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ABSTRACT

Eelgrass beds provide valuable refuge, foraging, and

spawning habitat for many marine species, including

valued species such as Pacific salmon (Oncorhynchus

spp.), Pacific herring (Clupea pallasi), and Dungeness

crab (Metacarcinus magister). We 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-

munitymay respond to changes in coverage of native

eelgrass (Zostera marina), 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

fishing 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 aggregatemeasure of that service.

Key words: ecosystem services; habitat restora-

tion; eelgrass restoration; ecosystem models; food

webs; economics.

INTRODUCTION

Humans benefit frommarine 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 benefits by

sequestering carbon and playing key roles in regu-

latory processes (for example,Das andVincent 2009;

Dore and others 2009). Benefits derived from natu-

ral systems are broadly characterized as ecosystem

services and can be classified into four major cate-

gories: provisioning, regulating, cultural, and sup-

porting services (MillenniumEcosystemAssessment

(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 flood-

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

peopleencompassed ina42,000-km2basin, including

temperate-latitude lands and rivers from the crests of

the Cascade and Olympicmountains through a deep,

fjord-type estuary to the Pacific Ocean. The region’s

marine environment produces basic provisioning

services such as commercial and tribal subsistence

fisheries for salmon (Oncorhynchus spp.) and other

finfish species, aswell as clam, oyster, crab, and other

shellfish 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 fishing, edu-

cational opportunities, and simply the human value

placed on the existence of the region’s biodiversity.

Puget Sound also provides a rich cultural heritage for

NativeAmerican tribes. Underlying all these are basic

supporting services such as primary production and

the provision of habitat and forage for the Pacific

Northwest icons salmon and orcas (Orcinus orca), 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 Carpenter 1997; Shvi-

denko and others 2005; Vörösmarty and others 2005)

that are linked to Puget Sound.

Using Puget Sound as a case study is motivated by

the region’s adoption of an ecosystem-based man-

agement approach. Themarinewaters, habitats, and

species in Puget Sound are showing increasing signs

of stress—key nearshore habitats are in decline,

iconic taxa such as orca, and Pacific salmon and

rockfish 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 shellfish

growing areas due to contamination from toxics and

pathogens (Essington and others 2012). In response

to these signs of trouble, the Washington State Leg-

islature in 2007 mandated formation of a new State

agency guided by a public–private council—the

Puget Sound Partnership (Partnership). The Part-

nership’s 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 marina), which

currently spans approximately 23,000 ha across

43%of Puget Sound’s shoreline (Gaeckle 2009). The

Partnership has set a target of 120% of the eelgrass

coverage area measured in the period 2000–2008.

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 influence of eelgrass upon the rest of the

system via direct and indirect pathways such as

predator–prey interactions, fisheries, and habitat

associations. Notably, eelgrass provides refuge hab-

itat for juvenile salmon and young-of-year (YOY)

Dungeness crabs (Metacarcinus magister) (for exam-

ple, Simenstad and Fresh 1995; Semmens 2008),

foraging habitat for juvenile salmon (Fresh 2006),

and spawning substrate for Pacific herring (Clupea

pallasi) (Penttila 2007). In turn, these species interact

withmany other species in themarine foodweb and

are targets of both harvest and conservation.Wefirst

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 flow 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-

ship’s in assessing potential changes in ecosystem

service levels from restoration actions as well as

revealing unexpected consequences to and likely

tradeoffs among services.

METHODS

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; Plagányi and Butterworth

2004; Plagányi 2007). The software’s 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:

dBi

dt
¼ gi �

X

j

Cji ÿ
X

j

Cij þ Ii ÿ ðMoi þ Fi þ eiÞ � Bi;

ð1Þ

where B is the biomass, g is the growth efficiency, C

is the consumption rates of all prey j by group i (Cji)

and of group i by all predators j (Cij), I is the

immigration rate, Mo is the mortality not attribut-

able to other model groups, F is the fishing mor-

tality rate, and e is the emigration rate.

The current central Puget Sound model considers

66 biological groups, representing primary pro-

ducers, invertebrates, fishes, birds, marine mam-

mals, and detrital pools. It also includes commercial

and recreational fisheries. 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, specifi-

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 defined as

Q ¼
aij

Aij

� �

�
vij � Bi

2vij þ aij
�

Aij � Pj
ÿ � � Pj ð2Þ

where aij is the rate of effective search for i by j, Aij

is the search area in which j forages for i, vij is the

flow rate of Bi between pools that are invulnerable

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

Aij (Espinosa-Romero and others 2011). Increasing

aij makes j a more efficient consumer of i, while vij
controls the rate at which i moves between

‘‘unavailable’’ states, such as in refuges, and

‘‘available’’ states, such as j’s foraging habitat

(Christensen and Walters 2004). As vij increases,

control over the predator–prey relationship shifts

from the prey (‘‘bottom-up’’) to the predator (‘‘top-

down’’). In all cases, we used the vij values esti-

mated by Harvey and others (2012b) in a study in

which the model was tuned and calibrated to fit

historic time series data.

Equation (2) can be modified by the abundance

of a mediating group (Espinosa-Romero and others

2011), which in our case is eelgrass. Mediating aij
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means that the intrinsic productivity of predator j is

linked to the biomass dynamics of eelgrass,

whereas mediating vij 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 ‘‘baseline’’ 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 predator–prey 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 fixed

eelgrass biomass at a constant proportion (0.5, 1.2, or

2.0) of the initial state. These levels represent the

Partnership’s stated goal of a 20% increase in eel-

grass coverage (Puget Sound Partnership 2011) as

well as plausible alternative futures (halving or

doubling eelgrass coverage). We then assumed that

eelgrass would positively mediate vij values for

predator–prey 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 predator–prey

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 aij
value for juvenile Pacific 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, PSP 2008) on the ways in

which eelgrass coverage benefits juvenile salmon,

Dungeness crabs, and herring.

All simulations ran for 50 model years. For each

eelgrass biomass level (0.5, 1.2, 2.0; the x-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

final 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 specified 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 efficiency for juvenile herring (C). Model simulations

incorporated functions with strong (solid lines), moderate (dashed lines), or weak (dotted lines) mediation effects.
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efits humans in other ways. This benefit 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 model’s 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 reflected 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 specifically

considered one type of provisioning service

Table 1. Ecosystem Services Provided by Puget Sound Food Web Model Functional Groups

Provisioning services

Commercial fishing

Adult lingcod Juvenile Pacific herring* Squid

Adult Pacific herring* Large sea cucumbers* Subadult hatchery salmon*

Adult rockfish Octopus Subadult pink salmon*

Age 1+ crabs* Pacific cod Subadult wild salmon*

Forage fish* Shrimp* Urchins

Geoducks* Skates*

Infaunal bivalves* Spiny dogfish*

Cultural services

Recreational fishing

Adult lingcod* Mussels Squid

Adult Pacific herring* Pacific cod Subadult hatchery salmon*

Adult rockfish* Piscivorous flatfish* Subadult pink salmon*

Age 1+ crabs* Shrimp* Subadult wild salmon*

Demersal fish* Skates Surf perches*

Forage fish Small-mouthed flatfish* Walleye pollock

Infaunal bivalves* Spiny dogfish*

Bird watching

Bald eagles Herbivorous birds Nearshore diving birds

Gulls Migratory diving birds Resident diving birds

Marine mammal watching

Harbor seals Resident orcas Sea lions

Existence value

Adult rockfish Subadult wild salmon Pacific cod

Juvenile rockfish Juvenile wild salmon Pacific hake

Supporting services

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 pacific herring, juvenile pink salmon, juvenile rockfish,

juvenile wild salmon, ratfish

Microbial and detrital pools: algal/plant material, bacteria, detritus, salmon carcasses

Pelagic zooplankton: copepods, euphausiids, jellyfish, macrozooplankton, microzooplankton, small gelatinous zooplank-

ton

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

Criteria for assignment
(1) Commercial fishing: group has one or more species that are commercially harvested in central Puget Sound (PacFIN unpublished data, 2005–2009)
(2) Recreational fishing: group has one or more species that are recreationally harvested in central Puget Sound (RecFIN unpublished data, 2005–2009)
(3) Bird watching: group has one or more species that are included in Birds in Washington State: a county comparison (Washington Birder 2011) for central 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 Regulations (CFR) 2012) or protected 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 significant harvest (>1 mt of total harvest for 2005–2009).
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(commercial fishing) and four types of cultural

service (recreational fishing, 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 flow of both of these

services. Wild salmon are harvested in both types of

fisheries, and they also have significant iconic or

existence value (a cultural service) (Wallmo and

Lew 2011). These different services are often

compatible but can, in some cases, conflict. 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 group’s

biomass in different ways. For commercial fisheries,

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 fishing) or observation (for

example, bird and marine mammal watching). In

these cases, the biomass is one component of the

activity’s ‘‘quality’’ (Bockstael and others 2000;

Freeman 2003; McConnell and Bockstael 2005),

but assessing the quantity and value of the service

is more difficult 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 group’s biomass

(Freeman 2003).

We calculated the amount and value of each

ecosystem service as described below.

Commercial and Recreational Fishing

We first assigned all harvested species to their

appropriate functional groups, using data on com-

mercial harvest (Pacific Fisheries Information Net-

work (PacFIN), unpublished data; pacfin.psmfc.org/

) and recreational harvest (Recreational Fisheries

Information Network (RecFIN), unpublished data;

www.recfin.org) for central Puget Sound. We then

identified which groups had significant aggregate

harvest (>1 mt of total harvest for 2005–2009;

Table 1); we dropped groups that did not meet this

threshold from further analysis. Ecosim applies

specific 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

fishing, 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 fish

landed by commercial fishermen multiplied by the

average price received at the first 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 2005–2006 harvesting cost data

from a survey of crabbing and salmon fishing on

the Pacific West Coast (Lian 2012) 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 fisheries 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

fishing 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 fishing, we

used data on daily catch rates (RecFIN, unpub-

lished data), annual days of recreational fishing

(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 fishing 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

fishing trip choices as a function of catch rates, bag

limits, and fishing costs (NWFSC, unpublished

data). This model covers recreational fishing in

Puget Sound and coastal Washington marine

waters. We translated % changes in the biomass of

recreational fish 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

fishing is then the product of the WTP for a change

in catch on an individual trip and the expected
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number of trips for each scenario. Because the

model does not cover all groups with significant

recreational harvest, we assigned a zero dollar

value to changes in biomass of the recreational

fishing 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 group’s

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 official 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 insufficient to trigger a change in

the official 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. Figure 2A–C 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 influence on model food web

response. A 50% decrease in eelgrass led to declines

Table 2. Gross and Net Economic Values for Functional Groups with Significant Commercial Harvest

Commercial harvest functional group Ex-vessel gross

revenue ($/mt)

Margin (%) Net economic

value ($/mt)

Adult Pacific herring $843 50.0 $422

Age 1+ crab $5,794 60.2 $3,488

Forage fish $884 50.0 $442

Geoducks $8,154 50.0 $4,077

Infaunal bivalves $3,590 50.0 $1,795

Juvenile Pacific herring $843 50.0 $422

Large sea cucumbers $4,342 50.0 $2,171

Shrimp $9,293 50.0 $4,647

Skates $197 50.0 $99

Spiny dogfish $482 50.0 $241

Subadult hatchery salmon $1,686 44.5 $750

Subadult pink salmon $449 44.5 $200

Subadult wild salmon $2,837 44.5 $1,263
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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,

rockfish, 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

groups—increases in mediated groups as well as

other consumers via direct and indirect pathways,

and declines in many of their prey groups or

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 fishes, 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 (Figure 3A). The

response was strongest in pink salmon (Oncorhynchus

gorbuscha), and was also strong in wild salmon (that

is, Chinook O. tshawytscha, chum O. keta, and coho

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

signified by black lines.
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salmon O. kisutch of natural origin). On average,

pink salmon more than doubled when eelgrass

biomass doubled, indicative of complex indirect food

web effects that benefitted 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 leucocephalus) 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 fish

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 fish populations that indirectly

benefitted from increased eelgrass. Of the predatory

fishes, spiny dogfish (Squalus suckleyi) and Pacific

cod (Gadus macrocephalus) had a mild positive

response to increasing eelgrass, whereas adult

lingcod (Ophiodon elongatus) exhibited little change

(<2%) on average.

Other fish groups and lower trophic levels were

less responsive to food web changes brought about

by eelgrass mediation. Of the other fish groups

(Figure 3D), piscivorous flatfish 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 flatfish

and Pacific hake (Merluccius productus), a species of

note because its population in Puget Sound has

declined dramatically over the past several decades

(Gustafson and others 2000). Non-herring forage

fish also declined as eelgrass increased, due to eel-

grass-mediated increases in competitors (Pacific

herring, juvenile salmon) and predators. Other

abundant bottom-dwelling fishes, such as ratfish

(Hydrolagus colliei) and an aggregated group of small

demersal fishes, showed little response (<10%

changes in final biomass). On average, inverte-

brates in benthic and pelagic habitats did not re-

spond substantially (<5% changes in final

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 five services we examined, all but

one—bird watching—responded positively to

changes in eelgrass when measured with a physical

metric (mt/km2) (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 fishing (Figure 4B). The

relative insensitivity of recreational harvest in

monetary terms reflects the fact that its value is

based on a willingness to pay (WTP) for an expe-

rience (a fishing trip) whose value is determined by

many components, only one of which is the bio-

mass of fish 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) reflects 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 influence

broad community dynamics and thereby affect the

flow 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 influenced 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 fish 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

fishes) 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

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 conflicts.

The lack of an economic value metric for three of

the services qualifies these conclusions in impor-

tant ways. Using an aggregated biological metric as

a proxy for aggregate economic value presumes, as

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 five ecosystems

services.
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noted above, that the individual groups being

aggregated have identical economic values per unit

of biomass. Commercial fishing illustrates how this

assumption may be violated (Table 3). Among

functional groups with significant levels of com-

mercial harvest, the three salmon groups account

for 68.6% of the initial biomass, whereas geoducks

(Panopea generosa) account 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 geese Branta canadensis) and bald

eagles responded positively and strongly to changes

in eelgrass, whereas resident diving birds (such as

cormorants Phalacrocorax spp.) and gulls exhibited a

strong negative response. With sufficiently 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 others 1997), 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 significant levels of

commercial harvest, the salmon groups ($3,045/

km2) and geoducks ($2,840/km2) have the highest

total values under the baseline eelgrass conditions

(Table 4). Changes in eelgrass, however, produce

significant 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 Partnership’s 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 Significant Commercial Harvest, by Weight and Dollar Value

Commercial harvest

functional group

Proportion of commercial fishing ecosystem service by

Weight % (mt) Value % ($)

Adult Pacific herring 0.5 0.1

Age 1+ crab 2.3 4.9

Forage fish 0.2 0.1

Geoducks 17.8 43.7

Infaunal bivalves 0.9 0.9

Juvenile Pacific herring 7.7 2.0

Large sea cucumbers 0.5 0.7

Shrimp 0.2 0.7

Skates 0.0 0.0

Spiny dogfish 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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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 2000–

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 ‘‘modest’’

increase over current levels; and a 100% increase

would provide an ‘‘approximate doubling’’ 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 eelgrass’s 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 (Figure 4). 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, fish, 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

fish and bird species due to competition or changes

in predator–prey dynamics. These results illustrate

the value of food web models that can account for

greater complexities in species–habitat interactions

than the intuition of even the most experienced

scientists. Combining habitat–food web models

with economic models provides further evidence of

the dangers of relying solely on expert judgment to

predict changes in benefits flowing 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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