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Abstract Healthy seagrass is considered a prime indica-
tor of estuarine ecosystem function. On the Pacific coast of
North America, at least two congeners of Zostera occur:
native Zostera marina, and introduced, Zostera japonica.
Z. japonica is considered “invasive” and therefore, eco-
logically and economically harmful by some, while others
consider it benign or perhaps beneficial. Z. japonica does
not appear on the Federal or the Oregon invasive species or
noxious weed lists. However, the State of California lists it
as both an invasive and noxious weed; Washington State
recently listed it as a noxious weed. We describe the
management dynamics in North America with respect to
these congener species and highlight the science and pol-
icies behind these decisions. In recent years, management
strategies at the state level have ranged from historical
protection of Z. japonica as a priority habitat in Wash-
ington to eradication in California. Oregon and British
Columbia, Canada appear to have no specific policies with
regard to Z. japonica. This fractured management approach
contradicts efforts to conserve and protect seagrass in other
regions of the US and around the world. Science must play
a critical role in the assessment of Z. japonica ecology and
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the immediate and long-term effects of management
actions. The information and recommendations provided
here can serve as a basis for providing scientific data in
order to develop better informed management decisions
and aid in defining a uniform management strategy for Z.
Jjaponica.

Keywords Seagrass - Zostera japonica - Zostera
marina - Invasive species management

Background

Seagrass habitat provides a wide variety of important
ecosystem services (Orth et al. 2006a; Fourqurean et al.
2012). Major threats to seagrass include declining water
quality often associated with coastal zone development that
leads to a global decrease in the extent of seagrass beds and
an intense interest to protect, conserve and restore seagrass
beds worldwide (Short and Wyllie-Echeverria 1996; Orth
et al. 2006a; Waycott et al. 2009). Although there are over
60 species of seagrass globally, only Zostera japonica
Ascher. & Graeb and Halophila stipulacea (Forssk.)
Ascher., are considered to be “invasive” (Williams 2007,
Willette and Ambrose 2009).

Despite a few attempts to adopt a standardized termi-
nology, the terms ‘invasive,” ‘non-indigenous,” ‘intro-
duced,’” ‘exotic,” ‘alien,” ‘naturalized,” and ‘non-native’ are
often used interchangeably or inconsistently leading to a
great deal of confusion (Colautti and Maclsaac 2004; Oc-
chipinti-Ambrogi and Galil 2004). United States Executive
Order 13112 defined ‘invasive species’ as “an alien species
whose introduction does or is likely to cause economic or
environmental harm or harm to human health” (Beck et al.
2008). To be considered invasive in this context, it is
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assumed that the negative effects associated with the
organism’s presence overshadow any beneficial effects.
However, differing societal values and management goals
influence perceptions of the relative harm or benefit asso-
ciated with a particular organism. Perspectives may also
change as additional data are acquired, or as a result of
changing human values or management goals (Invasive
Species Advisory Committee 2006). Inconsistent and
imprecise terminology can lead to divergent interpretations
and confusion of issues and ideas (Colautti and Maclsaac
2004), making it difficult for managers to develop appro-
priate responses (Stocker 2004). Although some non-
indigenous species may cause severe economic and eco-
logical damage, 80-90 % have few demonstrated effects
(Williamson 1996). Positive interactions of introduced
species are being increasingly recognized (Wonham et al.
2005; Thomsen 2010).

On the Pacific coast of North America, at least two
seagrass congeners in the genus Zostera occur: native
Zostera marina L., and Z. japonica. In the Pacific Northwest
the distribution of the native Z. marina appears to be rela-
tively stable, with some localized losses (Gaeckle et al.
2011). In contrast, over the last 3-5 decades there has been a
large increase in the distribution of Z. japonica (Posey
1988; Baldwin and Lovvorn 1994a; Young et al. 2008;
Gaeckle et al. 2011). Successful introduction, colonization,
and expansion of Z. japonica has resulted in development of
new habitat types that coastal managers must integrate into
existing management plans. This shift from unstructured
mudflat to a vegetated habitat has ecological effects; the
valuation of those effects is the center of the debate and
management actions. Depending on the location and
stakeholder group in North America, Z. japonica may be
perceived as a harmful invader, a benign introduced species,
or a species that provides positive habitat benefits, which
has lead to inconsistent management practices (Table 1).

Our purpose is to review the existing science on the
biology and ecology of Z. japonica, to review management
actions with respect to Z. japonica, and to recommend
additional science that may inform managers as they
develop and plan strategies for Z. japonica habitat. In
addition, we identify a number of critical information gaps
that need to be addressed in order to understand the long-
term consequences of management actions related to the
presence of the introduced seagrass Z. japonica in North
America. Throughout this document, we will refer to Z.
Jjaponica as “introduced” rather than “invasive,” because a
group of seagrass scientists recently concluded that there
was insufficient science to determine the relative economic
or environmental harm associated with the presence of this
seagrass (Mach et al. 2010).
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Biology and Ecology of Zostera japonica
Introduction of Zostera japonica to North America

Aquaculture has long been recognized as a vector for
introductions of non-native species both as pests and as
commercial products (Quayle 1964). Z. japonica was first
collected in Washington State in 1957 (Hitchcock et al.
1969), and is thought to have been introduced early in the
twentieth century along with oyster stock imported from
Japan (Harrison and Bigley 1982). Imported oysters may
have been packed in seagrass to prevent desiccation during
shipment (Harrison 1976). The first large-scale introduc-
tions of Pacific oysters (Crassostrea gigas) from Japan to
Samish Bay in Puget Sound began in 1919 and continued
for decades thereafter (Lindsay and Simons 1997). Japa-
nese oysters were imported to Willapa Bay, Washington, in
1928 and their initial success led to increased oyster
imports in subsequent years (Sayce 1976). Although
importation of oyster seed stock continued into the 1980s
(Harrison and Bigley 1982), steps were taken in the early
1950s to prevent accidental introduction of other organisms
(Quayle 1953). Consequently, the first introductions of Z.
Jjaponica likely occurred early in the twentieth century,
when large shipments were transported with minimal pre-
cautions (Harrison and Bigley 1982). Genetic comparison
will be required to determine the origin of Z. japonica
populations in North America.

Distribution and Zonation Patterns

Within its native range, Z. japonica has an extremely broad
latitudinal distribution, encompassing subtropical and
temperate climates from southern Vietnam (~ 10°N lati-
tude) to Kamchatka, Russia (~50°N latitude) (Green and
Short 2003; Fig. 1). Native latitudinal distribution of her-
baceous plants tends to be a good predictor of potential
distribution as introduced species (Rejmanek 1995), sug-
gesting that Z. japonica in North America could eventually
range from Canada to Costa Rica. Assuming a 6 km year™'
southward migration (Shanks et al. 2003), Z. japonica
could colonize San Francisco Bay by 2080.

For the last few decades, North American populations of
Z. japonica were limited to bays and estuaries in British
Columbia (Canada), and Washington, Oregon and northern
California (USA) (Fig. 2). Within this range, dramatic
expansions have occurred in some areas, creating large
beds that occupy many hectares of intertidal flats in
Boundary Bay, British Columbia, and in Padilla, Samish,
and Willapa Bays, Washington (Posey 1988; Baldwin and
Lovvorn 1994a, b; Bulthuis 1995; Dumbauld and
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Table 1 Classification of Zostera japonica by various Federal and State agencies within its established range in the United States

Agency

Zostera japonica classification

Reference

Federal Noxious
Weed List

Federal Invasive
Species list

California Dept
Food Agriculture

California Invasive
Plant Council

Washington State
Noxious Weed
Control Board

Not listed

Not listed

Noxious weed rating “Q.” Economic or environmental
detriment, but whose status is uncertain because of
incomplete identification or inadequate information

Moderate-Species have substantial and apparent-but
generally not severe, ecological impacts on physical
processes, plant and animal communities, and vegetation
structure. Reproductive biology and other attributes are
conducive to moderate to high rates of dispersal, though
establishment is generally dependent on ecological
disturbance Ecological amplitude and distribution may
range from limited to widespread

Class C Noxious Weed limited to commercially managed
shellfish beds only. Washington State Department of
Ecology Aquatic Pesticide Permits Program is currently
considering National Pollution Discharge Elimination
System (NPDES) and State Waste Discharge permits for
application of the aquatic herbicide imazamox to control
Z. japonica on shellfish beds

Washington Noxious Weed Control Board. Designated
Class C listing throughout State. Adoption of Permanent

http://www.aphis.usda.gov/plant_health/plant_pest_info/
weeds/downloads/weedlist.pdf. Accessed 25 April 2012
http://plants.usda.gov/java/noxiousDriver#introduced

http://www.invasivespeciesinfo.gov/

http://www.cdfa.ca.gov/plant/ipc/weedinfo/winfo_list-
synonyms.htm. Accessed 10 August 2012 http://www.
cdfa.ca.gov/plant/ipc/encycloweedia/encycloweedia_hp.
htm

http://www.cal-ipc.org/ip/inventory/index.php#inventory.
Accessed 18 April 2012

http://www.nwcb.wa.gov/searchResults.asp?class=C.
Accessed 14 Dec 2012

http://www.nwcb.wa.gov/siteFiles/WSNWCB%20CES %
202013.pdf. Accessed 17 December 2012

Rules Amendments to WAC 16-750 for 2013. 11 Dec.

2012

Oregon Dept. of Not listed

Fish and Wildlife

http://cms.oregon.gov/ODA/PLANT/WEEDS/docs/weed_
policy.pdf. Accessed 10 August 2012

Wyllie-Echeverria 2003). Recently, Young et al. (2008)
determined that Z. japonica distribution in Yaquina Bay,
Oregon, increased from 3.7 ha in 1998 to almost 19 ha in
2007, roughly a 400 % increase over 9 years.

Several researchers have suggested that this species has
only colonized a small fraction of the available suitable
habitat throughout its potential range in North America
(Harrison and Bigley 1982; Shafer et al. 2008, 2011). In
British Columbia, Z. japonica has been observed on the
west and east coasts of Vancouver Island, Johnstone Strait,
and the Strait of Georgia (Gillespie 2007). Z. japonica is
common throughout Puget Sound (Gaeckle et al. 2011). An
informal survey conducted during 1999 and 2000 identified
Z. japonica in the Columbia River, Nehalem, Netarts,
Tillamook, Salmon River, Siletz Bay, Yaquina and
Coquille embayments along the Oregon coast (S. Larned,
unpublished data). The Coos, Nestucca, and Umpqua Bay
systems in Oregon also have Z. japonica populations (Lee
and Brown 2009). In 2002, a small population was dis-
covered in Humboldt Bay, California, representing a
southerly range extension; in 2006 a second population was
discovered nearby (Dean et al. 2008).

In its native range, Z. japonica has been reported to
grow as deep as 3-7 m (datum not specified), although it
typically grows at depths <1 m (Hayashida 2000; Nakaoka
and Aioi 2001; Abe et al. 2010). Throughout its established
range in North America, Z. japonica is found primarily in
mid- to upper-intertidal zones, and has not been observed
growing subtidally (Harrison 1982a; Thom 1990; Bulthuis
1995; Shafer 2007; Britton-Simmons et al. 2010). In Puget
Sound, Z. japonica has been found as deep as 0 m mean
lower low water (MLLW) (J. Gaeckle pers. obs.). In British
Columbia and Oregon, Z. japonica typically occurs
between +1 and +3 m MLLW (Harrison 1982b; Nomme
and Harrison 1991; Kaldy 2006a). In Willapa Bay,
Washington, Z. japonica was documented between +0.1
and +1.5 m MLLW, while Z marina was only found
below +0.6 m MLLW (Ruesink et al. 2010), but has been
found to grow above 41 m in Puget Sound (Gaeckle et al.
2011).

Due to the depth distribution of Z. japonica in North
America, it co-occurs with Z marina in three distinct
vertical zonation patterns (Fig. 3). In the disjunct zonation
(Fig. 3a), the Z. japonica bed is separated from the Z.
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Fig. 1 Current distribution (represented by dashed line) of Zostera japonica in its native range

marina bed by unvegetated sediments. These areas are
characterized by a steep intertidal slope and a narrow
fringing Z. japonica bed. The disjunct zonation pattern is
the most common, occurring at 70 % of the sites surveyed
(Table 2). The overlapping zonation pattern (Fig. 3b) is
characterized by mixed beds or discrete patches of both
species at the same intertidal elevation. Overlapping
zonation was observed at sites with gently sloping topog-
raphy and represented 31 % of sites surveyed (Table 2).
The mosaic zonation pattern (Fig. 3c) is characterized by
micro-topographic relief creating small pools with Z
marina interspersed with Z. japonica on well-drained
hummocks. Mosaic sites, which often co-occur with the
overlapping zonation pattern, are characterized by broad,
expansive intertidal flats with very little slope (Harrison
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1982a; Shafer 2007) and are generally localized in larger
estuarine systems such as Boundary Bay, Padilla Bay, and
Willapa Bay (Table 2).

Another factor that may influence vertical zonation of
Z. japonica and Z. marina is differences in their thermal
optima; Z. japonica in North America is warm water
adapted with an optimal growth temperature of 20 °C
(Lee et al. 2005; Shafer et al. 2008, 2011). In contrast, Z.
marina is cold water adapted with an optimum tempera-
ture of between 6 and 13 °C (Phillips 1984; Thom et al.
2001). Z. japonica plants grown at 20 °C exhibit leaf
growth rates (mg dw sht™' day™') that are five times
faster than plants grown at 8 °C (Kaldy and Shafer,
unpublished data). Field studies from 2002 with complete
annual cycles show that Z. japonica growth ranges
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Fig. 2 Current distribution (represented by dashed line) of Zostera japonica in North America

(summer to winter) between 0.5 and 1.8 gdw m~~ day "

(Kaldy 2006a), while Z. marina growth rates (summer to
winter) range between 0.4 and 2.2 gdw m? day ! (Kaldy
2006b). These growth rates are based on ambient field
conditions (e.g., water temperatures 8—12 °C); conse-
quently, we would expect greater growth rates at warmer
temperatures. Z. japonica has a lethal thermal threshold of
about 35 °C (Kaldy and Shafer 2012). Because optimum
growth of Z. japonica occurs at temperatures that cause
stress to Z. marina, and Z. japonica grows slowly at low
temperatures where Z. marina thrives, it is possible that
these differences in thermal optima may contribute to the
maintenance of disjunct zonation patterns in these species
(Shafer et al. 2008).

Life History Strategies

Zostera japonica exhibits morphological and life-history
characteristics (e.g., high reproductive output, small size,
and fast growth) that make it a successful colonizer of
previously unoccupied mudflat (Ruesink et al. 2010). Near
the northern limits of its range in British Columbia, Z.
Jjaponica is considered to be an annual or short-lived
perennial and rarely over-winters; new populations are
initiated each year from seed produced the previous year
(Harrison 1982b). Oregon populations of Z. japonica are
perennial, persisting throughout the year (Kaldy 2006a).
Due to the lower frequency of reproductive shoots in the
southern population, clonal expansion may be more
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Fig. 3 Zonation patterns of Z. japonica and Z. marina in North
America. a Conceptual diagram of how bathymetric slope and
elevation interact to form zonation patterns. Diagonal line represents
hypothetical bathymetry, dashed lines represent tidal elevations

important than seed production in the maintenance of
southern Z. japonica populations (Kaldy 2006a).

Dispersal Mechanisms

The establishment of new seagrass populations in previ-
ously un-occupied areas or the re-colonization of disturbed
areas depends on species-specific dispersal capabilities
(Orth et al. 1994). Most free seagrass seeds are negatively
buoyant and are unlikely to be transported more than a few
meters from the parent plants (Ruckelshaus 1996; Orth
et al. 2006b), leading to limited dispersal capabilities.
However, there are three potential long-distance dispersal
pathways that are likely to be important to Z. japonica: (1)
transport of reproductive stems and viable seed by tidal
currents and watercraft, (2) the transfer of viable fragments
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relative to mean lower low water (MLLW). Slopes are order of
magnitude estimates. b Disjunct zonation. ¢ Overlapping zonation.
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that establish on unvegetated shorelines, and (3) transport
of viable seeds by migratory waterfowl.

Waves, currents, and mechanical disturbance from
anthropogenic activities can dislodge sections of seagrass
shoots, rhizomes, and roots from the sediment; rafts of
these vegetative fragments, known as wrack, can often be
seen drifting on the surface. Although much of this wrack
eventually decomposes and enters the detrital food web
(Mateo et al. 2006), shoots containing attached roots and
rhizomes may remain viable and provide a mechanism for
plant dispersal (Ewanchuk and Williams 1996; Hall et al.
2006). Some studies have suggested that Z. marina seed
transport can be on the order of 50-100 km (Reusch 2002;
Harwell and Orth 2002). Transport of wrack by boats and
trailers is also a possible dispersal vector. The potential
capacity of vegetative dispersal has not been assessed for
most seagrass species.
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Table 2 Zonation classifications of locations in Canada, Washing-
ton, Oregon, and California where Z. japonica and Z. marina co-
occur. Because the overlap and mosaic distribution types sometimes
intermingle, total percent occurrence can exceed 100 %

Site Classification Source
Disjunct Overlap Mosaic
Canada
Roberts Bank X Nomme and
Harrison (1991),
Harrison (1987)
Boundary Bay X Harrison (1982a),
Baldwin and
Lovvorn (1994a)
Washington

Sucia Island X Wyllie-Echeverria,

pers. obs.

Samish Bay X Shafer, pers. obs.

Padilla Bay X X X Thom (1990),
Bulthuis (1995),
Shafer pers. obs.
Whidbey X Shafer, pers. obs.
Island, Max
Welton

Shaw Island, X
Indian Cove

Shaw Island, X
Picnic Cove

Shafer, pers. obs.

Shafer, pers. obs.

Dumas Bay X X Shafer, pers. obs.,
Ferrier and
Gaeckle 2011
Willapa Bay X X Dumbauld, pers.
comm., Author,
pers. obs.
>70 SVMP X X X Gaeckle et al.
sites (2011)
throughout
Puget
Sound
Oregon
Tillamook X Yamada, pers.
Bay comm.
Netarts Bay X Dudoit (2006)

Yaquina Bay X Kaldy (2006a),

Shafer, pers. obs.

Coquille Bay X Dudoit 2006

Coos Bay X Dudoit (2006),
Rumrill,
pers. comm.
California
Humboldt X Wyllie-Echeverria,
Bay pers. obs.

Another potential mechanism for spread of Z. japonica
involves ingestion and subsequent excretion of seeds by
waterfowl (Figuerola and Green 2002; Figuerola et al.
2002; Charalambidou et al. 2003). Passage through the

avian digestive tract may enhance seed germination (Fig-
uerola et al. 2002). Several waterfowl species, including
swans (Cygnus spp.), dabbling ducks (Anas spp.), coots
(Fulica atra), black brant (Branta bernicla), and Canada
geese (Branta canadensis) are known to feed heavily on Z.
marina and Z. japonica seeds, leaves, and rhizomes
(Baldwin and Lovvorn 1994a, b; Ganter 2000; Rivers and
Short 2007). A recent study found that geese and ducks
forage in Z. japonica habitat predominantly between
August and January (Lamberson et al. 2011), which cor-
relates directly with the peak plant reproduction (Kaldy
2006a). In addition, American coot (Fulica americana),
wigeon (A. americana), northern pintail (A. acuta), Canada
geese, and mallard were observed to directly consume Z.
Jjaponica (Lamberson et al. 2011). This evidence suggests
that waterfowl could be a major vector in the establishment
of new Z. japonica populations. Detailed genetic studies of
multiple Z. japonica populations will be required to eval-
uate the sources of propagules, and the direction of colo-
nization occurring at the regional scale.

Ecosystem Effects
Competitive Interactions with Native Seagrass

Ecological impacts associated with the establishment of
invasive species in aquatic ecosystems may include com-
petition with native species for resources, declines in native
species diversity, or complete displacement of native spe-
cies (Drake et al. 1989). In most Pacific Northwest systems
where Z. japonica and Z. marina co-occur, the populations
exhibit a disjunct distribution (Fig. 3b). Consequently, with
a few notable exceptions, such as Padilla Bay and Willapa
Bay, Washington, there is little opportunity for direct
competition between the native and introduced Zostera
species (Shafer 2007). Where the two species do overlap,
neither species exhibits clear competitive dominance over
the other; density and biomass of both species are reduced
in the presence of the other (Harrison 1982a; Hahn 2003a;
Bando 2006). Therefore, Z. japonica does not appear likely
to displace existing subtidal Z. marina beds, nor can Z
marina effectively compete in the intertidal zone where Z.
Jjaponica is dominant (Harrison 1982b). So it is possible to
have an overall increase in the amount of seagrass habitat
without loss of native seagrass habitat.

In a statistical comparison of co-occurring native and
introduced plant species, Daehler (2003) concluded that
alien species did not generally exhibit clear advantages
with respect to growth rates, competitive ability, or
reproductive output. Instead, the performance of most
native species was equal to or exceeded that of introduced
species. Daehler (2003) concluded that the relative
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performance of native and introduced species appears to be
largely dependent on specific environmental conditions.
This seems to be the case with Z. marina and Z. japonica,
because they have different physiological characteristics
and tolerances that contribute to their different zonation
patterns in North America (Shafer et al. 2008, 2011).

Benthic Invertebrate Community Composition

Studies of the effects of Z. japonica on intertidal benthic
invertebrate community composition have been limited;
however, the existing data suggest that Z. japonica supports
diverse benthic assemblages. Posey (1988) examined
changes in benthic community composition and abundance
and concluded that species diversity and abundance were
greater in Z. japonica than in adjacent un-vegetated sedi-
ments. Benthic invertebrate community composition,
abundance, species richness, and diversity associated with
patches of Z. japonica and Z. marina in Washington were
similar (Hahn 2003a). Recent work concluded that benthic
macrofaunal species richness, abundance, and biomass in
Z. japonica habitat was greater than or equal to that in
oyster (C. gigas), mud shrimp (Upogebia pugettensis), or
Z. marina habitat (Ferraro and Cole 2012). However, the
activities of some benthic invertebrates can affect the
survival and establishment of Z. japonica. Established
populations of burrowing shrimp (Neotrypaea californi-
ensis) are capable of causing complete mortality of trans-
planted Z. japonica (Harrison 1987) and preventing its
natural recruitment from seed (Dumbauld and Wyllie-
Echeverria 2003).

Biogeochemical Cycling

Seagrasses are primary producers, providing carbon to the
estuarine food web and providing structural support for
other primary producers (e.g., epiphytes and microphyto-
benthos). The largest proportion of seagrass primary pro-
duction (~ 65 %) is decomposed within the meadow, while
the remainder is either exported (~15 %), grazed
(<10 %), or accumulated in a refractory pool (~10 %)
(Mateo et al. 2006). Z. japonica decomposes much more
rapidly than Z. marina, which could lead to more rapid
nutrient cycling, and higher levels of both primary and
secondary production in colonized ecosystems (Hahn
2003b). Preliminary data from Yaquina Bay, Oregon,
suggests that the presence of Z. japonica may alter water
column-benthic nutrient fluxes (Larned 2003). However,
due to the strong influence of oceanic upwelling on nutrient
availability and the small area of Z. japonica in Yaquina
Bay, it is unlikely that Z. japonica could significantly

@ Springer

impact nutrient fluxes (Kaldy 2006a). The effects might be
more pronounced in other estuaries with larger areal cov-
erage of Z. japonica, less upwelling, and longer water
residence times.

Fisheries Habitat Utilization

The importance of the native eelgrass, Z. marina, as habitat
for juvenile salmonids and other commercially and recre-
ationally important fisheries species is widely recognized
(Phillips 1984; Murphy et al. 2000; Johnson et al. 2003;
Fisheries and Oceans Canada 2009). To date, there has
been only one published study examining fish utilization of
Z. japonica habitat (Semmens 2008). The results of that
field experiment suggests that juvenile Chinook salmon
(Oncorhynchus tshawytscha) have a preference for the
native Z. marina over Z. japonica (Semmens 2008). Due to
the abundance of potential prey organisms in Z. japonica
habitats, Z. japonica is likely to provide forage habitat for
fisheries organisms (Posey 1988; Thom et al. 1995; Ferraro
and Cole 2012). Pacific herring (Clupea pallasi) have been
documented to use both Z. marina and Z. japonica as
spawning substrate in Washington (D. Penttila, WDFW
retired, unpublished data) and Oregon (Matteson 2004). In
Europe, a variety of species utilize Z. noltii Hornem high
intertidal seagrass habitat when it is flooded, including
spawning herring (Clupea harengus) (Polte and Asmus
2006a, b). Z. noltii is directly analogous to Z. japonica with
respect to plant architecture and vertical distribution
(Bigley and Barreca 1982), suggesting the potential for
similar fisheries species utilization of Z. japonica habitats
in North America.

Migratory Waterfowl Foraging Habitat

Nineteen bird species in the Pacific Northwest are listed by
Phillips (1984) as Z. marina consumers. The use of Z
Jjaponica as foraging habitat for migratory waterfowl spe-
cies is also well known (Baldwin and Lovvorn 1994a, b;
Lamberson et al. 2011). A study of the feeding habits of
waterfowl in Boundary Bay, British Columbia, found that
Z. japonica comprised the largest fraction of the diet for all
species (brant, American widgeon, northern pintail, and
mallard) except green-winged teal (Baldwin and Lovvorn
1994a). Although Z. marina also comprised a large pro-
portion of the brant diet (41 %), it was a relatively minor
component (<5 %) in the diets of the other species. The
preferential consumption of Z. japonica was attributed to
its greater accessibility over the course of the tidal cycle,
the higher energy content of its leaves, and easier manip-
ulation of its smaller leaves and rhizomes (Baldwin and



Environmental Management

Lovvorn 1994a). Brant are also undergoing a distribution
shift that has been linked to changes in habitat availability
along the Pacific Coast (Wilson and Atkinson 1995; Ward
et al. 2005). If populations of Z. marina decline in brant
wintering areas along the Pacific Coast (Ward et al. 2005),
the importance of Z. japonica as an alternative food
resource may increase.

Wading Shorebirds

There are few studies of wading shorebird utilization of
seagrass habitat in the Pacific Northwest. Lamberson et al.
(2011) observed shorebird utilization of Z. japonica and Z.
marina in Yaquina Bay, with active foraging in Z. japonica
beds. They found no statistically significant difference
(P = 0.261) in the density of wading shorebirds between Z.
marina and Z. japonica habitat and suggested that there is
no evidence that birds will be negatively impacted by the
presence of Z. japonica (Lamberson et al. 2011).

Aquaculture Interactions

In Washington State, the shellfish industry has been the
dominant force behind the efforts to list Z. japonica as a
noxious weed. Based on public comments (see http://www.
ecy.wa.gov/programs/wq/pesticides/comments.html) there
is a perception that the presence of Z. japonica interferes
with culture of the non-native Manila clam (Ruditapes
philippinarum) on graveled tide flats. White paper reports
suggest shellfish growers in Washington are experiencing
economic losses due to decreased production on shellfish
beds inhabited by Z. japonica (Fisher et al. 2011). How-
ever, due to insufficient information on the methods,
numbers of replicate samples, and statistical testing, the
validity of the scientific conclusions about the degree of
impact of Z. japonica on Manila clams could not be
evaluated. Fisher et al. (2011) did not examine alternative
hypotheses for decreased Manila clam production (e.g.,
ocean acidification, indirect grazing pressure); therefore a
clear cause and effect relationship between the presence of
Z. japonica and hypothesized declines in Manila clam
production has not been demonstrated.

Only a single study has evaluated the impact of Z.
Jjaponica presence on Manila clam production. Tsai et al.
(2010) concluded that Manila clam condition (measured as
meat dry weight) was reduced in the presence of Z
Jjaponica. The difference in clam meat weight between Z.
Jjaponica presence and absence was about 100 mg (Tsai
et al. 2010; J. Ruesink pers. comm.). Assuming a 40 mm
adult Manila clam weighs about 600 mg (Tsai et al. 2010),
this is about a 17 % decrease in meat weight. Clam shell
growth was not affected by Z. japonica presence and plots
with Z. japonica had increased clam recruitment relative to

removal plots (Tsai et al. 2010). Consequently, the pre-
sence of Z. japonica appears to affect Manila clam pro-
duction; however, the economic implications have not been
evaluated. Recent work in Korea concluded that mechan-
ical Manila clam harvest stimulated Z. japonica sexual
reproduction and that the seagrass beds recovered within
about 1 year of disturbance (Park et al. 2011). That study
suggests that Z. japonica is resilient to and may even
benefit from low frequency (annual) destructive Manila
clam aquaculture harvest. Consequently, it appears possi-
ble that Z. japonica and Manila clam aquaculture can
coexist.

Review of Relevant Laws and Policy
US Federal Laws and Policy

Congress has enacted several pieces of legislation to deal
with aquatic invasive species (AIS); these include the
Lacey Act, the Nonindigenous Aquatic Nuisance Preven-
tion and Control Act (NANPCA) and the National Invasive
Species Act (NISA). However, these laws have been crit-
icized as inadequate to regulate AIS because they address
only a limited number of introduction vectors (Nadol
1999). Consequently, States are considered the primary
alternative to national AIS management (Nadol 1999);
which has lead to the development of an overlapping
mosaic of federal and state regulations (Williams and
Grosholz 2008). This mosaic is evident in the management
of Z. japonica in North America. For example, Z. japonica
is not listed on the Federal Invasive Species List or the
Federal Noxious Weed List (Table 1). However, Z.
Jjaponica is listed as a noxious weed by California and
Washington, and is considered invasive by California
(Table 1). In contrast, Oregon does not list Z. japonica as
an invasive species or a noxious weed. Consequently, states
are left to decide the “best management practices,” which
may in some cases contradict other existing state and
federal policies.

A variety of federal agencies regulate activities that
affect native and non-native aquatic species. Under federal
regulatory policy, activities that involve construction,
excavation, fill, and certain other modifications of the
“waters of the US” are regulated by US Army Corps of
Engineers (USACE) under Section 10 of the Rivers and
Harbors Act of 1899, Section 404 of the Clean Water Act,
and other regulatory policies. Seagrasses and other sub-
merged aquatic vegetation are also protected under the
Clean Water Act, 1972 (as amended), section 404(b)(1),
“Guidelines for Specification of Disposal Sites for Dredged
or Fill Material,” subpart E, “Potential Impacts on Special
Aquatic Sites” which includes sanctuaries and refuges,
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wetlands, mudflats, vegetated shallows, coral reefs, riffle,
and pool complexes. In cases where projects have the
potential to negatively impact wetlands and special aquatic
sites, the goal of these regulatory authorities is to achieve
no net loss of functions and values. The US Environmental
Protection Agency (EPA) also has regulatory authority
under the Clean Water Act specifically to restore and
maintain oceans, watersheds, and their aquatic ecosystems
to protect human health, support economic and recreational
activities, and provide healthy habitat for fish, plants, and
wildlife. The National Marine Fisheries Service (NMFES) of
the National Oceanic and Atmospheric Administration
(NOAA) also plays a role in consultations under authority
of the Endangered Species Act (ESA) and the Magnuson-
Stevens Act (MSA). The ESA and MSA are invoked when
management actions affect endangered species and essen-
tial fish habitat (EFH), respectively; for example, removal
of seagrass habitat could affect endangered salmonid spe-
cies. Currently, the native seagrass species Z. marina is
considered EFH. Although NMFS-Northwest Region (NR)
recognizes that Z. japonica can provide some of the same
ecological functions as Z. marina and other seagrasses,
NMFS-NR does not take measures to protect it, based on
their interpretation of Executive Order 13112 (J. Stadler,
NOAA-NMFS pers. comm., 11/07/12). This interpretation
may be inconsistent with the Federal invasive species and
noxious weed lists, because Z. japonica is not listed on
either (Table 1).

State Laws and Policy

The current California State policy is that Z. japonica is
considered a “noxious weed” and an “invasive species”
that should be controlled (Table 1). In 2003, the California
Department of Fish and Game and California Sea Grant
launched an effort to eradicate a small population reported
in Humboldt Bay (Frimodig and Ramey 2009; Ramey et al.
2011). In 2011, the USACE issued a 5-year permit to
California to allow eradication efforts to continue. One of
the permit conditions specified that the effects of Z
Jjaponica removal treatments would be documented; how-
ever, at the time of publication, these reports were
unavailable.

Oregon currently does not identify Z. japonica as a
noxious weed or as an invasive species (Table 1) and does
not appear to take any formal stance on the status of this
non-native plant in Oregon State waters. In Washington,
there are a number of laws and a variety of agencies with
the responsibility and authority to protect seagrass habitat.
The General Master Program Provisions identifies “eel-
grass beds” and “intertidal habitats with vascular plants”
as critical saltwater habitats that require protection due to
its ecological significance in the nearshore environment
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(Washington Administrative Code (WAC) 173-26-221).
These provisions specify ‘no net loss’ of ecological func-
tions to eelgrass habitat when projects occur near shore-
lines and submerged areas. Washington Administrative
Code (WAC 220-110-250, current language adopted in
1994 through the Washington State Register order 94-23-
058 filed by WDFW) does not make a distinction between
the two eelgrass species in the genus Zostera. In addition,
Z. marina is listed under Priority Habitats and Species
which requires protective measures for its survival due to
its population status, sensitivity to habitat alteration, and/or
recreational, commercial, or tribal importance (WAC
173-26-020; WDFW 2008). Eelgrass is also protected
under the Washington State Environmental Policy Act that
requires state and local governments to enhance ecological
systems and natural resources important to the state (RCW
43.21C.010); further protection of eelgrass can be deduced
in the Growth Management Act that protects critical areas
defined as wetlands or fish and wildlife conservation areas
(RCW 36.70A.060).

Washington State has recently undergone a reversal in
seagrass protection policy. Historically, Washington State
agencies protected both Z. marina and Z. japonica as
seagrass habitat (WAC 220-110-250, Washington State
Register order 94-23-058 filed by WDFW) and WAC
173-26-221. The apparent intention of these policies was to
protect both Zostera congeners.

As reflected in the policy of no net loss of Zostera
spp., resource agencies in Washington State view Z.
Jjaponica as providing similarly important ecological
functions as are provided by Z. marina. Neither
WDNR nor WDFW see an immediate negative effect
from the spread of Z. japonica... Therefore, it is
improbable that Z. japonica will be classified as a
noxious weed or placed on the monitor list even
though it is an invasive exotic species. (Pawlak 1994)

As of March 2011, WDFW announced it would only
protect Z. marina habitat under the WDFW Priority Habitats
and Species List while explicitly excluding Z. japonica
(http://www.caseinlet.org/uploads/Blake2.8.11Zosteraja
ponica.pdf); a move that may be inconsistent with the cur-
rent wording of WAC 220-110-250 from 1994. In June 2013,
the WDFW proposed to change the language of WAC
220-110-250 to specifically exclude Z. japonica (Washing-
ton Department of Ecology 2013). This management rever-
sal appears to have been a political concession to shellfish
growers who have rallied support against the legal protection
of Z. japonica (Banse 2011). The shellfish industry is largely
exempt from regulation by WDFW regardless of impact to
either native or non-native seagrass (R. Carman, WDFW,
pers. comm.). However, the industry is subject to “no net
loss” provisions of Shoreline Management Plans and
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regulation by the USACE (M. Goehring, WDNR, pers.
comm.). Consequently, failure of state agencies to protect Z.
Japonica habitat may be inconsistent with existing Wash-
ington State Administrative codes.

In early 2012, the Washington State Noxious Weed
Control Board (NWCB) identified Z. japonica as a class
C noxious weed on commercially managed shellfish beds
only (WAC 16-75-015, Table 1). Late in 2012, the
Washington NWCB accepted a proposal to list Z.
Jjaponica as a noxious weed throughout the State. In late
2013, the NWCB will be considering two new proposals;
one to remove Z. japonica from the noxious weed list and
another to revert back to the listing only for commercial
shellfish beds (A. Halpern, NWCB, pers. comm.). Con-
sequently, there will be no clear path for management of
Z. japonica within Washington State waters until the
resource agencies and constituents come to a clear
consensus.

Applicable Canadian Laws and Policy

Canadian agencies, ministries, and provincial governments
share responsibility for invasive species management in
Canada. The Canadian government has developed an
action plan (http://www.dfo-mpo.gc.ca/science/enviro/ais-
eae/plan/plan-eng.htm) to address the threat of AIS and a
mechanism for assessing potential impacts of introductions
(http://www.dfo-mpo.gc.ca/science/enviro/ais-eae/code/
prelim-eng.htm). A 2008 internal evaluation criticized
the program for a lack of governance framework and unde-
fined accountabilities, roles and responsibilities (http:/www.
dfo-mpo.gc.ca/ae-ve/evaluations/08-09/6b080-eng.htm).

In Canada, protection for seagrass is predicated upon
fisheries utilization; section 35 of the Canadian Federal
Fisheries Act states that “no person shall carry on any
work or undertaking that results in the harmful alteration,
disruption or destruction of fish habitat.” (Ministry of
Justice 2011). “Fish habitat” is defined as “spawning
grounds and nursery, rearing, food supply and migration
areas on which fish depend directly or indirectly in order
to carry out their life processes” (Section 34(1); Ministry
of Justice 2011). A synthesis of available research by
Fisheries and Oceans Canada (DFO) has identified Z.
marina as an Ecologically Significant Species (ESS)
(Fisheries and Oceans Canada 2009). The criteria that
established eelgrass as an ESS was based on the habitat
structure it provides, the support of other organisms, and
its wide distribution and abundance throughout Canadian
waters (Fisheries and Oceans Canada 2009). We were
unable to find any record of an ESS designation for
Z. japonica.

Methods for Z. japonica Control

Discussions on how to respond to the spread of Z. japonica
in North America have been ongoing for several decades.
Currently, management activities in the United States
relating to Z. japonica are disparate and predominantly
geared toward control and eradication. Z. japonica
removal/control policies contradict efforts to conserve and
protect seagrass in other regions of the US and around the
world (Orth et al. 2006a).

A variety of methods to eradicate Z. japonica have been
attempted; such as spraying herbicide, covering the grass
with plastic sheets or burlap, and physical removal of roots
(Frimodig and Ramey 2009). Heat treatments such as
propane flamethrowers, infrared radiant heat, cartridge
heaters, and hot water weed control systems have also been
tested in California (Ramey et al. 2011). Although these
methods have decreased the area of Z. japonica, after
almost a decade of intensive effort, the goal of complete
eradication in Humboldt Bay, California, has not been
achieved while the areal distribution of patches has con-
tinued to expand (Ramey et al. 2011).

Currently, the Washington State Department of Ecology
is developing a National Pollution Discharge Elimination
System (NPDES) permit for the use of the herbicide im-
azamox to control Z. japonica on commercial shellfish beds
in estuarine waters (http://www.ecy.wa.gov/programs/wq/
pesticides/eelgrass.html). Imazamox is the active ingredi-
ent in the herbicide Clearcast®, labeled for use in the
aquatic environment (US EPA 2008, 2012), despite the
lack of evidence for efficacy on estuarine plants and major
data gaps with regard to effects on estuarine/marine fish,
shrimp, and mollusks (US EPA 1997). Imazamox inhibits
production of the plant enzyme acetolactate synthetase,
which prevents the formation of the essential amino acids
valine, leucine, and isoleucine (Mallory-Smith and Retz-
inger 2003). This mechanism of action is not specific to Z.
Jjaponica and may have a negative effect on other photo-
synthetic organisms (e.g., native eelgrass, macroalgae,
phytoplankton, and microphytobenthos). We were unable
to identify any peer-reviewed studies describing the effect
of imazamox or Clearcast® on marine or estuarine phyto-
plankton, benthic microalgae, macroalgae, or seagrass.

Federal and state resource agencies and citizen groups have
expressed concerns about the potential for herbicide applica-
tion to cause un-intended impacts to non-target organisms
such as Z. marina and listed endangered species (ESA) such as
salmonids (http://www.ecy.wa.gov/programs/wq/pesticides/
comments.html). Preliminary field-based testing indicates
that downstream Z. marina is negatively impacted by the
herbicide applications to Z. japonica beds (J. Gaeckle, pers.
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obs.). Chemical control measures applied to Z. japonica
would therefore most likely result in loss of the native seagrass
Z. marina. Due to the protection measures afforded Z. marina
under the MSA and other federal and state regulations, miti-
gation could be required for any loss of Z marina that
occurred as a result of Z. japonica control activities.

Conclusions and Recommendations

The ecological and economic effects of some introduced
species, like Z. japonica, are not easily characterized. The
current range of management approaches in North America
indicates there is little consensus among stakeholders,
resource managers or between state and international
governments with regard to appropriate management of Z.
japonica. It is considered harmful by some, while others
consider it benign or beneficial. The contrasting views
reflect the diversity of value systems in our society, and
contribute to the complexity of resource management
decisions. In general, there is a need for stronger federal
leadership on introduced aquatic species along with a
concerted effort to develop clear, consistent and scientifi-
cally sound policies between federal and state regulatory
and management agencies.

Conflicting management strategies may be due in part to
a lack of adequate scientific information provided to
resource managers responsible for invasive species man-
agement decisions (Stocker 2004; Williams and Grosholz
2008). Inventories that describe the amount and location of
resources (e.g., seagrass distribution maps) are critical to
the development of management policy (Mumford 1994).
However, baseline data on the distribution and areal extent
of Z. japonica beds on the Pacific Coast are limited to a few
areas in Washington (Bulthuis 1995; Gaeckle et al. 2011),
Oregon (Young et al. 2008), and British Columbia
(Gillespie 2007). The Washington State Department of
Natural Resources has conducted surveys of seagrass dis-
tribution and abundance in Greater Puget Sound since 2000
(Gaeckle et al. 2011); however, due to methodological
constraints, changes in the distribution and area of Z
Jjaponica populations cannot be evaluated from this data-
base. Consequently, there is a need to better understand the
physiology, ecology, and distribution of this seagrass in
order to predict its colonization potential and develop
proactive monitoring and prevention programs if
necessary.

State level management policies which do not differ-
entiate between the native and introduced Zostera seag-
rasses on the Pacific coast were presumably based on
assumptions regarding the positive habitat value of seag-
rasses (Pawlak 1994). Although the importance of the
native eelgrass Z. marina to commercially and
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recreationally important fisheries species is well-known
(Johnson et al. 2003), the potential habitat value of Z
japonica for commercially and recreationally valuable
fisheries species remains largely unexplored (Pawlak 1994;
Semmens 2008; Mach et al. 2010). Consequently, there
remains a critical need for data on the fisheries habitat
utilization and other ecological services provided by Z.
Jjaponica that could be used to provide a basis for better
informed management policies.

Ecosystem level management decisions are being driven
largely by concerns over impacts to aquaculture operations,
although there is little scientific data to support the need for
the proposed actions. Alternative hypotheses (e.g., ocean
acidification and indirect grazing) have not been ade-
quately evaluated. The expansion of Z. japonica beds on
commercial shellfish grounds in Washington may have
been facilitated by applications of the pesticide carbaryl
used to control burrowing shrimp (Dumbauld and Wyllie-
Echeverria 2003). The abundance of Z. japonica within
these commercial shellfish grounds could therefore decline
if carbaryl pesticide applications were phased out as
planned at the end of 2012 (Schreder 2003). Further, the
evidence to support economic losses to shellfish growers in
Washington due to the presence of Z. japonica is not well
quantified, and evidence from its native range suggests that
Manila clam aquaculture and Z. japonica populations can
coexist (Park et al. 2011).

Invasive species eradication is generally only effective
when populations are small and restricted, there are ade-
quate financial resources and action is taken early in the
colonization phase (Williams and Grosholz 2008). Z.
Jjaponica does not meet these criteria in most Pacific
Northwest estuaries. Due to the sheer size and extent of the
Z. japonica populations in most areas of Washington and
Oregon, eradication of established populations would not
be possible, even if it were deemed desirable. However,
control of Z. japonica by a variety of methods, both
chemical and non-chemical, may be possible within limited
areas, and this may address the concerns posed by shellfish
growers. Managers should recognize that regardless of the
control method chosen, it is likely to be a labor-intensive
and costly endeavor requiring constant maintenance,
because Z. japonica populations are capable of rapid
recovery following the cessation of disturbance (Park et al.
2011). The extent of other ecological impacts that occur as
a result of controlling Z. japonica is unknown. The deci-
sion to implement Z. japonica control methods, either
chemical or non-chemical, should be based on a thorough
understanding of the economic and ecosystem costs asso-
ciated with the presence of this species, balanced by an
understanding of the extent of environmental degradation
caused by control efforts. Much of this information is
currently lacking (Pawlak 1994; Mach et al. 2010).
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Recommended Actions

Given the large number of invasive species already estab-
lished in this country, the increasing frequency of new
invasions, and the limited financial resources available,
managers must set priorities to determine which species
warrant immediate response, which deserve secondary
consideration if time and funding permit, and which may
be ignored (Byers et al. 2002). We recommend the fol-
lowing actions to fill some of the existing data gaps and
help provide resource managers with the information they
need to balance complex trade-offs between economic
development and the risks of ecosystem degradation.

1. Conduct a risk/benefit analysis as suggested by Beck
et al. (2008) to determine whether further regulatory
action is warranted with regard to Z. japonica.

2. Conduct independent, peer-reviewed research using
rigorous experimental design and statistical analysis
procedures to evaluate:

a. efficacy of proposed herbicide applications

b. potential impacts of herbicides to target and non-
target marine/estuarine primary producers (e.g., Z.
marina, planktonic and benthic microalgae and
macroalgae)

c. potential for herbicide to persist in estuarine food
chains.

3. Conduct a cost—benefit analysis to determine where
specific management actions (e.g., eradication efforts)
are most likely to be effective. Incorporating economic
considerations into the management of non-native
species may influence optimal management strategies
(Buhle et al. 2005; Williams and Grosholz 2008).

4. Investigate the environmental impacts of both chem-
ical and non-chemical Z. japonica control efforts on
native benthic communities, waterfowl foraging
opportunities, fisheries habitat utilization and other
components of affected ecosystems. To date this has
received little consideration.

5. Document the ecosystem services (e.g., fisheries
habitat utilization, shoreline stabilization, carbon
sequestration, etc.) provided by Z. japonica. In partic-
ular, there is a need to investigate the potential use of
Z. japonica by spawning herring, juvenile salmonids,
and other commercial and recreationally important
fisheries species.

6. Identify the major dispersal pathways for Z. japonica
and the relative importance of vegetative versus sexual
reproduction in the establishment of new colonies.

7. Model the colonization potential of Z. japonica based
on physiological tolerances (e.g., temperature, salinity,
nutrients, etc.) and dispersal mechanisms.

8. Develop and evaluate alternative aquaculture practices
that can coexist with seagrass.
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