 12 different sites
(Béland 2012). High wrack loadings recorded in this study
were more similar to the 1 to 3 t m−1 of wrack recorded on
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Fig. 4 Percentage of wrack biomass belonging to each of the six age
classes observed within the harvest region during the a 2014/2015 and b
2016/2017 harvest seasons. Age classes were assigned based on the
characteristics, texture, and colouration of Mazzaella japonica (refer to
Electronic Supplement, Fig. 1A), with Age Class 1 being the freshest and
Age Class 6 the highest level of decomposition

Table 1 Percentage of
total available wrack
biomass collected by
beach-cast seaweed
harvesters during the
2014/2015 and
2015/2016 harvest
seasons. Averages were
calculated using only the
weeks in which beach-
cast seaweeds were
harvested, SD standard
deviation

Week of Harvest season

2014/2015 2015/2016

Oct-19 0 5.1

Oct-26 6.7 2.9

Nov-02 15.1 6.0

Nov-09 15.9 5.6

Nov-16 21.8 11.1

Nov-23 20.8 7.0

Nov-30 1.9 15.1

Dec-07 46.6 17.4

Dec-14 7.8 23.9

Dec-21 16.9 50.0

Dec-28 0 3.7

Jan-04 4.7 0

Jan-11 0 4.9

Average 15.8 12.7

SD 12.1 12.8
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islands in the Gulf of California (Polis and Hurd 1996), South
Africa (Koop and Field 1980), and Australia (Hansen 1984).

Overall, trends in wrack biomass were similar among
years; with the largest quantities observed in the late fall and
early winter, declining for the remainder of the harvest season.
This larger accumulation of wrack biomass in late fall coin-
cides with higher wind speeds (Fig. 3), which come primarily
from the southeast (Fig. 2). Despite corresponding peaks in
increased wrack biomass and highwind speeds during the first
2 months of sampling, this relationship appears to break down
in the winter (Fig. 3). These findings suggest that algae most
susceptible to breakage may have been dislodged by the ear-
lier strong winds; thereby resulting in a decrease of drift sea-
weeds as this biomass leaves the harvest region. Storm activ-
ity, in concert with seasonal cycles inmacroalgae reproduction
and senescence (Searles 1980), may therefore be responsible
for the detachment and subsequent deposition of beach-cast
seaweeds in Baynes Sound.

The distribution of beach-cast seaweeds and sudden chang-
es in wrack biomass, which cannot be explained by harvest
activity alone, suggest that wrack deposited below the high
tide is highly transient. The maximum estimate of wrack bio-
mass in the 2014/2015 harvest season (1269 t remaining, 95%
CI: [527, 2010], plus 91 t harvested), for example, occurred on
October 26. The following week, the estimated biomass
dropped by 667 t, although only 101 t (15.2%) was removed
by harvesters. The missing 562 t cannot be accounted for by
sampling error estimates during biomass surveys (Fig. 3a). A
similar decline was observed between November 22 and 29,
2015, when wrack biomass measured in the field dropped
from 1586 t (95% CI: [988, 2184]) to 582 t (95% CI:
[430,734]), during which time only 103 t (or 15% of the total
available biomass) was harvested (Fig. 3b). Patterns in wrack
distribution and age class composition suggest that beach-cast
seaweeds are largely moving northwest, likely as a result of
longshore drift. This is consistent with observations of a
strong, prevailing south-east wind regime (Fig. 2) and larger
wrack accumulations on south-east facing beaches, such as
that fronting the RV Park (Electronic Supplement B,
Fig. B1). If this hypothesis of wrack movement is true, the
instantaneous biomass estimates calculated on a weekly basis
could grossly underestimate the total biomass coming ashore
or moving through the 4.2 km harvest region.

Commercial harvesting

Compared to other beach-cast harvests, both the amount and
proportion of drift seaweed removed by this one is small.
Throughout the monitored period, the proportion of wrack
collected varied greatly (2–47% of the available biomass),
but averaged 15.8% (± 12.1 SD) of the estimated available
biomass on a weekly basis in the 2014/2015 harvest season
and 12.4% (± 12.8%) in the 2015/2016 season. In Ireland, on

the other hand, artisanal wrack harvesters are permitted 1–2 t
per business per week, with a maximum of 100 t per year,
while commercial wrack harvesters are permitted to collect
hundreds to thousands of tonnes of drift seaweeds daily per
business (McLaughlin et al. 2006). On King Island, Australia,
approximately 50% of the available beach-cast bull kelp
(Durvillaea potatorum) within each licensed area is harvested
every year (Kirkman and Kendrick 1997; PIRSA 2014).
Started in the early 1970s, this harvest appears to be sustain-
able and has averaged harvests of around 2500 t per annum for
the past 10 years (PIRSA 2014). In South Australia, license
conditions stipulate that up to 75% of the estimated biomass of
beach-cast macroalgae may be removed across an extensive
102 km area, with 25% of the coastline set aside as Bexclusion
zones.^ Exclusion zones within the licensed coastline are se-
lected based on their conservation significance, to minimize
impacts on protected species. A recent assessment of the fish-
ery, however, has recommended that harvesting activities be
limited to 50% of the beach due to the lack of information on
available biomass and potential adverse interactions with
these species (PIRSA 2014).

One of the main concerns of beach-cast harvesting is the
disturbance associated with harvesting activity (Kirkman and
Kendrick 1997). Commercial harvesters in Ireland, for exam-
ple, collect wrack material by bulldozer (McLaughlin et al.
2006). Beach Bgrooming^ for esthetic purposes, common on
tourist beaches throughout the USA, Mexico, Europe, and
coastal destinations worldwide, also typically involves the
mechanized collection of wrack by a variety of methods in-
cluding raking, sieving, and bulldozing (Goss 2008; Defeo
et al. 2009). Mazzaella japonica harvesting practices on
Vancouver Island, however, were largely consistent with en-
vironmental protection measures outlined by McLaughlin
et al. (2006), in their report on the effects of commercial sea-
weed harvesting in Northern Ireland. Commissioned by the
Environment and Heritage Service, this report recommended
that beach-cast seaweeds be collected using non-mechanical
means; the removal of sand, sediment, or substrate should be
prohibited, and that harvesting practices should minimize the
disturbance to surrounding environments.

Of particular concern, however, is the use of a tracked
vehicle which transports collected wrack from the beach
for loading on to trucks. Pacific Sand Lance (Ammodytes
hexapterus) and Surf Smelt (Hypomesus pretiosus) both
spawn within the sediments of the intertidal zone during
harvesting months and have been detected within active
harvest sites (de Graaf 2015). These forage fish are an
important source of food for many species, including ma-
rine mammals, birds, and commercially valuable fish
(Brodeur 1990; Robards et al. 1999; Therriault et al.
2009). Though visible disturbance caused by the tracked
vehicle appears to be temporary, it is a potential source of
mortality for forage fish eggs (de Graaf 2012).
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Ecological implications

The ecological effects of removing beach-cast seaweeds are
poorly characterized in the literature and may be highly vari-
able (Kirkman and Kendrick 1997). In Australia, the macrofau-
nal communities of Bcleaned^ or Bgroomed^ beaches, where
wrack was entirely removed, had significantly lower epifauna
densities and diversity than un-harvested beaches, but similar
sediment organic matter content and benthic infauna density
and richness (Lavery et al. 1999). A comparable study in
Sweden, on the other hand, showed that the removal of
beach-cast seaweeds reduced the organic content of the sand,
but had no major effect on the biodiversity of littoral macrofau-
na (Malm et al. 2004). Decomposing wrack is also a potential
source of nutrients for beach sediments and nearby terrestrial
ecosystems (Ince et al. 2007). The influence of this marine
subsidy, however, may depend on boundary permeability and
differences between donor and recipient system productivity
(Mellbrand et al. 2011). Some studies have foundmarine inputs
to be less important for more productive receptor systems
(Marczak et al. 2007), while others have reported similar inland
flow and effects between systems regardless of differences in
productivity (Mellbrand et al. 2011). Very large accumulations
of detached seaweeds can also have deleterious ecological ef-
fects, leading to the creation of anoxic conditions, as well as the
smothering of seagrass beds, aquaculture operations, and
sediment-dwelling fauna (Smetacek and Zingone 2013).

Drifting seaweeds can have similarly variable implica-
tions for off-shore productivity. Detached seaweeds in ol-
igotrophic coastal waters, such as Western Australia, sig-
nificantly increased the availability of dissolved nutrients
important for subtidal communities (Robertson and
Hansen 1982; Walker et al. 1988). However, this role ap-
pears to be less important in nutrient-rich nearshore sys-
tems, like the Cape Peninsula, South Africa, where drifting
seaweeds did not make a significant nutrient contribution
to subtidal communities (Koop and Griffiths 1982). The
relatively limited amount of research investigating drift
seaweed inputs in high-nutrient coastal waters (Kirkman
and Kendrick 1997), such as those on the east coast of
Vancouver Island, makes it especially difficult to predict
the potential consequences of wrack removal within this
harvest region.

Unlike most other regions of the world with commercial
beach-cast seaweed harvests, the target species for this har-
vest, M. japonica, is not native to the area. Therefore, it is
important that management decisions also consider the poten-
tial consequences of this non-indigenous species’ presence.
Though some seaweed introductions can benefit recipient eco-
systems by increasing spatial heterogeneity and providing a
novel food source (Maggi et al. 2015), many become invasive,
having negative impacts on native species and ecosystem
functioning (Schaffelke et al. 2006; Schaffelke and Hewitt

2007). In the marine environment, removal studies have indi-
cated that M. japonica out-competes native species of sea-
weeds, resulting in a decrease in the biodiversity of primary
producers in Baynes Sound (Pawluk 2016). Mazzaella
japonica’s subtidal dominance is similarly reflected in the
composition of the wrack, of which it accounts for ~ 90% of
the dry weight biomass (Holden 2016; Pawluk 2016). Despite
the abundance of this non-indigenous seaweed, stable isotope
studies indicate that it constitutes no more than 20% of the
dietary biomass for local subtidal and supralittoral inverte-
brates, while the native Zostera marina and Fucus spp. con-
stitute the greatest contributions to invertebrate diets (Holden
2016). Furthermore,M. japonica does not provide a preferred
habitat for these invertebrates, which preferentially colonize
S. muticum, another non-indigenous species (Pawluk 2016).
The propagation of M. japonica may therefore reduce the
availability of potentially preferred food sources and habitat
for invertebrate consumers in both the subtidal and
supralittoral environments.

The commercialization of accidentally introduced sea-
weeds, such as M. japonica, can often be perceived as a
win-win (Pickering et al. 2007). In both New Zealand and
Australia, for example, invasive Undaria pinnatifida is har-
vested from live stands, and economically-profitable beach-
cast harvests have been considered as a means of containing
its geographical spread (Kirkman and Kendrick 1997;
Ministry of Agriculture and Forestry 2010). Undaria
pinnatifida has been associated with decreases in native mac-
rophyte diversity, having economic consequences where these
ecological impacts extend to commercially important species
(Casas et al. 2004). As a result, considerable efforts have been
made to remove this macrophyte where possible, and avoid its
further dispersal (Casas et al. 2004; Hewitt et al. 2005). Given
the knowledge gaps pertaining to M. japonica’s ecological
function in this recipient system, however, it is not yet possible
to determine if the effect of its removal is positive or negative.

Conclusions

This paper presents the first study on temporal and spatial
variability in wrack biomass, as well as the proportion re-
moved by commercial collection, within the Baynes Sound
harvest region. Dominated by a non-indigenous seaweed,
M. japonica, wrack within this region appears to be unique
not only in its composition, but also in its unprecedentedly
high biomass. With as much as 1586 t of beach-cast seaweed
recorded within the 4.2 km harvest region, such large accu-
mulations have not been reported elsewhere in BC. Patterns in
wrack distribution and sudden declines in biomass, which
cannot be accounted for by harvesting activity, suggest that
the wrack is highly transient. Likely, a result of longshore
drift, the majority of beach-cast biomass disappears from the
harvest region in the late winter. The commercial harvest,
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which cannot account for this disappearance, removed less
than 16% on average of the available wrack biomass each
week in 2014/2015 and less than 10% on average in
2015/2016. Such proportions are much lower than similar
harvests reported in the literature, and fall well below the
50% recommendation for beach-cast collection in Southern
Australia. Our research not only informs management mea-
sures at a local scale, but contributes to the limited literature
available on beach-cast seaweed harvests worldwide.
Furthermore, this study provides new insight into the distribu-
tion and magnitude of M. japonica’s presence in the region,
though there remain substantial knowledge gaps pertaining to
this species’ ecology and the biological implications of its
beach-cast removal.
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