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Abstract
Predator recovery often leads to ecosystem change that can trigger conflicts with more recently
established human activities. In the eastern North Pacific, recovering sea otters are transforming coastal
systems by reducing populations of benthic invertebrates and releasing kelp forests from grazing pressure.
These changes threaten established shellfish fisheries and modify a variety of other ecosystem services.
The diverse social and economic consequences of this trophic cascade are unknown, particularly across
large regions. We developed and applied a trophic model to predict these impacts on four ecosystem
services. Results suggest sea otter presence yields 37% more total ecosystem biomass annually,
increasing the value of finfish (+9.4 M$), carbon sequestration (+2.2 M$), and ecotourism (+42.0 M$). To
the extent these benefits are realized, they will exceed the annual loss to invertebrate fisheries (-7.3 M$).
Recovery of keystone predators thus not only restores ecosystems, but can also affect a range of social,
economic, and ecological benefits for associated communities.

One sentence summary (150 char)
Predator re-introduction can induce ecosystem changes and lead to resource use conflicts, but the
cumulative benefits may outweigh commercial losses.

2

As keystone species, top predators can exert strong effects over the function, structure and diversity of
ecosystems (1). When these species recover following extirpation, they often re-establish top-down
control (2), and shift the ecosystem closer to an unexploited state (3). This can disrupt social-ecological
systems established during the species’ absence and lead to conflict between the recovering predator and
established human resource users (4). Given the widespread defaunation of natural systems (2), the
societal conflicts arising from such re-wilding efforts need to be acknowledged and quantified. However,
despite numerous examples of such conflicts (5-7), the associated social, economic, and ecological
changes are rarely documented or evaluated, making it challenging to manage and equitably mitigate
impacts.
We demonstrate such an evaluation here by examining the transformation underway in the eastern North
Pacific, where sea otters (Enhydra lutris), a marine keystone species (8), are recovering after near
extinction via the maritime fur trade of the 18th and 19th centuries. As predators of invertebrates, in
particular kelp-grazing sea urchins, sea otters release kelp from grazing pressure and promote the growth
of kelp forests. This increases primary production, fixes free CO2, and provides vertical habitat for other
coastal species, particularly fish (e.g., rockfish, greenlings and salmon). This well studied trophic cascade
(8, 9) is broadly seen as a conservation success story and case study in marine ecosystem restoration.
However, sea otter recovery is unpopular in many coastal communities where sea otters compete strongly
with humans for commercially valuable invertebrates like crabs, clams, and urchins. This has led to
conflict with established commercial and subsistence invertebrate fisheries across much of the reoccupied sea otter range. The scope of human-induced mortality is unknown, but may be a factor in
slowing their range expansion (Fig. 1). While this conflict was anticipated (10, 11) and reduced
invertebrate catches are regularly reported by fishers, the associated costs and potential benefits of sea
otter recovery have not been quantitatively assessed (12).
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Understanding the costs and benefits arising from different ecosystem states is central to effective and
equitable resource management. Accordingly, assessments of ecosystem services trade-offs are
increasingly common (13). However, modeling the complexities of social-ecological systems requires
many simplifying assumptions (14), which foreclose on our ability to comprehensively assess the full
range of values that matter to people (15). Different representations are thus necessary for different
applications. For example, the literature has focused largely on economic valuation of measurable
ecosystem services (16, 17), while ecosystem-based management of fisheries has focused on ecological
interactions and indicators related to fisheries (18, 19), ecosystem health (20), and biodiversity (21, 22).
Calibrating relevant indicators with empirical data (23) at a scale that accurately represents the system of
interest (17), articulating them in a way that is informative to management (24), and effectively
communicating uncertainty (14, 25) remain significant challenges. Here, to support adaptive resource
management, we translate local studies into a regional assessment of four diverse ecosystem services, and
propose an intuitive and comprehensive method for representing uncertainty. We examine whether sea
otter-induced changes in finfish catch, carbon sequestration, and tourism offset the associated acute and
contentious economic losses to invertebrate fisheries. These services are all closely linked to the sea otterinduced trophic cascade. While our empirical results represent one region, they are representative of these
effects across the sea otter range, with some variability (see supplementary materials). More broadly, our
interdisciplinary approach of translating field studies into economic value using integrated models, with
defensible and intuitive treatment of uncertainty, is broadly relevant across many social and ecological
contexts.
We take advantage of a natural experiment underway in Pacific Canada where sea otters have been reoccupying their historical range for several decades (9, Fig. 1). Using a trophic model calibrated with
local data, we estimate – with uncertainty – the regional change in biomass resulting from the
transformation of an ecosystem without sea otters to one with sea otters present. We then estimate the
4

potential change in value of the four ecosystem services using data on fisheries catch and landed value,
tourism choices, carbon pricing, and estimates of trophic transfer efficiency. We also consider how this
transformation influences less quantifiable benefits to the broader coastal ecosystem, and the cultural
services provided to coastal communities. We examine the parametric uncertainty in both the trophic
model, as well as in the translation of system biomass into economic benefits. Predictions of biomass
change are presented showing the range of values under different parameterizations, and the uncertainties
in the dollar value of the four ecosystem services are presented with credibility estimates intended to
show the range of defensible values for each service (see supplementary materials for details).
Our model reproduces observed aspects of the trophic cascade, including the decline of valuable
invertebrate species such as geoduck clam, Dungeness crab, and sea urchin, and increases in kelp
abundance, primary production, and the biomass of lower trophic levels (Fig. 2). The aggregate change in
predicted ecosystem biomass (+37%) reflects the difference between otter-absent and otter-present sites
across all groups. Predicted values are reported as median [5th percentile, 95th percentile].
We estimate the lost landed value to commercial invertebrate fisheries from sea otter recovery at 7.3 [4.6,
10.3] M CA$/year (Fig. 3, Table S6). A decline of 25% in the geoduck clam catch comprised over half of
this loss. The remainder included the loss of the crab and sea urchin fisheries, and a 28% reduction in
value to the Manila and butter clam fishery (Table S7).
Social and ecological feedbacks (26) may mitigate this predicted loss. For example, the global demand for
high-value seafood like geoduck clam and Dungeness crab means any reduction in biomass may lead to
higher prices, offsetting some of the economic impact to producers. Further, while Dungeness crab
largely disappear from our modeled otter-present system, their habitat extends well below the foraging
depth of sea otters (27). Thus, while lucrative crab fishing grounds in shallow waters will be lost,
commercial crab fishers are likely to adapt by shifting fishing effort to deeper waters.
5

On the benefits side, costs to the existing fishery are partially offset by a 3-fold increase in the predicted
catch of lingcod, an economically and culturally valuable upper trophic level finfish (Fig. 2, Table S7).
More significantly, the increased biomass of kelps and other lower trophic species that is not explicitly
consumed in the model (Fig. 2, Table S8) can yield benefits through deep ocean storage (27), or as a
nutritional supplement to other parts of the ecosystem (28, 29). We estimated the value of the nutritional
supplement, based on a predicted increase in higher trophic species (i.e., commercial finfish), to be worth
9.4 [2.0, 30.4] M CA$/year (Table S6). Uncertainties are high for this service (Fig. 3) because the fate of
the surplus production, the trophic transfer efficiencies, and the future landed value, are not well known.
The estimated value of this service does not include the contribution from increased biomass of subcanopy algal species (28), other economic benefits (e.g., recreational fishing, kelp harvesting), or the
benefits of the nutritional supplement to the broader food web.
The portion of unconsumed surplus production lost to deep storage has value as carbon sequestration. We
predict a net benefit of 2.2 [0.5, 7.3] M CA$/year for the sequestered carbon based on European Union
carbon prices (Fig. 3, Table S6). This is about 1/3 of the value obtained by scaling results from a
comparable study (29) to our study area due to differences in how kelp production was estimated. Our
value can thus be considered a conservative estimate (see supplementary materials for details).
Tourism generates the highest predicted increase in value from sea otter recovery. Our analysis suggests
that an otter‐dominated system will have the potential to generate a 41.5 [20.7, 66.6] M CA$/year
increase in tourism revenue based on willingness‐to‐pay data derived from a choice experiment (30) and
recent visitation rates (Fig. 3, Table S6). This estimate does not include likely changes in other tourism‐
related services such as recreational fishing and destination dive tours. The high uncertainty in this
estimate is due to variability in future visitation rates and the estimated willingness-to-pay. While this
result is based on a local study with existing tourism and sufficient infrastructure to support this increase,
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other regions in the eastern North Pacific also have established (12) or developing (31) tourism industries
that benefit from the presence of sea otters.
Our estimates of the economic impact of sea otter recovery have wide credibility intervals (Fig. 3),
reflecting how the uncertainties in parameter values were represented. The distributions of predicted
biomass (Fig. 2) were created by randomly re-sampling the trophic model parameters (see supplementary
materials) and show the trophic model was robust to parameter variation. Our social-ecological model
combined this uncertainty with other uncertainties including valuation of ecosystem services and potential
interactions among species in the coastal ecosystem. These broad estimates of uncertainty, along with the
integration of more generalized models and analyses, combine to improve the representativity of the
results to the broader eastern North Pacific. While more thorough than many published ecosystem models
(14), further explorations of model sensitivity to different structures (e.g., trophic networks, valuation
methods) would be warranted to support management decisions. Such work must face the challenge of the
many poorly understood aspects of social-ecological systems (e.g., unknown interactions, non-linear
dynamics, and non-stationarity, including the effects of climate change), which are beyond the scope of
the present study.
While acknowledging the limitations of our model, we can be reasonably confident that the otter-present
system will yield a higher total economic value, as a net positive outcome is implied across the entire
range of the credibility intervals (Fig. 3). This is further supported by empirical evidence showing higher
biomass and abundance of many important species in otter-present ecosystems (9, 32-34). The uncertainty
included in the translation of ecosystem indicators to economic value (see supplementary materials)
dominates the uncertainty in the trophic model, as illustrated by the different shapes and credibility
intervals for the three services (direct and supplemented catch, and carbon, Fig. 3) that depend on the
biomass estimates from the trophic model. Our estimates of confidence in the ecological and economic
assumptions underlying the service valuations thus provide an intuitive way to visualize the uncertainties
7

associated with such transformations. This approach provides a framework for identifying model
components that most limit our understanding of social-ecological systems.
We focused here on the four key commercial services related to the sea otter trophic cascade. However,
such transformations are not valued in a strictly monetary sense by coastal communities (35) where social
and cultural values are multiple and important (36-38). Additionally, for coastal communities to benefit
from such changes, the resources need to be accessible (39, 40). For example, while commercial
harvesters generally have the capacity to adapt to shifting resource abundance and distribution,
Indigenous or recreational harvesters with more restricted harvesting areas may not be able adapt in the
same way. Nor do Indigenous community members necessarily have the ability to access areas (e.g., clam
beds) throughout their traditional territories, or the capital necessary to take advantage of tourism benefits.
Localized losses to subsistence and recreational users can thus be difficult to offset. Given the
consolidated nature of invertebrate fisheries in our study area (41, 42) and the relative accessibility of
nearshore finfish, the predicted redistribution of biomass from commercial invertebrates to nearshore
finfish might be a more equitable distribution of the region's marine productivity. However, the value of
tourism, finfish and invertebrates are not necessarily culturally equivalent to different communities. The
benefits of sea otter recovery are therefore likely to be distributed inequitably among economic sectors
and local communities, especially of Indigenous Peoples, who may experience the losses more acutely
than the regional economy as a whole in the short term. While coastal communities in the Pacific
Northwest have experienced and adapted to similar shifts in the past (43), future adaptation will depend
on flexible, multilevel governance structures that allow social-ecological systems to be transformed into
more desirable states (44).
Understanding the trade-offs between sea otters and commercial fisheries requires historical context.
Today’s commercial invertebrate fisheries were made possible by the earlier extirpation of sea otters,
which led to a hyper-abundance in these target species (35) making them an economically-viable resource
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(5). The otter-absent system, with its abundant invertebrates, thus likely represents a shifted baseline (45)
for evaluating ecosystem trade-offs, and one that favors the status quo. Nevertheless, the predicted losses
to commercial harvesters and coastal communities are legitimate and significant. Mitigating these social
impacts, perhaps by adapting traditional management methods (36), could make sea otters less
contentious and reduce illegal culling.
Kelp forests likely provide additional ecological benefits to the health and productivity of the broader
ocean that are outside the scope of our model. While such effects have yet to be fully quantified, kelp
forests provide habitat to many species and can enhance both biodiversity and resilience (32, 46). The
otter-present system would thus seem to support a more resilient social-ecological system given the
increased ecological redundancy and opportunities for diversified fisheries portfolios (47).
Further, while our study quantifies the benefits of increased primary production as a nutritional
supplement to one part of the food web (i.e., through catch of valuable finfish), the kelps sustain other
coastal species (48), as well as pelagic and benthic food webs, as nearly half of the kelp production is
estimated to be exported offshore (49). How this allochthonous carbon is partitioned between the various
food webs and deep sea storage remains to be determined. However, it is clear that some coastal regions,
including our study area (50), export considerable biomass to the open ocean. We therefore propose that
kelp-dominated nearshore areas likely serve as primary production pumps, and are thus more valuable to
the world's oceans than previously described (e.g., 51).
The social-ecological model we developed allows the assessment of important social and ecological
trade-offs, providing insights into the changes resulting from the recovery of sea otters in the eastern
North Pacific. While the four services we considered (existing invertebrate commercial fisheries, tourism,
supplemented finfish catch, and carbon sequestration) do not represent a comprehensive assessment of the
social-ecological system, they do provide a novel perspective on the value of the two ecosystem states.
9

Such integration of diverse services provides a stepping stone towards more complete cost-benefit
analyses. Importantly, our broad representation of uncertainty shows how confidence in social-ecological
models can be expressed in an intuitive and comprehensible way, allowing meaningful comparisons while
illustrating the breadth of uncertainty inherent in such models. Our findings illustrate how sea otters, like
many carnivores, exert an over-sized effect on social-ecological systems. Hence, coupled socialecological models are needed for accurately assessing the trade-offs that accompany the loss or recovery
of top carnivores in dynamic, continuously adapting systems. Quantifying the impacts of such ecological
transformations will inform adaptive management, help mitigate conflicts, promote public acceptance of
ecosystem change, and help identify alternate opportunities for local communities.

10

References
1.

M. E. Power et al., Challenges in the quest for keystones: identifying keystone species is
difficult—but essential to understanding how loss of species will affect ecosystems. Bioscience
46, 609-620 (1996).

2.

J. A. Estes et al., Trophic downgrading of planet Earth. Science 333, 301-306 (2011).

3.

P. J. Seddon, C. J. Griffiths, P. S. Soorae, D. P. Armstrong, Reversing defaunation: restoring
species in a changing world. Science 345, 406-412 (2014).

4.

A. Treves, K. U. Karanth, Human‐carnivore conflict and perspectives on carnivore management
worldwide. Conserv. Biol. 17, 1491-1499 (2003).

5.

A. M. Cisneros-Montemayor, M. Barnes-Mauthe, D. Al-Abdulrazzak, E. Navarro-Holm, U. R.
Sumaila, Global economic value of shark ecotourism: implications for conservation. Oryx 47,
381-388 (2013).

6.

M. Verma et al., Making the hidden visible: Economic valuation of tiger reserves in India.
Ecosystem services 26, 236-244 (2017).

7.

W. J. Ripple, R. L. Beschta, Trophic cascades in Yellowstone: the first 15 years after wolf
reintroduction. Biol. Conserv. 145, 205-213 (2012).

8.

J. A. Estes, J. F. Palmisano, Sea otters: Their role in structuring nearshore communities. Science
185, 1058-1060 (1974).

9.

J. C. Watson, J. A. Estes, Stability, resilience, and phase shifts in rocky subtidal communities
along the west coast of Vancouver Island, Canada. Ecol. Monogr. 81, 215-239 (2011).

10.

J. C. Watson, T. G. Smith, The effects of sea otters on invertebrate fisheries in British Columbia:
a review. Can. Tech. Rep. Fish. Aquat. Sci 2089, 262-303 (1996).

11.

A. M. Johnson, Status of Alaska sea otter populations and developing conflicts with fisheries. US
Fish & Wildlife Publications 1-1-1982, 42 (1982).

12.

J. Loomis, Estimating recreation and existence values of sea otter expansion in California using
benefit transfer. Coast. Manage. 34, 387-404 (2006).

13.

F. Turkelboom et al., When we cannot have it all: Ecosystem services trade-offs in the context of
spatial planning. Ecosystem services 29, 566-578 (2018).

14.

E. J. Gregr, K. M. A. Chan, Leaps of Faith: How implicit assumptions compromise the utility of
ecosystem models for decision-making. Bioscience 65, 43-54 (2014).

15.

K. M. Chan, T. Satterfield, J. Goldstein, Rethinking ecosystem services to better address and
navigate cultural values. Ecol. Econ. 74, 8-18 (2012).

16.

K. J. Bagstad, D. J. Semmens, S. Waage, R. Winthrop, A comparative assessment of decisionsupport tools for ecosystem services quantification and valuation. Ecosystem Services 5, 27-39
(2013).

17.

R. B. Norgaard, Ecosystem services: From eye-opening metaphor to complexity blinder. Ecol.
Econ. 69, 1219-1227 (2010).

18.

P. M. Cury, V. Christensen, Quantitative Ecosystem Indicators for Fisheries Management. ICES
J. Mar. Sci. 62, 307-310 (2005).
11

19.

E. A. Fulton, A. D. M. Smith, A. E. Punt, Which ecological indicators can robustly detect effects
of fishing? ICES J. Mar. Sci. 62, 540-551 (2005).

20.

H. Vandermeulen, D. Cobb, Marine environmental quality: a Canadian history andoptions for the
future. Ocean Coast. Manage. 47, 243-256 (2004).

21.

S. A. Levin, J. Lubchenco, Resilience, Robustness, and Marine Ecosystem-based Management.
Bioscience 58, 27-32 (2008).

22.

M. A. Zacharias, J. C. Roff, A hierarchical ecological approach to conserving marine
biodiversity. Conserv. Biol. 14, 1327-1334 (2000).

23.

I. Rombouts et al., Evaluating marine ecosystem health: Case studies of indicators using direct
observations and modelling methods. Ecol. Indicators 24, 353-365 (2013).

24.

M. Coll et al., Ecological indicators to capture the effects of fishing on biodiversity and
conservation status of marine ecosystems. Ecol. Indicators 60, 947-962 (2016).

25.

M. Ruckelshaus et al., Notes from the field: lessons learned from using ecosystem service
approaches to inform real-world decisions. Ecol. Econ. 1215, 11-21 (2015).

26.

S. Levin et al., Social-ecological systems as complex adaptive systems: modeling and policy
implications. Environment and Development Economics 18, 111-132 (2012).

27.

J. L. Bodkin, G. G. Esslinger, D. H. Monson, Foraging depths of sea otters and implications to
coastal marine communities. Mar. Mamm. Sci. 20, 305-321 (2004).

28.

E. U. Rechsteiner, S. B. Wickham, J. C. Watson, Predator effects link ecological communities:
kelp created by sea otters provides an unexpected subsidy to bald eagles. Ecosphere 9, e02271
(2018).

29.

C. C. Wilmers, J. A. Estes, K. L. Laidre, B. Konar, Do trophic cascades affect the storage and
flux of atmospheric carbon? An analysis of sea otters and kelp forests. Front. Ecol. Environ. 10,
409-415 (2012).

30.

R. G. Martone, R. Naidoo, T. Coyle, B. Stelzer, K. M. Chan, Characterizing tourism benefits
associated with top predator conservation in coastal British Columbia. Aquat. Conserv.: Mar.
Freshwat. Ecosyst., 1-12 (2020).

31.

L. Cerveny, Nature and tourists in the last frontier: local encounters with global tourism in coastal
Alaska. (Cognizant Communication Corporation, 2008).

32.

R. W. Markel, J. B. Shurin, Indirect effects of sea otters on rockfish (Sebastes spp.) in giant kelp
forests. Ecology 96, 2877-2890 (2015).

33.

S. E. Reisewitz, J. A. Estes, C. A. Simenstad, Indirect food web interactions: sea otters and kelp
forest fishes in the Aleutian archipelago. Oecologia 146, 623-631 (2006).

34.

J. A. Estes, D. O. Duggins, Sea otters and kelp forests in Alaska: generality and variation in a
community ecological paradigm. Ecol. Monogr. 65, 75-100 (1995).

35.

M. Fabinyi, W. H. Dressler, M. D. Pido, Moving beyond financial value in seafood commodity
chains. Mar. Policy 94, 89-92 (2018).

36.

M. A. Young, S. Foale, D. R. Bellwood, Why do fishers fish? A cross-cultural examination of the
motivations for fishing. Mar. Policy 66, 114-123 (2016).

12

37.

M. R. Poe, K. C. Norman, P. S. Levin, Cultural Dimensions of Socioecological Systems: Key
Connections and Guiding Principles for Conservation in Coastal Environments. Conservation
Letters 7, 166-175 (2014).

38.

S. C. Klain, K. M. A. Chan, Navigating coastal values: participatory mapping of ecosystem
services for spatial planning. Ecol. Econ. 82, 104-113 (2012).

39.

N. J. Bennett, H. Govan, T. Satterfield, Ocean grabbing. Mar. Policy 57, 61-68 (2015).

40.

R. Wieland, S. Ravensbergen, E. J. Gregr, T. Satterfield, K. M. Chan, Debunking trickle-down
ecosystem services: The fallacy of omnipotent, homogeneous beneficiaries. Ecol. Econ. 121, 175180 (2016).

41.

A. R. Haas, D. N. Edwards, U. R. Sumaila, Corporate concentration and processor control:
Insights from the salmon and herring fisheries in British Columbia. Mar. Policy 68, 83-90 (2016).

42.

E. Pinkerton, D. N. Edwards, The elephant in the room: the hidden costs of leasing individual
transferable fishing quotas. Mar. Policy 33, 707-713 (2009).

43.

A. K. Salomon, J. W. Kii’iljuus Barb, X. E. White, N. Tanape Sr, T. M. Happynook, in Sea otter
conservation. (Elsevier, 2015), pp. 301-331.

44.

C. Folke, T. Hahn, P. Olsson, J. Norberg, Adaptive governance of social-ecological systems.
Annu. Rev. Environ. Resour. 30, 441-473 (2005).

45.

D. Pauly, Anecdotes and the shifting baseline syndrome of fisheries. Trends Ecol. Evol. 10, 430
(1995).

46.

R. S. Steneck et al., Kelp forest ecosystems: biodiversity, stability, resilience and future. Environ.
Conserv. 29, 436-459 (2002).

47.

T. J. Cline, D. E. Schindler, R. Hilborn, Fisheries portfolio diversification and turnover buffer
Alaskan fishing communities from abrupt resource and market changes. Nature communications
8, 14042 (2017).

48.

D. Duggins, C. Simenstad, J. A. Estes, Magnification of secondary production by kelp detritus in
coastal marine ecosystems. Science 245, 170-173 (1989).

49.

A. Ortega et al., Important contribution of macroalgae to oceanic carbon sequestration. Nature
Geoscience 12, 748-754 (2019).

50.

D. M. Ware, R. E. Thomson, Bottom-Up ecosystem trophic dynamics determine fish production
in the Northeast Pacific. Science Express, 10 (2005).

51.

T. Agardy et al., in Ecosystems and human well-being: current state and trends. (Island Press,
Washington, DC, 2005), vol. 1, pp. 513-549.

52.

S. E. Larson, J. L. Bodkin, G. R. VanBlaricom, Sea otter conservation. (Academic Press, 2014).

53.

V. Christensen, C. J. Walters, Ecopath with Ecosim: methods, capabilities and limitations. Ecol.
Model. 172, 109-139 (2004).

54.

Statistics Canada. (2019), vol. 2019.

55.

D. Pauly, V. Christensen, Primary production required to sustain global fisheries. Nature 374,
255-257 (1995).

56.

R. I. Perry, J. F. Schweigert, Primary productivity and the carrying capacity for herring in NE
Pacific marine ecosystems. Prog. Oceanogr. 77, 241-251 (2008).
13

57.

Province of British Columbia. (Government of BC, Victoria BC, 2014), vol. 2014.

58.

Carbon Tracker Initiative. (Carbon Tracker Initiative, London, UK, 2018).

59.

Parks Canada. (2014), vol. 2015.

60.

T. F. Thornton, P. Wanasuk, in Political Ecology and Tourism. (ROUTLEDGE in association
with GSE Research, 2016), vol. 21, pp. 21-38.

61.

M. Riedman, J. A. Estes, "The sea otter (Enhydra lutris): behavior, ecology, and natural history,"
Biological Report (Fish and Wildlife Service, U.S. Department of the Interior, 1990).

62.

E. U. Rechsteiner et al., Sex and occupation time influence niche space of a recovering keystone
predator. Ecology and Evolution 9, 3321-3334 (2019).

63.

J. A. Estes, N. S. Smith, J. F. Palmisano, Sea otter predation and community organization in the
western Aleutian Islands, Alaska. Ecology, 822-833 (1978).

64.

R. G. Kvitek, C. E. Bowlby, M. Staedler, Diet and foraging behavior of sea otters in southeast
Alaska. Mar. Mamm. Sci. 9, 168-181 (1993).

65.

D. Pauly, R. Froese, FishBase 96: concepts, design, and data sources. (ICLARM, 1996).

66.

J. Steenbeek, X. Corrales, M. Platts, M. Coll, Ecosampler: A new approach to assessing
parameter uncertainty in Ecopath with Ecosim. SoftwareX 7, 198-204 (2018).

67.

E. J. Gregr, L. M. Nichol, J. C. Watson, J. K. B. Ford, G. M. Ellis, Estimating carrying capacity
for sea otters in British Columbia. The Journal of Wildlife Management 72, 382-388 (2008).

68.

C. J. Harvey et al., "A mass-balance model for evaluating food web structure and communityscale indicators in the central basin of Puget Sound," (Northwest Fisheries Science Center,
2010).

69.

C. Ainsworth, J. J. S. Heymans, T. Pitcher, M. Vasconcellos, "Ecosystem models of Northern
British Columbia for the time periods 2000, 1950, 1900 and 1750," Fish. Cent. Res. Rep. No. 10
(University of British Columbia, Vancouver, BC, 2002).

70.

S. J. D. Martell, PhD, University of British Columbia, Vancouver (2002).

71.

D. B. Preikshot, PhD, University of British Columbia, Vancouver (2007).

72.

T. Brey, A multi-parameter artificial neural network model to estimate macrobenthic invertebrate
productivity and production. Limnol. Oceanogr. Methods 10, 581-589 (2012).

73.

T. Brey. (2001), vol. 2014.

74.

A. Bradbury, B. Blake, C. Speckand, D. Rogers, "Length-weight models for intertidal clams in
Puget Sound," FPT 05-15 (Washington Department of Fish and Wildlife, 2005).

75.

E. J. Gregr, University of British Columbia, (2016).

76.

T. M. Williams, Swimming by sea otters: adaptations for low energetic cost locomotion. Journal
of Comparative Physiology A: Neuroethology, Sensory, Neural, and Behavioral Physiology 164,
815-824 (1989).

77.

J. C. Watson, G. M. Ellis, T. G. Smith, J. K. B. Ford, Updated status of the sea otter, Enhydra
lutris, in Canada. Can. Field-Nat. 111, 277-286 (1997).

78.

K. L. Laidre, R. J. Jameson, Foraging patterns and prey selection in an increasing and expanding
sea otter population. J. Mammal. 87, 799-807 (2006).
14

79.

DFO, "Pacific Region Integrated Fisheries Management Plan Intertidal Red Sea Urchin August 1,
2012 To July 31, 2012," Integrated Fisheries Management Plan (Fisheries and Oceans Canada,
2011).

80.

A. Campbell, D. Tzotzos, W. C. Hajas, L. L. Barton, "Quota options for the red sea urchin fishery
in British Columbia for fishing season 2002/2003," Science Advisory Report (Fisheries and
Oceans Canada, 2001).

81.

R. Scheibling, Increased macroalgal abundance following mass mortalities of sea urchins
(Strongylocentrotus droebachiensis) along the Atlantic coast of Nova Scotia. Oecologia 68, 186198 (1986).

82.

B. Konar, J. A. Estes, The stability of boundary regions between kelp beds and deforested areas.
Ecology 84, 174-185 (2003).

83.

J. S. Pearse, A. H. Hines, Long-term population dynamics of sea urchins in a central California
kelp forest: rare recruitment and rapid decline. Mar. Ecol. Prog. Ser. 39, 275-283 (1987).

84.

S. C. McBride, R. J. Price, P. D. Tom, J. M. Lawrence, A. L. Lawrence, Comparison of gonad
quality factors: color, hardness and resilience, of Strongylocentrotus franciscanus between sea
urchins fed prepared feed or algal diets and sea urchins harvested from the Northern California
fishery. Aquaculture 233, 405-422 (2004).

85.

R. J. Rowley, Newly settled sea urchins in a kelp bed and urchin barren ground: a comparison of
growth and mortality. Mar. Ecol. Prog. Ser. 62, 229-240 (1990).

86.

C. Harrold, D. C. Reed, Food availability, sea urchin grazing, and kelp forest community
structure. Ecology 66, 1160-1169 (1985).

87.

DFO, "Dungeness Crab, Coastal Fisheries, License Areas B, E, G, H, I. & J," Stock Status Report
(Fisheries and Oceans Canada, 2000).

88.

G. T. McCabe Jr., R. L. Emmett, T. C. Coley, R. J. McConnell, Distribution, density, and sizeclass structure of Dungeness crabs in the river-dominated Columbia River estuary. Northwest Sci.
62, 254-263 (1988).

89.

B. G. Stevens, D. A. Armstrong, R. Cusimano, Feeding habits of the Dungeness crab Cancer
magister as determined by the index of relative importance. Mar. Biol. 72, 135-145 (1982).

90.

C. L. Goodwin, B. C. Pease, Geoduck, Panopea abrupta (Conrad, 1849), size, density, and quality
as related to various environmental parameters in Puget Sound, Washington. J. Shellfish Res 10,
65-77 (1991).

91.

ADFG, "Data report on geoduck clams in otter present and otter absent sites," (Alaska
Department of Fish and Game, Juneau, AK, 2014).

92.

R. D. Reidy, S. P. Cox, Geoduck clam (Panopea abrupta) demographics and mortality rates in the
presence of sea otters (Enhydra lutris) and commercial harvesting. Open Fish Sci J 6, 28-40
(2012).

93.

G. G. Singh et al., Sea otters homogenize mussel beds and reduce habitat provisioning in a rocky
intertidal ecosystem. PLoS ONE 8, e65435 (2013).

94.

DFO, "Pacific Region Integrated Fisheries Management Plan Intertidal Clams January 1, 2013 To
December 31, 2015," Integrated Fisheries Management Plan (Fisheries and Oceans Canada,
2013).
15

95.

M. Cuif, M. McAllister, J. R. King, Development of a surplus production model applicable to
British Columbia offshore stocks of lingcod (Ophiodon elongates). Can. Tech. Rep. Fish. Aquat.
Sci. 2861, xii + 72 p (2009).

96.

A. H. Beaudreau, T. E. Essington, Spatial, temporal, and ontogenetic patterns of predation on
rockfishes by lingcod. Trans. Am. Fish. Soc. 136, 1438-1452 (2007).

97.

C. A. Tinus, Prey preference of lingcod (Ophiodon elongatus), a top marine predator:
implications for ecosystem-based fisheries management. Fisheries Bulletin 110, 193-204 (2012).

98.

J. R. Hyde, R. D. Vetter, The origin, evolution, and diversification of rockfishes of the genus
Sebastes (Cuvier). Mol. Phylogen. Evol. 44, 790-811 (2007).

99.

M. J. Espinosa-Romero, E. J. Gregr, C. Walters, V. Christensen, K. M. A. Chan, Representing
mediating effects and species reintroductions in Ecopath with Ecosim. Ecol. Model. 222, 15691579 (2011).

100.

Slater Museum. (Slater Museum of Natural History, Tacoma, 2014), vol. 2014.

101.

R. M. Harbo, Whelks to whales: coastal marine life of the Pacific Northwest. (Harbour
Publishing Company, Madeira Park, BC, 1999).

102.

J. Lessard, A. Campbell, Z. Zhang, L. MacDougall, S. Hankewich, "Recovery Potential
Assessment for the northern abalone (Haliotis kamtschatkana) in Canada," Science Advisory
Report (Fisheries and Oceans Canada, 2007).

103.

Wikipedia. (Wikipedia, The Free Encyclopedia, 2015), vol. 2014.

104.

Wikipedia. (Wikipedia, The Free Encyclopedia, 2015), vol. 2014.

105.

R. T. Barber, Picoplankton do some heavy lifting. Science 315, 777-778 (2007).

106.

Y. Springer, C. Hays, M. Carr, M. Mackey, "Ecology and management of the bull kelp,
Nereocystis luetkeana," (Lenfest Ocean Program, Washington, DC, 2007).

107.

D. Reed, A. Rassweiler, K. Arkema, Density derived estimates of standing crop and net primary
production in the giant kelp Macrocystis pyrifera. Mar. Biol. 156, 2077-2083 (2009).

108.

D. Gorman, T. Bajjouk, J. Populus, M. Vasquez, A. Ehrhold, Modeling kelp forest distribution
and biomass along temperate rocky coastlines. Mar. Biol. 160, 309-325 (2013).

109.

V. Christensen, C. J. Walters, D. Pauly, R. Forrest, "Ecopath with Ecosim version 6 User Guide,"
(University of British Columbia, Vancouver BC, 2008).

110.

R. N. Ahrens, C. J. Walters, V. Christensen, Foraging arena theory. Fish Fish. 13, 41-59 (2012).

111.

J. J. Heymans et al., Best practice in Ecopath with Ecosim food-web models for ecosystem-based
management. Ecol. Model. 331, 173-184 (2016).

112.

C. J. Harvey, Mediation functions in Ecopath with Ecosim: handle with care. Can. J. Fish. Aquat.
Sci. 71, 1020-1029 (2014).

113.

L. M. Nichol, M. D. Boogaards, R. Abernethy, "Recent trends in the abundance and distribution
of sea otters (Enhydra lutris) in British Columbia," Canadian Science Advisory Secretariat
Research Document (Fisheries and Oceans Canada, 2009).

16

Acknowledgements
We thank the communities of Kyuquot and Bamfield, British Columbia for their hospitality, and the
Ka:'yu:'k't'h'/Che:k:tles7et'h'and Huu-ay-aht First Nations for providing access to their territories for this
work. Harold Eyster produced the species outlines in Figure 2. These are available through Phylopics.
Nathan Bennett provided valuable insights into the nature of non-monetary benefits, and Cam Bullen's
careful review improved the quality of this manuscript. We also thank the four anonymous reviewers
whose comments improved both the relevance and reproducibility of this work.
Photo credits: Figure 1a, Russell Markel; Figure 1b, Juanita Rogers, Figure 3, geoduck diver provided by
the Geoduck Harvesters Association and used with permission. North Pacific range map in Figure 1
reprinted from (52) with permission from Elsevier.
EG was funded by a Canadian Graduate Scholarship (DG 06‐5566); KC, EG, JS, EP, CH, RM, and RM
were funded by a Canadian Natural Science and Research Council Strategic Grant (SPG 08‐1970) to KC,
CH, EP, and JS. We also acknowledge a Canadian NSERC Discovery Grant (RGPIN-2015-05105, KC).
Author's contributions: EG, KC, CH, JS, EP, LN, RM, RM, and JW conceived of the study; EG, EP, and
VC designed the trophic models; RM, RM, JS, EP, CH, and EG collected the data as part of the British
Columbia Coastal Ecosystem Services project; JW and LN contributed critical local knowledge and
longitudinal data; EG, KC, EP, and VC conducted the analysis; EG wrote the manuscript with significant
contributions from all co-authors.
RGM is a Marine Conservation Scientist with, and RM is the owner/operator of Outer Shores
Expeditions, a wildlife and cultural expedition tourism company that operates on the British Columbia
coast.
All data are available in the manuscript or the supplementary materials.
17

Figure 1: Ecological and geographic illustration of the study system. (A) Sea otter with urchins, a
favorite prey item; (B) catch of Dungeness crab, a threatened resource; and (C) Range map of historic
(yellow) and present-day (dark grey) extents of sea otter distributions in the North Pacific, with inset
showing sea otter range (blue) within the study area, where field data were collected in otter-present and
otter-absent areas (ovals), and the location of lucrative Dungeness crab (DG) and geoduck clam (GC)
harvesting regions.

Figure 2: Percent change in biomass from an otter-absent to an otter-present system. Kelp groups
(Order Laminariales) are shown as an inset to accommodate the much larger relative biomass change.
Functional groups are organized by trophic position and ordered by proportional change, illustrating the
switch from a benthic to a pelagic system, and the unaccounted for surplus biomass in small invertebrates
- the source of the supplemented catch service (Fig. 3). Boxplots show the range of values resulting from
an exploration of valid parameterizations (see supplementary materials for details).

Figure 3: Sea otter-induced change in annual value for the four ecosystem services considered in this
analysis. Changes in value, represented as the difference (in 2018 CA$) between ecosystems with and
without sea otters, are shown as violin plots where the relative widths of the each plot represents the
probability distribution of the prediction (like a histogram). The mean, fifth, and 95th percentile are show
as horizontal lines and can be considered the credibility intervals for each service value. These credibility
intervals include uncertainties related to the trophic model, and in the steps applied to translate the
resulting change in ecosystem service supply to dollar values. The intervals reflect the confidence
associated with the production and value of each service. Graphical elements illustrate key aspects of
each service: Geoduck clams are collected as part of a dive fishery and are the highest value
invertebrates in the Direct Catch; the Supplemented Catch is defined by a trophic flow to valued finfish
such as salmon and halibut (shown at the top of a food chain); marine Carbon deposition is principally in
the form of marine snow; and wildlife viewing trips are the most conspicuous component of the economic
benefits to Tourism.
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Table S1. Primary Ecopath parameters. Production (P/B) and consumption (Q/B) rates, local,
observed biomass (B, g·m-2) and proportional change (ΔB) from otter-absent to otter-present
systems, B values scaled to the study area for the two sea otter states, and the source of the data.
Values in italics were input to the Ecopath model. Biomasses for groups with no values listed in
the Scaled-Absent column were estimated using an assumed ecotrophic efficiency (EE). Other
model sources are described in the text. Shaded values were used to create the predicted time
series used for vulnerability fitting and model assessment. See supplemental materials text for
additional details and terminology.
Table S2. Ecopath diet matrix. Predators are shown in columns, and their prey as rows. All
columns sum to 1 representing the initial diet of all species groups except lingcod, which import
50% of their diet from outside the model system.
Table S3. Data quality for the main model parameters for each species or group. Each
parameter was assigned a coefficient of variation corresponding to its data quality ranking for the
re-sampling process (low = 0.80, medium = 0.40, and high = 0.20).
Table S4. Scaled average catch rates for key commercial species. Average and standard
deviation of the annual (1983 - 2008) catch of the 5 commercial species explicitly included in the
trophic model for Fisheries and Oceans statistical areas 23 through 26. Catches are scaled to a
catch rate based on the 4112 km2 study area. This served as the fishing mortality in the otterabsent Ecopath model. Lingcod was scaled by an additional 0.10 to account for the majority of
the catch occurring deeper than our study area.
Table S5. Vulnerability classes. Classification of functional groups into vulnerability classes
based on understanding of ecological role and interaction with sea otters.
Table S6. Change in value of modeled ecosystem services. Median change in value (millions
of 2018 CA$) of ecosystem services on the West coast of Vancouver Island due to the transition
from a sea-otter absent, urchin dominated system to an otter-present, kelp-dominated system.
Predictions include estimates of key uncertainties for each service, shown as the 5th and 95th
percentiles.
Table S7. Change in value of commercial fisheries. Change (from otter-absent to otter-present)
in annual landed value (millions of 2018 CA$) of nearshore commercial species on the West
coast of Vancouver Island. Landings (in kilotonnes) for the otter-absent state are based on the
measured catch rate (Table S4). For the otter-present state, landings are based on the median
catch rate from the simulated results. The total difference differs very slightly from Figure 3 and
Table S6 because of the resampling applied.
Table S8. Changes in biomass of modeled groups. Relative change (ΔB) in biomass values
(g·m2) from an otter-absent to an otter-present state by trophic group.
Data S1. Landed weights and values for British Columbia invertebrate and groundfish
fisheries (2001-2010). Data compiled from annual seafood industry reviews produced by the
British Columbia Ministry of Agriculture
(https://www2.gov.bc.ca/gov/content/industry/agriculture-seafood/statistics/industry-and-sectorprofiles).
Data S2. Visitation rates (2009-2013) to Pacific Rim National Park, British Columbia,
Canada. Data compiled in 2015 from Parks Canada online Attendance summaries. These data
are no longer available on the Parks Canada website.

Materials and Methods
1. Overview
This study estimated the change in dollar value of a suite of ecosystem services associated
with coastal marine systems in response to a trophic cascade triggered by the recovery of the sea
otter (Enhydra lutris), a keystone species. A model of trophic dynamics was used to estimate the
change in biomass for 22 species or functional groups (i.e., groups of functionally similar
species) using Ecopath with Ecosim (53). The changes in biomass of these ecosystem service
providers from the otter-absent to otter-present state were then used to estimate the dollar value
of a suite of relevant ecosystem services.
We developed ecosystem service models to translate ecosystem service provider biomass
into four services closely related to the invertebrate fisheries – sea otter recovery context. The
main service to consider is the established commercial invertebrate fisheries. We contrast the
loss in value of this service to the benefits of a recovered sea otter population, separated into
estimates of existence and ecological value. Existence value of sea otters is difficult to measure
(15). Here we used tourism as a proxy to estimate the additional cost tourists would pay for their
trip to include sea otter sightings. We represented the value of ecological services provided by
sea otters by estimating the value of the kelp forests that thrive in their presence. These kelp
forests provide a nutritional supplement to marine systems, which we measured by estimating
potential increases in commercial finfish. Kelp forests also contribute to carbon sequestration, an
alternative, monetizable fate of the carbon captured by the increased kelp production. Details on
the valuation models are provided below. All monetary values are reported in 2018 Canadian
dollars (CA$), accounting for inflation but with no discounting.

The change in landed value of existing fisheries was estimated based on recent average
reported catch and landed value data and the assumption of consistent catch and pricing (with
uncertainty) in the future (details below). It was thus influenced only by a change in the
production of valued species. The potential increase in commercial finfish (supplemented catch)
was valued by translating estimates of surplus production into valued finfish species, based on
estimates of trophic partitioning, transfer efficiency, and present-day value for higher trophic
level finfish (e.g., salmon, rockfish, halibut). The value of carbon sequestration was based on
estimates of trophic partitioning, and present-day carbon pricing, while the change in tourism
value was based on the public’s willingness to pay to see otters in the study area. To assess the
trade‐off between otter-absent and otter-present ecosystems, the total economic losses to coastal
fisheries were compared with the value generated from the nutritional supplement to high value
finfish, carbon sequestration, and tourism in the sea otter-present system. Several less
quantifiable ecological and cultural services influenced by the trophic cascade were assessed
qualitatively and are discussed in the main text.
In the sections below, the trophic model is first described in general terms. This is followed
by an overview of how uncertainties were handled in both the trophic model and the ecosystem
service valuation. The final two sections provide details on the ecosystem service models, and
the parameterization of the trophic model.
2. The trophic model
A mass-balanced Ecopath model was developed to represent the otter-absent system using
biomass (B, in g·m2), production (P/B) and consumption (Q/B) as annual rates. The Ecopath
model provides a mass-balance solution to the resulting system of linear equations given by

BAi = Bi * (P/B)i - Fi - M2i × Bi - Ei - M0i × Bi
where i indexes the functional group, and determines the number of equations in the system. BA
is the biomass accumulation rate for group i. An Ecopath model is balanced if the BA values for
all groups equals zero. This is the case when the production (P), defined as biomass (B) times the
production/biomass ratio (P/B), is balanced by the various loss terms including the total fisheries
catch rate (F), the predation rate by other groups (M2), net migration (E), and other, nonpredation mortality (M0). P/B corresponds, under most conditions, to the total mortality as
typically estimated from stock assessments. It is thus estimated independently of B, which is a
density intended to apply to the entire study area.
Additional terms of interest for model development include the consumption/biomass ratio
(Q/B) and ecosystem efficiency (EE), which are components of the predation and the other
mortality rates respectively and are defined as:
𝑛

𝑀2𝑖 = ∑
𝑗=1

𝑀0𝑖 =

𝑄𝑗 × 𝐷𝐶𝑗𝑖
𝐵𝑖

𝑃𝑖 × (1 − 𝐸𝐸𝑖 )
𝐵𝑖

The predation term (M2) links predators and prey by accounting for how much of each prey
species or group (i) is consumed by the each of its predators (j). Qj is the total consumption rate
for group j, and DCji is the portion of predator j’s diet comprised by prey i. Qj is calculated as the
product of Bj and (Q/B)j. As with the P/B ratio, the Q/B rate is independent of the actual B, and is
typically estimated as an annual ration. EE represents the portion of a group's biomass that is
accounted for in the model, and thus allows for biomass leakage from the model domain. See
(53) for additional details on the equations and their solutions.

In this study, the Ecopath model was focused on commercially-fished invertebrate species
that are also key components of the sea otter diet, and on the trophically-related species
assemblages (functional groups). Commercially important species were included explicitly in the
trophic model, and non-commercial species were combined into functional groups, a common
practice in ecosystem models.
Field data were collected May through August 2009 on the density and size of kelp and a
subset of key kelp-associated species at rocky reef sites in both sea otter-occupied and sea otterabsent regions on the west coast of Vancouver Island, British Columbia, Canada, to estimate
species biomass per unit area (B) (Table S1). Data were collected by scuba at 3 sites in Kyuquot
Sound, where sea otters had been present for more than 40 years, and 3 sites in Barkley Sound,
where sea otters were still absent. All sites had similar wave exposure, substratum, slope, and
therefore likelihood of supporting Macrocystis-dominated kelp forests. At each site, densities
and sizes of large mobile invertebrates (large grazers and predatory invertebrates) were measured
along six haphazardly placed replicated 30 x 2 m belt transects separated by 10-30 m at depths of
6-10 m below Canadian chart datum. For large mobile invertebrates, the first 30 individuals were
measured and subsequent individuals were only counted. The size distribution of the first 30
individuals was applied to estimate the sizes of unmeasured individuals for each transect. Along
the same transects, densities and sizes of canopy kelps and understory kelps and visible small
grazers and decapod crustaceans were measured in 16 to 20 replicate 1 m2 quadrats. For other
small grazers, decapod crustaceans, meso-grazers and sessile invertebrates, 6 replicate 25 cm x
25 cm quadrats were haphazardly placed between 3.3 – 10.9 m depth below chart datum.
Samples were taken on SCUBA by scraping each quadrat and collecting all material using an airpowered underwater vacuum. Percent cover of encrusting species was visually estimated in each

quadrat and species too large for the vacuum opening were measured, recorded and removed
from the quadrat. One diver then proceeded to scrape the substratum to dislodge species for the
second diver to vacuum into a nylon sample bag. Larger invertebrates were identified and
weighed and returned to the field, while the remaining invertebrates in each sample were stored
in 3% formalin for later sorting in the lab. Samples were transferred stepwise from 25% ethanol
to 75% ethanol for storage and stained with Rose Bengal to highlight tissue for identification.
We converted kelp and invertebrate sizes and densities to biomass using length-weight
relationships found in the literature. For species for which allometric relationships were not
available, power equations were fit to approximately 30 individuals from each transect to
determine the relationships between size and weight. This allowed total biomass to be calculated
for each species. For mesograzers and sessile invertebrates processed in the lab, sorted samples
were weighed to the closest tenth of a milligram to measure the biomass of each taxon or
taxonomic grouping. Finally, we converted biomasses to densities (per m2) and scaled them to
the study area (Table S1).
These field data were supplemented with literature values for unsampled groups, production
(P/B) and consumption (Q/B) rates (Table S1), and diet composition (Table S2). Data availability
from the literature was variable, with commercially harvested species typically being better
studied. Model parameters were derived from these diverse sources and entered into the model.
The model was then balanced to ensure sufficient biomass across the trophic flows. It is notable
that very little adjustment was necessary to achieve this balance (see Model balancing and tuning
section below), indicating that a reasonable (or at least consistent) set of parameters was derived.
Ecosystem dynamics were parameterized using the field data according to space-for-time
substitution. Sea otters were then introduced into the model and it was run to a new equilibrium

representing an otter-present state. Details on how parameters for each species or functional
group were derived, and the parameterization of the temporal dynamics, are provided in the
trophic model structure and parameterization section below.
3. Estimating model uncertainty
Despite being a desirable component of modelled results, uncertainty continues to be a
largely ignored topic in ecosystem modelling (14). In this study, parametric uncertainty was
examined in both the trophic model, and in the translation of system biomass to economic
benefits.
The uncertainty in the trophic model was assessed by generating 1000 randomized,
balanced Ecopath models and their corresponding otter-present states with Ecosim. Ecopath base
parameters were re-sampled using a Monte Carlo simulation. The B, Q/B, and P/B of the
balanced, otter-absent model were permuted using a uniform distribution centered on the
balanced value, with a coefficient of variation proportional to the presumed accuracy (low,
medium or high) of the parameter (Table S3). High quality was assigned to parameters derived
from data collected in the study area, and for which the habitat proportion could be reliably
scaled. Biomass was assigned a value of Medium where data quality was high, but habitat
scaling was speculative, and Low where both data quality and habitat scaling were poorly
known. For P/B and Q/B (which were primarily obtained from the literature) quality was
assigned based on the author's familiarity with the functional groups, and the similarities
between the literature and this study area. Diet parameters were all permuted using low accuracy
(and a coefficient of variation = 0.8), to allow the maximum range of potential models to be
explored. A Visual Basic routine was used to repeatedly generate permutations of otter-absent
Ecopath models until a sample of 1000 balanced models was obtained.

It was difficult to tell, a priori, how effective the permutations would be at generating
balanced models (i.e., it is reasonable to expect that excessive randomization of the base and diet
parameters would have a very low probability of generating a balanced model). A conditional
reduction in the coefficient of variation was therefore used to ensure the permutations led to
balanced models. This reduction was a combination of a threshold on failed permutation attempts
and a constriction applied to the standard deviation should the threshold be exceeded. The
randomization was configured with a threshold of 100 attempts, and a constriction of 5% of the
standard deviation each time the threshold was reached. To ensure the later scenarios were not
overly constrained, no constrictions were applied once 10 balanced scenarios were obtained.
Randomized, balanced models were run through Ecosim to generate a corresponding 1000
alternate future scenarios. The predicted changes from these paired models represent the change
in B of the ecosystem service providers from which the ecosystem services are calculated (Figure
2). The distribution of values from the 1000 alternate scenarios represent the uncertainty of
trophic model parameters. For each ecosystem service, additional variability was added to
represent the uncertain aspects of the service valuation, as described in the following section.
The final representation of uncertainty (Figure 3) is a product of the parametric uncertainties
at each step in the process, from the estimation of changes in biomass through to the valuation of
the services. The resulting cumulative uncertainty bounds are described as credibility estimates
because they integrate the most significant model uncertainties, thereby providing an assessment
of the how credible the overall models results are.
4. Valuation of ecosystem services
Four ecosystem services were estimated from the biomass of ecosystem providers predicted
by the trophic model. These included existing fisheries, supplemented catch, carbon

sequestration, and tourism. For each service, uncertainties were included by drawing 1000
random values for key parameters and pairing them with the 1000 balanced trophic models.
4.1. Existing fisheries
This service is comprised of five established commercial fisheries (red sea urchin,
Dungeness crab, geoduck clam, other edible clams, and lingcod), all represented in the modelled
ecosystem. Catch data were obtained from Fisheries and Oceans Canada for the management
areas within the study area for the years 1983 to 2008. The mean annual catch was used as the
fishing mortality rate in the trophic model after converting to density (t/km/yr) based on the
study area (Table S4).
The total catch by existing coastal fisheries for both otter-absent and otter-present states was
calculated by multiplying the corresponding 1000 biomass estimates by a constant fishing
mortality for both periods. This produced 1000 randomized catches, paired for otter absent and
otter present models. Using a constant catch rate assumed the same proportion of available
biomass was harvested in both states ‒ a reasonable assumption from the perspective of fisheries
management. This average was used instead of more detailed catch per unit effort estimate
because effort data are not collected for all species. The long-term average also produced more
conservative results, as it would maximize the predicted loss (because larger catches tend to
occur earlier in a fishery).
The value of a catch can be highly variable, changing in response to a range of social and
economic factors. To partially account for this variability, the landed values for both states were
sampled from a distribution of landed values with a mean and standard deviation calculated from
10 years (2001-2010) of regional catch data (Table S4). The final values were differenced to
estimate the change in the value of the catch. In the absence of a reasonable prediction of future

prices, it was assumed they would fall in the range of the historic prices. Uncertainty in this
ecosystem service thus integrates the variability in the biomass predictions with price
uncertainty. Landed values were converted to 2018 CA$ using the Canadian consumer price
index (54).
4.2. Supplemented catch
This part of the analysis assumed the portion of the biomass produced but not directly
consumed by modeled groups was available for consumption within the broader ecosystem. This
service is thus defined as a nutritional supplement to higher trophic level finfish. Annual model
surplus is defined as the biomass produced but not consumed each year by the groups explicitly
represented in the model.
Surplus production has three possible fates. It can enter the food web, wash up on beaches
as wrack (organic material such as kelp and sea grass that is cast up onto the beach by surf, tides,
and wind), or be transported to the deep ocean and be sequestered. Because the fate of kelp (and
other surplus production) is poorly known, it was apportioned to the three different fates by first
drawing a proportion for carbon sequestration from a uniform distribution on the range [0.1, 0.5]
(the range of values explored by (29)). Given a lack of additional information, the remaining
surplus biomass was then apportioned equally to wrack and the food web. The translation of the
portion entering the food web (i.e., the nutritional supplement) into valued supplemental catch is
described below; the estimation of the value of carbon sequestration is described in the following
section. The value of beach wrack is not considered.
The predicted dollar value of this indirect ecosystem service was based on the amount of
surplus biomass transferred to high value finfish species via trophic transfer (i.e., food web
consumption), and an estimated landed value of these species based on historic data. Surplus

biomass was estimated for three trophic levels. Trophic level 3 included fish consumed by the
high value species (forage fish, pelagic reef fish, other demersal reef fish), trophic level 2
included primary consumers such as grazers and zooplankton (kelp crab, predatory invertebrates,
grazers, sessile invertebrates, and large zooplankton); and trophic level 1 included the kelp
groups (giant kelp, bull kelp, and other kelps). The biomass transferred to the high-value finfish
was calculated separately for each trophic level, with each level transferred the appropriate
number of times to reach the high-value finfish:
Supplement $ Value =
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For each group (i) in each trophic level (TL3, TL2, TL1), the value of the surplus production was
calculated by scaling the total net present production (NPP) for the group (B * P/B) by the
proportion of B not accounted for in the model (1-EE). Thus for any functional group, assuming
𝑃

there are no unaccounted for mortalities, surplus NPP = 𝐵 ∗ 𝐵 ∗ (1 − 𝐸𝐸). This surplus was
scaled to valued finfish species by estimating a trophic transfer efficiency for each trophic level.
Two trophic transfer efficiencies were used. The first (TTE1) representing transfer between
predators and prey, was randomly sampled from a normal distribution parameterized (mean =
0.1013, standard deviation = 0.0581) according to (55). The second (TTE2) recognizes that the
trophic transfer efficiency from primary production to mesozooplankton is higher, and was
therefore sampled from a distribution with the same standard deviation but a mean = 0.25 (Wade
2000 cited in (56)). Random samples from both trophic transfer efficiencies were truncated at

zero. The resulting nutritional supplement was multiplied by a value drawn from a triangular
distribution bounded by a 10-year average annual landed value (2001 to 2010) of the least and
most expensive commercial finfish (i.e., rockfish at 1.91 CA$/kg and halibut at 9.38 CA$/kg)
(data S1), with a mode of 2.99 CA$/kg – the weighted average of the adjusted 10 years of annual
landed value of all commercial finfish (i.e., halibut, lingcod, rockfish, and salmon). Landed
values are reported in 2018 CA$ after converting with the Canadian consumer price index (54).
Uncertainties considered in this service include the total surplus production (from the
trophic model), the bioavailable portion of surplus production, the efficiencies of the trophic
transfer pathways, and the landed value of the supplemented catch when sea otters reach carrying
capacity. While this does not represent all the uncertainties arising from the vagaries of the
social-ecological system (such as species interactions and market forces across a range of space
and time scales), many of these simply cannot be estimated with any degree of certainty.
However, by including a range of uncertainties from across the production chain, this analysis
provides a credible, and likely conservative, indication of the range of potential values.
4.3. Carbon sequestration
The annual dollar value of carbon sequestration was obtained by estimating the proportion
of the surplus kelp production lost to deep flux, and multiplying it by the average price:
𝐴𝑛𝑛𝑢𝑎𝑙 $ 𝑉𝑎𝑙𝑢𝑒 = 𝑘𝑁𝑃𝑃 ∗ %𝐷 ∗ %𝐶 ∗ 𝐷𝑒𝑒𝑝 𝐹𝑙𝑢𝑥 ∗

𝑚𝑚 𝐶𝑂2
$
∗
𝑚𝑚 𝐶
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Total kelp net primary production (kNPP = B * P/B) was estimated by combining B and
P/B for the three kelp groups by summing B and calculating a weighted average of the P/B ratios.
The resulting kNPP, in wet tonnes/km2/year, was converted to total carbon using percent carbon

(%C=26.6, SD=2.8) and percent dry (%D=17.3, SD=1.92) values from (29), measured for giant
kelp. It was assumed that %Dry = 1 - %Wet, the reported value.
To estimate the value of carbon ($/tonne C) given historic fluctuations and projections of
significantly higher future costs, we sampled this parameter from a triangular distribution with a
minimum value based on average European Union price of CO2 from 2012 to 2017 (EU27.23), a
median value based on the peak 2018 price (EU67.06), and a maximum based on an industry
forecast of EU238.27 per tonne of CO2 by 2030 (57). In addition, because the EU price is for
CO2, the proportionally higher price for a tonne of C was calculated based on the respective
molar masses (mm). Each random value was converted to CA$ using an exchange rate resampled from a normal distribution parameterized with a mean (1.46) and standard deviation
(0.091) based on historic exchange rates from 2000 to 2018. Given the many uncertainties
associated with C pricing, the resulting value was assumed to be equivalent to 2018 CA$.
This valuation yielded a value about one third that of (29), using the same dollar value. This
corresponds to a similar difference in the net primary productivity used in the two studies, and is
due to a significant difference in the respective estimates of standing stock in otter-present areas.
The estimate of 9 to 16 kg kelp per m2 from (29) in otter-present systems is five to ten times
higher than the densities used in this study. The lower densities used in this study are a function
of using the trophic model to estimate biomass based on assumed ecotrophic efficiencies. This is
standard practice for estimating biomass in trophic models (53), and provided a parsimonious
solution to the challenge of estimating biomass for species' whose standing stock changes by
orders of magnitude both seasonally (through growth) and inter-annually (through loss to
storms). A consequence of this design decision is that the value of both the carbon sequestration
and supplemented catch services are conservative, and may be considered a lower bound on

these values. See the discussion on variability in measures of kelp biomass (below) for more
details.
In addition to the uncertainties estimated for total surplus production (from the trophic
model), the final predicted value of carbon sequestration included uncertainties relating to the
fate of kelp, it’s dry weight and carbon content, and the price of carbon.
4.4. Tourism
The estimate of increased tourism revenue due to sea otters was based on a choice
experiment and survey of Vancouver Island visitors (30). The experiment revealed that
willingness-to-pay for a nature tour increased by an average of CA$121 per visitor if the trip had
a very high vs. a low chance of seeing sea otters. For comparison, the marginal increase in
willingness-to-pay for a high chance of seeing a whale was $195 indicating the high value of
these specialized wildlife tours. The experiment also found that the number of visitors taking a
wildlife tour would increase by 7.4% if sea otter sightings could be guaranteed. The contribution
of sea otters to tourism revenue was therefore estimated by multiplying a predicted number of
visitors, by the increased proportion taking a wildlife tour, and by the increased willingness-topay for a wildlife tour.
The number of tourists was sampled from a normal distribution with a mean (776,310) and
standard deviation (22,170) calculated from 5 years of available visitation data (2009-2013) for
the regional national park (data S2). The proportion taking a wildlife tour was sampled from a
uniform distribution with a range of [0.35, 0.54]. This range was obtained by adding 7.4% to a
minimum tour rate reported by the park (27.6%) and the maximum value reported for the region
(47%) (30). Finally, the marginal increase in the value (CA$) of a wildlife tour was sampled
from a normal distribution with a mean (120.7) and a standard deviation (36.7) taken from (30).

The uncertainties considered in this service include number of visitors, their likelihood of taking
a wildlife tour, and the marginal increase in the cost of taking such a tour. Given the high
uncertainty associated with estimating the increased value of tourism, the resulting value was
assumed to be equivalent to 2018 CA$.
While the predicted increase in tourism revenue is significant, there are a variety of other
ways this could be calculated from the available data. For example an estimate of CA$14.9M to
CA$15.2M is reported by (30), but this is intentionally conservative, using only the increase in
number of visitors taking a wildlife tour. Alternatively, an upper estimate would incorporate the
willingness-to-pay value, and assume that all wildlife tourists would pay the increased marginal
cost. Using the higher regional visitation numbers used by (30) instead of the more conservative
park visitation rate used here yields a point estimate of CA$69.4M. These upper and lower
estimates fall just outside the 95% credibility estimate reported, adding additional credibility to
the results.
We emphasize that this value estimate is a potential benefit, the realization of which will
depend on local values and infrastructure (i.e., the ability to attract tourists). We also note that
the realization of any such potential value will depend on a range of social factors and vary
spatially. Further, although this analysis is based on a local study, coastal British Columbia
shares many characteristics with southeast Alaska, where tourism is also a burgeoning industry
(31), and access is often constrained to water access only. Some parts of southeast Alaska are
more established in this regard compared to our study area as cruise ships regularly visit more
remote communities, providing guests with wildlife experiences similar to those assessed in our
work (e.g., 58). Additionally, should sea otters expand to more populous regions such as the
Salish Sea the potential benefits of tourism may well be higher than we predict.

5. Trophic model structure and parameterization
The study area encompassed all sea otter foraging habitat on the West Coast Vancouver
Island, British Columbia, Canada (Figure 1). It included 4112 km2 of hard and soft bottom
marine habitats to 50 m depth, the practical limit for sea otter foraging (27).
Sea otters are effective at limiting populations of benthic invertebrates, most notably sea
urchins, clams, abalone, large crabs, and mussels (59). When abundant, sea urchins are
consumed preferentially, likely because of ease of capture. As urchin abundance is reduced, sea
otter diet diversifies to other prey (60, 61). In areas with soft sediment, sea otters often excavate
bivalve prey including butter clams, horse clams and geoduck clams (62).
In the eastern North Pacific, the preferential consumption of sea urchins as sea otters reoccupy former habitats releases kelp from grazing pressure and can trigger a trophic cascade
leading to a kelp-dominated ecosystem (8, 9). Representing this dynamic was an explicit
objective of the trophic model configuration.
The model was parameterized with field data on the abundance of key species collected in
areas where sea otters are absent, and where they are at carrying capacity (Table S1). Published
parameters were used for groups not sampled. Diet proportions in trophic models can be based
on observations where available. For example, identification of sea otter prey is based on
observational diet studies that document prey brought to the surface and consumed by sea otters.
Other studies have identified diets (primarily of fishes) by examining gut contents. When direct
observations are unavailable, aggregated sources (e.g.,63) or other models can be consulted, or
generalizations from other species or groups can be made. Ecosystem models representing a
particular dynamic, such as the trophic cascade modelled here, appear relative robust to
uncertainty in diet composition (64).

Abundance of key species needed to be scaled to the study area because Ecopath uses
average biomass across the area of interest. Since abundance data are typically collected where a
species is known to occur (i.e., in suitable habitat), an understanding of the proportion of the
suitable habitat within the entire study area is required to correctly scale the density data. This is
a critical challenge facing the translation of local field data to management-relevant models.
A key part of translating local field studies to regional models involves scaling the
observations to the study area. Several assumptions were required to scale the data in this study.
First, following (65), it was estimated that 30% of the study area is rocky reef. It was also
assumed that 30% of the total study area was suitable for infaunal organisms (i.e., soft-bottom),
and that depths were uniformly distributed between 0 and 50 m. How these assumptions are
applied to scale the individual groups is described below. The uncertainties in these structural
assumptions were not directly assessed, but were developed to be conservative estimates of
habitat extents.
5.1. Trophic parameters
Parameters were derived for biomass (B), production (P/B), and consumption (Q/B) for the
groups in the model (Table S1) based on species-specific, empirical data collected within the
study area where possible. For functional groups, or less studied species, values from earlier
models of the study area were considered. In particular, a recent analysis of an ecosystem with
many of the same species and groups (66) was broadly consulted, as well as earlier models for
the same region by (67-69). All estimates derived from these models were applied to the otterabsent system, as that is the period for which the models were developed.
For poorly understood species, the P/B ratio was estimated using allometric scaling
following (70) and (71) using individual weights and various life history characteristics.

Occasionally, species lengths were first converted to mass following (72). Details on the
application of this approach can be found in (73). Similarly, B data are typically unavailable for
non-commercial species, and may not even exist for valued species. In these cases, standard
practice is to estimate B using an assumed ecotrophic efficiency (EE). See (53) for details.
Sea otters
Population and diet parameters for sea otters are among the most reliable, the species having
been extensively studied. Information from otter-present and otter-absent areas was used to
parameterize the Ecosim transition from an otter-absent to otter-present state.
Biomass: In the otter-absent model, B = 1 x 10-6 g/m2 was used as a placeholder for the
subsequent reintroduction biomass. To then seed the population recovery trajectory and generate
the otter-present state, B = 4.33 x 10-4 g/m2 was calculated as the biomass of introduced sea
otters (based on 89 animals with mean weight of 20 kg (74) in a study area of 4112 km2).
Similarly, a carrying capacity of B = 0.040 was estimated for the study area based on 8,303
animals (73).
Production: The initial population growth rate (P/B = 0.186) was taken from (75).
Consumption: Sea otter Q/B was estimated using the midpoint (28%) of the daily ration
(23-33% of body weight) reported by (59). This gave an initial annual consumption rate of 0.28 *
365 = 102.2. However, upon model validation, this value was raised to Q/B = 140.0 to keep the
carrying capacity in line with the sea otter population model. It is not an unreasonable increase
given the unrestricted food supply during the sea otter expansion (see (73) for details).
Diet: Sea otter diet composition (Table S2) was based largely on (76) who described a
diverse diet in areas where otters were established, and a more limited diet in a newly occupied

area. In the newly occupied area they found the sea otter diet dominated (70%) by sea urchins
(Mesocentrotus and Strongylocentrotus spp.) with the balance (~25%) comprised mainly of large
bivalves. In contrast, the diet where otters were established was dominated by bivalves (~50%)
and predation on urchins was negligible. Other components of the diet included large crabs
(~5%), other crustaceans (~5%), predatory invertebrates (i.e., Tegula spp., octopus) (10%), with
the balance split between large grazers (i.e., chiton) and sessile invertebrates. A diet dominated
by sea urchins and bivalves was therefore assigned in the model, although the diversity of prey
species known to have occurred in the study area (e.g., abalone, Dungeness crab, geoduck clams)
was included to allow the model to adjust diet based on changing prey abundance.
Sea urchins
This group includes red (Mesocentrotus franciscanus), purple (Strongylocentrotus
purpuratus), and green (S. droebachiensis) sea urchins. Red sea urchins are the largest of the five
urchin species found in the eastern North Pacific. They inhabit rocky substrate mainly from the
intertidal zone to 50 m, though individuals can be found to 125 m (77). The smaller green and
purple urchins have similar ranges and diets, but in British Columbia are less important
commercially.
Biomass: Previous models of the study area have used biomass values ranging from 6.7 to
30 g/m2. Average densities (1.11 and 2.011 /m2) and biomass (455.29 and 669.92 g/m2) of
harvestable red sea urchins (> 90 mm) were reported by (78) for two otter-absent areas in the
study area. The mean of these values gives B = 562 g/m2, which is well less than the potential
maximum densities (2.67 urchins/m2) and biomasses (1204.07 g/m2) recorded as part of this
study and in other nearshore systems. For example in the western North Atlantic, B in urchin
barrens is reported as 1100 - 1200 g/m2 (79).

Even higher values of urchin B (ranging from 2800 to 3400 g/m2) have been observed from
rocky reefs in an adjacent otter-absent area (9). The same study shows pre-otter B in the area of
sea otter introduction declining from a maximum of 2900 g/m2 to as low as 25 g/m2 30 years
post-introduction (9). Thus, while there is a potential for very high sea urchin densities, there is
also considerable variability. The differences in observed B could be due to a range of factors
including regional, temporal, or sampling differences. For consistency, the pre- and post-sea otter
biomasses of sea urchins from the reintroduction area were used to represent the change in B
between otter-absent and otter-present areas. Since sea urchins are found almost exclusively on
rocky reefs, B was scaled using the 30% rocky reef assumption, and an additional assumption
that only 30% of rocky reefs were suitable oceanographically. The resulting 10% habitat
suitability assumption (rounded up from 9%) scaled the field observations to initial estimates of
B = 290 g/m2 for the study area in the otter-absent state, and B = 2.5 g/m2 in the otter-present
state (Table S1). However, the model did not reproduce the trophic cascade when sea otter prey
were abundant. The sea urchin biomass was therefore further reduced in the sea otter-absent state
to B = 29 g/m2. This decision was supported by evidence that sea urchins exhibit reduced
reproductive rates at high densities (80). See (73) for more details.
Production: Sea urchin reproduction is poorly understood, and recruitment events happen
infrequently when populations are high (81). Sea urchin P/B was therefore estimated using the
Brey method based on the mean test size (79.2 mm) of pre-sea otter sea urchins reported by (9)
giving a mass of 186 g and a P/B = 0.244. This value is likely an under-estimate as it does not
consider the higher P/B of the shorter-lived green urchin (66).

Consumption: Sea urchin consumption was reported as Q/B = 10.9 yr-1 by (66) based on
laboratory tests (82). This value was adopted recognizing that a lower value may be more
appropriate in a nutrient-limited environment such as an urchin barrens.
Diet: In an urchin barrens adult red sea urchin diet is comprised almost exclusively of fleshy
algae, while juveniles tend to forage on detritus, coralline algae and other surface scrapings (83).
Green urchins are known to actively climb and feed on live kelp (66). A diet similar to (66) was
therefore used, but with the proportion of kelp detritus increased to account for its greater
abundance in the study area, and observations that in kelp forests, sea urchins are less active
grazers, preferring to passively wait for kelp detritus (84). Urchins are preyed on by sea otters,
Dungeness crab, kelp crabs, and other predatory invertebrates.
Dungeness crab
Dungeness crab (Metacarcinus magister) is the second most valuable invertebrate in Pacific
Canada (data S1) and is by far the dominant large crab species in the region. The fishery is seen
as fully exploited, and catch has been relatively stable indicating reasonably successful
management. The species is also very important for recreational fishing. Two other crab species
(Pacific rock - Cancer antennarius, and red rock ‒ Cancer productus) are caught commercially,
however catches of these less valued species are small compared to Dungeness. Parameters for
this group are derived primarily from the Dungeness crab literature. However some attention is
paid in the diet to include the other species which are considered to be more predatory.
Biomass: Stock assessments provide an average weight of Dungeness crab caught (740
g/crab; (85)), but no published abundance estimates for Pacific Canada were found, likely
because the fishery is conservatively and effectively managed using size and sex restrictions
(85). The only density data found was from a multi-year study in the Columbia River estuary

(86). These data illustrate the high inter- and intra-annual variability in crab densities, making
such direct measures difficult. Therefore, following (66), Ecopath was allowed to estimate B
using a presumed EE = 0.90.
Production: A P/B = 1.50 was assigned based on the average from two earlier models of
the study area (67, 69). This corresponded well with the value estimated by (66).
Consumption: Similarly, a Q/B = 4.25 was assigned based on (69) and (67). This
corresponded well with the value estimated by (66).
Diet: Crab are often viewed as opportunistic predators, with the diet described as containing
a variety of crustaceans, bivalves, polychaetes, juvenile fish, and algae (87). However, such
studies are based on stomach contents, and often conducted in estuaries. It is therefore not clear
whether this diet diversity is due to active predation, or the scavenging of dead individuals (i.e.,
detritus), which may be more common in estuaries. While it is reasonable to envision Dungeness
crabs preying on sessile invertebrates, it is harder to imagine them capturing mobile fish species.
Thus, reports of juvenile fish in the diet, and perhaps other species, from studies based on
stomach contents, are more likely a result of scavenging rather than direct predation. The
implication that Dungeness crab prey on forage fish (66, 87) does stretch the imagination. Thus,
in keeping with the idea of Dungeness crabs as primarily scavengers, a diet dominated by sessile
invertebrates (0.34), followed by detritus (0.25) and other edible clams (0.10), with equal (0.05)
proportions to sea urchins, mussels, kelp crabs, predatory invertebrates, large grazers, small
grazers, and 0.01 cannibalism was assigned (Table S2).

Edible bivalves
To capture the commercial provisioning services of these species, they were divided into
three groups: geoduck clams, mussels, and other edible clams. Japanese oysters (Crassostrea
gigas) were excluded from the model because it is not a known prey item of sea otters in British
Columbia.
Diet: The diet of these three groups was assumed to be similar, comprised largely of
particulate organic matter. However, since particulate organic matter was not explicitly
represented in the model, assumptions about the proportions from potential sources (which can
include early life history stages of some species) were needed. In an otter-absent state, it was
assumed that most of the particulate organic matter was derived from phytoplankton (0.78) with
contributions from both kelp detritus (0.10) and detritus (0.10), and a possibility (0.01) each from
the large zooplankton and small heterotrophs groups (Table S2). Biomass, production, and
consumption are described for each group below.
Geoduck clam
Geoduck clams (Panopea generosa) are the most valuable commercial invertebrate fishery
in Pacific Canada (data S1). Geoduck clams are found from the intertidal to depths of 100 m
(88), however dive harvesting occurs in depths less than 20 m. Besides humans and sea otters,
adult geoduck clams have no known natural predators. Predation mortality during larval and
early-burrowing stages is presumed to be similar to other species with a larval and settlement life
history.
Biomass: Species-specific parameters from stock assessments (77) were used to estimate B.
Mean geoduck clam weight in the study area is reported as 1.0 kg, with wild densities ranging

between 0.54 and 0.86 per m2. This suggests a B between 540 and 860 g/m2 in suitable habitat.
This is considerably lower than the observed bed density of 1590 g/m2 in Southeast Alaska (89),
suggesting geoduck clam densities and perhaps habitat suitability are highly variable. The midpoint of the British Columbia estimate was scaled to the study area by applying the 30% soft
bottom assumption and an additional 30% oceanographic suitability assumption yielding a 10%
habitat suitability, which scaled the 700 g/m2 midpoint to B = 70 g/m2. This is slightly more than
the estimate of 52.4 g/m2 from (66), which they describe as conservative.
There is some uncertainty around the impacts of sea otters on geoduck clams. Anecdotal
reports from fishers suggest the reduction of geoduck clam density in otter-present areas is
significant. However, this does not always seem to be borne out by the data. One study (90)
found no difference in geoduck clam density between groups of sites with and without sea otters,
although this appears to have been confounded by significant inter-annual variability. In
Southeast Alaska, the ratio of mean geoduck clam B between surveyed beds with and without
otters is 0.87, although a reduction in the size distribution is evident (89). A factor of 0.80 was
therefore used to estimate B = 56 g/m2 in otter-present areas (Table S1).
Production: Following (66), the estimated exploitation rate of 1.2% (77) was added to the
mean (0.036 yr-1) of a natural mortality estimate of between 0.014 and 0.054 yr-1 (90) yielding a
P/B = 0.048 yr-1. This is in line with the 0.036 yr-1 used by (66), but considerably less than the
0.125 yr-1 estimated with allometric scaling (73) suggesting the value could be low.
Consumption: A Q/B = 2.0 yr-1 was adopted from (66).

Mussels
Mussels (Mytulis californianus) occur attached to hard substrate in highly exposed areas of
the coast. This is in contrast to Mytulis edulis described in (66) or M. trossulus (more commonly
found in British Columbia) which prefer relatively protected estuarine bays. Mussels feed a
range of groups including predatory invertebrates, Dungeness crab, pelagic reef fish, and other
demersal reef fish.
Biomass: Local work estimated a remarkable B = 82,600 g/m2 in suitable habitat from field
surveys (91). In otter-present areas, they found these values to be somewhat lower (B = 57,100
g/m2).
To scale this sizable biomass to the study area, and bring it more in line with the other
bivalve groups, it was conservatively assumed that suitable mussel habitat, because of their
exposure requirements, comprised only 1% of the 10% of the study area assumed to be shallow
rocky reefs. This scaling factor (0.001) gave a still substantial B = 82.6 g/m2 for otter-absent
areas. Without assessments of mussel habitat suitability, the reasonableness of this assumption is
difficult to assess. However, the value is in line with the other groups in the model.
Production: A P/B = 0.428 yr-1 was obtained using allometric scaling to first estimate the
energy per individual, and then P/B from energy and life history characteristics.
Consumption: Following (66), Q/B = 1.42 yr-1 was estimated by dividing the P/B estimate
(above) by a presumed bivalve growth efficiency of 0.3 (see (73) for more details).
Other edible clams
Five commercial species of clams are found in the study area including Manila (Venerupis
philippinarum), littleneck (Protothaca staminea), butter (Saxidomus giganteus), razor (Siliqua

patula), and varnish (Nuttallia obscurata) clams. For the purposes of this analysis, the group was
restricted to the 3 most valuable species: Manila, littleneck and butter clams.
Butter clams dominated landings prior to 1980, after which the majority of landings were
Manila clams (92). Butter clams are also an important prey item for sea otters in southeast
Alaska (62).
Biomass: A method for estimating B was derived using species-specific parameters from
stock assessments, and other related references (73). The method first assumed that harvest
reference points described suitable habitat densities. The regional integrated fisheries
management plan (92) describes a harvestable reference point of 30 legal size clams/m2,
although densities can be in excess of 130 legals/m2. Legal sizes are: littlenecks (38 mm), butter
(63 mm), manila (68 mm) and razor (90 mm).
Legal lengths were converted to weight. Razor clams were dropped at this stage because
they are less widely distributed than the other species, contributing less to the B, and because
growth information was not available. The weights for the remaining three species were
converted to densities using the harvestable density reference points and summed the species
minimum legal densities (30/m2) to generate a conservative estimate of total B = 6,462 g/m2 in
suitable habitat areas.
To scale this B for the study area, the 30% soft bottom assumption was augmented by
assuming only 30% had suitable water chemistry, and that the species' extended over only 10%
of kelp suitable depth (based on the uniform depth assumption and a distribution to 5 m depth).
The resulting realized habitat extent of (0.3*0.3*0.1) resulted in a potentially conservative B =
58.2 g/m2 for the study area.

Production: A P/B = 2.059 yr-1 for infaunal bivalves was estimated by (66), however their
group also included the very small species which were excluded from this model. Thus, this
number is likely high. For comparison, allometric scaling using the available data for butter
clams yielded a P/B = 0.410 yr-1. This value was used, recognizing that it could be an
underestimate.
Consumption: As with mussels, the Q/B = 1.37 yr-1 estimate was obtained using a typical
conversion efficiency (P/Q) for bivalves of 0.3, allowing Q/B to be estimated from P/B (66).
Lingcod
A highly-prized greenling species, Ophiodon elongatus adults are found near rocks, ranging
from the intertidal to 475 m depth. Young occur on sand or mud bottom of bays and inshore
areas.
Biomass: The average biomass (B = 0.33) from three models (67-69) was used, assuming
that lingcod were uniformly distributed across the region. These values were implicitly for otterabsent areas as the models were derived for otter-absent systems.
Production: Recent work on lingcod populations for three offshore lingcod areas in British
Columbia (93) led to an average reproductive rate of 0.252. However, given that lingcod
continue to be exploited by recreational fisheries, this was reflected in the P/B = 0.50 used,
which is in the range between unexploited and exploited values discussed by (66).
Consumption: The average (Q/B = 3.55) of the values from the earlier models (67-69) was
used.
Diet: Since lingcod forage extensively in deeper habitats not included in the study area, it
was assumed that lingcod import 50% of their diet. The remaining 50% was divided into

proportions similar to those published elsewhere (94, 95): other demersal reef fish (0.15), pelagic
reef fish (0.05), forage fish (0.05), kelp crabs (0.1), large grazers (0.07), small grazers (0.07), and
lingcod (0.01) (Table S2).
Other demersal reef fish
The eastern North Pacific has the world's greatest diversity of rockfish (Sebastes spp.) with
over 65 different species (96). These species are generally associated with rocky reefs. While
demersal fish species tend to get larger in deeper waters where most spend their adult lives, the
nearshore is home to younger conspecifics, as well as to adults of some smaller species. The
deeper regions of the nearshore are part of the habitat of some larger rockfish, most notably
lingcod. Of the remaining species, the most dominant in this group are other greenlings (Family
Hexagrammidae) and black rockfish (Sebastes melanops). The group also includes sculpins and
other larger species such as cabezon (Scorpaenichthys marmoratus) and red Irish lord
(Hemilepidotus hemilepidotus).
The average values from the other large rockfish groups defined by (67, 69) gave P/B =
0.14 and Q/B = 3.0. However, since these values yielded a low P/Q ratio, values of P/B = 0.24
from (66), and Q/B = 1.2, calculated using an assumed P/Q = 0.2 (a standard value for fish (66)),
were used. Model tuning raised these values to P/B = 0.3 and Q/B = 2.0 to make the respiration
rate more realistic for these species. Ecopath was used to estimate B using EE = 0.9.
Diet: The diet of rockfish is highly diverse and consists largely of zooplankton
(euphausiids, mysids, fish eggs/larvae), zoobenthos (e.g., amphipods, crabs, shrimp), and finfish
(e.g., herring, sandlance, and rockfish). Reported ranges for several different species contained in
FishBase (63) include: finfish 13-90%; zoobenthos 5-70%; and zooplankton 3-20%. To ensure
the diet was broadly based, it was structured to include: sessile invertebrates (0.3), equal parts

meso-grazers and large zooplankton (0.2), equal parts (0.05) pelagic reef fish, kelp crab, small
heterotrophs, some forage fish (0.02), and a possibility (0.01) of predatory invertebrates, large
grazers, and small grazers, with a notable (0.10) cannibalism component.
Pelagic reef fish
This group includes species that spend the majority of their life history in the water column,
associated with either the kelp forests on rocky substrates. It includes species such as the surf
perches (Family Embiotocidae), and the tubesnout (Aulorhyncus flavidus), and bay pipefish
(Sygnathus grisolineatus). Surf perches were explicitly represented by (97), while (66) defined a
somewhat broader group termed demersal fish, that combined demersal species with these more
pelagic ones.
A P/B = 2.0, and Q/B = 10.0 were used for this group. These values, slightly higher than
those used by (66), were chosen to account for the shorter-lived characteristics of the group as
defined, and to maintain P/Q near 0.20. Ecopath was used to estimate B using EE = 0.8, a value
used by (66) for their demersal fish group.
Diet: Based on the data reported for a number of northeast Pacific species (63), the prey of
this group includes small forage fish, and both planktonic and benthic crustaceans. These are
represented in the model as large zooplankton and meso-grazer groups. The diet was therefore
defined as largely large zooplankton (0.52) and meso-grazers (0.20), with equal (0.05)
contributions from predatory invertebrates, large grazers, small grazers, small heterotrophs, and
sessile invertebrates. The diet also allowed for the possibility of early life history forage fish,
other demersal reef fish, and pelagic reef fish (0.01 each). The group forms a significant
component of the diet of the larger fish groups.

Forage fish
This group includes the small, seasonally abundant, schooling species. They are
differentiated from pelagic reef fish because their seasonal aggregations are important to many
macro-organisms. In the eastern North Pacific this group includes primarily herring (Clupea
pallasii pallasii), sand lance (Ammodytes hexapterus), anchovy (Engraulis mordax) and sardines
(Sardinops sagax). All species were included as a single functional group since their ecological
role and diets are similar (see (63)). The composition of this group differs from that typically
defined for forage fish by more offshore, fisheries focused models which include more oceanic
species such as smelt and mackerel, while often treating herring separately.
Assuming this group is dominated by herring, the average Q/B = 4.75 from (67-69) was
used. While the Q/B corresponded well to the forage fish group of (66), the P/B average of 0.67
from these models seemed low. A P/B = 1.5 based on an integrated forage fish value (66) was
therefore chosen. Ecopath was allowed to estimate B based on an EE = 0.90 given the role of
forage fish in the ecosystem.
Diet: Examining the diet from earlier models shows that juvenile forage fish feed mainly on
small crustaceans (both planktonic and benthic), also taking invertebrate larvae. Adults prey
mainly on small crustaceans and fishes, and detritus. In this model these prey are represented
primarily by large zooplankton (0.8) and meso-grazers (0.18) with the possibility of small
grazers and sessile invertebrates (0.01). They are prey for many fish species (e.g., lingcod, other
demersal reef fish, and pelagic reef fish), but usually only when aggregated.

Kelp crabs
While serving a similar ecological role as small grazers, the local kelp crab Pugettia
producta also prey on sessile invertebrates and mussels, and likely some detritus. Along with
decorator crabs and other small kelp-associated species, these animals contribute to the sea otter
diet, thereby warranting their own group.
Biomass: Ecopath was allowed to estimate B for this group with an EE = 0.90. This
assumed they play an important role as prey in the ecosystem.
Production: A P/B = 3.5 from (67) was used for this group, which corresponded well with
the value (3.41) estimated by (66) for small crustaceans.
Consumption: Q/B for this group was estimated at 14.0 by (67), while (66) used Q/B = 25
for small crustaceans. A Q/B = 20.0 was chosen here.
Diet: Kelp crabs are more herbivorous than their larger counterparts (98) so they were
assigned a significant (0.30) other macroalgae component. Mussels and sessile invertebrates are
also key components of the diet (0.2 each). Detritus and kelp detritus were assigned equal
proportions (0.10), and the rest was divided among small grazers (0.06) while also allowing for
predation (0.01 each) on the other small, kelp associated groups including: sea urchins, predatory
invertebrates, large grazers, and meso-grazers.
Other benthic invertebrates
The sheer diversity of smaller marine benthic invertebrates makes creating functional
groups for these species a challenge in any trophic model. The first step was to exclude small,
infaunal invertebrates (e.g., polychaetes, small bivalves, and other "junk in the muck") from the
model because the focus here is on rocky reefs, sea otter prey, and commercial species.

Similarly, squid and jelly fish were excluded as they were considered primarily oceanic or not
part of the sea otter diet. The remaining species were split into predatory invertebrates,
epibenthic large grazers, small grazers, meso-grazers, and sessile invertebrates. These groups are
intended to comprehensively cover nearshore invertebrate species that occur on rocky reefs,
while allowing representation of size-based trophic associations.
The smallest (< 20 mm) pelagic crustaceans such as copepods and euphausiids were placed
in the large zooplankton group.
Biomass: Biomasses for all groups were based on the data collected during dive surveys of
rocky reefs to support this study. All observed biomasses were scaled using the 10% kelp habitat
assumption. On balancing the model, it was necessary to increase the biomass of the small
grazers group from 1.0 to 2.0, and during model evaluation, the B values for the otter-present
region were reduced by an additional 50% to maximize model fit to the time series.
P/B and Q/B values were considered separately for each group.
Predatory invertebrates
This group includes the larger, predatory invertebrates such as the large sea stars, predatory
snails (e.g., the moon snail), as well as whelks and oyster drills.
Production: A P/B = 0.52 for sea stars and 1.01 for predatory gastropods was estimated by
(66). The mean of these two values was chosen giving P/B = 0.76.
Consumption: A Q/B = 2.6 for sea stars and 6.73 for predatory gastropods was estimated
by (66). A value of Q/B = 4.0, slightly lower than the mean because sea stars dominate the
relative abundance in this group, was chosen.

Diet: Predatory invertebrates feed on a diversity of other benthic invertebrates. Large sea
stars feed primarily on mussels, barnacles (sessile invertebrates), small urchins, and limpets and
snails (small grazers) while moon snails feed primarily on members of the other edible clams
group (99). Since it is likely that other benthic invertebrates are also consumed by this group, a
broad diet was designed, with equal (0.2) proportions to mussels, other edible clams, small
grazers, and sessile invertebrates, 0.10 to detritus, and the remainder divided equally (0.02)
among sea urchins, kelp crabs, predatory invertebrates, large grazers, and meso-grazers.
This group is preyed upon by sea otters, Dungeness crabs, lingcod, other demersal reef fish,
and predatory invertebrates.
Large grazers
This group includes benthic invertebrates that serve as a significant food source for sea
otters such as the large active grazers (i.e., abalone, turban snails, large chitons) as well as the
more passive large sea cucumbers. Sea urchins, while certainly a large grazer, are in their own
group because of their commercial value.
Production: A P/B = 0.75 for a different grazers group that includes chitons and small
gastropods was estimated by (66), while (100) estimated abalone mortality in the absence of sea
otters at 0.25. As the large grazer group used here included both these subgroups, a P/B = 0.40
was used, a value somewhat less than the mean of these values.
Consumption: (66) estimated a Q/B = 8.9 for the other grazers group and 11.3 for the large
sea cucumber group. The mean of these two values (Q/B = 10.1) was chosen.
Diet: This group is herbivorous and thus feeds largely on kelp detritus (0.68) and the other
macroalgae (0.20) groups. The inclusion of large sea cucumbers adds a significant detritus (0.10)

portion to the diet. The possibility of active grazing on either canopy kelp was allowed (0.01).
This group comprises a significant portion of a diversified sea otter diet, as well as contributing
to the diet of Dungeness crabs, pelagic reef fish, other demersal reef fish, kelp crabs, and
predatory invertebrates.
Small grazers
This group includes active grazers too small to serve as sea otter prey (i.e., small snails and
shrimp, limpets, periwinkles, small chitons). Since it falls functionally between the large and
meso-grazers, values in between these groups were used: P/B = 3 and Q/B = 14.
Diet: Feeding primarily on large pieces of kelp detritus (0.88), this group is responsible for
breaking down larger pieces of algae into smaller ones. A portion (0.10) of the diet was assigned
to other macroalgae to accommodate direct grazing on encrusting algae and other benthic
species, and the possibility (0.01) of direct grazing on canopy kelps was also allowed. Small
grazers are preyed upon by Dungeness crabs, other demersal reef fish, pelagic reef fish, forage
fish, kelp crabs, and predatory invertebrates.
Meso-grazers
This group is comprised of grazing benthic invertebrates too small to be sea otter prey, and
includes a wide variety of small crustaceans such as brachyuran crabs, amphipods, mysids, and
isopods. The group is equivalent to the small crustaceans group defined by (66), who describe it
as among the most important groups in the system in terms of its structure and flow.
Production: Natural mortalities for amphipods in the literature range from 1.5 to 4.5 while
for mysids it can be as high as 6.0. These values correspond well to the P/B = 3.41 used by (66)
and that value is used here.

Consumption: A Q/B = 25 was used in earlier models (66). However, here that value led to
excessive respiration rates so the rate was lowered to Q/B = 15 for this group.
Diet: Amphipods are mainly detritivores and scavengers, while mysids eat primarily algae
and detritus in addition to some infaunal benthic invertebrates and zooplankton (101, 102).
However, the small crabs in this group are more predatory, potentially taking mussels and other
edible clams, as well as young stages of predatory invertebrates, and other meso-grazers. Since
the grazers in this group continue the decomposition of detritus and algae into particulate organic
matter suitable for filter feeders, half their diet was assigned to detritus, with equal proportions
(0.10) to phytoplankton, kelp detritus, other macroalgae, and cannibalism. The remaining 0.10
was divided between small heterotrophs (0.08), and mussels and other edible clams (0.01 each).
This group can dominate the diet of larger animal groups such as predatory invertebrates,
juvenile pelagic reef fish, forage fish, and other demersal reef fish.
Sessile invertebrates
This diverse group includes filter feeders (i.e., barnacles, tube worms, sponges, anemones,
and small sea cucumbers and bivalves) too small to serve as sea otter prey. It includes species
from the suspension feeder, deposit feeder, tunicate, and barnacle groups defined by (66).
Production: Considering what might be the relative abundances of these groups in the
study area, an arbitrary P/B = 2 was chosen. This is in the range of all the similar groups used by
(66).
Consumption: Considering the relative abundances of these groups in the study area, an
arbitrary Q/B = 13 was chosen. This is in the range of all the similar groups used by (66).

Diet: The group has a diverse diet, consuming anything of an appropriate size including
both zooplankton and phytoplankton. A balanced, diverse diet was assigned including large
zooplankton (0.30), small heterotrophs (0.30), phytoplankton (0.10), kelp detritus (0.15), and
detritus (0.15). They are consumed by Dungeness crabs, predatory invertebrates, some pelagic
reef fish, and other demersal reef fish, depending on the life stage.
Large zooplankton
This group is comprised primarily of mesozooplankton, ichthyoplankton, and invertebrate
larvae. Parameter estimates of B = 16.3, P/B = 15.8, and Q/B = 45.6 were based on the average
for similar groups from other studies (67-69, 97).
Diet: A somewhat arbitrary diet was defined, dominated by phytoplankton (0.60), with
contributions from small heterotrophs (0.25), kelp detritus (0.10), and cannibalism (0.05).
Small heterotrophs
This group includes all heterotrophic organisms less than 200 m in size. Estimates of B =
11.7, P/B = 125, and Q/B = 290 were based on the herbivorous zooplankton groups defined by
(68, 69). A diet dominated by phytoplankton (0.8), supplemented by kelp detritus (0.10) with
equal (0.05) parts detritus and cannibalism was defined. Production and consumption estimates
correspond well with those used by (66) for the microzooplankton group (P/B = 100, and Q/B =
285), however their B = 5.3 estimate based on EE = 0.8 was notably lower. The higher B value
used here is justified under the assumption that the exposed coast is more productive than Puget
Sound.

Phytoplankton
This group includes those organisms that synthesize organic compounds from C02 and
nutrients through photosynthesis. Diatoms are the most common phytoplankton in temperate
latitudes. Unicellular, but often existing in colonies as filaments, diatoms were once widely
believed to be the base of the marine food chain, feeding copepods that were then consumed by
fish. This view has evolved in recent years, and this diatom-copepod-fish food chain, while
important, appears to be limited to periodic high-biomass diatom blooms (103).
Ecopath models are generally insensitive to phytoplankton B and P/B values since it is
rarely modelled as a limiting resource. This model therefore initially used the average from the
other 4 models of the region (B = 25, P/B = 125). Biomass was increased to B = 28 on balancing
(see below).
Macroalgae
Because of the putative role of canopy (or overstory) kelps as nursery habitat, and the
apparently different roles played by the dominant species (104), the canopy kelp were separated
into the perennial giant kelp (Macrocystis pyrifera) and the annual bull kelp (Nereocystis
macrofoliata). All other kelps were grouped into the other macroalgae group, recognizing that
this is a large, diverse group.
Kelp production
Through a detailed review of bull kelp B and P/B, (66) concluded that the growth of
individual sporophytes for rapidly growing species is better reflected in the P/B ratio, and not the
B. Their P/B = 43 for bull kelp was accepted. For the perennial giant kelp, while potentially
faster growing than bull kelp at its peak growth rate, turns over less biomass in a season. In a

study of giant kelp turnover in California, (105) provide estimates of both standing stock and
production, from which a P/B = 6.08 yr-1 was estimated. The diverse other macroalgae group
includes all other species of fleshy macroalgae, including corallines. A P/B = 15 yr-1 was
assigned to a similar group in Puget Sound (66), and this value was adopted here.
Kelp biomass
Kelp B was difficult to estimate for the entire study area not only because localized field
studies tend to be at the scale of an individual kelp forest, but also because of high inter-annual
and across site differences. Habitat suitability models have been used to estimate
presence/absence of kelp over large areas (e.g., (106)), and some studies have assumed general
biogeographic distributions (e.g., (29)). However, no study was found that provided a rationale
for estimating kelp biomass in a quantitative way from local data to a larger region. Here, field
data collected from local sites with and without sea otters, regional data on kelp abundance, and
assumptions about potential and realized habitat were assessed for their suitability for scaling the
kelp B.
Given the variability in kelp sampling and the significant scaling challenges (73), Ecopath
was allowed to estimate B with the understanding that the otter-absent system is dominated by
grazers, a situation that leads to low B values and high EE. A higher EE also agrees with the
earlier assumption that sea urchins are food limited. Assumed EEs of 10%, 90%, and 50% were
used for bull kelp, giant kelp, and other macroalgae respectively. These values reflect the fact
that bull kelp tends to be distributed in higher exposure areas or areas of higher current where it
less accessible to sea urchin predation. The other macroalgae group was assigned an intermediate
value as some species in this diverse group are less likely to be eaten by grazers.

Kelp Detritus and Detritus
Biomasses for the detritus groups are used only for tracking relative change. The actual B
values are based on the flows from the other groups. Both detritus pools were, according to
standard practice, set to an arbitrary value of 10.0. All groups were directed to detritus except the
three kelp groups, which were sent first to the kelp detritus pool.
Other Ecopath parameters
The unassimilated portion of consumption was changed from 0.2 to 0.4 for all the grazer
groups in the model (sea urchins, large grazers, small grazers, meso-grazers, large zooplankton,
and small heterotrophs) to reflect the likelihood that the assimilation rate of species and groups
that are primarily herbivorous was lower than the default. Ad hoc sensitivity analyses suggested
that the model was relatively insensitive to changes in this parameter.
5.2. Model balancing and tuning
All that was necessary to balance the model given the initial set of parameters described
above was to raise primary production B from 25 to 28, a trivial change well within the
acceptable range.
Model tuning in response to two derived ecological values led to one set of minor
adjustments. Respiration (R), and food conversion efficiency (P/Q) provide a simple diagnostic
for evaluating the realism of parameters in balanced models. Realistic P/Q values are expected to
be on the range 0.1 - 0.3, with lower values for top predators and higher values for small
organisms (e.g., to 0.5 for bacteria). Reasonable values for R range from 1-10 for fish and
between 50 -100 for smaller organisms such as copepods (107).
P/Q values were low (< 0.1) for sea urchins, geoduck clams, and large grazers.
Corresponding R values were quite high for urchins and large grazers, but appropriately low for

geoduck clam (even though the value is twice as high as other edible clams group, this could be
explained by the energy required for nutrient pumping by deeply buried species). Thus, no
adjustments were made to the geoduck clam parameters. Adjusting Q/B and P/B for sea urchins
was considered, however the parameters were reliably derived, and sizable, perhaps unrealistic
changes were required to bring the R and P/Q values within the recommended ranges. Given that
the recommended ranges are intended primarily for fish species, and that sea otter values
(assumed to be realistic) provide an example where species may fall outside these ranges, no
adjustments were made to the parameters for these groups. It was assumed an R slightly < 1 was
acceptable for bivalves given their sedentary nature.
An R of 0.72 for the other demersal reef fish group seemed low, though P/Q was acceptably
in the middle of the fish range. Some experimentation was necessary to avoid unbalancing the
model because this group is broadly trophically connected. Ultimately, both P/Q (0.24 -> 0.3 yr1

) and Q/B (1.2 -> 2.0 yr-1) were raised, giving a more reasonable (though not ideal) R = 1.3. This

brought the base parameters more in line with lingcod, but produced too much B requiring a
small reduction in EE (to 0.9) to balance the model.
5.3. Ecosystem dynamics
Ecosim's representation of ecosystem dynamics uses a number of observed phenomena that
are difficult to parameterize. These include vulnerability — the density-dependent relationship
between a predator and its prey, and mediation — the indirect change in production attributable
to another species (e.g., biogenic habitat). These two essential parameters are discussed in detail
below. For details on the remaining Ecosim parameters see (73).
Vulnerability is a predator-prey specific foraging parameter that relates to densitydependence. It can be interpreted as the amount a given predator could increase the predation

mortality it is causing on a prey species if the predator population reached carrying capacity.
Thus, depleted populations will have high vulnerability exchange parameters (as defined by
(108)), while populations close to their carrying capacity will have vulnerability close to 1.
Vulnerability can be estimated with knowledge of a predator’s current biomass and carrying
capacity, but carrying capacity is generally unknown and estimates of population size are
typically uncertain. Best practice is therefore to estimate vulnerabilities through time-series
fitting (109). The estimation of vulnerability was facilitated by grouping the sea otter prey into
three ecologically-based vulnerability classes (Table S5; see (73) for details). To estimate the
increase in rockfish habitat due to kelp (a classic mediation effect, e.g., (97)) a standard
mediation curve was used as recommended by (110).
Ecosim provides a time-series fitting routine, which estimates vulnerabilities by minimizing
the differences between the trajectory of model populations and observed population trends. Data
used to fit the vulnerabilities included a sea otter population trend based on decades of
observational data (111), and two points for each sea otter prey species for which otter-absent
and otter-present estimates could be made (Table S1).
Estimates of vulnerability and mediation contain uncertainty that is difficult to quantify.
However, these parameters allow characterization of a foraging arena (108), which provides a
more accurate representation of reality. Thus, despite uncertainty in these parameters, the
inclusion of foraging arena theory leads to a better fit to the available data, and reduces overall
model uncertainty.

Table S1. Primary Ecopath parameters. Production (P/B) and consumption (Q/B) rates, local,
observed biomass (B, g·m-2) and proportional change (ΔB) from otter-absent to otter-present
systems, B values scaled to the study area for the two sea otter states, and the source of the data.
Values in italics were input to the Ecopath model. Biomasses for groups with no values listed in
the Scaled-Absent column were estimated using an assumed ecotrophic efficiency (EE). Other
model sources are described in the text. Shaded values were used to create the predicted time
series used for vulnerability fitting and model assessment. See supplemental materials text for
additional details and terminology.
Observed B (g m-2 yr-1)
Species/Group

P/B

Q/B

Absent

ΔB

Present

Scaled B (g m-2 yr-1)
Absent

Present

Source

Sea otter

0.186

120

89 a

8302

93.28

0.000585

0.0546

(65)

Sea urchin

0.244

10.9

2900

25

0.0086

29

0.250

(9)

1.5

4.25

--

--

--

--

--

Geoduck clam

0.048

2

700

--

0.80

70.0

56.0

(89)

Mussels

0.428

1.42

82600

57100

0.69

82.6

57.1

(91)

0.41

1.37

6462

--

--

19.39

--

(73)

Lingcod

0.5

3.55

--

--

--

0.33

--

Other models

Other demersal reef fish

0.3

2

--

--

--

--

--

EE Estimate

2

10

--

--

--

--

--

EE Estimate

Forage fish

1.5

4.75

--

--

--

--

--

EE Estimate

Kelp crab

3.5

20

--

--

--

--

--

EE Estimate

0.76

4

60.0

50.6

0.84

3.0

2.5

This study

Large grazers

0.4

10.1

142

1.66

0.01

7.2

0.08

This study

Small grazers

2

14

19.5

65.8

3.37

1.0

3.29

This study

Meso grazers

3.41

15

39.1

7.67

0.20

1.95

0.38

This study

2

13

98.9

565

5.71

4.94

28.2

This study

Large zooplankton

15.8

45.6

--

--

--

16.3

--

Other models

Small heterotrophs

125

290

--

--

--

11.7

--

Other models

Phytoplankton

125

0

--

--

--

28.0

--

Other models

Bull kelp

43

0

--

--

--

--

--

EE Estimate

Giant kelp

6.1

0

--

--

--

--

--

EE Estimate

Understory kelp

15

0

--

--

--

--

--

EE Estimate

Dungeness crab

Other edible clams

Pelagic reef fish

Predatory Invertebrates

Sessile invertebrates

a. Introduced density of sea otters used to trigger the trophic cascade.

EE Estimate

Sea urchin

Dungeness crab

Geoduck clam

Mussels

Other edible clams

Lingcod

Other demersal reef fish

Pelagic reef fish

Forage fish

Kelp crabs

Predatory invertebrates

Large grazers

Small grazers

Meso grazers

Sessile invertebrates

Large zooplankton

Small heterotrophs

Sea otter
Sea urchin
Dungeness crab
Geoduck clam
Mussels
Other edible clams
Lingcod
Other demersal reef fish
Pelagic reef fish
Forage fish
Kelp crabs
Predatory Invertebrates
Large grazers
Small grazers
Meso grazers
Sessile Invertebrates
Large zooplankton
Small heterotrophs
Phytoplankton
Bull kelp
Giant kelp
Understory kelp
Detritus
Kelp detritus

Sea otter

Table S2. Ecopath diet matrix. Predators are shown in columns, and their prey as rows. All columns sum to 1 representing the initial
diet of all species groups except lingcod, which import 50% of their diet from outside the model system.
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Table S3. Data quality for the main model parameters for each species or group. Each
parameter was assigned a coefficient of variation corresponding to its data quality ranking for
the re-sampling process (low = 0.80, medium = 0.40, and high = 0.20).
Species / group

Density (B)

Production (P/B)

Consumption (Q/B)

Sea otter

High

High

High

Urchin

Low

Low

Low

Dungeness crab

Medium

Medium

Medium

Geoduck clam

Medium

Medium

Medium

Mussels

Low

Medium

Medium

Other edible clams

Low

Medium

Medium

Lingcod

High

High

High

Other demersal reef fish

Low

Medium

Medium

Pelagic reef fish

Low

Medium

Medium

Forage fish

Low

Medium

Medium

Kelp crabs

Low

Low

Low

Predatory Invertebrates

Low

Medium

Medium

Large grazers

Low

Medium

Medium

Small grazers

Low

Medium

Medium

Meso grazers

Low

Medium

Medium

Sessile Invertebrates

Low

Medium

Medium

Large zooplankton

Low

Medium

Medium

Small heterotrophs

Low

Medium

Medium

Phytoplankton

Low

High

--

Bull kelp

Low

High

--

Giant kelp

Low

High

--

Other macroalgae

Low

High

--

Table S4. Scaled average catch rates for key commercial species. Average and standard
deviation of the annual (1983 - 2008) catch of the 5 commercial species explicitly included in the
trophic model for Fisheries and Oceans statistical areas 23 through 26. Catches are scaled to a
catch rate based on the 4112 km2 study area. This served as the fishing mortality in the otterabsent Ecopath model. Lingcod was scaled by an additional 0.10 to account for the majority of
the catch occurring deeper than our study area.
Catch rate (t km-2 yr-1)
Otters absent

Mean annual catch
(tonnes)

Standard
deviation

Sea urchin

200

116.5

0.049

Crab

251

102.7

0.061

Geoduck clam

806

563.2

0.196

Other clams

297

211.2

0.072

Lingcod

124

701.6

0.030

Species

Table S5. Vulnerability classes. Classification of functional groups into vulnerability classes
based on understanding of ecological role and interaction with sea otters.
Species/Group

Accessibility

Value

Urchin

High

High

Large grazers

High

High

Dungeness crab

High

High

Mussels

High

Moderate

Geoduck clam

Low

High

Other edible clams

Moderate

Moderate

Kelp crabs

Moderate

Low

Predatory Invertebrates

High

Low

Sessile Invertebrates

High

Low

Vulnerability
1000
400
200

100

Results tables
The following tables contain the quantitative values for the figures in the main manuscript
and include: the predicted median change in dollar value of the services considered (Table S6)
from otter-absent to otter-present system; the predicted change in annual landed value for
commercial species (Table S7), and the predicted change in biomass for all functional groups in
the Ecosim model (Table S8).

Table S6. Change in value of modeled ecosystem services. Median change in value (millions of
2018 CA$) of ecosystem services on the West coast of Vancouver Island due to the transition
from a sea-otter absent, urchin dominated system to an otter-present, kelp-dominated system.
Predictions include estimates of key uncertainties for each service, shown as the 5th and 95th
percentiles.
Service

5th %

Median

95th %

Direct catch

-10.34

-7.32

-4.65

Supplemental catch

2.03

9.37

30.38

Carbon sequestration

0.52

2.20

7.29

20.74

41.53

66.62

Tourism

Table S7. Change in value of commercial fisheries. Change (from otter-absent to otter-present)
in annual landed value (millions of 2018 CA$) of nearshore commercial species on the West
coast of Vancouver Island. Landings (in kilotonnes) for the otter-absent state are based on the
measured catch rate (Table S4). For the otter-present state, landings are based on the median
catch rate from the simulated results. The total difference differs very slightly from Figure 3 and
Table S6 because of the resampling applied.
Landings (kt)

M$/kt

Annual value (M$)
Absent

Δ (M$)

Absent

Present

Present

Sea urchin

0.200

8.91E-04

4.71

0.94

0.00

-0.94

Dungeness crab

0.251

2.12E-08

7.19

1.80

0.00

-1.80

Geoduck clam

0.807

0.609

25.13

20.27

15.30

-4.97

Other edible clams

0.297

0.214

3.69

1.10

0.79

-0.31

Lingcod

0.123

0.362

2.48

0.31

0.90

0.59
-7.42

Table S8. Changes in biomass of modeled groups. Relative change (ΔB) in biomass values
(g·m2) from an otter-absent to an otter-present state by trophic group.
Trophic Group

Otter-absent

Otter-present

ΔB

Sea otter

0.00

0.04

93.79

Urchin

29.0

0.05

1.60 x 10-03

Dungeness crab

0.07

1.49 x 10-09

2.28 x 10-08

Geoduck clam

70.0

52.76

0.75

Mussels

82.7

68.41

0.83

Other edible clams

58.2

13.81

0.71

Lingcod

0.33

1.01

3.01

Other demersal reef fish

2.83

4.16

1.47

Pelagic reef fish

0.23

0.36

1.59

Forage fish

0.11

0.15

1.32

Kelp crabs

0.87

3.17

3.62

Predatory invertebrates

3.01

4.72

1.57

Large grazers

7.18

0.44

0.06

Small grazers

2.13

6.35

2.98

Meso grazers

1.93

3.12

1.62

Sessile invertebrates

4.99

4.22

0.85

Large zooplankton

16.52

19.24

1.17

Small heterotrophs

11.72

12.65

1.08

Phytoplankton

27.80

26.47

0.95

Bull kelp

14.94

18.22

1.22

Giant kelp

11.95

156.19

13.07

Other macroalgae

7.28

35.54

4.88

Detritus

9.62

10.26

1.07

Kelp detritus

10.95

19.54

1.78

Total

335.57

460.90

1.37

