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ABSTRACT. Scale mismatches result in incomplete or ambiguous feedback that impairs the ability to learn and adapt and,
ultimately, to sustain natural resources. Our aim is to examine the sea urchin fishery in Maine, USA to better understand the
multiscale, social, and biophysical conditions that are important for the design of institutions that might be able to sustain the
resource. During the late 1980s and 1990s, the Maine sea urchin fishery was a classic gold rush fishery. In the beginning, the
fishery was characterized by an abundant resource with little to no harvesting activity, followed by a period of rapid increase
in landings and effort that led to a subsequent and persistent decline in the sea urchin population and a significant reduction in
effort. We conducted semistructured interviews with scientists and experienced fishermen to understand the multiscale, social,
and biophysical conditions that influence fishermen’s harvesting strategies, and the implications of this for the design of
institutions for successful resource management. The current co-management system includes an advisory body made up of
industry membersand scientistsit also includeslimited entry, and additional input control mechanisms. Many of these measures
are implemented at a very broad scale; however, we find that the ecological conditions relevant to the sustainable processes
occur at the scale of individual fishing sites or ledges, which isamuch finer scale than current management. Therefore, the co-
management system maintains an open access system and leaves few incentives for the development of sustainable harvesting
strategiesamong fishermen. The clear suggestionisthat the appropriate management systemwould be onethat directly addresses
thefine scale ecological and social dynamicswithin thisfishery and gives fishermen property rights over individual ledges (for
example, leases). After having briefly reviewed experiences in Canada and Chile, we found that knowledge of the coupled
natural and human system at the fine scale is necessary if we are to assess the feasibility of area management in this fishery,
because what works in one fishery does not necessarily work in another.

Key Words: collective action; co-management; fisheries management; kelp; Maine, USA; ocean fisheries; scale mismatches;
sea urchin fishery

INTRODUCTION

Oceanfisheriesare notoriousexamplesof thefailureto govern
human activity in ways that sustain major natural resources
(Pauly et a. 2002, Myers and Worm 2003, Hutchings and
Reynolds 2004, Worm et al. 2006). Although alarge number
of preconditions consistent with the sustainable use of
common-pool resources have been identified (Ostrom 1990,
Agrawal 2003), the dynamics that generate those
preconditions continue to be asignificant areaof research and
debate. For example, well-designed property rights systems,
such as co-management regimes, are generally expected to
counter the tragedy of the commons (Feeny et a. 1990), but
in some cases they can result in fishing behavior that erodes
the underlying population structure and the system itself
(Wilson 2006). In other words, what workswell in onefishery
may fail completely in another; there are no panaceas (Ostrom
2007). Our aim here is to examine the sea urchin fishery in
Maine, USA to better understand the multiscale, social, and
biophysical conditions that are important for the design of
institutions which might be able to sustain the resource.

For reasonswedetail bel ow, wefocused our attentiononissues
of scale. Many scholars attribute resource management and

sustai nability problemsin coupled human and natural systems
(Liu et al. 2007) to scale mismatches between the social
(institutional) and ecological components (Berkes and Folke
1998, Y oung 2002, Borgstrom et al. 2006, Cash et al. 2006,
Crowder et a. 2006, Cumming et al. 2006, Folke et a. 2007).
Spatial scale mismatches in the ocean can be a result of
jurisdictional boundariesthat aretoo largeor too small, or they
may occur when administrative boundaries cross significant
ecological boundaries (Crowder et al. 2006). Most critically,
when the scale of management institutions is not congruent
withthescaleof theecological system, theresultisincomplete
or ambiguous feedback that impairs the ability to learn and
adapt. This, ultimately, hinders efforts to sustain the resource
(Ostrom, 1990; Berkes et al. 2006; Wilson 2006).

The competitive and cooperative relationships that emerge
from fishermen’s search and learning processes are key
elements of self-governance or community management
(Wilson et al. 2007). We, therefore, also focus our analysison
how the fishery’s fine-scale dynamics influence the scale of
knowledge that fishermen have of the resource and of the
circumstances under which they cooperate. In short, the scale
of management directly influences the scale of fishermen's
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harvesting operations, their ability to learn and adapt, and
hence the circumstances under which they are likely to
cooperate for collective action.

Among theworld’ sfisheriesthere areinteresting exampl es of
successful governance (McCay and Acheson 1987, Wilson et
al. 2003, Hilborn 2007) where management institutions
adequately restrain fishermen's harvesting behavior at
appropriatescales(e.g., Dyer and McGoodwin 1994, Acheson
2003, Basurto 2005). The Mainelobster fishery, for example,
isawidely cited exampleof successful self-governance, where
informal and formal management institutions are matched to
the ecological conditions of the resource in ways that enable
sustainable harvesting practices (Acheson 2003). Basurto
(2008) illustrated how the biol ogical and ecological factors of
aresource caninfluencefishing practicesin waysthat promote
sustainable self-governance in small-scale fishing in the Gulf
of Cdifornia, Mexico. In this successful case of self-
governance (Basurto 2005), the resource is sedentary and
fishing practicesappear well matched to the resource (Basurto
2008). Here we similarly explore how the particular social,
ecological, and governance conditions of the Maine urchin
fishery influence fishermen's harvesting strategies and,
subsequently, the overall sustainability of the system.

As detailed below, the State of Maine created a co-
management systemin 1996. An advisory council of industry
members and independent scientists was charged with
providing management advice to State managers, and two
management zones were created with the understanding that
local conditions called for more localy specified rules.
Although co-management isgenerally expected to better align
individual and social interests and, consequently, to be more
likely to prevent the tragedy of the commons (Feeny et al.
1990), this clearly did not happen in the urchin fishery; the
system has been unable to halt the rapid and continued
depletion of the resource, much less manage a rebuilding of
the stock. Statewide landings show a typical boom and bust
fishery with landings peaking in 1993 and subsequently
declining (Maine DMR landings; Fig. 1) with the depletion of
the stock biomass (Chen and Hunter 2003).

Maineis not the only place to attempt co-management of sea
urchins (Andrew et al. 2002), nor isit the only site where such
co-management attempts have failed to achieve sustainable
resource use. Area-based (or leasehold) management of sea
urchinswas attempted in Nova Scotia, Canada but this system
failed to achieve success apparently because the scale of
management areas did not match the ability of fishermen to
properly managethefull extent of their leaseholds (Miller and
Nolan 2008). Other efforts at community-based or co-
management of seaurchinshaveoccurredin Japanand Mexico
(Andrew et al. 2002), with similar outcomes (Berkes et al.
2006, Andrew et a. 2002). In Chile, where territorial user
rights (TURFs) manage multiple benthic species, efforts to
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sustain the seaurchin fishery appear to have had more success
(Moreno et a. 2007). A comprehensive assessment of these
other sea urchin co-management systemsis beyond the scope
of this paper, but their relatively uniform results underscore
the global challenge of managing fisheries for sea urchin and
other sedentary species.

Fig. 1. Seaurchin landingsin Maine, and value by Zone,
from 1987 to 2009. Source: Maine Department of Marine
Resources.
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Our examination of the Maine fishery is focused on its fine-
scale dynamics. Overharvesting has been characterized by the
transition of very local places (referred to here as “ledges’)
from urchin-dominated to kelp-dominated alternative stable
states. In the urchin-dominated state, kelp and other seaweeds
are virtually absent except in areas of high turbulence, e.g.,
the shallow zone of exposed shorelines. The kel p-dominated
state occurs when urchins are removed by harvesting. This
alows kelp to grow. Urchin predators colonize the kelp and
extirpate the local population of urchins, leading to a new
stable state for the local system (McNaught 1999, Steneck et
a. 2002). When these fine-scale mechanisms are taken into
account, the decline in total state landings (Fig. 1) is seen as
the sequential overharvesting of individual ledges, i.e., the
result is that the local system “flips’, rather than a uniform
reduction in the density of urchins along the entire coast (Fig.
2). This has important implications for the biological scale at
which feedback about the mechanisms of human impacts can
be found.

We begin with some necessary background information,
present the results of our analysis, and briefly examine sea
urchin management institutionsin Atlantic Canadaand Chile.
We conclude with some implications for the design of
management institutions that might help sustain the Maine
fishery.
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Fig. 2. In thetraditional broad-scale view, state-wide
landings occurred at afaster rate than that of the population,
leading to declines in population and landings (dashed
lines). Slowing the broad-scale rate of harvest isthe implied
policy. In an alternative view, emphasizing finer scale
ecology, the mechanism leading to a declinein the
population and harvests was the serial extirpation (flip) of
numerous ledges (solid line), i.e., small local “systems’.
Theimplied policy would be one that addresses the system
state on each ledge.
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BACKGROUND

In this section, we briefly describe aspects of the history,
management, and biology of the sea urchin, Srongyl ocentrotus
droebachiensis, that are most relevant to understanding
fishermen’'s harvesting strategies. These factors strongly
influence the nature of the feedback fishermen receive from
their interaction with the resource and other fishermen. It is
thisfeedback that drivesfishermen’ sharvesting strategiesand
the conditions under which they are likely to cooperate or
otherwise engage in practices necessary for the sustainability
of the resource.

History and management of the sea urchin fishery in
Maine

The birth and near death of the sea urchin fishery in Maine
waspart of theworl dwide sequential depletion of thisresource
(Botsford et al. 2004, Berkes et al. 2006). There was a small
fishery fromthe 1950sto the 1980sin Maine. Inthemid 1980s,
with the loss of domestic supplies, imports to the Japanese
market began to arrive from increasingly distant locations
(Berkes et al. 2006). In 1987 the market reached Maine and
instigated an expl osiveboom. Urchinscovered extensiveareas
of shallow, and near-shore ocean bottom was characterized as
urchin barrens. This incredible abundance made harvesting
very easy and, evenwithrelatively low prices, generated large
incomes leading to very rapid growth in the fishery. Initia
harvests concentrated in the southwestern region of the state,
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near the location of the first buyers and processing plants, but
rapidly spread eastward (Fig. 1). Previously formed business
relationships led to rapid distribution of knowledge about the
market opportunity and required little or no new local
infrastructure (Laur 2001, 2005).

In 1987, 635,040 kg were landed with a total value of
US$236,391 (Fig. 1). Total landings peaked in 1993 at around
19,051,200 kg, while revenues peaked in 1995 at US$35.5
million. By 1994, nearly 3000 licensed divers (using SCUBA)
and draggers (using light bottom trawl gear) harvested the
resource (Fig. 3). Divers currently account for about 60% of
the catch, down from about 80%; dragging is more common
in eastern Maine (Zone 2) wherethefishery persistsand where
depth, and strongtidal currentsand resulting turbulence, make
it more difficult to dive (Fig. 3).

Fig. 3. Numbers and types of seaurchin harvestersin
Maine, from 1992 to 2009. Source: Maine Department of
Marine Resources.
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Intheearly 1990s, theMaine Department of Marine Resources
(Maine DMR), the agency responsible for managing the
State’ sfisheries, created aninformal, advisory committeethat
included scientists and members of the industry. Starting
in1992 the Maine DMR required fishermen to have a special
licenseto harvest urchins. Thefollowing year morerulescame
into effect, including a 5.1-cm minimum size, a diver and
tender license requirement, a closed season during the
summer, and alimit on the size of bottom trawls. In 1994, the
State implemented a moratorium on licenses and created two
fishing zones with seasons (Fig. 4). The rationale for the two
management zones was the timing of spawning, which starts
in the southwest and takes about 4 weeks to spread along the
coast (Seward 2002).
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Fig. 4. Map of the sea urchin co-management zonesin
Maine.

In 1996, aformal co-management systemwasestablishedwith
the creation of the Sea Urchin Zone Council. When initially
created, the Council consisted of approximately 18 members.
Seven memberswere el ected by theindustry and therest were
appointed by the Maine DMR. Industry members included
threedraggers, threedivers, onebuyer, and one processor from
each zone. In addition, two independent (nongovernment)
scientists were appointed to the Council. In the same year,
open and closed seasons were established (150 days open in
Zone 1, and 170 daysin Zone 2). Since that time, the fishery
has been managed, based on advice from the Council,
primarily through input controls, such as reductions in
allowable fishing days, seasons, and minimum and maximum
sizelimits. In addition, there are data-reporting requirements
and fees to support research and management. Based on the
adviceand preferences of the Council, thefishery hasnot been
managed with total or individual catch limits, which, as we
point out below, would most likely have been very ineffective.
Specific regulations vary by zone due to geographic
differences in abundance and timing of reproduction.
Regulationstend to belimited to measuresthat areenforceable
given the limited financia resources of the agency. These
management rules have not been conduciveto sustainable use,
and informants uniformly note the absence of informal, self-
governance. When co-management started in 1996, statewide
landings were 11,702,880 kg; during the first decade of the
this century, landings declined from an average of about
3,719,520 kg worth about US$11 million to lessthan 657,720
kg worth US$1.8 million. Most landings are now taken from
Zone 2 because urchins are economically extinct in western
Maine (Fig. 1).
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Basic sea urchin biology and life history

The depths at which seaurchinslive rangesfrom tide poolsin
the low intertidal zone to 300 m, athough they are most
common in the shallow subtidal zone to 50 m. Urchins are
patchily distributed; they arefound most ofteninrocky bottom
areas (referred to here as ledges), but also on gravel bottoms
in deep water and occasionaly on sand (Scheibling and
Hatcher 2007). Scientists and divers also report finding them
on mud where they appear to feed on patchy growths of
diatoms. Densities decline below depths of 20 to 30 m, which
isoften thelower limit of therocky subtidal zone. Their upper
limit varies seasonally with wave action and ice scouring
(Scheibling and Hatcher 2007).

Urchins are generally omnivores, but they exhibit clear food
preferencesfor large brown algae, which formstheir primary
diet either as attached fronds or drift kelp (Larson et al. 1980,
Vadas et al. 2000). Urchins can detect food from a distance of
several metersand aggregatearound it in response (Vadasand
Beal 1999). Their ability to feed on drift kelp allows them to
survive where their preferred food does not grow (e.g., in
places below the photic zone where drift kelp might collect).
In the absence of macroalgag, they can survive by feeding on
other items, but with reduced growth and reproduction (Larson
et al. 1980).

Well-fed urchins in kelp-grazing aggregations have high
somatic growth rates and gonad indices (Scheibling and
Hatcher 2007). Urchinroeswellsinfall and early winter, while
spawning occursin the spring (Vadasand Beal 1999). Theroe
ismost valuablein thelate fall and winter when it isthe color,
texture, and taste favored by the Japanese market. Urchins
usualy spawn in their third year, when their diameter is 2.5
to 3.8 cm. A female urchin can produce up to 10 million eggs,
i.e., by an 8.0-cm urchin. Urchin roe color, texture, size, and
taste vary with what urchins eat, their sex, time of year, and
habitat conditions. The Japanese market prefers large, firm,
light yellow roe.

The strong interaction between urchins and kel p communities
iswell documented (McNaught 1999; Harrisand Tyrrell 2001;
Steneck et a. 2002, Steneck et a. 2004). Meidel and
Scheibling (2001) describe shifts in the community state due
to changes in urchin abundance and feeding behavior. When
urchins are in low abundance, kelp beds thrive. As urchins
feed onthekelp (asdrift algae or understory plants), they grow
and reproduce. As their density increases, large urchins
aggregate into “grazing fronts’. As they feed extensively on
the kelp at this time, along the feedline, their growth and
reproduction remains high. Eventually, with a reduction in
feed and an increase in the local population, the nutritional
state of urchins declines leading to reductions in growth and
reproduction. These urchin barrens persist until wave action,
ice scouring, or harvesting remove the urchins. Once urchins
are eliminated, diatoms and then macroalgae grow rapidly;
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Table 1. Ledge states and relevant characteristics: summary.
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Ledge state Urchin abundance Quality and Dominant harvesting strategies Nature and value of
price fishermen’ s knowledge about
state.
a. Barrens High. Low. Unselective. Broad-scale, long-term, widely

Initial absence of harvesting.

known, but of little competitive
value.

Harvesting causes a transition to conveyor belt state
Kelp starts to grow back, urchin roe content increases, few predators

! ! !
b. Conveyor belt Medium. High.
Sufficient numbers of urchins
left to balance kelp growth.

! !
Moderately selective L edge specific, short-term,
(harvesting from feedling).  tightly guarded, competitively
vauable.

Heavy, continuous harvesting creates transition to kelp-dominated state
Predators abundant, little or no urchin survival post-settlement

! ! !
c. Kelp-dominated Absent or very low.

No fishing.

! !
No fishing. Broad-scale, long-term, widely
known, but of little competitive
value.

kelp beds can become re-established within 2 to 3 years if
urchins do not repopulate the ledge. The relevant spatial scale
of these processes is on the order of 10 to 200 m? In an
unharvested system, the state of nearby ledges can differ
substantially due to the differing effects of water motion,
storms, and ice. Recolonization of the kelp beds by urchins
occurs through larval settlement and, if they are present,
migration of nearby sea urchins from deeper waters.

At a broader scale, Miller and Nolan (2008) describe a
migration of urchins on the eastern shore of Nova Scotia. This
occurs after widespread, recurrent mortality events caused by
a paramoeba that can eliminate urchins to depths of 25 m.
Urchinsform*“aslow-moving belt from deep water totheedge
of macrophyte beds [in shallower waters] where harvesting
takes place” (Miller and Nolan 2008; also see Scheibling et
al. 1999). Disease appears |ess prevalent in Maine than Nova
Scotia due to the shallow waters being much colder;
nevertheless, asimilar pattern of movement, not accompanied
by disease and apparently occurring over much shorter
distances, was seen in extremely cold watersin eastern Maine
in the 1970s (B. Vadas, personal observation) and is
commonly reported by divers. The common element in both
migrations is the removal of urchins from shallow water.

There does not appear to be any shortage of larval production
in Maine, even in areas where shallow water urchins are near
economic extinction (McNaught 1999). Repopulation of
ledges, however, can be limited due to crab predation on new
recruits (Scheibling 1996, Steneck et al. 2002). Steneck et al.
(2002) describe such alocal system flip in Maine that occurs
as a result of urchin removal via intensive harvesting.

Extirpation of urchins allows for increased growth of kelp
foreststhat provide favorable habitat for large crabs, whichin
turn prevents urchin recruitment. This kelp-dominated state
appears to be relatively long-lived and stable; interviewed
participants could not recall any instances of aledgereturning
to a state in which urchins were present.

METHODSAND APPROACH

In this study, we adopted an ethnographic approach, relying
on semistructured interviews, as well as on our collective,
long-term experience and observation of fishermen and the
fishery inthisregion. Theimmediate purposeof theinterviews
was to understand the biophysical and social processes of the
fishery so that they could be incorporated in a computational
model of adaptive behavior (Holland 1986, Wilson et al.
2007). The description that follows does not describe the
modeling approach; rather it emphasizesthe multidisciplinary
work necessary to reach a qualitative understanding of the
multiscale dynamics of the fishery. That understanding is
being used to design the computational model.

We conducted eleven semistructured interviews (Bernard
2006) with key informants in the Maine sea urchin industry.
All individuals are considered leaders, with knowledge and
experience of the fishery sinceitsinceptionin the late 1980s.
We adopted a snowball sampling approach beginning with
recommendations from State of Maine scientists. Individuals
interviewed included nine divers, one tender/captain, and one
buyer. Wefocused on diversbecause until recently about 80%
of landings came from divers. Asthefishery has declined and
moved eastward the number has fallen to about 60%. All but
two industry members interviewed were either past members
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or active participants in the Sea Urchin Zone Council, which
is the industry advisory panel at the heart of the co-
management system introduced in 1996. In addition, we
interviewed three government scientists and four academic
scientists involved in the science and management of the
fishery. Two of the academic scientists were past members of
the Sea Urchin Zone Council .

Interviews ranged from 1.5 to 3 hours and were guided by
general questions about the mechanics of fishing operations
and markets and changesin the fishery over time asit shifted
from abundance to scarcity. These interviews allowed us to
understand fishing strategiesand operationsat multiplescales,
from the diver on the bottom, to the captain on the boat, the
buyers at the dock, and ultimately the global market based in
Japan. All interviews were recorded and detailed notes taken
from these recordings; only parts of interviews were
transcribed. In addition, discussions with two other academic
fisheries scientists and a number of less extensive informal
conversations with other divers and draggers provided
additional insight into the dynamics of this fishery.

CONCEPTUAL MODEL OF THE RESOURCE

Based on our analysis of interviews, we describe aconceptual
model of the resource that many fishermen and scientists
appear to share. The principal dynamic process in the model
concernsthe different rates of kelp growth, grazing of kelp by
urchins, and urchin removal. Typically, when both kelp and
urchins are present, urchins tend to aggregate in fronts along
the edge of kelp growth. Fishermen call this the feedline and
the movement of urchins from deeper water and barren areas
to kelp growth as “the conveyor belt”. The conveyor belt is
often described as a vertical movement of urchins from deep
water, but it is fairly clear that horizontal movement also
occurs depending on currents and the location of kelp and
hungry urchins. The scientific literature describes urchin
movement as almost random except when urchins can sense
either kelp or possibly urchin feces (B. Vadas, personal
communication). In addition, we have developed a simple
cellular automata (Netlogo type) model which indicates that
the scientists and fishermen's observations are entirely
consistent. Random movements with the ability to sense food
from a relatively short distance (~10 m) generates the
movement and the feedlines observed by fishermen.

Below we briefly detail three key statesthat are critical to this
conceptual model (Table 1). We then describe the resulting
harvesting strategies and behavior that influences incentives
for cooperation or collective action in this fishery. Both
descriptions are a synthesis of the information obtained from
both fishermen and scientists.

Barrens state
At the beginning of the fishery in 1986 the ocean bottom was
characterized as an urchin barrens with alarge population of
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nearly starving urchins with very low-quality roe (Table 1a).
Onebuyer explained that thisbarrens statewaswhy fishermen
received suchlow pricesat that time. Onefisherman explained,
“1f you get too many [urchins] onthe bottom, you' rejust going
to have alot of junk. You'll bringinalot . . . but you're not
going to get paid much.” Under these conditions, fishermen
harvested just about everything they could find.
Unfortunately, thisled to a considerable waste of urchins.

Conveyor belt state

As the fishery reduced the size of the urchin population,
usually at the“top of theledge”, kelp growth occurred and the
quality of the remaining urchins improved due to less
competition for food. As one fisherman explained, “[O]ver
timewewould nip at placeswherethereweretoo many urchins
and . . . the quality in these places became higher and higher
. . . as density decreased. In the first few years, it got a lot
better, and the kelp started coming back early.”

Inthisintermediatestate (Table1b), diversdescribeharvesting
urchinspreferentially from ledges, particularly at thefeedline,
where urchinsfeeding on kelp, or other seaweeds, would yield
high quality roe and better prices (Table 1b). One diver
explained how the“ urchinswould come acrossthebarrens. . .
and they would eat the feed. They would get good [improve
their quality]...[we] would always just run the feedline, take
all of the urchins along the feed.”

They further report that as urchins are removed from the
feedline, new urchins from deeper water replenish the areaas
they move up to feed; thisis the “conveyor belt” (Table 1b).
Asonediver explained, “Wewouldleavetheonesdown below
the feedline. They would move up into feed. Even acouple of
months later, they would be harvestable.” Another informant
explained of divers: “[ They would] take the onesfeeding from
the front of the feeding front, and then leave it alone for a
couple of weeks and then go back.”

Kelp-dominated state

Fishermen aso describe the kelp-dominated state of the
systemafter extensiveharvesting (Table 1c). Asonefisherman
explained: “You could watch kelp increase year to year . . .
[T]he kelp was getting bigger and bigger . . . Weworked it for
quite afew years, but now it's al kelp.” Informants describe
thisstate asbeing dominated by kelp, but alsolacking urchins:
“Just masses of weed [kelp] and no urchins—more weed
because it’'s not being eaten by urchins. You just see a huge
explosion of kelp and periwinkles—just from urchins being
cleared out and lots more lobsters.”

Fishermen frequently emphasi ze that these changes were due
to what they view as unsustainable harvest practices. In one
fisherman’ s words, “What has really done alot of damageis
that diver who . . . keeps pounding them even if they're low
quality. They just beat an area to death and the areas flip to
the alternate stable state.” [The identification of this as an
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“aternate stable state” reflectsthe above diver’ sinvolvement
in the co-management system and his interactions with
scientists.] While not all diversrefer to thisin such terms, all
divers agree that the system becomes dominated by kelp and
the ledge becomes devoid of urchins. Hence, under these
conditions, fishermen no longer harvest from these aress.

INDIVIDUAL HARVESTING STRATEGIES

The conceptual model described aboveislinked closely with
the harvesting strategies that fishermen adopted (Table 1). In
the beginning of the fishery, in the barrens state, the most
common harvesting strategy was onethat emphasized volume
with aminimum acceptablelevel of quality. Determination of
urchin quality is problematic. In these circumstances it is
common for prices to be based on an average level of
acceptable quality (Wilson 1980), but the difficulty of
determining quality also encourages game playing. In our
interviews, we heard examples of attempts at deception going
both ways between urchin buyers and harvesters. One
fisherman, for example, explained that they would often “get
four or five trays of the not so good stuff [low quality], but
then go get thegood stuff soit averagesout.” Thiswasjustified
becausefishermenfelt buyersalso used anumber of deceptive
practices, such asinaccurate scalestoweigh theurchins, which
tended to lower the revenue received by fishermen.

These market conditions were reflected in fishermen's
harvesting strategies. In a nondiscriminating market there is
little incentive, beyond the low cost of culling, for anyone to
leave any urchins behind. Additionally, the essentially open
access nature of the resource means that urchins left behind,
regardless of quality, are likely to be taken by others, aso
creating little incentive to leave any. Not surprisingly, there
was a perception among fishermen that other fishermen did
not care about the future of the resource and, therefore, other
fishermen could not betrusted to not take small or low-quality
urchins. One fisherman explained: “1 know there would be
people who would say, ‘I'm going to take every last one and
then I’'m going to do something else.’ . . . People would say,
‘“Why prolong this? Let’s just clean it up and move on.” And
they did.”

One diver spoke about urchin fishermen having a reputation
for caring only about money and not theresource. Hedescribes
adisincentiveto be selective, but still suggestsheisoneof the
exceptions: “ It wastrueto agresat extent. | went through spells
like that where | thought, ‘No one else is taking care of this,
why should 1? No one else isworried about the smalls.” But |
couldn’t do that. | wanted to make money the following year.
| don’t disturb the smalls because | hope they’ |l be there next
year.” According to another diver, “[t]he better divers would
pick one at atime and leave the bigger ones and the little ones
alone,” but not all fishermenwereselective. Many would*“ rake
everything up into a bag and send them up and then cull on
the boat; alot of those little ones wouldn’t make it.”
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Some fishermen also argue that an unselective harvesting
strategy is an attribute of the boats and the equipment that the
fishermen had. The placesthat small boat fishermen—in 6 to
9 m vessels, sometimes referred to as “wolf packs’ or “the
mosquito fleet”—can accessarelimited dueto the size of their
boat. They must fish closer to shorecomparedtolarger vessels,
and they cannot operate safely in high wind conditions.
Because of theselimitations, they cannot afford to be selective
and are more likely to “straight rake”, taking whatever they
find and culling on the boat. It isin their best interest to take
what they can find, when they can find something; they can
alwaysdump thelow-quality urchinslater if they come across
better ones, but at least they are able to bring in something to
the market at the end of the day. It is possible that regulations
that limit the daysdiversareabl etofish al so encourage similar
behavior.

Asthe fishery matured, buyers became more selective, more
often using pricesto discriminate between urchinsof different
quality. Thischangein the market led to greater selectivity in
harvesting. As mentioned, fishermen began to work thetop of
the ledge, leaving urchins located in deeper water or barrens,
of which there were fewer and fewer. For several yearsthere
was asmall market that shipped live urchinsto Japan. Buyers
in this market paid a substantial premium (about twice the
going price) for consistently good quality urchins. Fishermen
supplying these buyers appear to have established persistent
one-on-onerelationshipswith their buyer. Theserelationships
appear to mitigate the quality determination issue, leading
fishermen sdlling into this market to practice selective
harvesting simply because it paid off.

SEARCH AND INFORMATION SHARING

The knowledge fishermen have of the resource and the
methods they use to acquire it are the principal determinants
of their competitive and cooperative relationships with other
fishermen, which are considered a key element for self-
governance or community management. When fishermen
search for mobile resources, the advantages of sharing can be
very beneficial and will be used if fishermen can develop
normsfor equitable reciprocation (Wilson 1990, Wilson et al.
2007). Intheurchinfishery, however, information sharing and
even the most rudimentary forms of self-governance appear
absent. The reason is that the resource is very sedentary and
even though fishermen have avery good sense of likely places
to search, that knowledge israther durable; consequently, itis
known by most fishermen and isnot the basisfor cooperation.

Our interviews indicate that some knowledge that is valuable
to an urchin diver is broadly available and relatively long
lasting. The location of likely urchin habitat, for example, is
readily apparent from any navigation chart. Thus, knowledge
about the broad-scale attributes of the resource is of little
competitive value. Other knowledge is fine scale, private, of
short-term value, and tightly guarded. This knowledge
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concerns the current state of particular ledges. It enhances a
diver's competitive position, and thus is of considerable
value.

Oversimplifying somewhat, a harvester might encounter one
of three very different resource states on aledge.

1. An urchin barren in which starving or underfed urchins
are extremely abundant (Table 1a). When the entire
fishery isin this state, the value of knowledge about the
resourceisclosetozero becauseanyonecanfind urchins.

2. Anintermediate, or conveyor belt, statein which aledge
isfished but hasnot flipped (Table 1b). Thisisadynamic
state in which the harvestable condition of the resource
can change unpredictably in a short period of time in
response to harvesting or weather. Any knowledge a
fishermanhasabout thecurrent state of aledgeisvaluable
becauseitisthekey towhenthat |edgemight be harvested
most profitably. Thisisthe knowledge afisherman needs
to make aliving.

3. An urchin-extirpated, kelp-dominated ledge in which
harvesting has caused alocal systemflip (Table 1c). This
isalong-lived or stable state; the principa value of the
fisherman’ s knowledge about ledges in this state liesin
the avoidance of a useless search.

Our interviews indicate that fishermen keep a substantial list
of good placesto search for urchins—"conveyor belt” ledges
—in their head; the duration of knowledge about where to
search israther long but the current state of any conveyor belt
ledge can only be confirmed by direct observation. The
harvestable state of a ledge depends upon recent harvest
activity, the growth of kelp and the movement of urchins to
the top of the ledge (Vadas and Beal 1999). The speed of this
response varies from ledge to ledge, depending upon thetime
of year, depth of thedisturbance, and the distance urchinsmust
travel to the top. The topography of the ledge also appears
important. Urchins can move to the “top” of a steeply sloped
ledge rather quickly; a ledge with a long, shallow slope, on
the other hand, might be prone to the removal of urchins over
alarge area, making it hard for urchins “moving up from the
bottom” to graze down kel p growth; this allows the growth of
predators and increases the likelihood that the ledge will
transition to aflipped state.

If it were not for the harvesting activities of other fishermen,
divers might be able to predict the state of individual ledges
rather well. But, fishermen have a hard time keeping track of
the activities of other harvesters; consequently, their decision
about where to fish on any particular day depends on their
knowledge of their own recent activities and costly, quick
searches of “promising” ledges they have not been worked
recently but that might have been worked by other fishermen.
Searching is particularly costly in the current fishery because
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harvesting is permitted only for alimited number of days: 10
inthewest (Zone 1) and 45inthe east (Zone 2). Consequently,
effort spent searching reduces vauable harvesting time.
Fishermen adapt to these circumstances by searching on days
when the fishery is closed and, especially, by developing
exploratory techniques that allow them to quickly assess a
ledge, for example, by motoring over it at low tide, using glass
bottom buckets and, when necessary, popping in and out of
the water for short dives. All our informants report that when
urchins are found this way, searching stops and harvesting
begins. This very close connection between discovery and
harvesting leaves little room for reciprocal information
sharing. Even when a productive ledge has to be abandoned
with the onset of darkness, sharing knowledge of the location
simply means unwanted competition in the morning. As one
of our informants put it, it would be like “ handing the guy my
wallet.”

In short, the following all combine to virtually eliminate any
benefitsfrominformation sharing: the particular scal e of post-
settlement urchin life history, the dynamics of urchin and kelp
interaction, the biological thresholds that determine urchin
barrens and kelp domination, the influence of the market on
harvesting practices, and the problemsof predictionand search
faced by divers. As a result there are no long-term or even
short-term cooperative relationships or even informal rules
that might contribute to efficient harvesting or act as a
foundation for successful collective action. From this fine-
scale perspective, the broad-scale rules currently used to
manage the fishery, including the co-management system,
appear to be nearly irrelevant to the sustainability of the
resource. They do not address the biological dynamics that
determine the sustainability of each ledge and they do littleto
restrain open accessincentives. Thisperspective suggestsfiner
scalemanagement and exclusiverightsschemesmight restrain
open accessincentives, however, aswediscussbelow policies
designed aong these lines and applied in the Atlantic
provinces of Canada do not seem to have produced the
expected results.

DISCUSSION AND CONCLUSION

Scale mismatches in the ocean results in management
ingtitutions that are not able to obtain appropriate feedback
about the effect of human activity; thisimpairs the ability to
learn and adapt and is a common cause of resource depletion
(Berkes and Folke 1998, Young 2002, Berkes et al. 2006,
Crowder et a. 2006, Wilson 2006, Folke et al. 2007).
Management in the Maine sea urchin fishery included limits
on access and a co-management structure, both of which are
viewed as necessary in order to avoid the tragedy of the
commons (Feeny et al. 1990, Wilson et al. 2003). Yet the
resource continued to decline and remains in a depleted
condition. Our analysis suggests the most fundamental cause
of the decline in the Maine sea urchin fishery was a scale
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mismatch; co-management was applied at a scal e that was not
congruent with the biological scale appropriate for
sustainability.

If thereisany biophysical basisfor sustainability inthe Maine
seaurchin fishery it would appear to be in the management of
the conveyor belt on each ledge, where the system has not yet
flipped to the kelp-dominated state. However, the scale of the
conveyor belt is far smaller than the relevant scale of an
individual harvesting operation (which might be in the order
of 10 to 15 ledges) and is certainly much smaller than the 160
km or more extent of each of the sea urchin co-management
zones. The incentives that emerge from the socia and
ecological dynamicsof theresource makeit nearly impossible
forindividual fishermento conservetheresource becausethey
cannot be assured that others will do so also. Thus, for al
practical purposes, the scale of management ingtitutions
maintains an open access system at the scale most relevant to
fishermen’s behavior and the ecology of the sea urchin,
resultinginatragedy of thecommonssituation. Consequently,
just as government control and privatization do not always
work to circumvent the tragedy of the commons (Feeny et al.
1990), co-management, too, sometimes is insufficient for
sustainability. Thiscase underscorestheimportance of paying
attention to the fine-scale dynamics of coupled human and
natural systems, and the need to tailor management rules to
local conditions.

In the Maine sea urchin fishery, the particular socia and
ecological conditions suggest the appropriate management
system would be one where a fisherman or a small group of
fishermen had exclusive harvesting rightsto aledge or agroup
of ledgesinabay, for example. Intheory, such asystemwould
be more likely to create incentives for fishermen to practice
sustainable harvesting techniques because they would be
assured the benefit of their conservation. However, such
exclusive harvesting rightssystemshavebeentried el sewhere,
for example in Canada and Chile, with mixed success.

An individual leasehold approach was tried on the eastern
shore of Nova Scotia, Canada (Miller and Nolan 2008).
L easeholders were given exclusive access to an area of the
ocean and the responsibility for managing the stock in their
zone (Miller 2008). They were required to participate in
monitoring and enhancement, but were not subjected to
seasons or catch limits. Enhancement included moving kelp
to locations where urchins were overcrowded or starving, and
adjusting harvesting intensity as necessary to maintain the
feedline (or grazing front) at an acceptable depth. The system
allowed fishermen more flexibility to target high prices
because they could leave urchins behind “without fear of
losing their stock to another fishery,” and indeed at times
refused to sell because of low prices. Leaseholders fished
selectively, but engaged in minimum stock enhancement
(Miller 2008). Canadian officials report the leasehold
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approach was unsuccessful partly because the scale of the
leaseholds was often too large for an individual holder to
manage (Miller and Nolan 2008). Furthermore, it is possible
that the fear of disease was enough to create disincentives for
fishermen to invest in the future of the fishery. Fishermen
focused their harvesting efforts on a few productive places
withintheir exclusivearea, what Miller (2008) callsareal high
grading. At the end of the 4-year trial period, only 1 of 14
leasehold zones had met criteriafor being well managed (i.e.,
lessthan 1000 m of feeding linefront at <6 m depth). Itisalso
not clear from the Canadian scientific literature or from our
brief discussions with scientists and one fisherman whether
other aspectsof thefishery, outsidethe control of leasehol ders,
ledtotheapparent reluctancetoinvestintheresource. Maine' s
seaurchin fishery, at least so far, has been relatively immune
to the disease that affected the Nova Scotian fishery, although
there was a small outbreak in 1999. More data are needed to
assessif key differencesin biophysical circumstances (mainly
temperature and oceanographic conditions) in Nova Scotia
imply different outcomes from such a leasehold system in
Maine.

On the other hand, an area-based management system for
benthic species, including sea urchins, seemed to work well
in Chile (Moreno et a. 2007). Following economic
liberalization in the 1980s, Chile enacted legidation
designating exclusive fishing zones for small-scal e fishermen
and introduced the concept of management areas (Cancino et
al. 2007). Within this rights-based management system,
known as TURFs (Territorial User Rights in Fisheries),
fishermen’ sassociationsare allocated exclusivefishing rights
to areas. In the case of sea urchin management within the
TURF system, fishermen evaluate the abundance of the
resource within their areaand determine the stock status with
the help of aconsultant (Moreno et a. 2007). This system has
been "successful in the conservation and management of
artisanal fisheries for valuable benthic species, including sea
urchins' (Moreno et a. 2007:46).

However, even where TURFs were not established in Chile
inregions X-X1 inthe south, landings have been stablefor two
decades (Moreno et a. 2007). In this region, the fishery is
highly mobileand expandsand contractsover an areacovering
four latitudinal degrees(Moreno et al. 2007). Rather than long
term serial depletion as occurred in Maine, Moreno et a.
(2007) describe the dynamics in the sea urchin fishery in this
area as one of “depletion and recovery” over aperiod of two
decades. Similar to what we have seen in Maine, they report
that short-term recovery may be the result of urchins moving
fromrefugeareasinto depl eted areas, with fishermenreporting
refuges in depths beyond which divers can reach. They also
report the common practice of fishermen to “deplete a good
procedencia [fishing area] at the beginning of the season,
abandon it temporarily, and then return towards the end of the
season.” A study to explore spatialy-explicit management
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strategies found "spontaneous rotation of fishing areas at
different scales’ and "large areas that are not harvested"
(Morenoetal. 2007:56). Despiteamanagement system similar
to that seen in Maine, i.e., limited access without exclusive
harvesting rights, the fishery in Chile appearsto have avoided
thekind of local level serial depletion seenin Maine' sfishery.

In Maine the long-term, almost permanent consequences of
overfishing is attributable to local system flips. If thiskind of
threshold had not existed in Maine, the history of the fishery
might havebeen very different. In Chilethesethreshold effects
do not appear to be a problem although there is uncertainty
regarding recruitment and post-settlement processes (Moreno
et a. 2007). Future research should aim to better understand
the ecologica circumstances driving the fishery in Chile in
order to better assess the feasibility of an area-based
management system in Maine.

An in-depth analysis of these and other cases are outside the
scopeof thispaper. However, clearly these case studiesremind
us that sustainable resource use requires mechanisms that
adapt rulesto the particular local circumstances. What works,
or does not work, in Chile or Canada may not have the same
outcome in Maine because the particular social and
biophysical conditions that matter most for sustainability
differ. Ingtitutional design must consider how to restrain
fishermen’'s behavior in ways that are aligned with the
particular fine-scale social and ecological dynamicsof agiven
resource. Following Ostrom (2007), wereiterate that there are
no panaceas. From our perspective, knowledge of the coupled
natural and human system at the fine scale is necessary if we
are to assess the feasibility of particular management
institutions.

Finally, our interviews and the accompanying scientific
literature make it clear that the factors affecting sustainability
in this fishery have to be modeled at a relatively fine scale.
The mechanisms that eventually emerge as widespread
depletion occur at the scale of the individual ledge (Fig. 2).
When viewed from this perspective, the usual broad-scale
perspective of the overfishing problem (seenin Fig. 1) is not
meaningful except as a broad statistical description that is
unconnectedtotheactual mechanismsof depletion. Inapatchy
complex environment, overfishing is a relatively fine-scale
process that removes, piece-by-piece, discrete, loca
aggregations. Consequently, modeling the fishery at broader
scales is not a way to capture the dynamics affecting
sustainability and, as the history of the fishery has shown, is
clearly not the scal e at which modeling might provideinsights
for practical management.

Responsesto this article can be read online at:
http: //mww.ecologyandsociety.org/vol 17/iss2/art15/
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