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Attachment F

YWASHINGTON STATEF DEPARTMENT OF

& Natural Resources

- Ay Sutherland Lormmiv arer of 1 Rde]

To: Patrick and Kathryn Townsend

From: Jefirey Gaeckle, Seagrass Ecologist
Date: 25 July 2007

RE: 2007 Zangle Cove Zostera marina L. Survey

The following summary provides details of two site visits to document the presence of

the native eelgrass, Zostera marina L. n Zangle Cove, WA. In the spring of 2006.
scientists in the WA DNR Nearshore Habitat Program were informed that a citizen based
organization, Protect Our Shoreline, had pictures of eelgrass growing in Zangle Cove on
their website (http://www.protectourshoreline.org/index.html). Zangle Cove 1s located
southwest of Dana Passage and northeast of Boston Harbor, WA (Figure 1).

[t 1s generally believed that there 1s a limited distribution of eelgrass in South Sound and
the presence of eelgrass in Zangle Cove 1s of interest to the Nearshore Habitat Program
(http://swww.dnr.wa.gov/htdocs/aqr/nshr/index.html) and of particular interest to the
Submerged Vegetation Monitoring Project. The Submerged Vegetation Monitoring

Project monitors the abundance and depth distribution of eelgrass throughout Puget
Sound but the sampling effort does not focus on waters south of Dana Passage due to the

lack of known eelgrass presence at the time the project was initiated.

Washington DNR Nearshore Habitat Program scientists Pete Dowty and Jeff Gaeckle

visited Zangle Cove on 19 September 2006 to confirm whether the seagrass was Zosfera
marina (native eelgrass) or Zostera japonica (non-native eelgrass). Pete and Jeft
accessed Zangle Cove through Jon Vanek’s property (638 77 Ave. NE, Olympia, WA.
98506, 360.786.8076) and were accompanied to the beach by Jon Vanek and Kathy
Knight. The site visit confirmed that two patches of seagrass in Zangle Cove were
Lostera marina L.

Jeif later contacted Patrick and Kathryn Townsend (7700 Earling St. NE. Olympia, WA,
08506) to make an additional visit to collect GPS coordinate data for the two patches of

Z. marina 1 Zangle Cove. A site visit was arranged on 3 June 2007. GPS coordinate data

were collected by walking the perimeter of each Z marina patch using a Trimble Pocket
PC 2003 (PPC) with ArcPad GPS system at a -0.67 m Mean Lower Low Water (MLLW)

tide. A polygon of each Z. marina patch was logged on the ArcPad GPS unit (Figure 2).

The location and area of each Z marina patch was determined from the GPS coordinate

data collected on 3 June 2007. The larger patch of Z. marina 1s located at N 47°
08.689925. W 122° 53.5454562 (degrees decimal minutes) and 1ts area 1s estumated at

25.2 m~ (Figures 3 — 5). Vegetative and reproductive Z marina shoots were present at the
time of the visit (Figure 5).

The small patch was 67.1 m east northeast (ENE) of the large patch and located at N 47°
08.6950010, W 122° 53.4928324 (deg. dec. min.). The area of the small patch 1s

estimated at 8.4 m". No photos of the small eelgrass patch in Zangle Cove were taken
during the visit on 3 June 2007.
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Figure 1. Location of Zangle Cove, WA.
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Figure 2. Map of two Zostera marina L. patches in Zangle Cove, WA, on 3 June 2007.
The area of the small and large patch is estimated at 8.4 m~ and 25.2 m"

respectively.
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Figure 3. Large patch of Zostera marina (outlined in white) in Zangle Cove (3
June 2007).

Figle 4. Large patch of Z. marina (outlined in white) in Zangle Cove (3
June 2007).
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Attachment G

Analysis of geoduck farm obstruction and visibility during summer daylight hours
from Memorial Day weekend to Labor Day, 2007, Olym  pia, WA

If there are also oyster bags and manila clam nets on the beach, these are at a much higher tidal
elevation so will present an obstruction and be visible every day during the summer. Geoduck tubes
stick up 3-4 inches from the sediment, so this is a conservative estimate.

The industry says that geoduck operations are planted on a rotational basis, so in any one vicinity
there may be tubes obstructing the water and visible on a yearly basis, not just the 1-2 years that
tubes are in place for a particular area.

According to the Geoduck Growers Environmental Codes of Practice?, "a length of pipe is pushed into
the substrate in the intertidal zone from approximately the -2 tidal elevation to the +3 tidal elevation
(MLLW) about 12 inches apart. About 3-4 inches of the PVC pipe is left above the substrate.”

This information is derived from the dariki.org tide table for Olympia, Washington.?

Daylight Plant to Days Plantto Days

Date 2007 Hours <=+2 Seen <=+3 Seen
26-May 0.00 0.00
27-May 1.50 1.00 1.50 1.00
28-May 3.00 1.00 3.00 1.00
29-May 3.50 1.00 3.50 1.00
30-May 4.50 1.00 4.50 1.00
31-May 4.50 1.00 4.50 1.00
1-Jun 15.50 5.00 1.00 5.50 1.00
2-Jun 5.00 1.00 5.50 1.00
3-Jun 5.00 1.00 5.50 1.00
4-Jun 4.50 1.00 5.00 1.00
5-Jun 4.50 1.00 5.00 1.00
6-Jun 4.00 1.00 4.50 1.00
7-Jun 3.00 1.00 3.50 1.00
8-Jun 0.00 0.00
9-Jun 0.00 0.00
10-Jun 2.00 1.00 3.00 1.00
11-Jun 4.00 1.00 4.50 1.00

1 Geoduck Growers Environmental Codes of Practice,
http://www.protectourshoreline.org/taylor/8GeoduckCodes@xirre. pdf

2 http://www.dairiki.org/tides/monthly.php/oly



Analaysis of Geoduck Farm Visibility

August 20, 2007
Page 2 of 3

Date
2007

12-Jun
13-Jun
14-Jun
15-Jun
16-Jun
17-Jun
18-Jun
19-Jun
20-Jun
21-Jun
22-Jun
23-Jun
24-Jun
25-Jun
26-Jun
27-Jun
28-Jun
29-Jun
30-Jun
1-Jul
2-Jul
3-Jul
4-Jul
5-Jul
6-Jul
7-Jul
8-Jul
9-Jul
10-Jul
11-Jul
12-Jul
13-Jul
14-Jul
15-Jul
16-Jul
17-Jul
18-Jul
19-Jul
20-Jul
21-Jul
22-Jul
23-Jul
24-Jul
25-Jul
26-Jul
27-Jul
28-Jul
29-Jul
30-Jul
31-Jul
1-Aug
2-Aug

Daghi
Heu

16.00

16.00

15.50

15.00

Plant to
<=+2

4.50
5.00
5.00
5.00
5.00
4.50
4.50
4.50
2.50
0.00
0.00
0.00
0.00
2.50
3.50
4.50
4.50
5.00
5.00
5.00
5.00
4.50
4.00
3.00
0.00
0.00
2.00
3.50
4.50
5.00
5.00
5.00
5.00
5.00
4.50
4.00
3.00
1.00
0.00
0.00
0.00
1.00
3.00
3.50
4.00
4.50
4.50
4.50
5.00
4.50
4.00
3.00

Days
Seen

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Plant to
<=+3

5.00
5.50
5.50
5.50
5.50
5.00
5.00
5.00
3.50
2.00
0.00
0.00
2.50
3.00
4.00
5.00
5.00
5.50
5.50
5.50
5.50
5.00
4.50
4.00
2.00
1.50
3.50
4.00
5.00
5.50
5.50
5.50
5.50
5.50
5.00
4.50
4.00
2.50
0.00
0.00
2.00
3.50
4.00
4.00
4.50
5.00
5.00
5.00
5.00
4.75
4.25
3.50

ays

Seen

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00



Analaysis of Geoduck Farm Visibility
August 20, 2007

Page 3 of 3
Date Dagfit Plant to Days Plant to aps
2007 Heu <=+2 Seen <=+3 Seen
3-Aug 0.00 2.00 1.00
4-Aug 0.00 0.00
5-Aug 0.00 1.50 1.00
6-Aug 2.00 1.00 2.75 1.00
7-Aug 4.00 1.00 4.25 1.00
8-Aug 5.00 1.00 5.50 1.00
9-Aug 5.00 1.00 5.50 1.00
10-Aug 5.00 1.00 5.50 1.00
11-Aug 4.50 1.00 5.00 1.00
12-Aug 4.00 1.00 4.50 1.00
13-Aug 4.00 1.00 4.50 1.00
14-Aug 3.00 1.00 4.00 1.00
15-Aug 3.00 1.00 3.50 1.00
16-Aug 0.00 2.25 1.00
17-Aug 0.00 0.00
18-Aug 0.00 0.00
19-Aug 0.00 0.00
20-Aug 0.00 1.00 1.00
21-Aug 1.00 1.00 2.00 1.00
22-Aug 2.50 1.00 3.50 1.00
23-Aug 3.50 1.00 4.50 1.00
24-Aug 3.50 1.00 4.50 1.00
25-Aug 4.00 1.00 4.50 1.00
26-Aug 4.00 1.00 4.50 1.00
27-Aug 4.00 1.00 4.50 1.00
28-Aug 3.50 1.00 4.00 1.00
29-Aug 3.00 1.00 3.50 1.00
30-Aug 2.00 1.00 2.50 1.00
31-Aug 14.00 0.00 1.50 1.00
1-Sep 0.00 0.00
2-Sep 0.00 0.00
3-Sep 0.00 0.50 1.00
Total 92.00 300.50 363.25
Avg per day 15.33 2.98 3.60
Avg Percent per day 19.40% 23.46%
Tot Days 101.00 101.00
Days under water 24.00 13.00
Days above water* 77.00 88.00
% Days above water* 76% 87%

*All or portion of geoduck
farm above water
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Shedding new light on eelgrass
Sponsored by;
recovery SEPA S e
Scientists say eelgrass, an unassuming flowering plant Found just off shore in Puget Sound, PUGETSOUND
is vital to the health of the ecosystem. They also say the plant is declining. New and
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Key ta ke aways habitat, Species and food webs, Fishes, Salish

~ Many species including salmon, Pacific herring, Dungeness crabs and even Killer whales rely on Sea Ecosystem Conference. Invertebrates,
eelgrass for survival Salish Sea Currents (series), Salmonids,

Forage fish, Shellfish, Shoreline armoring

Inside the Eelgrass beds. Photo: Eric Heupel (CC BY-NC 2.0)
https://www.Hickr.com/photos/eclectic-echoes/7654885752

+ Eelgrass is declining in parts of Puget Sound.

+ Declines may be linked to a wide variety of factors including nitrogen pollution that diminishes RElatEII RBSUIIIG&S
available light that plants need for growth. Printable 2-page flyer of this story (PDF)
Puget Sound Vital Signs: Eelgrass

2014/2015 Action Agenda for Puget Sound

~ Scientists propose planting more eelgrass in suitable areas to meet recovery targets set by the state.

+ State and federal agencies recently launched the Puget Sound Eelgrass Recovery Strategy to evaluate

progress toward recovery goals Are Puget Sound herring limited by loss of

eelgrass?



I t harbors as much life as an old growth or tropical forest, and it hides
in the waters just off shore. Without it, scientists say, there would be
precious few salmon or herring, and little prey for orcas. It means
hundreds of millions—perhaps billions—to the local economy, and
chances are, most Puget Sound residents have never heard of it. It is
eelgrass, and there may be no plant more central to Puget Sound's

environmental wellbeing.

“Eelgrass is critical to what we know and love about Puget Sound,” says Ren Thom, a
biologist working on eelgrass restoration at the Pacific Northwest National Laboratory,

Like most scientists who study the plant, Thom is something of an eelgrass evangelist. He
ticks off just a Few of the plant’s benefits; Eelgrass protects young salmon and shellfish
such as Dungeness crabs. It stymies coastline erosion with its root and shoot system, and is
central to the Food web. lts narrow, olive-colored leaves house millions of tiny organisms
that will in turn Feed larger invertebrates, and eventually, the fish we catch and the birds

and whales we watch.

In short, healthy eelgrass (Zostera marina) indicates a healthier Puget Sound, which is why
Thom and a group of scientists were out on the water last summer planting some unusual
garden plots, Studies show that eelgrass is in decline in significant areas of Puget Sound,
and scientists are looking For ways to bring it back to its historical levels. In a very liceral

way, they hope to plant the seeds of Puget Sound recovery.

Selecting plants from donor cultures. Credit; Ron Thom and John Vavrinec

Eelgrass fact sheet from WA Dept of Ecology

Padilla Bay National Estuarine Research
Reserve

Seagrasses as "the marine equivalent of
tropical rain forests.” (Smithsanian)

Host demography influences the prevalence
and severity of eelgrass wasting disease
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from Ecosystem-Scale Food Web Models

Impacts of Terrestrial and Shoreline Stressors
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Why not just plant more?

One of the goals set by the state’s Puget Sound Action Agenda is to add 20 percent more
eelgrass to the region by 2020. But three years into the effort, there's been little or no
progress, and growing perplexity. Studies show that some eelgrass beds are increasing
while others are in decline. Several sessions at the 2014 Salish Sea Ecosystem Conference

Featured new research and possible new directions For recovery efforts.

Acres of Eelgrass in Puget Sound
in thousands, 2000-2020
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If eelgrass is declining, why not just plant more of it? That's one of the ideas under
consideration by state and Ffederal agencies. Last summer, divers planted nine
experimental plots at five sites in Puget Sound, including sites of unexplained eelagrass
loss.

As part of the process, Them, along with his colleagues at the Washington State
Department of Natural Resources and the Environmental Protection Agency, unveiled a
computer model that identifies areas in Puget Sound where eelgrass could potentially
thrive. The model compiles instrument readings from across the Sound, including light
availability, salinity, temperature, and depth. When the right measurements align, the

model suggests a planting site.

Light in particular is key, says Thom. It turns out that getting enough of that precious
resource can be a challenge. Eelgrass evolved as a shade-adapted plant, able to thrive in
the region's relatively low light. But other, human-caused factors appear to be changing

conditions beyond the plant's tolerance.



Te suu of photosynthesis

Wade out into the shallows of Puget Sound
o Wik L\, " on a warm, sunny day and put your ear close
to the water. You might catch the Ffaint,
champagne-like bubbling of eelgrass. A
hydrophone captures the sound of oxygen
bubbling From eelgrass leaves as the plant

absorbs and photosynthesizes the sun's rays.

Listen to a recording of oxygen bubbling in
selgrass (Credit: Jeff Rice):

Blog post: The voice of eelgrass

The pollution factor

One of those Factors is increased nitrogen. While eelgrass needs nitrogen teo survive, too
much of it sends phytoplankton, the plant's algal neighbors into a frenzied growth that
blocks sunlight. Without the light, eelgrass can’t harvest energy through photosynthesis.
Fred Short of Washington's Department of Natural Resources, has been studying this
phenomenon, and says it is localized in certain areas of Puget Sound with higher pollution.

“It's an issue in parts of Puget Sound, not all of Puget Sound," he says, but where it occurs
the evidence is Fairly obvious. "Stick your camera under the water and take a picture and
it's just green [with phytoplankton],” says Short.

An underwater photo of eelgrass in Dumas
Bay shows the green tinge of phytoplankton.
Photo courtesy of DNR.

Related: Nitrogen as an Eelgrass Stressor in
Puget Sound

Short first noticed the problem of decreasing light for eelgrass on the East Coast and has
been testing whether the same situation exists in Puget Sound. As on the East Coast,
eelgrass is "not growing as deep as it used to grow,” he says, "which iz a good indicator of
decreasing water clarity.” Potential causes include stormwater runoff, failing septic
tanks and sewage treatment discharge. Runoff from dairy and meat production also boost
nitrogen.

The planting model seems to support that idea. It predicts less success for eelgrass near
places like southern Puget Sound, where higher nitrogen levels occur. Most of the
experimental plantings Followed the model's predictions, while a few struggled For
unknown reasons. Last summer's work was a First step in what researchers expect to be an
ongoing process.




Adapting to unknowns

IF nitrogen pollution is a significant barrier to eelgrass recovery, then scientists are not
without hope. Water quality can get better, they say.

“We can enhance the [eelgrass] productivity of the Sound and prevent it from degrading
Further,” says Short, who points to solutions like improving sewage treatment plants and
filtering stormwater and agricultural runoff.

Even so, scientists acknowledge that many other threats to eelgrass remain, from heavy
metals to shoreline development, damage from boat propellers and dredging and even
emerging concerns like eelgrass wasting disease. They alse point to the specter of climate
change. Paradoxically, ocean acidification, the result of increased carbon dioxide
absorption Ffrom the atmosphere into Puget Sound waters, could actually benefit eelgrass
because it would increase carbon dioxide used by the plant; but as the oceans warm and
sea levels rise, climate change also threatens fragile habitat,

Scientists say the key for them will be to adapt as conditions change and as new
information becomes available.

Eelgrass bed, Photo: Susannah Anderson {CC BY-NC-ND 2.0)
hEtps:/fwww. flickr.com/photos/wanderin_weeta/ /4603026110




Next steps

One strategy is to take a so-called portfolic approach. Some argue that respending to
every single threat to eelgrass, while desirable in theory, might not be practical and could
take huge amounts of resources. A May 2014 article in the journal Coastal Management
reviewed comments from 19 scientists who study eelgrass in the region, and suggests

narrowing efforts to several areas with the most potential for eelgrass restoration.

The article points to overwater structures, nitrogen pollution and shoreline armoring as
key Focus points, and scientists are looking at how this might apply to local management
actions.

Just weeks before the Salish Sea Ecosystem Conference, representatives from multiple
agencies including the Department of Natural Resources, Puget Sound Partnership,
Department of Ecology, the University of Washington's Puget Sound Institute, NOAA, the
Samish Tribe, the Washington Association of Counties and other groups, met to launch the

Puget Sound Eelgrass Recovery Strategy.

The group will examine why eelgrass recovery has faltered, and will keep an eye on
experiments like those by Thom and others searching for new breakthroughs.

“Every time you do a restoration project, it's an experiment,” says Thom. “We need to be
clear about linking the action to the response in a systematic way and learning From it. IF
we're seeing an improvement, we can better predict what we need to do in the Future to
make it work For [eelgrass] to come back.”

Maury - Vashon Island Low Tide Celebration, Photo: kyle Murphy/DNR (CC BY-NC-ND 2.0)
htkbps://www.Hickr.com/photos/wastatednr/6003660420




A billion-dollar plant?

Successful eelgrass recovery efforts would mean a boon For the ecosystem,
but also For the Puget Seund economy.

Achieving the state goal of a 20 percent increase in eelgrass by the year 2020
would increase the number of fish available For commercial and recreational
Fishing in the Sound, according to a 2012 study published in the journal
Ecosystems by researchers at the Northwest Fisheries Science Center. In all,
the study looked at 37 different cases where eelgrass provided ecosystem
services "of either provisioning or cultural value" from benefits to salmon
and commercial geoduck harvests to recreational Fishing of rockFish and
lingcod.

Take into account eelgrass as an overall anchor For the nearshore ecosystem,
and the dollar return is significant. Salmon alone infuse hundreds of millions
of dollars per year into the local economy, as do Pacific herring and shelifish,
such as Dungeness crabs, lconic, tourist-friendly wildlife like seabirds and
killer whales alse depend on eelgrass For their survival, directly or indirectly.

"Killer whales don't eat eelgrass, but they do eat salmon, and salmon grow up
in the eelgrass,” says biologist Fred Short.

Photo gallery

View images of the eelgrass planting program. Photos provided by Ron Thom and John

Vavrinec.




Learn more
‘ Puget Sound Vital Signs H About the scientists

Where does eelgrass grow?

Eelgrasses (Zostera, Zostera marina) are commonly Found in 17 distinct marine and

esturine habitats in Washington state. These habitats comprise 951 miles (31%) of the

3,066-mile Washington shoreline. View this interactive map on ERMA®.

de Fuca

H=

IMap showing 17 Washington state shoreline habitats commonly home to eelgrasses.

About the Author:

Katie Harrington writes with the goal of exciting public interest in local research and conservation efforts
from her home base in San Francisco. When she’s not scribbling notes about science and nature, she's
working aboard sailing research vessels or bicycle touring in foreign countries.
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20% More Eelgrass (Zostera marina) by 2020;
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Resolving Regulatory and Social Barriers to
Conservation and Recovery
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Marine Sciences Division — Coastal Ecosystem Research Group
Sequim, WA
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Project Team Pacific NortfiwesHl

Proudly Operated by Battelle Since 1965

The Washington Department of Natural Resources (DNR) sponsors our
project. This project is lead by scientific staff at DNR who presently
conduct the eelgrass monitoring and research program within DNR.
The Marine Sciences Laboratory of the Department of Energy’s Pacific
Northwest National Laboratory is a major partner with DNR for this
work.

DNR - Jeff Gaeckle, Helen Berry, Fred Short
EPA — Jim Kaldy

PNNL — Ron Thom, John Vavrinec, Amy Borde, Kate Buenau, Lyle
Hibler, Dana Woodruff, Chaeli Judd, Lara Aston, Tarang Khangaonkar,
and Wen Long

Puget Sound Marine and Nearshore Protection and Restoration Grant Program

January 24, 2013
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Rationale Pacific Northwest

Proudly Operated by Battelle Since 1965

In response to the regional and global need, the Puget Sound Action
Agenda specifically targets the restoration of 20% more eelgrass by
2020 (PSP 2012).
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Rationale Pacific Northwest

Proudly Operated by Battelle Since 1965

Our project is part of the Action Agenda’s strategy to “implement a
coordinated strategy to achieve the 2020 eelgrass recovery target’ (PSP
2012).

Strategy B2.4 Near -Term Action 1 : Identification of Eelgrass
Restoration Sites: DNR will identify and recommend sites that are
suitable for eelgrass restoration in Puget Sound. Sites will be selected
using habitat suitability analysis, hydrodynamic modeling, and
eelgrass resilience to local stressors. This will include identification of
sites on state-owned aquatic lands with a focus on areas with long-
term protections already in place.

January 24, 2013
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Project Objectives Pacific NortfiwesHl

Proudly Operated by Battelle Since 1965

Overall goal: locate sites within Puget Sound and the Strait of Juan de
Fuca suitable for successful eelgrass (Zostera marina) meadow
restoration, with specific focus to identify sites that would be conserved
from future anthropogenic disturbances and resilient to climate change.

Assess through modeling and field studies potential sites for eelgrass
restoration

Through discussions with local and regional planners evaluate
and recommend potential management actions to restore and
conserve eelgrass

Produce maps and characterize the projected increase in eelgrass
areal extent that provide specific location for eelgrass restoration

Deliver recommendations on suitable transplant sites and
management actions to restore 20% more eelgrass in Puget Sound

January 24, 2013



Modeling Pacific HoEaS

Proudly Operated by Battelle Since 1965
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Eelgrass Biomass Model Pacific NortfiwesHl
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Eelgrass Biomass Model Pacific NortfiwesHl

Proudly Operated by Battelle Since 1965
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Field Visit to Areas of Interest Pacific Northwest

Proudly Operated by Battelle Since 1965
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San Juan Islands Pacific Northwest

Proudly Operated by Battelle Since 1965
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Whidbey Island Pacific NoTtTius=i
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Hood Canal — Strait of Juan de Fuca Pacific Northwest

Proudly Operated by Battelle Since 1965
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East Kitsap County Pacific NoTtTius=i

Proudly Operated by Battelle Since 1965
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South Sound Pacific Northwest

Proudly Operated by Battelle Since 1965




7

Field Visit to Areas of Interest Pacific Northwest

Proudly Operated by Battelle Since 1965
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for eelgrass

Appropriate depth
Appropriate
substrate

Other site
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fetch, shoreline
grade)

Any obvious
potential stressors
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Next Step — Acquire Additional Data Pacific HoEaS

Proudly Operated by Battelle Since 1965

|dentify potential sites the model
did not select

Further refine (filter) model
outputs

Assist in prioritizing sites
|dentify known stressor

abatement activities that need to
be performed prior to restoration

Address barriers to effective
regulation and stewardship of
eelgrass

Conceptual model showing eelgrass
controlling factors with ranges of values
(Thom et al. 2005).
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We would like your input Pacific NoTtTius=i

Proudly Operated by Battelle Since 1965
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T h an k yo u Pacific Northwest

NATIONAL LABORATORY

Proudly Operated by Battelle Since 1965

For more information contact:

JeffGaeckle

Washington Department of Natural Resources
360-902-1030

jeffrey.gaeckle@dnr.wa.gov

Lara Aston

Marine Sciences Laboratory — Pacific Northwest National Laboratory
360-681-4557

lara.aston@pnnl.gov

“This project has been funded wholly or in part by the United States
Environmental Protection Agency under assistance agreement PC
00J29801 to Washington Department of Fish and Wildlife. The contents of
this document do not necessarily reflect the views and policies of the
Environmental Protection Agency, nor does mention of trade names or
commercial products constitute endorsement or recommendation for use.”

January 24, 2013
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ABSTRACT

Eelgrass beds provide valuable refuge, foraging, and
spawning habitat for many marine species, including
valued species such as Pacibc salmonGncorhynchus
spp.), Pacibc herring (Clupea palladi and Dungeness
crab (Metacarcinus magis)eiVe used dynamic simu-
lations in a food web model of central Puget Sound,
Washington, USA developed in the Ecopath with
Ecosim software, to examine how the marine com-
munity may respond to changes in coverage of native
eelgrass gostera maring and how these modeled re-
sponses can be assessed using an ecosystem services
framework, expressing these services with economic
currencies in some cases and biological proxies in
others. Increased eelgrass coverage was most associ-
ated with increases in commercial and recreational
pshing with some small decreases in one non-market
activity, bird watching. When we considered ecosys-
tem service categories that are aggregations of indi-

vidual groups of species, we saw little evidence of
strong tradeoffs among marine resources; that is,
increasing eelgrass coverage was essentially either
positive or neutral for all services we examined, al-
though we did not examine terrestrial activities (for
example, land use) that affect eelgrass coverage.
Within particular service categories, however, we
found cases where the responses to changes in eel-
grass of individual groups of species that provide the
same type of ecosystem service differed both in the
magnitude and in the direction of change. This
emphasizes the care that should be taken in combin-
ing multiple examples of a particular type of ecosys-
tem service into an aggregate measure of that service.

Key words: ecosystem services; habitat restora-
tion; eelgrass restoration; ecosystem models; food
webs; economics.
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| NTRODUCTION

Humans benebt from marine and coastal ecosystems
in numerous direct and indirect ways (Peterson and
Lubchenco 1997; Guerry and others 2011). For
example, people get nutrition from seafood, are
protected from storms by coastal vegetation, and
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enjoy opportunities for recreation and renewal.
Marine systems also provide indirect benebts by
sequestering carbon and playing key roles in regu-
latory processes (for example, Das and Vincent2009;
Dore and others 2009). Benebts derived from natu-
ral systems are broadly characterized as ecosystem
services and can be classibed into four major cate-
gories: provisioning, regulating, cultural, and sup-
porting services (Millennium Ecosystem Assessment
(MEA) 2005). Provisioning services result in the
delivery of goods to people (for example, seafood,
biochemicals), regulating services keep natural
processes in check (for example, erosion and Rood-
ing from storms), cultural services enrich lives (for
example, recreation, sense of place), and supporting
services serve as the foundation for all others (for
example, nutrient cycling, primary productivity).
With growing understanding of both the degrada-
tion of marine and coastal systems and the depen-
dence of people upon them, governments and
leaders around the world recognize that these sys-
tems need to be managed in ways that support sus-
tained ocean productivity for the needs of present
and future generations (Pew Oceans Commission
2003; MEA 2005; Lubchenco and Sutley 2010).
Increasingly, scientists and managers are point-
ing to links between diversity, productivity, and
resilience attributes of marine systems and their
response to human interventions in conserving,
harvesting, and regulating marine ecosystem ser-
vices (Elmqvist and others 2003; Levin and
Lubchenco 2008; Murawski and others 2009;
Brander 2010; Chan and Ruckelshaus 2010). An
ecosystem services approach can highlight where
tradeoffs occur among multiple objectives so that
decisions to resolve those tradeoffs can be made
transparently (Guerry and others 2012). Assess-
ments of tradeoffs among objectives of multiple
management sectors and ecosystem services are
needed to inform more complex cases of ecosys-
tem-based management that can accommodate a
broader suite of actors (Foley and others 2010).
Here, we present an application of an ecosystem
services framework to an ongoing effort to conserve
and restore Puget Sound in Washington State, USA.
The Puget Sound ecosystem is home to 3.8 million
people encompassedin a 42,000-knt basin, including
temperate-latitude lands and rivers from the crests of
the Cascade and Olympic mountains through a deep,
fiord-type estuary to the PaciPc Ocean. The regionOs
marine environment produces basic provisioning
services such as commercial and tribal subsistence
psheries for salmon (Oncorhynchuspp.) and other
Pnbsh species, as well as clam, oyster, crab, and other
shellbsh harvests. It provides regulating services as

global as the carbon cycle, and as local as waste
treatment through the breakdown of polycyclic aro-
matic hydrocarbons (PAHs) and polychlorinated
biphenyls (PCBs) by eelgrass (Huesemann and others
2009). It offers numerous cultural services through
bird and whale watching, recreational bshing, edu-
cational opportunities, and simply the human value
placed on the existence of the regionOs biodiversity.
Puget Sound also provides a rich cultural heritage for
Native American tribes. Underlying all these are basic
supporting services such as primary production and
the provision of habitat and forage for the Pacibc
Northwest icons salmon and orcas (Orcinus orch in
addition to a host of other species. A similarly rich set
of services is provided by the terrestrial and fresh-
water ecosystems (Postel and Carpenterl997; Shvi-
denko and others 2005; Veresmarty and others 2005)
that are linked to Puget Sound.

Using Puget Sound as a case study is motivated by
the regionOs adoption of an ecosystem-based man-
agement approach. The marine waters, habitats, and
species in Puget Sound are showing increasing signs
of stressNkey nearshore habitats are in decline,
iconic taxa such as orca, and Pacibc salmon and
rockbsh species are listed under the Endangered
Species Act, and the Washington State Department
of Health is issuing an increasing number of seafood
consumption advisories and closures in shellbsh
growing areas due to contamination from toxics and
pathogens (Essington and others2012). In response
to these signs of trouble, the Washington State Leg-
islature in 2007 mandated formation of a new State
agency guided by a publicBprivate councilNthe
Puget Sound Partnership (Partnership). The Part-
nershipOs Puget Sound recovery objectives explicitly
include both the biophysical (that is, clean and
ample freshwater, habitats, species) and the human
(that is, human health and well-being) components
of the ecosystem. An ecosystem services approach is,
therefore, at the core of their recovery plan (Puget
Sound Partnership (PSP)2008).

As part of its mandate, the Partnership has devel-
oped ecosystem recovery targets based on a set of
ecosystem indicators. One indicator is the areal
coverage of native eelgrass Zostera maring which
currently spans approximately 23,000 ha across
43% of Puget SoundOs shoreline (Gaeckl@009). The
Partnership has set a target of 120% of the eelgrass
coverage area measured in the period 2000D2008.
Here, we integrate conceptual methods from com-
munity/ecosystem ecology and economics to
explore how changes in ecosystem services may
result from changes in ecosystem structure related to
pursuing this aspect of Puget Sound recovery. In
particular, we use a food web model to assess
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potential changes to ecosystem services that may
result from the attainment of this target and two
other possible future states of eelgrass in central
Puget Sound (halving and doubling of current area).
The underlying operating framework is a multi-
species food web model, which allows us to charac-
terize the infBuence of eelgrass upon the rest of the
system via direct and indirect pathways such as
predatorbprey interactions, bsheries, and habitat
associations. Notably, eelgrass provides refuge hab-
itat for juvenile salmon and young-of-year (YOY)
Dungeness crabs Metacarcinus magisheffor exam-
ple, Simenstad and Fresh 1995; Semmens 2008),
foraging habitat for juvenile salmon (Fresh 2006),
and spawning substrate for Pacibc herring (Clupea
pallasi (Penttila 2007). Inturn, these species interact
with many other species in the marine food web and
are targets of both harvest and conservation. We brst
run a series of model simulations in which alternate
future states of eelgrass areal coverage (degraded or
restored) affect ecosystem structure by driving
changes in the abundance of other organisms in the
food web. We next quantify how these changes in
abundances could change the RBow of ecosystem
services, which are expressed using economic cur-
rencies and, where economic data were not avail-
able, biological proxies. This framework can provide
important insights into efforts such as the Partner-

shipOs in assessing potential changes in ecosystem

service levels from restoration actions as well as
revealing unexpected consequences to and likely
tradeoffs among services.

M ETHODS

Basic Food Web Model Structure and
Eelgrass Effects

We used a food web model of the central basin of
Puget Sound to simulate future states of eelgrass
and potential responses in all functional groups.
The model was developed by Harvey and others
(2010, 2012b) in the Ecopath with Ecosim (EwE)
software, which has been thoroughly described
(Christensen and Walters 2004) and reviewed
(Fulton and others 2003; Plaganyi and Butterworth
2004; Plagenyi 2007). The softwareOs dynamic
module (Ecosim) tracks changes in the food web in
response to perturbations in the system. Biomasses
change as a function of production and losses,
according to a master equation for each group i:
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where B is the biomass,gis the growth efpciency, C
is the consumption rates of all prey j by group i (G)
and of group i by all predators j (G;), | is the
immigration rate, Mo is the mortality not attribut-
able to other model groups, F is the bshing mor-
tality rate, and eis the emigration rate.

The current central Puget Sound model considers
66 biological groups, representing primary pro-
ducers, invertebrates, pshes, birds, marine mam-
mals, and detrital pools. It also includes commercial
and recreational Psheries. The parameters that
underlie equation ( 1) are documented by Harvey
and others (2010, 2012b). A change to the earlier
models was the addition of resident orcas, specib-
cally three pods of the endangered Southern Resi-
dent population that seasonally enter Puget Sound
to feed on migrating salmon. Although their
occupancy of these waters is brief and thus their
food web impact is relatively small (Harvey and
others 2010, 2012b), we added them because of
their substantial cultural importance and value for
ecotourism.

Ecosim dynamics are driven primarily by trophic
interactions. Thus, special functions must be used
to simulate indirect habitat effects derived from the
presence of eelgrass, which is itself a relatively
unimportant source of food (Mumford 2007;
Harvey and others 2010). Ecosim handles these
indirect effects using mediation functions, as de-
scribed below.

In Ecosim, the consumption rate ( Q) of prey i by
predator j is debned as

i Vij Bi
Aij  2vib a Aj B

QY4 P &p
where g; is the rate of effective search fori by j, A;
is the search area in which j forages for i, v; is the
RBow rate of B; between pools that are invulnerable

and vulnerable to j, and P, is the abundance of j in

Ajj (Espinosa-Romero and others 2011). Increasing
a; makes | a more efbcient consumer of i, while v;
controls the rate at which i moves between

OOunavailableOO states, such as in refuges, and

OOavailableOO states, suchjGs foraging habitat
(Christensen and Walters 2004). As v; increases,
control over the predatorbprey relationship shifts

from the prey (OObottom-upO0) to the predator (OOtop-

downOO0). In all cases, we used the; values esti-
mated by Harvey and others (2012b) in a study in
which the model was tuned and calibrated to bt
historic time series data.

Equation (2) can be modiPed by the abundance
of a mediating group (Espinosa-Romero and others
2011), which in our case is eelgrass. Mediating a;;
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means that the intrinsic productivity of predator jis
linked to the biomass dynamics of eelgrass,
whereas mediating v; means that the nature of

trophic control (bottom-up vs. top-down) between

i and j is linked to eelgrass. Mediation multipliers

were scaled so that they are =1 when eelgrass

biomass was at its initial OObaselineO0 density. We

developed a series of hypothetical mediation
effects; because we do not empirically know the
true nature of eelgrass mediation effects on differ-
ent predatorbprey relationships, we assumed linear
functions and examined several contrasting mag-
nitudes (Figure 1; see next section).

Model Simulations

All simulations began at the same initial state, rep-
resenting the food web circa the year 2000 (Harvey
and others 2012b). In each simulation, we pbxed
eelgrass biomass at a constant proportion (0.5, 1.2, or
2.0) of the initial state. These levels represent the
PartnershipOs stated goal of a 20% increase in eel-
grass coverage (Puget Sound Partnership2011) as
well as plausible alternative futures (halving or
doubling eelgrass coverage). We then assumed that
eelgrass would positively mediate v; values for
predatorbprey interactions involving the juvenile
salmon groups and their nearshore prey items (that
is, more top-down control as eelgrass aggregates
prey; Figure 1A); negatively mediate predatorbprey
interactions involving juvenile salmon and YOY
crabs and their nearshore predators (that is, more
bottom-up control as eelgrass increases and provides
refuge; Figure 1B); and positively mediate the g
value for juvenile Pacibc herring (that is, greater
juvenile herring productivity as eelgrass increases

and provides spawning substrate; Figure 1C). These
assumptions are qualitatively consistent with liter-
ature reviews (for example, Mumford 2007,
Ruckelshaus and McClure 2007) and management
documents (for example, PSP2008) on the ways in
which eelgrass coverage benebts juvenile salmon,
Dungeness crabs, and herring.

All simulations ran for 50 model years. For each
eelgrass biomass level (0.5, 1.2, 2.0; thex-axis in
Figure 1), we ran all combinations of mediation
magnitudes (weak, moderate, strong; the y-axis in
Figure 1) on the three sets of mediated species
groups (salmon, crab, and herring). We imposed
the condition that all the three juvenile salmon
groups (wild, hatchery, and pink) used the same
mediation strength in a given scenario (that is,
salmon responses were all strong, all moderate, or
all weak). In total, we ran 81 scenarios, along with
an unperturbed baseline scenario in which all
functional groups, including eelgrass, remained at
initial values. We compiled results from the sce-
narios into radar plots, in which we averaged the
Pnal biomass for each group across all combina-
tions of mediation strength within each eelgrass
manipulation (50% decrease, 20% increase, and
100% increase). In all radar plots, a value of 1
implied no change in biomass, whereas deviations
from 1 represented proportional increase or
decrease by Year 50.

Ecosystem Services Derived from Food
Web Groups

In the context of our food web model, ecosystem
services such as provisioning and cultural services
exist when a biological group is harvested or ben-

Figure 1. Mediation functions entered into Ecosim to affect specibed relationships as a function of eelgrass relative
biomass. Functions were applied to the vulnerability of prey to juvenile salmon ( A), the vulnerability of juvenile salmon
and YOY crab groups to their predators (B), and prey search efpciency for juvenile herring ( C). Model simulations
incorporated functions with strong ( solid line$, moderate (dashed linés or weak (dotted linegsmediation effects.
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Table 1. Ecosystem Services Provided by Puget Sound Food Web Model Functional Groups

Provisioning services
Commercial bshing

Adult lingcod

Adult Pacibc herring*

Adult rockbsh

Age 1+ crabs*

Forage pbsh*

Geoducks*

Infaunal bivalves*
Cultural services
Recreational bshing

Adult lingcod*

Adult Pacibc herring*

Adult rockpsh*

Age 1+ crabs*

Demersal bsh*

Forage bsh

Infaunal bivalves*
Bird watching

Bald eagles

Gulls
Marine mammal watching

Harbor seals
Existence value

Adult rockpsh

Juvenile rockbsh
Supporting services

Juvenile Pacibc herring*
Large sea cucumbers*
Octopus

Pacibc cod

Shrimp*

Skates*

Spiny dogbsh*

Mussels
Pacibc cod
Piscivorous RatpPsh*
Shrimp*
Skates
Small-mouthed Ratbsh*
Spiny dogbsh*

Herbivorous birds
Migratory diving birds

Resident orcas

Subadult wild salmon
Juvenile wild salmon

Squid
Subadult hatchery salmon*
Subadult pink salmon*
Subadult wild salmon*
Urchins

Squid

Subadult hatchery salmon*
Subadult pink salmon*
Subadult wild salmon*

Surf perches*

Walleye pollock

Nearshore diving birds
Resident diving birds
Sea lions

Pacibc cod
Pacibc hake

Benthic invertebrates: barnacles, deposit feeders, other grazers, predatory gastropods, sea stars, small crustaceans, soft

infauna, suspension feeders, tunicates, YOY crabs

Fishes: juvenile hatchery salmon, juvenile lingcod, juvenile pacibc herring, juvenile pink salmon, juvenile rockbsh,

juvenile wild salmon, ratbsh

Microbial and detrital pools: algal/plant material, bacteria, detritus, salmon carcasses
Pelagic zooplankton: copepods, euphausiids, jellybsh, macrozooplankton, microzooplankton, small gelatinous zooplank-

ton

Primary producers: benthic macroalgae, benthic microalgae, eelgrass, overstory kelp, phytoplankton

Criteria for assignment

(1) Commercial bshing: group has one or more species that are commercially harvested in central Puget Sound (PacFIN unpublished data, 200592009)
(2) Recreational bshing: group has one or more species that are recreationally harvested in central Puget Sound (RecFIN unpublished data, 200552009
(3) Bird watching: group has one or more species that are included in Birds in Washington State: a county comparison (Washingédr)Boedeentral Puget Sound

counties
(4) Marine mammal watching: all marine mammal groups are included

(5) Existence value: group has one or more species that are listed under the Endangered Species Act (Code of Federal Reg@0OEgmrsp(@teR)ed by the Marine

Mammal Protection Act (which covers all marine mammals)

(6) Supporting services: groups included based on their ecological function within the food web

* Group has signibcant harvest (L mt of total harvest for 200592009).

ebts humans in other ways. This benebt can also be
an indirect, supporting service, as it is for groups
that are not harvested but are prey for groups that
are harvested. Using criteria based on this general
approach, we assigned each of the modelOs 66 bio-
logical groups to one or more broad categories of
ecosystem service: provisioning, cultural, and sup-
porting (Table 1). Although groups that provide
supporting services play important roles in their
connections to other groups, the values of their

services are refRected in the values of groups they
support and that provide services directly (Boyd
and Banzhaf 2007). Although these supporting
service values can be estimated in our framework,
reporting them alongside the values of the other
services leads to double-counting, and so we do not
consider them further.

Thirty-seven groups provide services of either
provisioning or cultural value. We specibcally
considered one type of provisioning service
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(commercial bshing) and four types of cultural
service (recreational bshing, bird watching, marine
mammal watching, and existence value). A func-
tional group can be placed in more than one type or
category of ecosystem service. For example,
hatchery salmon are harvested both commercially
(a provisioning service) and recreationally (a cul-
tural service). A change in the biomass of hatchery
salmon thus can change the Bow of both of these
services. Wild salmon are harvested in both types of
bsheries, and they also have signibcant iconic or
existence value (a cultural service) (Wallmo and
Lew 2011). These different services are often
compatible but can, in some cases, conf3ict. Com-
mercial and recreational harvests are compatible
with existence values, for example, as long as
harvest rates are not so high that they threaten the
viability of the species.

The quantity and value of an ecosystem service
type are related to the size of a functional groupOs
biomass in different ways. For commercial Psheries,
there is a market for the harvest of the biomass, and
the quantity and value can be measured directly
with market data. In other cases, the service takes
the form of an activity that interacts with the spe-
cies groups, either through non-market harvest (for
example, recreational bPshing) or observation (for
example, bird and marine mammal watching). In
these cases, the biomass is one component of the
activityOs OOqualityOO (Bockstael and otH060;
Freeman 2003; McConnell and Bockstael 2005),
but assessing the quantity and value of the service
is more difbcult because data are typically hard to
obtain for these types of activities. Finally, exis-
tence value is a passive ecosystem service value, as
it does not depend on any activity and so has a
direct relation to the functional groupOs biomass
(Freeman 2003).

We calculated the amount and value of each
ecosystem service as described below.

Commercial and Recreational Fishing

We brst assigned all harvested species to their
appropriate functional groups, using data on com-
mercial harvest (Pacibc Fisheries Information Net-
work (PacFIN), unpublished data; pacbn.psmfc.org/
) and recreational harvest (Recreational Fisheries
Information Network (RecFIN), unpublished data;
www.recbn.org ) for central Puget Sound. We then
identibed which groups had signibcant aggregate
harvest (> 1 mt of total harvest for 200552009;
Table 1); we dropped groups that did not meet this
threshold from further analysis. Ecosim applies
specibc commercial and recreational harvest rates to

each functional group, with rates for non-harvested
groups equal to zero. We used the modeled amount
of harvest (mt/y) as the measure of the quantity of
each of these ecosystem services.

To assess the economic value for commercial
bshing, we used data on commercial harvest
ex-vessel revenue (PacFIN, unpublished data) and
net revenue margins (Lian 2012). We calculated a
per unit gross economic value of harvest ($/mt) by
dividing the ex-vessel revenue (the quantity of bsh
landed by commercial Pshermen multiplied by the
average price received at the brst point of sale) by
the harvest quantity (as recorded in the PacFIN
data) for all species in each group. To estimate a net
economic value (gross revenue minus harvest
costs), we used 2005D2006 harvesting cost data
from a survey of crabbing and salmon bshing on
the Pacibc West Coast (Lian2012) to obtain net
revenue margins (net revenue as a percentage of
gross revenue) for salmon and crab harvests (44.5
and 60.2%, respectively). For other bsheries where
no cost data exist, we were not able to estimate a
net revenue margin, and so we chose a percentage,
50%, within the range for salmon and crab harvest.
For each group, we then multiplied the gross eco-
nomic value by the corresponding margin to get an
estimate of the net economic value of commercial
pshing harvest ($/mt; Table 2). In calculating the
total commercial harvest ecosystem service value,
we assume that changes in biomass do not affect
harvest costs and that changes in harvest levels do
not change ex-vessel prices.

To assess the value of recreational bshing, we
used data on daily catch rates (RecFIN, unpub-
lished data), annual days of recreational Pshing
(RecFIN, unpublished data), and estimates of the
willingness to pay (WTP) for changes in recrea-
tional catch rates for some species using data from a
recreational bshing survey conducted in Washing-
ton (NWFSC, unpublished data). We estimated the
WTP for changes in catch rates using angler
responses to survey questions that elicit saltwater
Pshing trip choices as a function of catch rates, bag
limits, and Pbshing costs (NWFSC, unpublished
data). This model covers recreational bshing in
Puget Sound and coastal Washington marine
waters. We translated % changes in the biomass of
recreational Psh species in central Puget Sound into
equivalent % changes in their catch rates, which is
further translated into changes in WTP by the
model; WTP per trip as well as the total number of
trips taken in central Puget Sound increase as catch
rates increase. The economic value of recreational
pshing is then the product of the WTP for a change
in catch on an individual trip and the expected
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Table 2.

Gross and Net Economic Values for Functional Groups with SignibPcant Commercial Harvest

Commercial harvest functional group

Ex-vessel gross
revenue ($/mt)

Net economic
value ($/mt)

Margin (%)

Adult Pacibc herring $843
Age 1+ crab $5,794
Forage psh $884
Geoducks $8,154
Infaunal bivalves $3,590
Juvenile Pacibc herring $843
Large sea cucumbers $4,342
Shrimp $9,293
Skates $197
Spiny dogbsh $482
Subadult hatchery salmon $1,686
Subadult pink salmon $449
Subadult wild salmon $2,837

50.0 $422
60.2 $3,488
50.0 $442
50.0 $4,077
50.0 $1,795
50.0 $422
50.0 $2,171
50.0 $4,647
50.0 $99
50.0 $241
44.5 $750
44.5 $200
44.5 $1,263

number of trips for each scenario. Because the
model does not cover all groups with signibcant
recreational harvest, we assigned a zero dollar
value to changes in biomass of the recreational
bshing groups that lacked WTP data. Omitting the
values of these groups results in an underestimate
of the total value of this ecosystem service when
measured with an economic metric.

Bird Watching and Marine Mammal Watching

For wildlife-viewing activities, the quantity of the
service is properly measured in terms of days of the
activity. Although we posit a positive relation
between this measure and a biological groupOs
biomass, we cannot express the quantity of these
services as a simple proportion of the biomass as we
can for commercial harvest. Because we lack data
on the economic value of bird and whale watching,
no estimates of the ecosystem service values in
monetary terms are possible. For that reason, we
used aggregate biomasses (mt) of the bird groups
and marine mammal groups as proxy metrics for
ecosystem service quantities and values for bird
watching and marine mammal watching, respec-
tively. For each of these services, if all groups had
identical economic values per unit of biomass, the
aggregate biomass metric would be perfectly cor-
related with the aggregate economic value of the
groups. Thus, using a biological metric as a proxy
for economic value adopts this as an assumption.

Existence Value

In some ways, existence value is ubiquitous, in that
it can be attached to any distinct entity, even an
individual animal or plant. Here, we restricted our

focus to species that have an ofbcial designation
that is related to their ongoing or potential
endangerment. We used the Federal Endangered
Species Act (ESA) and the Marine Mammal Pro-
tection Act (MMPA) as the sources for these des-
ignations. If a functional group has one or more
species listed under these acts or is designated as a
species of concern (in the case of the ESA), we
attributed existence value to that group.

Because we lack economic data on these values
for Puget Sound, we again used the proxy metric of
aggregate biomass (mt) of all such functional
groups, again assuming that the groups (and the
individual species within that group) have identical
economic values on a per unit of biomass basis. We
also assumed that the changes in biomass explored
in this study are insufbcient to trigger a change in
the ofbcial status of the species in the group.

REsuLTs
Ecological Responses to Eelgrass Changes

As a general overview of model behavior, we
present three examples of output from the 81 sce-
narios examined (Figure 2). Initial results showed
that salmon groups were most sensitive to changes
in eelgrass, and that crabs and herring had com-
parable responses. Figure2APC thus shows outputs
from scenarios with weak mediation on juvenile
salmon groups and strong mediation on both YOY
crabs and juvenile herring, to present examples
with comparable response magnitudes among the
mediated groups.

The sign and magnitude of the change in eelgrass
had a marked inBuence on model food web
response. A 50% decrease in eelgrass led to declines
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in the mediated groups as well as many other
functional groups through direct pathways (for
example, herbivorous birds, which consume eel-
grass) or indirect trophic pathways (for example,
rockpsh, which prey on herring and crabs). In
contrast, some groups increased due to relaxed
predation or competitive pressures (Figure 2A). A
20% increase in eelgrass caused widespread chan-
ges, typically positive in sign, but with a lower
overall magnitude (Figure 2B). Finally, a 100%
increase in eelgrass caused changes in far more
groupsNincreases in mediated groups as well as
other consumers via direct and indirect pathways,
and declines in many of their prey groups or

Figure 2. Output from
scenarios of the central
Puget Sound food web
model, driven by changes
in eelgrass biomass of

- 50% (A), +20% (B), or
+100% (C). Lines
represent biomass
(relative to Year 0) of the
66 functional groups in
the food web; groups that
changed by at least 10%
in year 50 are labeled and
signibed by black lines

competitors (Figure 2C). These patterns were con-
sistent across other combinations of mediation
strengths.

For the sake of brevity, we limited the radar plots
of model outputs to 34 functional groups that
represent mediated groups, marine mammals, sea-
birds, predatory bshes, and abundant func-
tional groups at middle and lower trophic levels
(Figure 3). As expected, mediated groups (salmon,
crabs, and herring) responded positively to
increases in eelgrass coverage (Figur&A). The
response was strongest in pink salmon (Oncorhynchus
gorbuschp and was also strong in wild salmon (that
is, Chinook O. tshawytschachum O. keta and coho
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salmon O. kisutchof natural origin). On average,
pink salmon more than doubled when eelgrass
biomass doubled, indicative of complex indirect food
web effects that benebtted the pink salmon popu-
lation at the highest levels of eelgrass.

In the upper trophic levels, the strongest
responses were in the bird community (Figure 3B).

Herbivorous birds responded strongly to changes in
eelgrass, which they feed on directly. Bald eagle
(Haliaeetus leucocephdlus biomass responded
strongly to eelgrass through indirect means, most
likely due to increases in salmon biomass, an
important food supply (Harvey and others 2010,
2012b). Through heavy predation pressure, bald

Figure 3. Radar plots
showing the average
change in relative
biomass of 34 key
functional groups in
response to changes in
eelgrass biomass in the
central Puget Sound food
web model. A Groups
mediated by eelgrass,B
seabird groups, C top
predators, D other bsh
groups, E invertebrates
and phytoplankton.
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eagles depressed populations of seabirds, particu-
larly gulls and resident diving birds (see Harvey and
others 2012a). Among other top predators (trophic
level > 4), average responses were more muted
(Figure 3C). Marine mammals, especially sea lions,
responded positively to increased eelgrass biomass,
due to increases in prey resources such as salmon,
herring, and other bsh populations that indirectly
benebtted from increased eelgrass. Of the predatory
bshes, spiny dogbsh Squalus suckleyiand Pacibc
cod (Gadus macrocephajushad a mild positive
response to increasing eelgrass, whereas adult
lingcod (Ophiodon elongatyisxhibited little change
(< 2%) on average.

Other bsh groups and lower trophic levels were
less responsive to food web changes brought about
by eelgrass mediation. Of the other bsh groups
(Figure 3D), piscivorous [Ratbsh were most
responsive on average, and responded negatively to
increased eelgrass because of build-ups of preda
tors; the same was true of small-mouthed Ratbsh
and Pacibc hake Merluccius productysa species of
note because its population in Puget Sound has
declined dramatically over the past several decades
(Gustafson and others 2000). Non-herring forage
bsh also declined as eelgrass increased, due to eel-
grass-mediated increases in competitors (Pacibc
herring, juvenile salmon) and predators. Other
abundant bottom-dwelling Pshes, such as ratbsh
(Hydrolagus colli¢iand an aggregated group of small
demersal bshes, showed little response € 10%
changes in bnal biomass). On average, inverte-
brates in benthic and pelagic habitats did not re-
spond substantially (< 5% changes in Pnal
biomass) to even large changes in eelgrass, nor did
phytoplankton (Figure 3E).

Ecosystem Service Responses

Using an ecosystem service framework, we win-
nowed the food web model results down to eco-
system components that have direct human value
and, where possible and appropriate, used a com-
mon monetary metric to compare changes in their

values. For the bve services we examined, all but
oneNbird watchingNresponded positively to

changes in eelgrass when measured with a physical
metric (mt/km 2) (Figure 4A). In physical terms,
both commercial and recreational harvest and the
biomass of the functional groups with existence
value (mainly driven by changes in salmon)

responded most strongly, marine mammals
responded weakly (but still positively), whereas

birds responded negatively (though weakly). For
the harvest services, switching from a physical

metric to a monetary metric did not change the
direction of the response but did change its relative
strength for recreational pPshing (Figure 4B). The
relative insensitivity of recreational harvest in
monetary terms ref3ects the fact that its value is
based on a willingness to pay (WTP) for an expe-
rience (a bshing trip) whose value is determined by
many components, only one of which is the bio-
mass of bsh caught. As expected, commercial har-
vest value was more proportionately correlated
with total biomass harvested.

Because existence value, marine mammal
watching, and bird watching can only be measured
in biological metrics given available data, we can-
not draw conclusions with certainty about the
overall change in the economic values of these
ecosystem services. The slight negative change in
the biomass of the species groups that constitute
the bird watching service (Figure 4) relRects the
bald eagle-driven decrease in most seabird groups,
and suggests there may be some tradeoff among
ecosystem services, however small, from increasing
the amount of eelgrass in central Puget Sound.

DiscussioN

Our ecological and economic modeling demon-
strates the potential for habitat extent to inBuence
broad community dynamics and thereby affect the
Row of ecosystem services from the species in a
marine ecosystem. The habitat mediation effects
imposed on the juvenile salmon, juvenile herring
and YOY crab groups clearly inBuenced those
model groups. Salmon were particularly sensitive,
possibly because they spend much of their life
histories outside of Puget Sound, and thus are less
constrained by internal food web dynamics com-
pared to crabs and herring (Harvey and others
2010, 2012b). The especially strong pink salmon
response may be due in part to their inherently
high production rate compared to other mediated
groups (Harvey and others 2012b). The effects of
habitat mediation extended to other groups via
trophic pathways, some of which were quite com-
plex. For example, increasing juvenile salmon led
to greater numbers of subadult salmon; the salmon
and their carcasses supported a larger population of
bald eagles, which in turn depressed the popula-
tions of several seabird groups and may have
relaxed predation pressure on Pbsh and other
organisms preyed upon by those seabirds. Higher
trophic level groups that have close trophic links to
salmon, crabs and herring experienced strong
responses to simulated changes in eelgrass; in
contrast, species groups at lower trophic levels were
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less sensitive. Such groups (for example, copepods,
small benthic crustaceans, bivalves, small demersal
bshes) are widely distributed species aggregates
with high productivity rates (Harvey and others
2010, 2012b), characteristics that made them
resilient to changes in the nearshore food web.
Although changes in eelgrass coverage likely would
have impacts on lower trophic levels at local scales,
that did not appear to be the case at the scale
modeled here.

It is important to stress that the mediation
functions we used to relate change in eelgrass to
change in species biomass were purely hypotheti-
cal, in terms of their signs, shapes, and strengths.
We use these results to demonstrate the potential
effects of habitat extent on both food web structure
and ecosystem services. Our assumption is that
increasing eelgrass habitat will support greater
production of juvenile salmon, juvenile crab, and
herring through provision of prey, refuge, and/or
spawning substrate. This assumption is consistent
with conclusions from multiple literature sources
(for example, Simenstad and Fresh 1995; Fresh
2006; Mumford 2007; Ruckelshaus and McClure

Figure 4. Radar plots
showing the average
change in A ecosystem
service quantities and B
values in response to
changes in eelgrass
biomass in the central
Puget Sound food web
model for Pve ecosystems
services.

2007; Semmens 2008). Because we know of no
quantitative functional response estimates, how-
ever, we chose simple linear functions with highly
contrasting slopes in hopes of producing plausible
upper and lower bounds for system responses.
Thus, the pronounced changes elicited by habitat
mediation argue for empirical or experimental
studies to quantify the nature of habitat mediation
in nearshore marine ecosystems.

Using an ecosystem services framework, our
results show that the values of most services are
positively linked to changes in eelgrass area. In a
decision context, the one discordant result of
declines in bird watching can be explicitly weighed
against the likely increases in the four other service
categories. This kind of information gives man-
agement bodies such as the Partnership a method
for clearly illustrating the potential tradeoffs
inherent in ecosystem-based management and
facilitates a transparent resolution of such conficts.

The lack of an economic value metric for three of
the services qualibes these conclusions in impor-
tant ways. Using an aggregated biological metric as
a proxy for aggregate economic value presumes, as
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noted above, that the individual groups being
aggregated have identical economic values per unit
of biomass. Commercial bshing illustrates how this
assumption may be violated (Table 3). Among
functional groups with signibpcant levels of com-
mercial harvest, the three salmon groups account
for 68.6% of the initial biomass, whereas geoducks
(Panopea genergsaaccount for 17.8%, herring
8.2%, and crab 2.3%. In terms of economic value,
however, these rankings change, with geoducks
accounting for 43.7% of the total value, salmon
39.0%, crab 4.9%, and herring 2.2%. Aggregate
biomass, then, may not be a strong proxy for
changes in economic value and may even produce
misleading signals of the direction of change. For
example, the biomasses of individual functional
groups within the bird watching group responded
differently to changes in eelgrass, both in direction
and in magnitude (Figure 3B). Herbivorous birds
(such as Canada geeséBranta canadensjsand bald
eagles responded positively and strongly to changes
in eelgrass, whereas resident diving birds (such as
cormorants Phalacrocorazpp.) and gulls exhibited a
strong negative response. With sufpbciently high
values attached to the latter two groups, the bio-
logical measure of the bird watching service could
increase while the economic measure could
decrease.

Our results also illustrate the importance of dis-
tinguishing the total value of an ecosystem service
from its incremental value, or the change in value
that occurs when an ecosystem element (in this
case, eelgrass) changes. Although the total value of
one or more ecosystem services is often used to
make the case for the importance of natural

systems (Anielski and Wilson 2009; Beaumont and
others 2008; Costanza and others1997), estimating
their incremental values is more relevant for eco-
system-based management because it provides
policy makers with more meaningful comparisons
across alternatives (National Research Council
(NRC) 2004; Guerry and others 2012). Among our
results, the following example illustrates these dif-
ferences.

For functional groups with signibcant levels of
commercial harvest, the salmon groups ($3,045/
km?) and geoducks ($2,840/km?) have the highest
total values under the baseline eelgrass conditions
(Table 4). Changes in eelgrass, however, produce
signibcant changes in the value of the salmon
groups but relatively small changes in the value of
geoducks. Similarly, whereas the total geoduck
value under baseline conditions is almost ten times
that of crabs, the incremental value of eelgrass
changes for the latter ranges between 2.0 and 5.5
times that for the former across the three scenarios.
Thus, if a manager used total economic values of
geoducks, salmon, or crabs to target investments in
eelgrass restoration or protection, the return on
investment for eelgrass improvements would be
lower than if they used the incremental values
reported here. These results stem from the stronger
connection between eelgrass and the mediated
species, and so illustrate the importance of identi-
fying the ecological links among the species groups,
which allow estimation of how their values will
change under different scenarios.

Finally, it is interesting to examine these results
in light of the PartnershipOs consideration of eel-
grass and ecosystem services. In choosing 120% of

Table 3. Proportion of Total Commercial Harvest Ecosystem Service Value Provided by Functional Groups
with Signibcant Commercial Harvest, by Weight and Dollar Value

Commercial harvest
functional group

Proportion of commercial Pshing ecosystem service by

Weight % (mt) Value % ($)
Adult Pacibc herring 0.5 0.1
Age 1+ crab 2.3 4.9
Forage bsh 0.2 0.1
Geoducks 17.8 43.7
Infaunal bivalves 0.9 0.9
Juvenile Pacibc herring 7.7 2.0
Large sea cucumbers 0.5 0.7
Shrimp 0.2 0.7
Skates 0.0 0.0
Spiny dogbsh 1.2 0.2
Subadult hatchery salmon 17.3 7.8
Subadult pink salmon 0.1 0.0

Subadult wild salmon

51.2 39.0
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Table 4.
Eelgrass Scenarios

Total and Incremental Values for Functional Groups with Signibcant Commercial Harvest across

Commercial harvest functional group Total commercial

harvest net value ($/km ?)
(eelgrass at baseline)

Incremental commercial net value ($/km ?)

Eelgrass
reduced 50%

Eelgrass
increased 20%

Eelgrass
increased 100%

Adult and juvenile Pacibc herring $135

Age 1 + crab $317
Geoducks $2,840
Other groups $166

Subadult hatchery, pink, and wild salmon $3,045

- $13 $3 $14
- $36 $15 $68
- $18 $4 $12
- $2 $0 $2

- $746 $316 $1,747

Other groups include forage Psh, infaunal bivalves, large sea cucumbers, shrimp, skates, and spiny dogbsh.

current cover as their target for eelgrass area, the
Partnership considered two other options: no
change in the area of eelgrass and a target of a
100% increase (doubling) relative to the 2000D
2008 area. For each option, the Partnership was
presented with an informal assessment of how the
levels of ecosystem services associated with eelgrass
would respond to achieving the target (Puget
Sound Partnership 2010). The informal assessment
estimated that a stable area would maintain current
levels; a 20% increase would provide a OOmodestOd
increase over current levels; and a 100% increase
would provide an OOapproximate doubling®0 of cur-
rent ecosystem service levels. For our scenarios, we
found that the responses of the ecosystem services
varied both in magnitude and in direction.
Although uncertainty about eelgrassOs mediation
effects makes quantitative conclusions problematic,
we note that our scenario in which eelgrass bio-
mass doubles produced relatively strong increases
in three ecosystem services, one relatively weak
increase, and one decrease (Figure4). This under-
scores the importance of focusing on individual
services and, as illustrated by the varied response of
individual bird groups within the bird watching
ecosystem service, even individual components
within a particular service. The approach used here
also illustrates the importance of coupling ecologi-
cal and economic models in highlighting likely
responses that are not easy to discern using expert
judgment.

CONCLUSIONS

Direct and indirect ecological consequences of in-
creases in nearshore habitats such as eelgrass lead
to greater biomass of many invertebrate, bsh, and
bird species that depend on those habitats for ref-
uge or food. The food web modeling approach we
used also illuminated a few unexpected species

changes; most strikingly, decreases in some forage
psh and bird species due to competition or changes
in predatorbprey dynamics. These results illustrate
the value of food web models that can account for
greater complexities in speciesbhabitat interactions
than the intuition of even the most experienced
scientists. Combining habitatbfood web models
with economic models provides further evidence of
the dangers of relying solely on expert judgment to
predict changes in benebts RBowing from ecosys-
tems under different conditions. Quantitatively
estimating how marginal changes in foundational
nearshore species such as eelgrass give rise to
changes in ecosystem service values offers impor-
tant insights into likely responses of these ecosys-
tems to protection or restoration interventions.
Using basic ecological and economic models can
provide critical logical checks for decision makers
concerned about understanding trade-offs in
investments, regulatory, or other management
interventions aimed at recovering ecosystems.
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