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Abstract
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Associate Professor Christopher M. Anderson

School of Aquatic and Fishery Sciences

Catch share management is a common and increasingly relied upon form of fisheries
management in which, frequently, shares of a hard total allowable catch are allocated to
individuals or groups of harvesters. A style of rights-based-management, catch shares are often
thought to promote efficient resource use and long-term stewardship, improving both economic
and ecological conditions within the fishery. Their success in multispecies fisheries, where non-
selective gear captures several, separately managed stocks, has been the subject of ongoing
debate however. Limited flexibility in production might dampen or entirely remove any and all
of catch shares’ potential benefits as harvesters are unable to effectively target or avoid
individual stocks. In this dissertation, | explore the economic effects of multispecies catch shares
following a 2010 application to New England groundfish, a diverse and overexploited
multispecies fishery. In the first chapter, | combine market models of ex-vessel inverse demand

and counterfactual models of individual harvesting behavior to estimate the market timing



benefits of catch share management. | find that fleet revenues were improved by over US $30
million and that individual benefits were heterogeneously distributed, with large and more
diverse operations better able to take advantage of market externalities. In the second chapter, |
theoretically develop and empirically explore a model of costly avoidance wherein production of
target stocks is given up to reduce that of the avoided. An error in the management of pollock,
initially setting a low and constraining allocation that was later relaxed, is used to identify
behavioral response to multispecies production constraint, finding harvesters engaged in costly
avoidance strategy, which had the low pollock allocation persisted, would have cost the fleet US
$3 million. | then develop a neoclassical multispecies production technology in the third chapter
which is used to test technological restrictions of strong disposability on pairs of demersal
species and also estimate the costs, in terms of forgone production, of pollock avoidance. For
catch share regulated species, strong disposability is rejected more than half the time, suggesting
output controls may frequently lead to choked production. Additionally, pollock avoidance costs

are estimated at US $6 million.
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Chapter 1

Market effects of catch share management

Abstract

In 2010, management of New England multispecies groundfish transitioned from input
restrictions on harvester effort to collective rights-based management. Faced with a large
reduction in harvesting days, 432 active vessels, representing 98% of historical landings, joined
one of the 17 sectors allocated catch shares. The incentives presented under sector management,
combined with regulations of several separately managed, revenue-important species, led to
changes in harvest strategies and the timing of landings for both multispecies groundfish and
many other species targeted by the sector vessels. Temporally modified landings altered the ex-
vessel market mix of different species throughout the fishing year, significantly impacting prices
received as well as annual harvester revenues. Two counterfactual individual harvester landings’
timing scenarios for 25 species are combined with independent fixed effects models of inverse
dealer demand in estimating the revenue effects of catch shares during their first year. Aggregate
gains of over $30,000,000 were found to result from advantageous market timing changes

brought on by more flexible catch share management.



1.1 Introduction

Catch share management is a broadly defined fishery regulatory mechanism in which individuals
or groups are provided annual harvesting privileges to a portion of the total allowable catch
(TAC). The use of catch shares globally — typically in the form of individual transferable quotas
(ITQs) — has been steadily increasing in recent decades, though their impact on fishery resources,
fishing communities, and individual fishermen has been a topic of ongoing empirical and
theoretical debate (for a brief overview of this discussion as it pertains to the use of ITQs see
Sumaila 2010). Applications in multispecies fisheries can raise additional challenges as low
allocations for depressed stocks may restrict harvest of abundant species and incentivize discard
of limiting species (Copes 1986; Squires et al. 1998; Turner 1997). Nevertheless, the National
Oceanic and Atmospheric Administration (NOAA) declared catch shares a crucial tool in
revitalization of biologically and economically underperforming United States (US) fisheries,
initiating a recent wave of catch share programs (NOAA 2010). Empirical evaluation of these
programs is vital in connecting circumstance with biological, economic, and social results so that
existing programs can be refined while new programs may be designed more effectively.

The Northeast (NE) multispecies groundfish fishery, a historically prominent New
England resource, was recently transitioned from days-at-sea (DAS) to catch share management
under Amendment 16 to its Fishery Management Plan (FMP). Overlapping habitat and the use of
non-selective fishing gear had motivated individual effort control with DAS management, but
lack of avoidance incentives exacerbated overfishing on depressed stocks and resulted in a
perpetual shrinking of allocated days, which were calibrated by allowable catch of the weakest
stocks. Faced with strict stock rebuilding time tables and required by law to implement hard

TACs, managers provided multispecies harvesters with two options: join a harvesting



cooperative (“sector’) and receive group allocations for individual multispecies stocks, or face
severe cuts in individual DAS while harvesting under common pool TAC. Nearly all active
permit holders with substantial historical landings joined sectors.

Evaluating the economic performance of the NE multispecies catch share program
requires understanding the induced changes in harvest and landings strategy, as well as the
concomitant effects on revenues and costs. An initial performance report (Kitts et al. 2011)
indicated NE groundfish stocks yielded more nominal value per pound at lower effort levels
during the first year of catch shares than in any of the previous three years under DAS. This
finding comports with observations that tradable quota-based programs increase profitability
(e.g., Arnason 1993; Casey et al. 1995; Dupont and Grafton 2000; Gauvin et al. 1994): more ex-
vessel revenue can be drawn from a similar or smaller quantity of fish harvested at potentially
lower cost. As of 2011, ex-vessel price improvements had been documented for species managed
under all but two of the 15 US catch share programs (NOAA 2011).

In these fisheries, management-based revenue improvements have been driven by two
mechanisms: enhanced quality made possible by mitigating the race-to-fish (Homans and Wilen
2005), and price increases due to improved market timing (Scheld et al. 2012). Competitive
harvest pressure producing the race-to-fish results from common pool TAC management and is
rarely seen in fisheries managed with input restrictions such as DAS. Under multispecies DAS a
large volume of high quality fish regularly supplied the premium market, limiting opportunity for
revenue gain through quality improvements. Additionally, market flooding, producing low
average prices, was relatively infrequent for multispecies stocks under DAS given the lack of
race incentives. From whence, then, did the observed price increases following the introduction

catch shares come?



Historically reactive and piecemeal, US fisheries management has given rise to many
instances of separate, very different, and disjoint regulation for various species exploited by the
same group of fishermen. New England groundfish harvesters target and land over 20 different
species which are regulated by nearly a dozen different management plans. Many of these
species are harvested jointly with non-selective trawl gear. Technical interaction among
separately regulated stocks forces harvesters to make trip-level targeting and/or avoidance
decisions, evaluating tradeoffs of participation in one fishery versus another. Multispecies catch
shares introduced new management to a subset of target species; given the presence of numerous
separately regulated, jointly harvested stocks, it is expected the transition from DAS altered
exploitation patterns for the broader complex harvested by the fleet.*

Prior to multispecies catch shares, harvesters were allocated a limited number of DAS
during which to land multispecies stocks. Scarcity of this harvest privilege promoted strategic
use: if a DAS were to be used, it would be in the harvester’s best interest to be sure to land a
large quantity of multispecies fish. Trips landing primarily non-multispecies stocks along with
small amounts (but exceeding incidental catch limits) of multispecies fish carried a large
opportunity cost in foregone multispecies landings. This trip-level constraint on harvest and
landings of non-multispecies fish was relaxed under catch shares, which allow harvesters to
continuously vary the ratio of multispecies to non-multispecies fish according to market prices,
harvest costs, and biological availability. The introduction of catch share management therefore
enhanced flexibility in landings, increasing the range of profitable multispecies/non-multispecies
landing combinations.

The resulting changes in multispecies and non-multispecies landings altered the mix of

species being processed and sold down the supply chain at each point in time, ultimately

! Spillover effects (Asche et al. 2007; Branch 2009) are a related, though distinct, phenomenon.
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affecting ex-vessel prices as dealers reacted to modified market conditions. The extent to which
adjusted landings by one individual responding to new regulatory incentives affect other
harvesters will depend on price response to quantity changes, or price flexibility. By determining
the change in timing of individual harvests and identifying market relationships between
quantities and prices, controlling for exogenous price determinants, a robust prediction of the
revenue effects resulting from such a policy change may be estimated.

The analysis presented in this article investigates the impact of multispecies catch shares
on individual permit revenues, across all harvested species.” Two counterfactual sets of
individual daily landings for 25 revenue important species were constructed to predict what
harvesters would have landed each day, absent multispecies catch share management.® Species-
level models of ex-vessel dealer demand were used to predict prices given actual or
counterfactual landings. The difference between actual and constructed counterfactual predicted
revenues was used as an estimate of multispecies catch shares’ ex-vessel revenue effect for each

individual harvester.

1.2 New England fisheries management
The NE multispecies FMP manages 15 species: Atlantic cod (Gadus morhua), haddock
(Melanogrammus aeglefinus), pollock (Pollachius virens), Acadian redfish (Sebastes fasciatus),

yellowtail flounder (Limanda ferruginea), American plaice (Hippoglossoides platessoides),

2 Limited access multispecies harvesting permits are attached to fishing vessels. In what follows the terms vessel and
harvester will be considered synonymous with permit.

® In addition to the nine sector allocated and two small mesh multispecies species, this analysis modeled
multispecies harvester landings for: monkfish (Lophius americanus), black sea bass (Centropristis striata),
butterfish (Peprilus triacanthus), Atlantic herring (Clupea harengus), longfin squid (Loligo pealeii), American
lobster (Homarus americanus), Atlantic mackerel (Scomber scombrus), Atlantic Sea scallop (Placopecten
magellanicus), scup (Stenotomus chrysops), northern shrimp (Pandalus borealis), little skate (Leucoraja erinacea),
winter skate (Leucoraja ocellata), summer flounder (Paralichthys dentatus), and spiny dogfish (Squalus acanthias).
Little and winter skate landings were modeled as generic wings and rounds to align with management delineation.
The top 25 revenue important species made up on average 97% of annual fleet revenues.
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witch flounder (Glyptocephalus cynoglossus), winter flounder (Pseudopleuronectes americanus),
white hake (Urophycis tenuis), Atlantic halibut (Hippoglossus hippoglossus), windowpane
flounder (Scophthalmus aquosus), ocean pout (Zoarces americanus), Atlantic wolffish
(Anarhichas lupus), whiting (Merluccius bilinearis), and red hake (Urophycis chuss).

Since the New England Fishery Management Council’s establishment in 1976,
multispecies management has been a succession of relative failures (Apollonio and Dykstra
2008). The NE multispecies FMP has at this time 18 amendments and 50 framework
adjustments, representing major and minor changes respectively. Intense bureaucracy and
diverse stakeholder interests have produced regulations that are often too little too late,
cultivating a sentiment of inept management among industry and local communities while
simultaneously squandering multispecies populations and the profits they could produce
(Acheson and Gardner 2011). Increasingly restrictive management has forced many harvesters
originally solely dependent on multispecies groundfish to diversify, creating a complex web of
harvesting alternatives. The remaining fleet is a heterogeneous group of harvesters who target a
variety of stocks. Vessels range from small hook-and-line operations that fish near shore on
single day trips to moderate-scale (20-30 meter) trawlers that fish grounds over a hundred miles
offshore and may be at sea for over a week.

Beginning in 1994, multispecies groundfish was regulated with limited entry joint stock
DAS. Under this management regime, harvesters were charged with using one of their allocated
DAS if landed multispecies volume was above incidental catch allowances.* The collapse of
many multispecies stocks coincided with an emergence of new export and domestic markets for
demersal species like spiny dogfish, monkfish, and skate, which commix with, and are often

caught when targeting, multispecies groundfish. The newfound marketability of these stocks,

* In general, a per stock incidental catch of 5% total landed weight was allowed without expending a DAS.
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which had previously been discarded to free up hold space for valuable species like cod and
yellowtail flounder, presented harvesters with an important trip level decision regarding

targeting, retained catch, and DAS use.’

0.00150 —

W DAS
O Catch Shares
O Overlap

0.00000

[ T T T T 1
0 1000 2000 3000 4000 5000

Multispecies Lbs

Figure 1.1 Kernel density plots of individual vessel multispecies landings made when also
landing commixing non-multispecies stocks under DAS and catch shares. Catch shares density
(translucent white) overlays DAS (dark grey). Only landings < 5,000 Ibs are shown. Incidental
catch under DAS has been removed.

On May 1% 2010 — the first day of fishing year (FY) 2010 — NOAA allocated catch shares
for 14 stocks of nine groundfish species, collectively referred to as “multispecies” throughout
this article.® The 17 sectors, or self-identifying groups of harvesters, were allocated collective
quota based on members’ landing histories. The 432 participating vessels represented 55% of the

eligible limited access multispecies fishing permits and 98% of historical multispecies landings.

> |t should be noted that regulatory noncompliance throughout this period was commonplace, calling into question
the degree to which regulation incentivized behavior (King and Sutinen 2010). Still, since 2004 an active DAS lease
market has ensured harvesters operate on the margin with respect to DAS use.

® Vessels were allowed incidental bycatch of one halibut per trip, while there was a prohibition on landings of
windowpane flounder, ocean pout, and Atlantic wolffish. Whiting and red hake were small-mesh multispecies
regulated in 2010 with gear restrictions and trip limits



Though afforded considerable management autonomy, all approved harvesting sectors operated
with a loose form of ITQs, where individual vessel allocations were determined by contributions
to the group aggregate. Quota was tradable both within and between sectors. Figure 1.1 captures
an important behavioral consequence of multispecies DAS management not present following
the transition to catch shares: under DAS, small landings of multispecies stocks made jointly
with commixing non-multispecies fish were avoided or illegally discarded. Catch share
management facilitated proportionately more low-quantity multispecies landings when targeting
non-multispecies stocks, an indication of increased flexibility in landings that may lead to greater

profitability.

Multispecies Groundfish |
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Figure 1.2 Average annual total revenues by species for multispecies sector vessels before catch
shares (FY’s 2007 — 2009). Bars are ordered according to species revenue ranking after catch
shares (FY 2010).



Under DAS, limited access multispecies permit holders developed harvesting patterns
that varied in their dependence on the multispecies complex; in aggregate, revenues from
multispecies groundfish made up slightly less than half of the average annual sector fleet total
during the three years preceding catch share management (Figure 1.2). Throughout this period,
lobster and scallop made up majority revenue shares for 15% of permit holders. These vessels
landed multispecies groundfish as bycatch or secondary targets, relying on the species complex
for less than 10% of annual revenues. The financial importance of multispecies groundfish varied
regionally for the remaining 85% of the fleet. The majority of multispecies permits (60-70%)
were held by harvesters in northern New England (Maine, New Hampshire, and Massachusetts)
who relied heavily on multispecies stocks (70% of annual revenues) and to a lesser extent,
monkfish (10-20%) and skate (5%). Permit holders south of Massachusetts were more diverse,
having annual revenues made up of longfin squid (30-40%), whiting (15-20%), multispecies
groundfish (10-20%), summer flounder (10%), monkfish (5%), and scup (5%).

Following the introduction of catch share management, the sector fleet did not
dramatically modify annual harvest strategies. Figure 1.2 indicates that revenue rankings during
the first year of catch share management were similar to their prior ordering under DAS. As
evidenced by a mismatch in descending order and bar length, longfin squid supplanted monkfish
to become the third most important revenue source for sector harvesters after catch shares. Other
shifts in revenue importance were more subtle, and an overwhelming majority of species saw no
considerable change. At the root of this consistency were fairly stable individual vessel annual
landings before and after multispecies catch shares. T-tests indicate that, on average, vessels
landed significantly more lobster and summer flounder — species which saw increases in

abundance — while less skate. Additionally, three of nine multispecies fish experienced



statistically significant change in average annual ex-vessel volume. For all modeled species
however, shifts in inter-annual sector vessel landings were not statistically different from those
experienced by limited access multispecies vessels that did not join sectors. Though it appears
that in their first year multispecies catch shares did not meaningfully affect the amount of fish
landed by individual harvesters, as previously noted, incentives dictating how and when
particular species were pursued and landed did importantly change.

The behavioral effects of multispecies catch shares were driven by landings of non-
multispecies stocks under disjoint management regimes. For example, early in the season there
was a noticeable increase in harvest of possession-limit regulated groundfish species jointly
landed with small amounts of multispecies groundfish, a targeting choice that is less costly under
the new catch share program. Under DAS, these low-multispecies-landing trips were either
forgone in favor of less profitable trips, supplemented with additional multispecies tows, or
multispecies catch in excess of the incidental threshold was discarded. Similarly, there was an
increased pace in exploitation of spiny dogfish, summer flounder, and scup — three separately
managed race-to-fish demersal stocks. In FY 2010, during each respective derby, these three
commixing species were landed by sector vessels in higher daily volumes than was observed
under DAS. Here again, the ability to profitably land a small quantity of multispecies groundfish
appears to have modified harvest and landings strategies, facilitating greater participation in the
race-to-fish for these commixing non-multispecies stocks. Finally, there were changes in sector
landings of stocks which do not commix, or are harvested with different technology, likely
motivated by exogenous market and non-market forces such as non-sector harvests, weather, and

regulatory structure.
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1.3 Analysis

To estimate the individual harvester revenue impacts of the NE multispecies catch share
program, we took a three-phase approach following Scheld et al. (2012). First, a 25 equation
price model was fit using ex-vessel landings data. Second, two counterfactual environments were
constructed to predict the daily landings of each sector harvester. Third, the price model was
used to predict ex-vessel revenues under actual and counterfactual landings. The difference in

revenue predictions is a measure of catch shares’ ex-vessel revenue effect.

1.3.1 Data

In the NE US all business entities buying federally managed fish directly from vessels are
required to electronically report the species, weight, market category, grade, and transaction
value of each ex-vessel sale. The data used in fitting price models consisted of 1.6 million dealer
reported ex-vessel species landing observations from January 1% 2007 through April 30™ 2010.
There were approximately 375,000 individual species landing observations by multispecies
sector vessels during FY's 2009 and 2010 which were used in assessing the effects of catch share

management.

1.3.2 Price model

The price model is designed to predict ex-vessel prices at given landed quantities, facilitating
comparison of actual and counterfactual revenues. That price and quantity are jointly determined
in competitive market equilibrium is perhaps the most fundamental concept of microeconomic
theory. Empirical studies of ex-vessel markets have historically relied on models of inverse

demand, where price is the dependent variable and quantities the independent variables (Barten
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and Bettendorf 1989; Bell 1968). Under this framework the modeler must identify a market’s
spatial scope as well as substitute and complementary products (for consumers or processors) for
which markets are integrated. There is evidence for statistically significant market integration of
certain seafood products at national (Asche et al. 1997; Gordon and Hannesson 1996) and
international scales (Asche et al. 1999; Asche et al. 2002), as well as long-run substitutability
between different species in wholesale markets (Bose and Mcllgorm 1996; Gordon et al. 1993;
Shabbar et al. 1999).

In New England, many secondary fish dealers, processors, restaurateurs, and grocers look
to maintain a steady supply of fish, often purchasing available products at centralized markets
supplied by ex-vessel dealers or having them shipped from regional ports (for a detailed
description of this market which, aside from a degree of consolidation, has not dramatically
changed in structure for several decades, see Wilson 1980). This suggests that ex-vessel prices
are determined by landings at the individual dealer, and also influenced by total same- and
different-species quantities in the port, across the state, and within the region. The broad spatial
and product scope of this model is needed for several reasons. First, though specialization exists
to a degree, New England ex-vessel wholesale dealers are product generalists: in FY 2009 the
top 100 revenue grossing dealers bought (and sold) 17 species on average. Processing and
distribution require use of scarce inputs (e.g., skilled labor, refrigeration, fuel, etc.) creating
production tradeoffs, or possibly complementarities, between species. Second, different seafood
products are often similar in protein content, taste, texture, and availability and may be
substituted for one another by end consumers. Third, a sizable volume of fish is transacted in two
large daily auctions which distribute price reports to all dealers, providing reliable market signals

throughout the region. Note however that transportation costs, time and perishability, as well as

12



local availability and cost of production inputs, limit coast-wide market integration, preventing
the law of one price from holding ubiquitously (Linnemann 1966).

Scheld et al. (2012) identified statistically significant cross- and own-species price
flexibilities for daily aggregate statewide landings in New England, indicating extensive market
relationships among a variety of ex-vessel products. For each of the 25 species pursued by sector
vessels, our price model estimates each landing’s ex-vessel price to be a function of regional,
port, dealer, and individual harvester landed quantity aggregations across all modeled species

(see Appendix A for further discussion and a technical description).

1.3.3 Counterfactuals

Because multiple states of nature cannot be simultaneously observed (Holland 1986), policy
analysts are presented with two options in estimating the relationship between cause and effect:
randomized controlled experiments, where the investigator is able to impose variation of
conditions and use statistical inference to draw conclusions, or quasi-experimental procedures,
where statistical methods use existing data, before and after the treatment, to extract information
about the effect (Greenstone and Gayer 2008). As a result of complex context and often ex-post
analysis, evaluation of environmental policy and management actions tend to rely on methods of
the latter (Bennear and Coglianese 2005; Ferraro 2009).

Until recently, evaluation of fishery management decisions using robust counterfactuals
has largely been absent from the literature (Smith et al. 2006). Early work investigating the
economic impacts of rights-based management used associational evidence (Batstone and Sharp
1999; Casey et al. 1995; Dupont and Grafton 2000), analyzed quota market performance (Newell

et al. 2005), or extrapolated aggregate behavior (Herrmann 2005; Homans and Wilen 2005). Not
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controlling for exogenous factors (e.g., climate, ecology, and macroeconomy) and/or muting
fleet heterogeneity, such strategies may fail to isolate a policy’s true treatment effect and instead
produce results driven by spurious correlations or weakened through aggregation.

The analysis presented here follows Scheld et al. (2012) in estimating Ef fect; from
equation (1.1). Rev; are the estimated actual (A) revenues for harvester i, generated from price
predictions using actual landings, while Rev{* are the estimated counterfactual (CF) revenues
for harvester i, generated from price predictions using counterfactual estimates of what landings
would have been had DAS remained in effect during FY 2010. The difference between Rev;
and Revf¥ is an estimate of multispecies catch shares’ effect on harvester i’s revenues.

Effect; = Rev® — Revf" (1.1)

Two methods of counterfactual construction relying on individual pace of landings in FY 2009

were used in predicting Rev "

25’:1 ql](‘)ECF/Z‘%651 qUT = Z‘L’ 1 CIL]T/Z‘%Gi CILO]?L' (1.2)
21’ o} OCP/Z'?EGS Q119CP
Zr 19; 0CF/Z$651 qur = Z-c 1 qur/22651 qu Z — 9CP/23651 Q]O9CP (1.3)
T=1 t=1¢jt

These relationships offer alternative ways to identify q{;°", harvester i’s landings of
species j at time t in FY 2010 under the counterfactual DAS policy. Equation (1.2) models
counterfactual landings to be equivalent in pace with those during FY 2009, under DAS
management. Specifically, on each day t of FY 2010, the sum of counterfactual daily landings
(g) for harvester i of species j in proportion to total FY 2010 landings by harvester i of species |
was set equal to a corresponding ratio of FY 2009 landings. Rearranging (1.2) and solving for

£21qip"", one obtains harvester i’s counterfactual cumulative landings of species j at each day
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t, from which counterfactual daily landings are calculated.” For robustness, a second method was
also used. Equation (1.3) provided counterfactual estimates equivalent to those derived from
(1.2) weighted by the pace of aggregate daily landings (Q) by multispecies permit holders who
did not join sectors and thus fished in the common pool (CP) under DAS.? The second right hand
ratio term in (1.3) measures the relative change in timing of aggregate common pool DAS
landings. If species j was being landed relatively faster in FY 2010 by these vessels this term
would be greater than one, increasing the pace of species j counterfactual landings for each
sector harvester. The addition of this term was used to control for exogenous climatic,

ecological, or regulatory shocks affecting all harvesters in FY 2010 but not FY 2009.°

1.4 Results
1.4.1 Price and counterfactual models
Equation (1.4) defines the price flexibility (Fj,,) of species j with respect to landings of species m

as the ratio of a percentage change in species j price to a percent change in species m quantity.

_ OPj/Pj

™ S o Om (1.4)

An Fj,,, value between zero and negative one indicates the price received for species j decreases
when species m quantity increases, though the change in price is less than proportionate to that in

quantity.

" If harvester i did not make any landings on the same day t in both years, counterfactual landings were assigned to
the next landing day observed. Harvesters landed six fewer days on average during FY 2010.

& While this group of ~350 harvesters had somewhat insignificant multispecies groundfish landings, they made up
significant components of other revenue important fisheries.

® Note that both methods control for general macroeconomic effects.
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Figure 1.3 Total price flexibilities are calculated as a weighted sum of statistically significant
(P < 0.05) individual price flexibilities. Red (green) indicates negative (positive) total price
flexibility; color is scaled to the maximum absolute total flexibility value (Fyouockpotiock =
—0.4860). Species are ordered left-to-right/bottom-to-top by FY 2010 revenue importance
among multispecies groundfish (southwest corner) and other species.

Total price flexibilities were constructed from the estimated inverse demand model by
summing individual price flexibilities across quantity aggregations.'® Own total price flexibilities
were predominantly large and negative, while cross total price flexibilities were comparatively
smaller and a mixture of negative and positive (Figure 1.3).** The former implies downward

sloping dealer demands (i.e., when more of a product is landed, ex-vessel prices decrease) while

% During summation, port, dealer, and individual harvester quantity aggregations were multiplied by (1 — CV]-X), or
one minus the coefficient of variation in normalized spatial or individual landings distributions for species j at
quantity aggregation X. This weighting accounts for variation in ex-vessel sales across space, dealers, and
harvesters. Total price flexibility therefore indicates the average percent change in species j ex-vessel price from a
1% increase in same day landings, inventory levels, and expectations of species m quantity. Total price flexibilities
were constructed for illustrative purposes only — price predictions relied on disaggregate values.

' Note that for graphical interpretative purposes, skate bait price flexibilities are absent from figure 3. Skate bait is
an extremely low-value product; small price changes are therefore quite large in percentage. To better gauge color
scale these price flexibilities were excluded.
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the latter captures the intricacies and complexities of the ex-vessel market structure. All
estimated price flexibilities were between positive and negative one (Fj,, = —.0008), indicating
ex-vessel prices are relatively inelastic. Statistically significant cross-species price flexibilities
may arise from competing or complementary use of scarce processing resources or end consumer
substitution.

Counterfactual landings were modeled to reflect how individual sector harvesters would
have landed each included species throughout FY 2010 had catch share management not been
introduced. Methods used altered only the individual pace of actual FY 2010 landings and
therefore do not consider changes in harvest scale, which were found to be minimal. Divergence
in timing of actual and counterfactual landings by the fleet varied species to species, though
spiny dogfish and whiting, two high volume non-multispecies stocks, were landed at a
substantially faster initial pace than predicted by counterfactuals. Additionally, haddock — the
healthiest multispecies stock for which ample allocation was provided — was landed earlier in the
season than predicted, while yellowtail flounder and pollock were landed later (see Appendix A

for further discussion of price and counterfactual model results).

1.4.2 Individual average and aggregate estimated impacts

To estimate the effect of temporal shifts in landings on individual harvester revenues, inverse
demand and counterfactual models were combined to produce three sets of revenues: Rev;?,
harvester i’s predicted revenues with actual landings; RevF=F, harvester i’s predicted revenues
with counterfactual landings using equation (1.2), referred to as catch rate counterfactual
(CRCF); and Rev{PF harvester i’s predicted revenues with counterfactual landings using

equation (1.3), referred to as common pool counterfactual (CPCF). The difference between Rev;*
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and each Rev{" is a measure of the impact multispecies catch shares had on harvester i’s annual

revenues. The summation of this difference over i provides an estimate of total program effects.

Table 1.1 Average and total estimated revenue effects of multispecies catch shares for sector
vessels from CRCF and CPCF. Standard errors were derived from 1,000 draws of p ~ N(B,c%)
and are in parentheses beneath estimates. All estimates are significant at a 99% confidence level.

Effect ($) Multispecies Other Multispecies Other
(CRCF) (CRCF) (CPCF) (CPCF)
Average + 37,020 + 42,182 + 54,581 + 41,429
(2,585) (6,179) (2,742) (7,977)
Total +1.55 x 10’ +1.77 x 107 +2.29 x 10’ +1.74 x 10’
(1.08 x 10°) (2.59 x 10°) (1.15 x 10°%) (3.34 x 10°

Following the introduction of catch shares, change on the intensive margins of production
was found to be enormously beneficial for the multispecies sector fleet. Statistically significant
estimated total gains of $33,200,000 and $40,200,000, with individual harvester averages of
$79,202 and $96,010, were predicted by CRCF and CPCF, respectively (Table 1.1). During FY
2010, total volume landed by multispecies sector harvesters was only 1% above the prior three
year average, yet actual ex-vessel revenues rose by approximately 18%, from roughly 170 to 200
million US dollars. The models presented here predict FY 2010 ex-vessel revenues would have
fallen had DAS remained in place, without even accounting for the potentially large loss in total
landed volume brought on through necessary DAS reductions. This analysis suggests observed
price and revenue increases for the multispecies sector fleet were the direct result of landings’
timing and compositional changes made subsequent to the introduction of catch share

management for a subset of target species.
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1.4.3 Distribution of estimated impacts
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Figure 1.4 Histograms of individual harvester program effects from CRCF (dark grey) and
CPCF (translucent white). Bin width is set to $10,000 and predicted effects < -$150,000 and >
$350,000 are collapse into “Less” and “More” respectively.

Positive impacts were spread throughout the multispecies sector fleet, with gains estimated for
75-80% of individual vessels (Figure 1.4). Both counterfactual methods predict similar
distributional results: a high concentration of slightly positive effects with a long positive tail.
The 20-25% of sector harvesters predicted to have suffered losses were vessels from Maine and
Massachusetts who relied heavily on monkfish and lobster in addition to multispecies
groundfish. Conversely, the roughly 10% predicted to have gains in excess of $350,000 were
large southern New England operations harvesting primarily scallop, squid, whiting, cod, and

haddock.
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Figure 1.5 Histograms of individual harvester program effects for multispecies DAS common
pool (a) and non-multispecies (b) vessels from CRCF (dark grey) and CPCF (translucent white).
Bin width is set to $5,000 and effects < -$50,000 and > $50,000 are collapse into “Less” and
“More” respectively.

Though this analysis focused on estimating program impacts for harvesters transitioned
from DAS to catch share management, program effects for non catch share vessels were also
estimated (Figure 1.5). Vessels landing in the NE US during FY 2010 not operating under
multispecies catch shares were one of two types: multispecies common pool DAS and non-
multispecies harvesters. The former group was ~350 vessels comparable with sector harvesters
in scale and geographic distribution, while the latter group was comprised of over 3,200
generally smaller operations. Both groups relied primarily on monkfish, lobster, scallop, summer
flounder, whiting, and herring for ex-vessel revenues. On average and in total, both groups were

predicted to have been slightly worse off.
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1.4.4 Effect of diversity in species landed

Table 1.2 Select output from OLS regressions of Ef fect; (Equation 1.1) on harvester FY 2010
total revenue, a measure of species diversity in annual harvest, and dummy variables indicating
state of permit registration. Species diversity is calculated as A' = i Bizj where 6;; is the share
of harvester i’s annual landings made up by species j. Regressions were run for predicted effects
from both CRCF and CPCF. Standard errors are beneath coefficient estimates.

Variable Coefficient P-value Coefficient P-value
(CRCF) (CPCF)

Intercept 68,321 0.001 71,381 0.004
(21,132) (24,407)

Total Revenue 1528 0.000 2232 0.000
(.0177) (.0205)

Herf. Index -106,109 0.000 -134,316 0.000
(29,164) (33,684)

One factor influencing the extent of individual benefit from catch share management was
the vessel’s diversification in landings from different fisheries. A Herfindahl-Hirschman index,
also called the Simpson index, is a bounded sum of squares measure that increases with
decreasing diversity (Hirschman 1964; Simpson 1949). Only recently has the index been applied
in fisheries economics, estimating the relationship between harvester income diversity, with
respect to participation in multiple fisheries, and risk, as measured by the coefficient of variation
in annual revenues (Kasperski and Holland 2013). To investigate the relationship between annual
landings species diversity and predicted program impacts, individual sector harvester estimated
effects were regressed on FY 2010 vessel revenues, a Herfindahl-Hirschman index of individual
annual landings species diversity, and dummy variables indicating state of permit registration
(Table 1.2). Results of this regression reveal that, controlling for vessel scale and home state,

increased species diversity in annual landings was significantly correlated with predicted gains,
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suggesting harvesters more flexible in their targeting strategy had greater success in timing ex-

vessel markets.

1.4.5 Interpreting the effects of price flexibilities

Estimated revenue effects can be interpreted as the difference in cumulative impacts of price
externalities arising under each management regime and the associated distribution of landings
during the season. Since each price equation included total daily coast-wide quantities of all
species modeled, a shift in landings by any given harvester affected ex-vessel prices received by
all other harvesters landing that day. The degree to which price externalities were realized by an
individual was a function of market level overlap, with harvesters landing at the same dealer on
the same day imposing the greatest externality on one another. Large predicted revenue gains
imply that after catch shares there were either fewer spatially and temporally coincident landings
of products with negative price externalities, more of products with positive price externalities,

or both.
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Figure 1.6 Graphical representation of counterfactual sensitivity results. Each point depicts the
effect of including column species counterfactual landings on row species FY 2010 aggregate
sector revenues. Color is scaled to the maximum absolute effect. Darker green (red) indicates
larger predicted gains (losses) resulting from species’ counterfactual inclusion. Species are
ordered left-to-right/bottom-to-top by FY 2010 revenue importance among multispecies
groundfish (southwest corner) and other species.

Sensitivity of the overall results to counterfactual predictions can be assessed by
predicting prices after replacing counterfactual with actual landings, one species at a time.
Differencing predicted revenue effects produced by this set of one actual and 24 counterfactual
landings from those predicted by a full counterfactual provides a measure of gains by individual
species timing change.'? Figure 1.6 indicates that predicted program impacts result from a
combination of own- and cross-species market interactions. A primarily green diagonal signifies
timing changes were generally own-species beneficial, while numerous green off diagonal points

highlight the benefits derived from cross-species price externalities. Interestingly, timing changes

12 The effects of counterfactual inclusion captured by this method are only partial; predicted revenue effects were the
result of multiple simultaneous timing changes.
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for a number of species were detrimental to haddock revenues. This result may be a product of
haddock’s non-binding allocation and lack of quota value providing limited incentive to
efficiently time the market and take advantage of haddock price externalities.

Following the introduction of multispecies catch shares, harvesters seasonally intensified
targeting of many stocks. Multispecies sector vessels typically land around 90% of total white
hake, pollock, yellowtail and winter flounder ex-vessel volume. All four species have large and
negative total own price flexibilities indicating an increase in daily volume decreases
contemporaneous prices. During FY 2010, white hake, pollock, yellowtail and winter flounder
all experienced periods of intensified targeting and, counter-intuitively, higher prices. This result
implies cross-species price flexibilities played a dominant role in revenue outcomes for these
particular multispecies stocks. For example, decreased mid- and late-season landings of winter
flounder resulted in lower levels of market mix with price impairing summer flounder (-0.0436),
plaice (-0.0504), witch flounder (-0.0064), and yellowtail flounder (-0.0492). Despite the price
depressing effect of higher daily winter flounder landings (-0.1004), harvesters gained by
concentrating those landings away from species the market considers substitutes. =

Together the nine multispecies groundfish accounted for 45-52% of aggregate sector fleet
gains. Cod ex-vessel price (15% of gains) benefited from a slightly more constant supply
throughout the season and a large negative total own price flexibility (-0.3176), as well as
reduced spiny dogfish (-0.0040), winter flounder (-0.0292), and skate (-0.0244) landings during
fall and winter. Though spiny dogfish, winter flounder, and skate would not generally be thought
of as substitutable for cod in end consumer markets, processing, shipping, and inventory
tradeoffs likely exist as large quantities of spiny dogfish, skate, and winter flounder are frozen

and may be exported, while cod is processed fresh and supplies local markets. When cod

B3 All price flexibilities included in text are total price flexibilities calculated as previously described.
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landings are homogenous dealers can focus on cleaning it well and bringing it to the best
markets, but if landed with large amounts of dogfish, skate, or winter flounder it must be
unloaded quickly so efforts can focus instead on the freezing line. Flatfish species (25% of gains)
are highly substitutable to consumers (average cross price flexibility of -0.0493), and when
individually landed more homogenously throughout the season they yielded higher ex-vessel
prices.*

Scallop, longfin squid, and whiting (31-37% of gains) — three economically important
non-multispecies stocks — saw revenues increase from timing changes of many different species,
highlighting the value of targeting flexibility afforded through catch share management. Despite
some lack of temporal flexibility in these fisheries arising from opening times, weather, or derby
incentives, the fleet used catch shares to advantageously alter concurrent landings of other
stocks. Increases in concomitant landings of scallop with haddock (0.0034), lobster (0.0499), and
plaice (0.0031), in addition to decreases with pollock (-0.0094), enhanced scallop prices.*
Scallop, lobster, haddock, and plaice all generally serve high-end restaurant and grocery markets
whose proprietors likely place a positive value on product diversity. Pollock on the other hand is
typically considered low-grade groundfish, potentially competing with scallop for processing and
shipping resources. Whiting and longfin squid are high volume species which are commonly

frozen when landed due to the high perishability of the former and minimal quality reduction of

“ Yellowtail and summer flounder gains were partially derived from increased market mix and a positive cross-
price flexibility in landings of the former on prices of the latter (0.0196) which outweigh negative effects of the
opposite relation (-0.0156). This interesting and statistically significant market relationship perhaps results from a
combination of supply chain functioning and unidirectional substitutability.

15 Ex-vessel scallop prices were found to depend substantially more on landings of other species than own market
supply. In FY 2010, both sector and non-sector vessels saw their average price/lb for scallop increase by over 25%.
Our models suggest that this dramatic price improvement arose from shifts in sector vessel landings of non-scallop
species, contributing to 13% of total estimated gains. This result may be slightly confounded by a simultaneous
introduction of the scallop general category IFQ program.
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the latter. Increases in concurrent landings between these two species, which have positive cross-

price flexibilities suggesting processing complementarity, improved ex-vessel prices.

1.5 Discussion

Improved ex-vessel revenues following the introduction of multispecies catch shares arose from
advantageous market timing changes by sector vessels. This conclusion suggests DAS created
inefficiencies, restricting harvesters’ ability to exploit price externalities and respond to market
incentives. The observed dramatic shift in sector vessel joint landing behavior of multispecies
groundfish with commixing, separately regulated stocks additionally suggests DAS may severely
constrain catch and landing opportunities when vessels participate in overlapping fisheries with
different management systems. This analysis combined counterfactual predictions of individual
harvester landings timing, reflective of prior management, with models of ex-vessel inverse
demand in estimating total revenue gains of over $30,000,000.

Though this analysis was only concerned with ex-vessel revenues, it appears likely that
fleet profits were also enhanced as a result of catch share management. With variable operational
costs at 38% of gross revenues — the rate used by sector managers when generating initial
projections — a no profit increase would require fishing costs to have grown by over 12 million
dollars. This seems unlikely however as vessels made 10% fewer trips and average trip costs
were found to fall well within the range observed under DAS (Kitts et al. 2011). Other recent
empirical findings have shown tradable access rights are often associated with decreased fishing
expenditures, increasing profits through cost reduction (Andersen et al. 2010; Nielsen et al.
2012). The results of this study indicate that in fisheries with flexible prices, constraining

management regimes may severely limit potential profits by weakening ex-vessel revenues.
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Significant revenue increases resulting solely from a temporal redistribution of supply further
question the utility of optimum yield, which has thus far remained an elusive management goal
in New England groundfish (Rothschild et al. 2013).

The newfound production flexibility introduced through catch share management may
appear inflated if discard of multispecies stocks was frequent. In FY 2010, only 30% of trips
were observed, suggesting vessels may have had ample opportunity to discard constraining catch
share stocks. This level of observer coverage did represent a dramatic increase from that under
DAS management however, and landings from unobserved trips were monitored, penalizing
vessels when discard was suspected. Additionally, it is conceivable that harvesters may have
been reluctant to discard during the first year of new management, where each sector member
was for the first time jointly liable in fishing activities. Unaccounted discard does not affect the
landings revenue results presented here, though it is expected that increased control of illegal
discard might reduce revenue gains by curbing flexibility in landings.

Had catch shares not been introduced multispecies harvesters would likely have
experienced drastic cuts in DAS and multispecies fishing income as regulators responded to
stock rebuilding requirements specified in the Magnuson-Stevens Fishery Conservation and
Management Reauthorization Act of 2006. The two counterfactual methods used relied on
information from the most recent prior management year; they are not wholly descriptive of the
fishery which would have existed had regulators significantly cut DAS without providing the
option to join catch share sectors. Additionally, counterfactual methods altered landings’ pace
within the set of actual trips taken, which, if endogenous, may confound results. Significant room

exists for the development of harvester behavioral models; the work presented here
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methodologically supplements the current literature, extending methods used in Scheld et al.
(2012).

The introduction of catch share management for multispecies stocks significantly affected
seasonal exploitation patterns of several separately regulated species. For example, increased
participation in the race-to-fish for spiny dogfish, summer flounder, and scup occurred perhaps
as a direct result of multispecies catch share management, which made low-quantity multispecies
landings profitable by reducing opportunity cost. This implies a mismatch in the scope of
regulations and individual economic decisions, which may exacerbate management difficulties
already complicated by joint harvest relationships (Kirkley and Strand 1988; Squires 1987).
Understanding behavioral drivers and the tradeoffs of fishery participation, as well as identifying
user groups that overlap regulatory regimes, will ultimately yield superior ex-ante program
analysis, reducing management implementation uncertainty and unexpected outcomes (Fulton
2010).

Including complex micro-market structure in the model of inverse dealer demand allowed
for robust estimation of ex-vessel price and revenue effects resulting from changes in the daily
market mix of landed species. Numerous different individual strategies, modifying landings in
response to expected price externalities, likely produced the aggregate fleet level behavior and
outcomes observed and discussed. Though analyzing each of potentially millions of individual
harvester-species daily timing changes is an unrealistic pursuit, conclusions drawn from their
combined effect suggest multispecies catch shares afforded individual harvesters increased
opportunity and flexibility in supplying market demand. Large ex-vessel revenue advantages
owing to market timing changes have been previously documented after the introduction of

rights-based management (e.g., Herrmann 2005; Scheld et al. 2012), though gains are generally
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seen to result from a downward sloping demand and own-species effects. Following the
introduction of multispecies catch shares, cross-species price flexibilities were found to play an
important role. A counterfactual sensitivity analysis demonstrated that individual species revenue
gains often arose from timing changes of several complementary or substitute species, or species
groups. Intermediary processing and supply chain structure has often been of limited concern in
fisheries policy analysis, though here it was a major driver of policy outcomes.

As a management institution, catch shares have been argued to prevent fishery collapse
(Costello et al. 2008) and align individual and collective incentives (Grafton et al. 2006). The
transition from DAS to catch shares ensures each multispecies TAC, if adequately enforced,
places an upper bound on possible harvest — a necessary, though not sufficient, condition for
ecological benefit (Branch 2009). Multispecies catch shares may wield biological consequence if
seasonal changes in targeting intensify harvesting pressure during periods of amplified stock
vulnerability, or result in increased mortality for separately managed stocks lacking overall catch
limits, shutdown provisions, and/or avoidance incentives. Additionally, multispecies catch shares
may impose cultural and societal costs if intended reductions in overcapitalization or
consolidation of catch share holdings dramatically alter working waterfronts, community

structure, or other factors affecting quality of life for New England residents.
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Chapter 2

Costly avoidance in a multispecies catch share fishery

Abstract

Joint harvest technologies in multispecies fisheries are often characterized by imperfect
selectivity, allowing only limited control of catch composition. This type of technology can be
modeled by considering outputs weakly disposable, suggesting targeting and avoidance of
individual stocks may be costly. In this paper, a simple individual optimization model is
considered with a joint production transformation function which relaxes the assumption of free
output disposal to analyze decisions under imperfect output selectivity. Costly avoidance, where
production of joint outputs is given up to reduce that of the avoided species, is found to result
when the marginal reward for landing an avoided stock is negative, a possible consequence of
intense regulatory constraint. This model is then applied to New England groundfish, a
multispecies fishery recently transitioned to catch share management, to test for costly
avoidance. A hierarchical Bayesian estimation procedure is used to uncover marginal rates of
product transformation between a constraining stock and the aggregate mix, finding generally
positive values heterogeneously distributed throughout the fleet. We reject the null of costless
avoidance, indicating constraining output controls for certain stocks decreased joint output of
quota-abundant species. Furthermore, a unique management setting in which a constraining
species quota increased 600% mid-season allows us to identify ex-post costs of quota constraint.
We estimate that had the low allocation remained, its cost to harvesters would have been US $3

million.
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2.1 Introduction

Over the last twenty years, revelations of substantial bycatch and subsequent discard in many
fisheries (Alverson 1994; Harrington et al. 2005; Kelleher 2005) have led to serious concern and
dissatisfaction among scientists, policy makers, and the general public. Recent US estimates
indicate an overall bycatch rate of 0.17, with several fisheries discarding more than 30% of total
catch (NMFS 2011). The widely recognized cause of such squander is a misalignment in the
scope of production with that of regulatory and post-harvest economic structures.

In wild-capture fisheries, harvesters often attempt to exploit particular species within
diverse ecosystems using nondiscriminatory nets, hooks, or traps, catching both target and non-
target stocks. Exploitation patterns have historically been driven by external market forces (Sethi
et al. 2010), though more recently, an impetus to align incentives shaping harvest with
conservation objectives, by way of management, has emerged (Hilborn et al. 2005; Grafton et al.
2006). Managing multispecies fisheries through intentional modification of harvesters’ choice
criteria may improve ecological outcomes by reducing non-target catch, and in fact several
researchers have observed targeting and avoidance behavior following management action
(Grafton et al. 2004; Graham et al. 2007; Branch and Hilborn 2008), though this ability appears
to be bounded.

Non-selective or imperfectly selective output technologies can be modeled in a
neoclassical framework through modification of standard disposal assumptions. Strong, or free,
output disposability is a ubiquitous assumption in joint production theory (e.g., Lau 1972,
Diewert 1973, Sakai 1974), though when applied to a multispecies fishing technology implies
perfect and costless targeting and avoidance. Specifically, this assumption requires individual

output decreases never command increased inputs or decreased joint output, i.e., marginal
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production costs must be monotonically increasing in each output. Free disposal technology does
not correspond to anecdotal descriptions of production in multispecies fisheries, where avoiding
one stock may decrease joint harvest of other species. Indeed, a few researchers have argued
production in multispecies fisheries likely violates this assumption and instead only satisfies
conditions of weak disposability (Turner 1995, 1997; Singh and Weninger 2009). This looser
technological restriction requires proportional reduction in joint outputs be free but
accommodates costly disposal otherwise (Shephard 1970).

To explore the implications of weak disposability on producer behavior, we develop a
notion of costly avoidance, where, due to a weakly disposable multispecies production
technology, avoiding a particular stock may decrease joint output of other stocks. Costly
avoidance is shown to result in response to constraining management conditions such as a low
allowable catch, high quota price, or a restrictive bycatch limit. This theory is timely as the
proportion of species and areas under the purview of management continues to increase, global
populations, their wealth, and demands for marine protein similarly grow, though several basic
questions surrounding behavioral responses to regulatory incentives remain unresolved.

Catch shares are perhaps the most widespread and increasingly utilized form of fisheries
management. Typically, catch shares are implemented by first setting an annual upper bound on
harvest and then allocating use rights to individuals or groups of harvesters. In the US, recent
legislation lends itself to catch share management as hard output caps are now required for all
federally managed fisheries (MSRA 2007), while a 2010 report issued by the National Oceanic
and Atmospheric Administration (NOAA) proclaimed broad support for catch share systems,

encouraging regional management councils to consider their use “wherever appropriate” (NOAA
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2010). Currently, of the 15 US catch share programs, six manage multispecies complexes where
harvest is best characterized as a joint production process.

Not surprisingly, management of multispecies fisheries with catch share programs has
been acknowledged as acutely difficult and potentially problematic due to imperfectly selective
technologies (Copes 1986; Squires et al. 1998). Restrictions on harvest of individual stocks in a
multispecies fishery may incentivize illegal discard or result in significant under-fishing of
allowable catch. Both are symptoms of a mismatch in catch share holdings to the intercepted
mix, though their relative severities are likely inversely related and depend on the degree of
enforcement. Discard incentives brought on through weak output disposability have been
explored by Turner (1995, 1997) and Singh and Weninger (2009), who find individual
multispecies quota systems, if not enforced, incentivize discard when the least cost harvest
bundle diverges from relative quota holdings. Their results rely on an assumption of costless
discard however, and say nothing about under-fishing or costly avoidance — relevant subjects
which are addressed here.

Understanding how and when costly avoidance manifests is important in quantifying
short and long run efficiency of policy measures in multispecies fisheries, which are increasingly
catch share regulated or subject to output controls of some kind. In what follows, a model of
costly avoidance is developed and discussed in the context of exogenous technological,
economic, and management conditions. Then, a hierarchical Bayesian estimation procedure is
used to uncover marginal rates of product transformation and statistically test for costly
avoidance in New England multispecies groundfish during the first year of catch share
management and also estimate the costs imposed by a restrictive allocation. Our findings suggest

costly avoidance is common, potentially exacerbated by poorly functioning quota exchange
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mechanisms, and may manifest indirectly, through forgone production, as well as directly,

through costly harvest strategy.

2.2 Theoretical model
Weak output disposability is a technological frontier concept which permits costly output
reductions (see Fére et al. 1994 for a comprehensive mathematical treatment). The distinction

between strong and weak disposability can be seen in Figure 2.1.

Product 2

Product 1

Figure 2.1 Technological production frontiers exhibiting strong disposability (SD) and weak
disposability (WD). Dashed line defines strong disposal criterion for WD frontier.

In Figure 2.1, the inner WD frontier exhibits weak disposability of both products. Reductions in
product one (product two) beyond where the dashed line meets this frontier require reduced
output of product two (product one). This technological relationship stands in contrast to that of
the outer SD frontier, where reductions of product one (product two) can always be met with

increases in product two (product one). Technologies which exhibit weak disposability can be
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said to display costly avoidance, the consequences of which will be explored with the following

general model.

2.2.1 Production Technology

Let @ € R denote a vector of m outputs, or species-specific landings, and let Z € RY denote a
composite measure of fishing effort. F(Z, Q) defines the set of possible fishing trip input-output
combinations and is assumed to be closed, bounded, non-empty, and strictly convex for Z > 0. It
is also assumed that F(Z,Q) S F(Z',Q) forZ' = Zand F(Z,6Q) S F(Z,Q) for0 <6 <1,
reflecting that input is freely disposable, though disposal of outputs may be costly. Given this

production technology the following transformation function can be defined:

min{Z | (Z,Q) € F}

2.1
—oo  otherwise (2.1)

f@={

The transformation function (2.1) describes the minimum amount of effort required to land
output bundle Q. If Q is not producible, the function returns minus infinity — a convention of the
literature. f is assumed to be continuous and twice differentiable over producible quantities, non-
decreasing in proportional output increases, strictly non-negative, and equal to zero when zero

output is produced.®

'® Since landings are the result of harvest and discard behavior, allowing landings technology to exhibit costly
disposal implies discard is a potentially costly activity. Previous research has argued discarding may impose costs
due to sorting and disposing of unwanted catch (Anderson 1994; Arnason 1994; Vestergaard 1996), expected
penalties if illegal (Arnason 1994; Kristofersson and Rickersten 2009), and/or related social implications (Arnason
1994). At the extremes of infinite and zero discarding costs, the technology described in (2.1) would be identical to
the underlying harvest technology or free disposal production. The harvest technologies of Turner (1995, 1997) and
Singh and Weninger (2009) can therefore be considered special cases of (2.1).
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Species 2
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Species 1

Figure 2.2 Costly disposal production isoquants for a two species fishery

Notice that, aside from restrictions implied through weak output disposability, there are

no conditions placed on first derivatives of (2.1). That is, ;—g, the marginal production cost of
l

species i, is not assumed to be strictly non-negative as would be the case if f exhibited strong
disposability. In wild-capture multispecies fisheries, where harvest often exhibits imperfect
selectivity, intense avoidance of a particular stock may reduce output of joint targets, suggesting
a higher level avoided-stock output may actually be feasible with a lower level of input, without
altering joint production levels. This can be seen in Figure 2.2, which plots a homothetic
representation of production technology exhibiting costly avoidance. Between points a and b on
the outermost frontier the marginal production cost of increasing species one is negative — more
could be produced using less effort without reducing species two production (i.e., a horizontal
shift to an inner frontier). Similarly, between points ¢ and d the marginal production cost of
species two is negative. In the models described here, joint production points for which marginal
production costs are negative, or equivalently, marginal rates of product transformation are
positive, will be considered costly avoidance. Notice that assuming weak disposability ensures

that everything cannot be simultaneously costly avoided. To see why this is so, remember weak
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disposability requires that proportional output increases must always increase costs. A situation
where all marginal production costs are negative violates weak disposability since a proportional

output increase would decrease costs.

2.2.2 Optimization model
The trip-level optimization problem assumed to be facing each harvester in a multispecies

fishery is:

mMaXqy (o, e 1i(Q:) (2.2)

s.t. f(Q1,.,Qm) <Z,

where, for each of m species, r; represents the reward from landing quantity Q;. A reward
function is used in place of revenue or profit to maintain generality. For our purposes, r; can be
thought of as ex-vessel revenue net of all regulatory costs imposed either directly (e.g., tax,
subsidy, or quota price) or indirectly (e.g., transaction costs in quota market, shadow cost from
output constraint, expected penalty if illegal, etc.). Every trip, the harvester must choose an m-
species landings bundle which maximizes the sum of species-specific rewards subject to
constraint on production inputs and landings technology, where f(-) is defined by the
transformation function (2.1). That is, the optimization problem (2.2) is constrained by inputs
and technology, a reasonable formulation for a fishery located on distant grounds, which once
reached, targeting and avoiding individual species requires negligible inputs (e.g., small

modifications in tow/soak depth, duration, timing, or location).
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To facilitate investigation of costly disposal landings technologies and their consequence

for individual harvesters, our optimization problem (2.2) is modeled as static and considers only

one input. Though dynamics are often the focal subject of modeling exercises in fisheries
economics, here the questions of interest are related to imperfectly selective technology.

Modeling (2.2) in a static framework eliminates the possibility that our conclusions are

confounded by these processes. Considering only a single production input similarly focuses

analysis. Note however that (2.2) can accommodate any non-infinite number of inputs, provided

they are freely disposable.'’

Solution of (2.2) proceeds by first specifying a Lagrangian:

L=3"70Q) +1(Z = f(Qu -, Qm)),

and then determining Kuhn-Tucker first order conditions:

oo or o g
Vi oagT a0 Fags0 Uiz0, 55Qi=0
oL
azz_f(QlﬁﬁQm)SO ’ ‘LlZO ’ .u(Z_f(QlﬂlQm)):Oi

from which we arrive at the general result:

0ri/0Q; _ 0f/0Q;
ar;j/0Q;  9f/0Q;

v l!] | Qiin>0'

(2.3)

(2.3a)

(2.3b)

(2.3¢c)

" In general, a one-to-one correspondence between a transformation function and the production possibilities set

requires some form of free disposability (Diewert 1973; Lau 1976).
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Result (2.3c) indicates that, for any two positively landed species i and j, it is optimal to equate
the ratio of species-specific marginal rewards to marginal costs. An increase in the marginal
reward of landing species i must be met with an increase in marginal costs ceteris paribus (i.e.,
targeting). Likewise, avoidance of species i occurs if marginal rewards decrease. Costly

avoidance is only optimal when marginal rewards are negative. Furthermore, it can be shown:

or: . .
PROPOSITION: Ifa—r{ZOVje —i, then%>0|ko=0 V k+i,jand 0

Q] Q] Z]dQ]
if and only if 2% < 0
y 9Q; '

PROOF: See Appendix B

The proposition above states that if marginal rewards for landings of all species —i are non-
negative, a positive marginal rate of product transformation between any two outputs i and j,
fixing all other outputs at constant levels, or between an output i and the aggregate output mix -i,
results if and only if the marginal reward for landing species i is negative. The logic of this
argument can be easily extended to all species combinations, indicating a positive technological
tradeoff between landings of different species, or costly avoidance, occurs in response to

negative rewards.
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Species 2

Species 1

Figure 2.3 Optimal joint production bundles. Dashed lines are linear iso-reward curves whose
011/0Qq
012/8Q>
restricted to be constant across Q, it is imposed here to ease interpretation)

slope is equal to — for high (H), low (L), and negative (N) % (marginal rewards are not
1

Costly avoidance of economically undesirable output must balance the losses incurred
from negative marginal rewards against those from lost joint production. This situation can be
seen for a two species fishery in Figure 2.3. At a high level of marginal rewards for landings of
species one, relative to those for species two, it is optimal to target and land a large amount of
species one at a point like a. If this marginal reward were lower, giving up some species one to
land more species two, at a point like b, would instead be optimal. Costly avoidance occurs only
when marginal rewards are negative, implying a positively sloped iso-reward curve. At point c,
the marginal benefit of avoidance — reduced loss in species one rewards — is equal to the
marginal cost of avoidance — reduced landings of species two. At this point of balance, where
the marginal rate of product transformation equals the negative marginal reward ratio, the

individual harvester can do no better.
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But, what might cause or create a negative marginal reward? Here we propose three
possible mechanisms, all the result of regulatory action.™® First: large taxes in excess of
competitive market prices. While this may not be particularly germane to marine fisheries, which
generally rely on output management rather than Pigovian controls, industries emitting taxed
effluent for which no market exists certainly realize negative marginal rewards and the results of
this general model may be extended in that direction. Second: strict output quantity controls. If
added to (2.2), output controls would enter the model as constraints in (2.3), which if low
enough, could bind at a point of costly avoidance, creating a shadow value for this Lagranian
constraint larger than market price. This mechanism may be applicable to multispecies fisheries
where strict bycatch limits for marine mammals or protected species exist. Third: quota price in
excess of ex-vessel market value. While we do not speculate here on quota price formation,
assuming it exogenous, it is easy to think of cases where, due to joint production expectations,
quota price exceeds saleable value. We see this last mechanism as particularly relevant to global

fisheries which are increasingly moving toward tradable quota management systems.

2.3 New England multispecies catch shares

On May 1%, 2010 — the first day of the fishing year (FY) — catch share management was
introduced to New England multispecies groundfish, a collection of 20 jointly managed stocks
earning over $80 million in ex-vessel revenue annually. Prior to this, the species complex had
been managed with individual effort controls, where each limited entry vessel received a tradable
allocation of days-at-sea. The Magnuson-Stevens Reauthorization Act (MSRA 2007) requires

hard annual catch limits for all federally managed stocks however, forcing regional managers to

'8 Other costs, such as those arrived at through transaction or social interaction, may produce negative marginal
rewards. For brevity, the list discussed here is non-exhaustive, though we hope it captures those mechanisms most
important to environmental and resource management problems.
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control output directly. To meet this legal mandate while incentivizing targeting of healthy
stocks and avoidance of weak — behavior absent under joint-stock days-at-sea — New England
managers developed Amendment 16 to the Northeast Multispecies Fishery Management Plan
which established hard caps on harvest and allowed permit holders to enter a catch share
program (NEFMC 2009). Under Amendment 16, self-identifying groups of harvesters, called
sectors, would receive aggregate allocation to manage semi-autonomously. While the collective
allocation was intended in-part to insure against shutdown resulting from limited compositional
control, during the program’s first year, all 17 sectors chose to manage their allocations for 14

stocks of nine groundfish species as individual transferable quota (ITQ).**%

19 Transfer between individuals in different sectors required facilitation by sector managers. Intra-sector and bundled
inter-sector trades were most common.

? The Northeast Multispecies Fisheries Management Plan manages 20 stocks composed of 15 species: Atlantic cod
(Gadus morhua), haddock (Melanogrammus aeglefinus), pollock (Pollachius virens), Acadian redfish (Sebastes
fasciatus), yellowtail flounder (Limanda ferruginea), American plaice (Hippoglossoides platessoides), witch
flounder (Glyptocephalus cynoglossus), winter flounder (Pseudopleuronectes americanus), white hake (Urophycis
tenuis), Atlantic halibut (Hippoglossus hippoglossus), windowpane flounder (Scophthalmus aquosus), ocean pout
(Zoarces americanus), Atlantic wolffish (Anarhichas lupus), whiting (Merluccius bilinearis), and red hake
(Urophycis chuss). In FY 2010, commercial fisheries existed for the first nine and last two species listed. Catch
shares were allocated for the former while the latter were regulated separately under small mesh provisions.
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Figure 2.4 Top row: FY 2010 initial (a) and subsequent (b) total quota allocations by species.
Left-to-right ordering reflects FY 2009 gross revenues. Bottom row: Trip average non-pollock
multispecies groundfish landings from southern (c) and northern (d) New England vessels.
Location type was identified by 2010 vessel registration, with vessels docked south of Cape Cod
labeled “southern”. FY 2010 observations are in black; lighter grey signifies earlier FYs. Dashed
line indicates pollock allocation increase.

During this first year, fleet-wide total allocations ranged from over 50 thousand
combined metric tons for the healthy and highly abundant stocks of haddock, to under one
thousand metric tons for depressed stocks of cod and certain flatfish species. At just a third of
recent annual landing levels, the initial allocation for pollock was recognized as exceedingly low
before the season even began (Hemmerdinger 2010). Indeed, many agreed the allowable pollock
catch was “certain to strangle the groundfishery” (Gaines 2010). Pollock is one of five New
England multispecies groundfish stocks whose management area spans all three of the major

fishing grounds. Under new catch share provisions, when an allocation for a particular stock was
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reached sector vessels were required to halt fishing in the associated stock area for the remainder
of the season. A drastically low pollock allocation could spell disaster for the fleet if they were
unable to avoid it. Shortly after the season began however, a new pollock stock assessment was
completed and revealed the species was fairly healthy and highly abundant. Two and a half
months into the season, on July 15", 2010, managers revised the allocation for pollock upwards,
from 2,686 to 16,178 metric tons (Figure 2.4, panels a and b), providing individual sectors a
600% increase in allocation.

Observations of early season landing behavior suggest harvesters’ initial production
strategy differed from that in previous years. Possibly reflecting a modified approach in response
to an intensely constraining pollock allocation, the third of the fleet from southern New England
ports landed significantly more non-pollock multispecies groundfish, focusing on stocks of cod
and haddock, while vessels from the north decreased formerly high early season production
levels (Figure 2.4, panels c and d).?* Then, several weeks before the pollock allocation
increased, landings returned to more typical amounts. Were these changes in response to pollock
constraint? Both groups of harvesters did have lower than average pollock landings during this
time. Perhaps those vessels south of Cape Cod were fishing different locations or using special
harvest methods to avoid pollock, simultaneously increasing landings of other less constraining
stocks, while northern boats avoided pollock at the cost of decreased non-pollock production. To
explore the effect of pollock quota constraint on non-pollock production we develop an empirical
model in the next section which will be used to construct technological parameters as well as

estimate trip level effects and counterfactual season-long constraining pollock costs.

2! Note that this was not due to switching port of registration by vessels. Only one vessel switched regions following
the catch share implementation and this vessel was relatively small scale, with total daily landings never exceeding
2,000 Ibs.
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2.4 Empirical analysis

2.4.1 Model specification

Results of the theoretical model indicate a positive marginal rate of product transformation will
be observed only under costly avoidance. During the first few months of FY 2010, pollock was a
severely constraining stock and, as such, was intensely avoided. Anecdotal evidence and an
unmatched disparity in previous year landings to allocated quota leave little reason to suspect
other stocks were also actively avoided during this time. A number of issues inhibit use of quota
transaction data and we therefore rely on observed production behavior to analyze costly
avoidance.?

Empirical investigations of multi-output production problems typically specify
technology through either frontier or dual methods. Multi-output frontier models construct
efficient production sets from observed data using linear programming routines, assuming
observations inside the frontier are the result of technical inefficiency (Farrell 1957; Charnes et
al. 1978).2° While potentially appropriate here, this approach is not undertaken to allow explicit
incorporation and analysis of latent individual production heterogeneity. Additionally, by relying
on a parametric approach rather than DEA estimators, we obtain information from the mean
rather than the tails of the data and can avoid complicated and, for problems of weak
disposability, often intractable bootstrap procedures when quantifying statistical uncertainty (see
Simar and Wilson 1998, Kneip et al. 2008, and Simar and Wilson 2011 for methods to bootstrap

DEA measures). Dual principles, theoretically extended to production by Shephard (1953),

?2 Unfortunately, individual quota transaction data was not available. Additionally, the majority of trades in this
fishery are pounds-for-pounds for which identification of implicit prices has been shown to be difficult (Holland
2013). Finally, observed/derived transaction prices do not incorporate a number of factors acting on effective
marginal rewards and influencing behavioral outcomes (e.g., transaction costs, social capital, risk/time preferences,
etc.).

% Note that stochastic frontier methods (Aigner et al. 1977) are not in general valid under weak disposability.
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provide a workable basis in which estimation of complicated joint production processes becomes
fairly simple. Over the years, fisheries economists and practitioners have made great use of
duality theory (see Jensen 2002 for an overview), though here it is inappropriate. Once the
common assumption of strong disposability is replaced with that of weak, neoclassical profit,
revenue, and cost functions transform into multi-valued set correspondences and Hotelling’s
lemma cannot be applied.”*

To investigate costly avoidance in New England multispecies groundfish during the first

year of catch share management, we estimate the following model:

In(Qua,,) = Bo + B18¢ + B2ln(Qp, ) + B3ln(Qp, ) X 8¢ + Baln(Clie) + Bswie + &5 (2.4)

Equation (2.4) models ex-vessel landings of non-pollock multispecies groundfish (Qy;) by
harvester i on day t to be a function of pollock landings (Qp), a composite input (Cl), and a
normally distributed error term (&). The intercept and elasticity of non-pollock landings with
respect to pollock were allowed to shift by allocation regime (&, = 0,1 for high and low pollock
allocations, respectively). Additionally, we included a zero-pollock intercept shifter to capture
differences in trips not landing any pollock (w; . = 0,1 for non-zero- and zero-pollock landings
respectively, zero-pollock landings made up ~36% of the sample). Before taking natural logs,
one unit was added to each logged variable. Estimation of (2.4) returned a measure of covariance
between non-pollock and pollock landings, controlling for inputs and allocation, which was used

uncover multispecies technological parameters.

2 Shephard (1970) examines weakly disposable production in a dual framework, though parametric extensions of
this work considering multiple outputs are not immediately obvious.

46



Many aspects of (2.4) are deserving of further discussion and justification. First, the
dependent variable is an aggregate mix of non-pollock multispecies groundfish landings.
Empirical production models commonly aggregate across product types, grades, and classes due
to data resolution, to enhance sample size, or to remain complete while focusing analysis on a
subset of output. In multispecies fisheries, the use of “other flounder” (Squires 1987; Kirkley and
Strand 1988), “other salmon” (Larson et al. 1996; Larson et al. 1998), or just “other” categories
(Gunatilake and Leung 2003; Pascoe et al. 2007; Asche 2009; Felthoven et al. 2009) is not
uncommon. Here, aggregation of non-pollock landings affords a simple and parsimonious
specification capable of testing hypotheses derived from our theoretical model while
simultaneously estimating pollock avoidance costs in terms of non-pollock production. Second,
pollock is included as a right-hand-side independent variable. While pollock landings are not
independent per se, the effects of an exogenous pollock management shift on non-pollock
production are captured through this variable. Prior to analysis, endogeneity of pollock in (2.4)
was strongly rejected after residuals from an OLS specification were regressed on pollock
landings and indicated no contemporaneous error correlation (R? < .01).% Third, only one
production input is considered in (2.4). Unfortunately, data on fine-scale (tow-level) variable
inputs were unavailable and so a composite measure was constructed by first taking the leading
principle component of vessel length, gross tons, and horsepower — highly collinear fixed factors
(average R? = .79) — and then multiplying this by trip length. Our composite input therefore
scales the observed variable input (trip length) by fixed capital. The assumption of asymmetric

separability is fairly common in multispecies production studies which often multiply a single

? Treatment of “undesirable” output as a production input has a theoretical basis (see Cropper and Oates 1992),
though the validity of this approach has been contested in more recent non-parametric, Shephard (1970) distance
function applications (Fare and Grosskopf 2003; Kuosmanen 2005). We divorce ourselves from this discussion
however as (2.4) should not be considered a production function in the usual sense.
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fixed input (e.g., gross tons) by days fished to construct the composite measure (see e.g., Kirkley
and Strand 1988, Squires and Kirkley 1991, Campbell and Nicholl 1994, and Thunberg et al.
1995).

Multilevel models consider regression coefficients to be drawn from an underlying
population probability model which is defined by a set of hyperparameters, often the mean and
variance (Gelman and Hill 2007; Jackman 2009). With advances in computing power and canned
statistical packages, multilevel models offer large gains in fit and prediction for only small
increases in computational burden. These models are additionally very flexible. For example, in
a standard two-level specification, the extremes of infinite and zero hyper-variance correspond to
group-level fixed effects or identical coefficients across groups. To incorporate and test for

individual vessel production heterogeneity, the following multilevel structure was introduced:

Bri~N(Mpg, Zp) for k = 0,1,2,3. (2.5)

For each harvester i, the intercept, output elasticity of pollock, as well as their low allocation
shifters, were assumed to be drawn from an underlying multivariate-normal population model

with mean Mg and covariance matrix g

2.4.2 Model estimation

Four different specifications of (2.4) were estimated: hierarchical Bayesian (HB), mixed effects
(ME), non-hierarchical Bayesian (NH), and fixed effects (FE). HB included and explicitly
modeled the multilevel structure of (2.5), ME allowed for individual-vessel random deviations

from fleet level fixed effects for the parameters considered in (2.5), and NH and FE modeled all
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parameters constant across individuals. Comparisons between these models serve two purposes.
First, evaluation of parameter estimates and model selection criteria between HB and NH and
also ME and FE test for, and identify the effects of, significant multispecies groundfish
production heterogeneity at the individual level. The New England groundfish fleet includes
vessels from Maine through the mid-Atlantic who visit three distinct fishing grounds, each
comprised of numerous specific harvest locations. Site heterogeneity and fidelity (Holland and
Sutinen 2000), in addition to the often identified “skipper effect” (Hilborn 1985; Hilborn and
Ledbetter 1985; Squires and Kirkley 1999), suggest multispecies groundfish production may
vary considerably vessel-to-vessel. Second, side-by-side evaluation of models estimated using
Bayesian and non-Bayesian maximum likelihood methods allow advantages of the former to be
discussed while maintaining transparency of model results and conclusions.

The data used to estimate (2.4) and (2.5) consisted of 4,304 dealer-reported, individual-
vessel landing transaction observations from 248 fishermen from May 1%, 2010 through
September 30™, 2010. A restricted temporal range (i.e., five months of the FY) was used balance
the panel of observations before and after the allocation increase and to control for possible
seasonal effects. Summary statistics and anecdotal evidence suggested the fleet correctly
anticipated the large allocation increase. The method of Bai and Perron (1998, 2003) was used to
test for breakpoints in a regression of daily fleet aggregate non-pollock on daily fleet aggregate
pollock.?® A single significant breakpoint was found on June 24™, 2010, three weeks prior to the
allocation increase, though just a short time after industry representatives and media sources
widely reported the increase was a “done deal” (Gaines 2010). This breakpoint was used to

partition the sample into low and high allocation regimes. Trip length was calculated by

% Note that a specification endogenously determining the breakpoint(s) in (2.4) and (2.5) was computationally
infeasible.
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differencing the dates of successive landing observations, implying a minimum trip length of one
day. A maximum trip length of seven days was imposed to control for periods where a vessel
may docked and inactive.

All models were estimated in the statistical program R (R Core Team 2013). Maximum
likelihood models were fit using the package Ime4 (Bates et al. 2014), which for the ME model
relied on an iterative restricted maximum likelihood process. Bayesian models were fit using the
package rjags (Plummer 2013) which integrates R with JAGS (Plummer 2003), a stand-alone
program that efficiently performs Markov chain Monte Carlo Gibbs sampling procedures.
Diffuse normal priors were used for hyper-means and single-level parameters, while the prior on
the hyper-covariance matrix was specified as a diffuse inverse Wishart, all fairly standard
specifications (Gelman and Hill 2007). Bayesian posterior parameter vectors were drawn after
burn-ins of 1,000,000 (HB) and 10,000 (NH), using thinning rates of 500 (HB) and 100 (NH) to
keep 1,000 draws from each of three parallel chains. See Appendix B for convergence

diagnostics of the more complicated HB model.

2.4.3 Calculating costly avoidance

To investigate costly pollock avoidance we used parameter draws from the HB specification.
Whereas maximum likelihood methods identify the set of parameters which best explain the
data, Bayesian procedures sample across the posterior distribution and provide a range of
credible parametric combinations. Analytically, this makes construction of a variety of marginal
distributions quite simple, which in the present setting, enables robust investigation of marginal
rates of product transformation. There are philosophical grounds for choosing a Bayesian course

as well. Acknowledgment and incorporation of multilevel parametric structure suggests the
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modeler believes the data generating process involves random deviations from underlying
population parameters. Though quite at home in a Bayesian world, this belief is a bit at odds with
frequentists’ notion of true parameter values (Jackman 2009). Additionally, Bayesian concepts of
probability and inference, which look to confirm or refute a hypothesis in light of the observed
data, are more in line with ex-post objectives than their frequentist analogs.

For each joint landing observation in our dataset (n = 2,736), posterior parameter draws
were used to construct 3,000 estimates of the marginal rate of pollock transformation (MRPT), or
the additional/fewer pounds of non-pollock which would have been landed had pollock landings
increased by one pound. Log-transformed estimation of (2.4) produced unit-less pollock
elasticity and elasticity shifter coefficients, identifying the percentage change in landings of non-
pollock multispecies groundfish resulting from a one-percent increase in pollock. To extract

MRPTs, the following equation was used:

(1-80)[0.01%B21Qmc; ,+6¢[0.01x(B2i+B3)]1Qma; ,
0.01XQp,, '

MRPT;, = (2.6)

Equation (2.6) indicates the MRPT for harvester i at time t is equal to the allocation-dependent
non-pollock multispecies groundfish increase/decrease resulting from a one-percent increase in
pollock landings, divided by a one-percent increase in pollock landings. The null hypothesis of
costless avoidance was tested by inspecting the distribution of median fleet MRPT across
posterior parameter draws.

To estimate the cost of a counterfactual, season-long low pollock allocation, the
following steps were taken. First, we identified 109 harvesters who jointly landed pollock and

non-pollock at least twice during both low and high allocations. Then, for each of these
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harvesters, 1,000 random draws were taken from in N (ug,, 5,), In N (ug,, 0¢1,), In N(up, o),
and In N (ugy, 0f,), where up, ug;., up,, and ug;. are the means of pollock landings and our
composite input variable, on the natural log scale, for harvester i under low and high pollock
allocations, with corresponding standard deviations ¢. Using these random draws of individual
covariates, 1,000 predictions of low and high allocation QMGi were made for each of the 3,000

posterior parameter vectors. The following equation was then calculated for each harvester and

posterior parameter vector to obtain an average trip-level estimate of forgone production (FP):

FP, = (517161- - @%i) x 1.63 + (6{{. - 6,%) x 0.97. 2.7)

Equation (2.7) estimates the difference in individual median non-pollock and pollock production,
scaled by their respective average prices, corresponding to the allocation increase.?” Note that in
(7), the Q mg,; s Will vary according to posterior parameter estimates, though the Q p,’s will remain
fixed for a given harvester. Estimates of (2.7) could take any number of values, both positive and
negative. For example, a positive value would indicate pollock quota constraint decreased joint
production of non-pollock, production of pollock, or some mixture of the two. A negative value
may result if the increase in pollock allocation decreased output of other species. While
somewhat counterintuitive, this may also be viewed as a cost given that relaxing pollock
constraint only serves to expand the set of possible trips. That more productive trips were
forgone suggests they were sub-optimal, and therefore a negative estimate of (2.7) may be
interpreted as a lower bound of opportunity cost. Fleet-level, season-long measures were

constructed by averaging (2.7) across harvesters, for each posterior parameter vector, and then

2" We use log-normal distributions and medians here due to the fat-right-tail common in fishery production.
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multiplying by the expected number of joint landing trips, which was calculated as a simple

extrapolation from the number of low allocation joint landing observations.

2.5 Results
2.5.1 Model comparison
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|
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Figure 2.5 95% credible/confidence intervals of intercept (a), low allocation intercept shifter (b),
pollock elasticity of output (c), low allocation pollock elasticity shifter (d), composite input (e),
and zero-pollock intercept shifter (f) for hierarchical Bayesian (HB), mixed-effects (ME), non-
hierarchical Bayesian (NH), and fixed effects (FE) specifications of (2.4). Points indicate median
parameter estimates. Hyperparameter means (HB) and fixed effects (ME) are plotted in (a), (b),
(c), and (d).
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Introduction of individual production heterogeneity through the HB and ME specifications
resulted in changes to several parameter estimates (Figure 2.5). Specifically, in the HB and ME
models, the zero-pollock intercept shifter and composite input parameter became statistically no
different from zero while the hyper-mean (HB) and fixed-effect (ME) for individual intercepts
nearly doubled those values estimated for fleet-wide parameters. A shift in the variation
explained by our composite input to individual intercepts is not completely surprising as the
former is scaled by fixed capital, which is identical across observations for a single vessel.
However, it is somewhat unexpected that intra-vessel variation in days fished (¢v = 0.55), as
well as trips landing zero pollock, had no significant explanatory power when including
multilevel structure.

In addition to modifying parameter estimates, the HB and ME specifications were found
to improve fits significantly. Allowing random deviations from fleet fixed effects in our ME
model decreased AIC by 3,565 while incorporating hierarchical structure in HB lowered DIC by
4,611.® Burnham and Anderson (2002) assert an AIC difference greater than ten implies there is
essentially no support for the larger AIC model. Here, when compared to multi-level
formulations, both single-level models had information criterions several orders of magnitude

greater than this generally accepted threshold. This result, together with the insignificance of g,

and Bs, indicates In(Qug,,) = Boi + B1:6¢ + B2iln(Qp,,) + B3iln(Qp,,) X 8; + &;¢ isan
improved specification to (2.4), explaining landings of non-pollock multispecies groundfish

solely by the amount of pollock jointly landed under a specific allocation regime. This finding

% Statisticians often exercise caution when using DIC as selection criteria in hierarchical settings due to the inexact
meaning of “free parameters” which can lead to locally unstable estimates of the effective number of parameters in
highly complex models. The DIC difference reported here is very much in excess of the maximum number of
potentially free parameters however. Additionally, posterior predictive distributions indicate HB more closely
resembles the data generating process than does NH.
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suggests a degree of non-jointness in non-pollock/pollock landings which was a function of

pollock quota constraint.

(a) (b)

(c) (d)

Figure 2.6 Densities of individual intercepts (a), low allocation intercept shifters (b), pollock
elasticities (c), and low allocation pollock elasticity shifters (d) resulting from 1,000,000 random
multivariate draws of N(Mg, Z;), where Mg and £ are median posterior hyperparameter
estimates from the HB specification.

Taking multivariate random draws from our underlying population probability model, we
find that, save for the intercept, all individual parameter distributions show significant densities
on both sides of zero, highlighting the diversity of production within the New England
groundfish fleet (Figure 2.6). The majority of low allocation intercept shifter draws were
positive, indicating baseline production decreased for many vessels following the pollock
allocation increase. This finding agrees with our observations of southern New England vessels,
who, once pollock became less constraining, produced less non-pollock per trip. These vessels

may have been avoiding pollock via costly harvest strategy. Such coarse targeting ability does

not appear to have been ubiquitous however as significant probability mass exists at points less
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than zero for our pollock output elasticity measure, implying several harvesters were operating

on the negatively sloped portions of their production isoquants.

2.5.2 Costly pollock avoidance

Table 2.1 Average landings of non-pollock multispecies groundfish (MG), pollock, and
estimated MRPTSs, under low and high allocations. Standard deviations (standard errors) are in
parentheses beneath means (medians).

Allocation Mean MG (lbs) Mean Pollock (Ibs) Median MRPT
Low 6,547 370 0.687
(13,831) (1,885) (0.252)
High 3,463 862 0.602
(8,191) (3,169) (0.090)

Early in FY 2010, southern New England vessels made trips landing unusually large
amounts of non-pollock together with small amounts of pollock while their northern counterparts
decreased production from historical levels. We cannot accept the null of costless avoidance
during this time, finding a statistically significant positive MRPT for the fleet (Table 2.1). While
under the low allocation, a pound increase in pollock landings would have increased non-pollock
production by 0.687 pounds on average. Once the pollock allocation increased, or rather once
harvesters began to operate under the assumption that it would increase, average landings of non-
pollock decreased while those of pollock increased, returning to regular intensities. The
estimated median MRPT also decreased slightly to 0.602.

Using median MRPT estimates for each individual observation to look within and across
harvesters, it was found that technological variation between harvesters decreased, while that
within observations by a single harvester increased, following the pollock allocation increase. At

all times, variation between harvesters was more than five times greater than that within
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however. These observations are suggestive of a poorly functioning quota market. Had
transparent and frictionless mechanisms been in place, the 12% of harvesters found to have
negative average MRPTs under the low allocation would likely have sold quota to those 15%
whose MRPTs exceeded 10. Interestingly, the only factor found to be significantly predictive of
MRPT was sector affiliation, with three sectors exhibiting average MRPTSs four times larger than
the rest of the fleet. At year’s end, two of these sectors had leased more pollock than any other

species while the third was a net lessor whose vessels reduced total production by 15%.

alllle

8 7 6 5 4 3 2 -4 0

Low Allocation Costs (Millions $)

Figure 2.7 Posterior density of counterfactual low allocation costs

Predicting the costs associated with a low pollock allocation reveals that decreased
pollock constraint decreased ex-vessel revenues. On average, ex-vessel revenues were predicted
to have been $763/trip (s.e. $191) lower under the high allocation. Extrapolating this out for the
season suggests that, had the low allocation remained, harvesters would have avoided pollock
and simultaneously produced more non-pollock, increasing total revenues by US $3 million
(Figure 2.7). The absence of these more productive and revenue enhancing trips following a
relaxation of harvest constraint suggests they were more costly, and we can use this measure then
as a lower bound on opportunity cost of the constraining allocation. During the first several

weeks of FY 2010, harvesters were landing ~500 Ibs less in pollock though earning $763 more in
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total revenues. This suggests that every pound of pollock they were avoiding was worth roughly

$1.50, or about $0.50 more than pollock’s ex-vessel price.

2.6 Discussion

The topic of costly avoidance in joint production of multispecies fisheries was explored here
using two models. First, an individual input-constrained optimization model was analyzed after
relaxing the common assumption of free output disposability. Results of this model suggest
costly avoidance occurs in response to negative marginal rewards, potentially created through
intense regulatory constraint, and is characterized by positive marginal rates of product
transformation. An empirical model was then developed to identify costly pollock avoidance
during the first year of catch share management in New England multispecies groundfish. We
cannot accept the null of costless avoidance, finding statistically significant positive
technological tradeoffs under low and high pollock allocations, however, paradoxically, for
many vessels joint production was found to decrease after relaxation of harvest constraint.
Further investigation suggests pollock avoidance likely occurred via costly location selection or
harvest method, which, had the low allocation persisted, would have resulted in total costs of US
$3 million.

Positive marginal rates of product transformation between pollock and non-pollock were
found under both the low and high pollock allocations, indicating costly avoidance in both
instances. We see three possible mechanisms for this result. First, though early on pollock was
widely considered the primary choke species, following the allocation increase, shares of certain
cod and flounder stocks were recognized as limiting. Early season costly pollock avoidance may

have given way to costly avoidance of other stocks. Second, the production process is necessarily
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discrete and stochastic, over- or undershooting optimal targets is entirely possible. Harvesters
may very well respond to economic and regulatory incentives, bound by their technology as
modeled in (2.1) and (2.2), however, a high degree of tow-by-tow and soak-by-soak variation
make this response problematic. Additionally, the negatively sloped portion of an underlying
production isoquant may only cover a small range, exacerbating difficulties in achieving optimal
production levels. Third, our model may not adequately capture variable inputs, confounding
conclusions of costly avoidance with the effects of production expansion and contraction. While
this latter mechanism cannot be ruled out, it is worth reiterating that our composite input measure
IS quite similar to that used in pervious multispecies production models, where free output
disposal was an implicit assumption (e.g., Kirkley and Strand 1988, Squires and Kirkley 1991,
Campbell and Nicholl 1994, and Thunberg et al. 1995).

The models developed in this work look to explore when, why, and how we might
observe costly avoidance in a multispecies fishery. Similar questions have been empirically
addressed by Scheld and Anderson (2014), who apply a non-parametric DEA estimator to
uncover avoidance costs, in terms of forgone production, for the efficient harvester. The
empirical work and findings discussed here are both complementary to Scheld and Anderson
(2014) as well as novel. Utilizing a subset of the data we analyze, Scheld and Anderson (2014)
address an identical policy question, though find significant costs to have resulted from forgone
production of non-pollock species. There are several reasons for this difference in conclusion.
First, landings by one-third of the vessels included in analysis here were excluded from their
analysis to restrict spatial heterogeneity which may confound DEA measures. Scheld and
Anderson (2014) estimate avoidance costs for vessels registered north of Cape Cod who do not

frequent more diverse southern New England waters, and who, in this study, were commonly
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found to have been less productive under the constraining pollock allocation. Second, the
methods used by Scheld and Anderson (2014) estimate avoidance costs by differencing the costs
of disposal, or the difference in strong and weak disposability frontiers, before and after the
allocation increase. Such methods do not incorporate costs related to shifts in individual
production isoquants, which were found here to be substantial as many harvesters were more
productive under the low allocation, suggesting they were operating on an outer, more costly
isoquant. Third, output from DEA estimators reflects behavior of the efficient harvesters. For the
segment of the fleet north of Cape Cod, efficient vessels avoided pollock by reducing landings of
haddock, plaice, witch flounder, and monkfish and were generally less productive under the
restrictive pollock allocation.

Our empirical findings suggest production heterogeneity may be a key factor in welfare
impacts and policy outcomes of New England groundfish management. Statistical model
selection techniques indicate production occurs along fixed individual isoquants, while analysis
of parameter estimates reveal compositional control may largely be modified through costly
harvest methods. Additionally, MRPTs were found to be highly variable, with large values
concentrated among 38 members in three of 17 sectors. In heterogeneous, individually-inflexible
multispecies fleets like the New England groundfish fleet, well-functioning quota markets may
alleviate a degree of constraint by allowing harvesters to match multispecies catch to quota
(Sanchirico et al. 2006). Unfortunately, protracted periods of price discovery have been
commonly observed in lab (Anderson and Sutinen 2005) and field quota markets (Newell et al.
2005; Larkin and Milon 2000). Early in FY 2010, harvesters were reluctant to sell quota
(Hemmerdinger 2010), and what trades did take place were identified as outliers during

subsequent quota market analysis (Kitts et al., 2011). A well-functioning quota market may have
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dramatically improved efficiency as those vessels easily able to avoid pollock would likely have
been willing to lease quota to less-selective harvesters had quota value been transparent and
transaction costs minimal.

The theoretical model of costly avoidance contained in this work represents a unique
contribution to the literature, adding a layer of realism to the standard model which is often in
conflict with our understanding of production processes in multispecies fisheries. Explicitly
modeling landings technology focused analysis on the foregone production resulting from
imperfect selectivity and constraining output controls — a practical, relevant, and, until now,
unaddressed concern in multispecies catch share systems. Costly disposal joint production is of
course not unique to the multispecies fishery and has been empirically investigated for firms
emitting regulated pollutants (Fare et al. 1993; Chung et al. 1997; Fare et al. 2007), in
agricultural systems (Zhengfei and Lansink 2003; Piot-Lepetit and Le Moing 2007), and for
congestion problems in transportation settings (Dervaux et al. 1998). Utilizing a non-monotonic
transformation function, our theoretical model provides a general structure that could be applied
in a variety of costly disposal optimization problems.

As of 2010, over 250 catch share systems were in place in 35 countries (Bonzon et al.
2010). With the recent support of large and influential governmental and non-governmental
agencies (e.g., NOAA 2010, EDF 2007), applications of this style of fisheries management are
likely to increase. A unifying principle of catch share systems is their use of hard output caps,
which may create conditions for costly avoidance behavior. In order to understand and quantify
the economic and ecological tradeoffs in regulated multispecies fisheries, it is critical that
applied and theoretical resource economists develop models capable of handling costly disposal

joint production.
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Chapter 3

Joint production of New England groundfish: weak pollock disposability

Abstract

In multispecies fisheries, targeting of individual stocks within the species complex is often
difficult or impossible. This type of joint production technology can be modeled by considering
outputs weakly disposable. In this study, we develop a multispecies production technology which
accommodates imperfect output selectivity and apply it to joint production of New England
groundfish. Over the last 20 years, managers have struggled to rebuild depleted New England
groundfish species as non-selective gear together with a lack of avoidance incentives have
stymied simultaneous exploitation of healthy stocks and conservation of weak. Recently, the
multispecies fishery transitioned from effort restrictions to individual stock catch share
management in an attempt to promote targeting and avoidance incentives while also meeting
legal mandates which require hard total catch caps. Using data envelope analysis to construct
multispecies output sets, we test the technological restriction of strong disposability on 156
individual species joint production pairs and also estimate the costs of avoiding a constraining
low allocation species. Strong disposability is rejected in joint production nearly half the time,
suggesting targeting and avoidance of individual species may be problematic and questioning the
future success of catch share management in a fishery with stocks of mixed health. Additionally,
a mid-season upward revision in allocation for a single species allows us to identify avoidance
costs, in terms of forgone production, for jointly produced species. We find marginal and trip-
level avoidance costs to be statistically and economically significant for certain target stocks and

counterfactual season-long low allocation costs are estimated at US $6 million.
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3.1 Introduction

Production processes in multispecies fisheries are often characterized by imperfect selectivity.
Though ecological overlap often adheres to spatial, temporal, and oceanographic patterns and
conditions (Dunn et al. 2011), compositional control by individual vessels has been found to be
limited (Jannot and Holland 2013). When incentivized, harvesters have been observed to
exercise targeting control through location choice (Branch and Hilborn 2008), gear depth,
deployment duration, and timing (Grafton et al. 2004), and by adopting more selective harvesting
equipment (Graham et al. 2007). Regulations in many managed multispecies fisheries set stock-
specific guidelines and policies which, if harvest is not easily manipulated, may result in failed
management targets or resource underutilization.

Applications of individual stock catch share management have been increasing globally
for several decades. This style of management typically allocates annual harvest privileges to
individuals or groups and is generally thought to incentivize rent maximization and resource
stewardship (Hilborn et al. 2005; Grafton et al. 2006). Recent figures indicate over 200 programs
are currently in place in several dozen countries (Bonzon et al. 2010), many of which regulate
diverse multispecies fisheries. In 2010, the United States’ National Ocean and Atmospheric
Administration (NOAA) issued their Catch Share Policy (NOAA 2010) which urged regional
fisheries managers to consider catch shares a mechanism to improve ecological and economic
outcomes. Nearly in stride with this declaration, a number of new catch share programs were
implemented in US fisheries. Currently, there are 15 US catch share programs, six of which
manage multispecies complexes.

Following decades of failed management, declining population abundances, and bitter

stakeholder resentment (Acheson and Gardner 2011), Northeast US fishery regulators
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transitioned the New England multispecies groundfish fleet from days-at-sea to catch share
management. Once the premier US fishery (Ackerman 1941; Innis 1954), sustained
overexploitation greatly depleted many commercially important stocks, potentially altering
ecosystem structure and function (Fogarty and Murawski 1998). Days-at-sea management was
introduced in 1994 in an attempt to curb harvest of the aggregate species complex by controlling
individual effort. However, the absence of stock-specific targeting and avoidance incentives,
combined with misguided management allowing excessive annual mortality limits (Acheson and
Gardner 2011), resulted in continually decreasing groundfish populations and, subsequently,
allocated days. Faced with an ecologically and economically failing fishery, and required by law
to implement hard annual catch limits (MSRA 2007), on May 1%, 2010, New England managers
allocated tradable quota for 14 stocks of nine groundfish species to 17 self-identifying harvest
sectors (NEFMC 2009), all of whom chose to fish their allocations as individual transferable
quota. During the first year, a fleet of over 400 vessels landed 65 million Ibs of catch share
regulated multispecies groundfish, receiving $90 million in ex-vessel revenues.

Empirical analyses of New England multispecies groundfish production have frequently
rejected nonjointness and separability, indicating technological relationships exist between
production factors and that management of individual stocks may be problematic (Squires 1987;
Kirkley and Strand 1988). Otter trawl, the most common gear used, is largely non-selective,
catching a variety of demersal stocks which reside on or just above the seafloor. In the three
years preceding catch share management, vessels on average landed four of the nine allocated
catch share species on each multispecies groundfish trip. Implementation of hard annual catch
limits for New England multispecies groundfish through the 2010 catch share program would be

challenging if allocations and catch composition were not aligned.
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Ex-post, it appears that an imbalance did exist, or perhaps, quota exchange mechanisms,
which work to balance fleet-level catch with quota (Sanchirico et al. 2006), had largely failed. In
2010, only 38% of the total allocation was harvested. Quota utilization was of course
heterogenous across stocks. For example, harvesters caught 94% of the Georges Bank yellowtail
flounder allocation, but only 16% of Georges Bank haddock. Significant levels of uncaught
quota suggest imperfect selectivity among groundfish stocks: low allocation species could not be
avoided, leaving large amounts of healthy stock quota unfished. Prior to implementation, a
number of stocks were identified by harvesters as probable “choke species”, whose low
allocations were expected to stifle production (Hemmerdinger 2010). Due to abundance
estimates which indicated the stock was considerably depleted, pollock, a low-valued staple
groundfish species, received an allocation of just 35% recent annual landing levels. Once the
season began however, harvesters and industry members claimed that pollock was healthy,
abundant, and nearly impossible to avoid (Gaines 2010). On July 15", two and a half months into
the season, following a more thorough stock assessment, the pollock allocation was increased
six-fold. In this study we look to address two primary questions: 1) Is joint production in New
England demersal fisheries characterized by imperfect selectivity?; and 2) Was early season
pollock avoidance costly?

Multi-output production processes are commonly investigated using either frontier or
dual methods. The former strategy relies on technological frontier estimation from joint
production observations, while the latter employs market data and Hotelling’s lemma to estimate
output-supply equations. Both methods have been applied to fishery production problems (see
Jensen 2002 for an overview of dual applications). Here, we utilize data envelope analysis

(DEA), a nonparametric linear programming method which constructs the production frontier
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directly from observed production data (Farrell 1957; Charnes et al. 1978). Imperfect selectivity
among stocks in a multispecies fishery suggests reducing catch of one stock may only be
possible through simultaneous reductions in catch of other stocks (Turner 1995, 1997; Singh and
Weninger 2009). This form of multispecies technology, characterized by costly targeting and
avoidance, can be modeled by treating outputs as weakly disposable — a looser technological
restriction than strong, or free, disposability (Shephard 1970; Fare et al. 1994). Weakly
disposable production technologies exhibit non-monotonic marginal costs, set-valued production
correspondences, and cannot be modeled in a dual framework. DEA is a flexible, nonparametric
tool, based on minimal assumptions which can handle multiple inputs and outputs and
accommodate weakly disposable technologies. Additionally, contrary to dual methods, DEA
makes no assumptions regarding technical or allocative efficiency, a desirable property when
modeling fishery production where resource and environmental conditions, as well as individual
skill or luck, may significantly affect production outcomes (Hilborn 1985; Hilborn and Ledbetter
1985; Squires and Kirkley 1999).%° Our specification of an imperfectly selective multispecies
production technology is similar to environmental technologies which model joint production of
good and bad outputs, typically to investigate efficiency within industries emitting regulated
pollutants (Fére et al. 1989; Chung et al. 1997; Fare et al. 2007).

The empirical model and results presented here add to the current literature in three
significant ways. First, the technological restriction of strong disposability in joint production of
New England demersal species is statistically tested and rejected for a number of species pairs,
indicating a high degree of imperfect compositional control. Previous DEA models of joint
production in multispecies fisheries have considered output weakly disposable (e.g., Fére et al.

2006, Kjeersgaard et al. 2009), however, testing this restriction on individual species pairs is a

 Note that stochastic frontier methods (Aigner et al. 1977) cannot be applied when considering weak disposability.
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unique contribution. Second, we estimate and analyze pollock avoidance costs resulting from a
severely constraining allocation. A mid-season pollock allocation increase allows us to identify
the economic costs of the low allocation by comparing disposal costs before and after the
allocation shift, providing a unique ex-post perspective of the costs and difficulties inherent in
output-managed multispecies fisheries. Third, when estimating pollock avoidance costs we apply
a propensity score weighted m-bootstrap. It is well known that the standard n-bootstrap (Efron
1979), where a statistic is computed after drawing n samples with replacement from the original
n-observation data set, is inconsistent for bounded support problems (see Bickel and Freedman
1981 and Mammen 1992 for a general discussion and Simar and Wilson 1999a, b for discussion
with respect to DEA estimators). Consistency has recently been proved for sub-sampling
bootstrap procedures in DEA estimators however (Kneip et al. 2008). The m-bootstrap, where

m < n, is computationally simple and useful when calculating statistics derived from DEA
efficiency estimates or when testing technological restrictions (Simar and Wilson 2011). Our
propensity score weighted m-bootstrap allows us to evaluate the sampling distribution of our test
statistic while also accounting for uncertainty in the assumption of homogenous decision making
units.

The remainder of this paper is organized as follows. First, we specify a multispecies joint
production technology that allows for both strong and weak disposability of outputs, from which
we construct two reference technologies, one allowing only perfect targeting among stocks and
another which permits imperfect control. Then, our DEA estimators, avoidance cost measures,
and the m-bootstrap are described, followed by a section detailing data and methods. Results
from strong disposability tests and the m-bootstrapped low allocation costs are then presented. A

short discussion concludes the paper.
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3.2 Production technology

The technology defined here is similar to that often considered when modeling joint production
of desirable and undesirable outputs (see e.g., Féare et al. 1989, Chung et al. 1997, Seiford and
Zhu 2002, and Fare et al. 2007). In these models, undesirable output is treated as weakly
disposable with respect to desirable output and production of desirable and undesirable outputs is
considered null-joint. That is, reducing undesirable output requires a reduction in desirable
output (weak disposability) and to produce any desirable output requires some production of
undesirable output (null-joint). In the multispecies fishery, joint production is such that avoiding
one stock may reduce output of other jointly caught stocks (weak disposability) and to produce
any of one stock may require some production of another jointly caught stock (null-joint). For
our purposes, undesirable outputs may be considered imperfectly targeted species.

When considering a multispecies production technology, we denote inputs by x =
(x1, s Xg) € ]R%?r, perfectly targeted outputs by y = (y4, ..., yr) € RE, and imperfectly targeted

outputs by u = (uy, ..., ug) € RS. Defining the production technology as:

T = {(x,y,u) : x can produce (y,u)}, (3.1)

we may introduce the following restrictions, where the inequalities of (3.1a) are element-by-

element:

(,yweT, x'=2x, y <y imply (x,y',u) €T, (3.1a)
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(x,yu)€ETand 0 <6 <1 imply (x,0y,0u) €T, (3.1b)

if (x,y,u) ETandu = 0theny = 0. (3.1¢)

Equation (3.1a) indicates that perfectly targeted outputs and inputs are strongly disposable.
Producing less of perfectly targeted outputs or using more inputs is always feasible, ceteris
paribus. Equation (3.1b) indicates that imperfectly targeted outputs are weakly disposable with
respect to perfectly targeted outputs. Proportional reductions in weakly disposable factors are
feasible (Shephard 1970). Equation (3.1c) imposes the null-joint condition on production of
perfectly and imperfectly targeted outputs.

If we consider k observations of production inputs and outputs, we may define two output
oriented reference technologies, one considering all outputs as perfectly targeted (PT) and

another allowing for imperfect targets (IT):

P(x)PT = {y : Zﬁ:llkxq,k qu q = 11 ;Q
Y1 AYrge ZYr T=1,..,R (3.2)
Ik(=1lk =1

AkZO k=1,...,K},

POOT ={(y,u): Thoy xge <% q=1,...,Q
OYKos e Zyr T=1,.,R'
OYK_ i ug =us s=1,..,8 (3.3)

Zlk<=1 A =1
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0<6<1, 120 k=1,..,K}.

The inequality and equality signs for inputs and outputs in (3.2) and (3.3) correspond to strong
and weak disposability, respectively. The k A’s are intensity variables which are used to construct
the feasible technology polytope from convex combinations of observed inputs and outputs.
Variable returns to scale is imposed by requiring the summation of intensity variables equal one
(Banker et al. 1984). The scalar factor 6 allows simultaneous contraction of perfectly and
imperfectly targeted outputs and is necessary when constructing a weakly disposable, variable
returns to scale technology (Fére and Grosskopf 2003; Zhou et al. 2008; Fare and Grosskopf
2009). Note additionally that (3.2) and (3.3) are compact and allow for inactivity — common

restrictions placed on output sets (Shephard 1970; Fare et al. 1994).
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Figure 3.1 Multispecies output set allowing for weak disposability of an imperfectly targeted
output.
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The difference between strong and weak output disposability can be seen in Figure 3.1,
which depicts P(x)'" constructed from three joint production observations at a single input level.
The piecewise linear production frontier is formed by the segments connecting 0OABCD. Weak
disposability of imperfectly and perfectly targeted outputs can be seen in the segment OA, which
is the ray of proportional output decreases contracting from observation A. Strong disposability
of the perfectly targeted output can be seen in the segment CD, which shows that at this largest
amount on imperfectly targeted output, reductions in the perfectly targeted output never reduce

output of the imperfect target.

3.3 DEA specification

DEA is used here to address two questions: 1) Is joint production in New England demersal
fisheries characterized by imperfect selectivity?; and 2) Was early season pollock avoidance
costly? The following directional distance functions (Chambers et al. 1996; Chung et al. 1997)

will enable investigation of both questions:

DET (x,y,u) = max{f : y + Bgy" € P(x)FT kL (3.4)
DY (x,y,w) = max{B : (y + BglT,u) € P(x)'" }. (3.5)

In (3.4) and (3.5), g5 and g5 are RS and R dimensional vectors that define the direction
inefficient, perfectly targeted outputs are shifted to reach the efficient boundaries of our
reference technologies. Directional distance functions are often applied to environmental

technologies, though generally these functions are constructed to allow for simultaneous
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increases in desirable outputs and decreases in undesirable outputs (see Zhang and Choi 2014 for
a recent review of environmental directional distance functions). Here, it is advantageous to
define our directional vectors as increasing in the direction of a single output, considered a

perfect target under both reference technologies.

For an observation ko, solution of the directional distance functions (3.4) and (3.5) is

achieved via the following two linear programming problems:

maXﬁ’;{’g“,A ﬁllgg
s.t. Yo MeXqr <Xgr, 4=1,..,0
Y1 MeYr i = Vrk, T ﬁ£§g§f r=1.,R (3.6)
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Yke1 MicYrk 2 Yrio + Bingyr T=1,..,R'
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where g7 and g;! are individual output directions, each of which is set equal to zero except for
a single perfectly targeted output r, whose direction is set equal to one. A change of intensity
variables in (3.7), i.e. u;, = 64y, affords a linearization of (3.3) and allows us to avoid the more
complicated non-linear programming problem (Zhou et al. 2008). Solutions to (3.6) and (3.7)
find the additive factor which places kg along the efficient boundary of each respective reference

technology constructed from all k observations; if g, = 0, ko would be considered efficient.

Perfectly Targeted Output

Imperfectly Targeted Output

Figure 3.2 Estimating disposal costs as the difference between strong (dashed) and weak (solid)
disposability frontiers for an imperfectly targeted multispecies output

Assuming output i is a perfect target in both (3.6) and (3.7), g3/ = g;; = 1,and g5 =
gy; = 0V j # i, the two measures returned for an observation K, BET and BiT, identify i-

directional distances to the efficient frontiers of P(x)*T and P(x)?, respectively. Differencing
these estimates yields a measure of disposal cost, in terms of output i, for imperfect targets u at

observation k:
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Disposal Cost},, = BfT — Bi’ + gbT =&, g7 =¢[", (3.8)

where é7Tand é/” are R and R¥ dimensional unit vectors in the i direction. For environmental
technologies, this measure has been shown to be equivalent to pollution abatement costs as
estimated by environmental production functions and can be understood as the opportunity cost
of a regulation which restricts free disposal (see Fére et al. 2007). In a multispecies production
setting, this measure captures the degree of imperfect selectivity among stocks. A large disposal
cost indicates producing less of the imperfect target significantly reduces joint production of the
perfect target. Figure 3.2 depicts disposal costs for an imperfectly targeted output at observation
Ko, seen as the difference between strong and weak disposability frontiers. Clearly, the magnitude
of disposal costs will be driven by observations at low levels of the imperfectly targeted output.
If small amounts of the imperfectly targeted output are observed together with high levels of the
perfectly targeted output, the two frontiers will largely coincide and disposal costs will be zero.
To answer the research questions posed earlier, (3.8) will be estimated for individual species
pairs, measuring disposal costs of each species with respect to every other species jointly

produced.

3.4 m-Bootstrap

Bootstrapping bounded support problems by drawing n samples from the empirical distribution
of n observations leads to inconsistent results as boundary points are drawn too frequently. To
illustrate this issue, consider the probability of drawing a single observation from the empirical
distribution to be 1/n. The probability of not drawing this observation over the course of n draws,

with replacement, is then (1 — n~1)™. Now if a boundary test statistic, say the sample maximum,
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is computed at each n-bootstrap iteration, the bootstrap estimate will equal the original estimate
with probability 1 — e~ ~ 0.632 as n — oo, not zero as would be required for a consistent
bootstrap estimator (Bickel and Freedman 1981; Efron and Tibshirani 1993).

In DEA, efficiency scores or distance metrics are defined with respect to the empirical
production frontier and are therefore, boundary measures. Failure of the standard bootstrap in
DEA applications has been remedied through two different approaches. The first, an n-bootstrap,
initially recommended sampling from a smoothed empirical distribution (Simar and Wilson
1998; Simar and Wilson 2000), though for consistency a double smoothing procedure —
smoothing both the empirical distribution as well as frontier estimates — was later shown to be
necessary (Kniep et al. 2008). The second approach, drawing bootstrap samples of m < n, has
been considered in general bounded support problems for some time (see e.g., Bickel and
Freedman 1981 and Politis and Romano 1994), though only recently has this method been
extended to DEA estimators (Kniep et al. 2008; Simar and Wilson 2011). Including and
explicitly testing for weak disposability limits our bootstrap options to the latter, which can
accommodate this type of technology and also test technological restrictions (Simar and Wilson
2011)

Consistency of the m-bootstrap is generally shown to hold if m is chosen such that m —
o and m/n — 0 asn — oo. In application, the choice of m is non-trivial. Simulation results of
Kniep et al. (2008) indicate statistic coverages can be sensitive to the choice of m, where an m
which is too low or too high results in over- or under-coverage, respectively. Selecting the best m
through a data driven approach first proposed by Politis et al. (2001), Simar and Wilson (2011)
choose m by minimizing volatility in the confidence bounds of their estimated statistic,

calculated at each of fifty different bootstrap sample sizes. Replicating the strategy of Simar and
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Wilson (2011) here would require solving billions of linear programming problems, each with
thousands of constraints. We choose to take a more modest approach and apply an m-bootstap at

four different sample sizes.

3.5 Data and methods

We consider production of 13 species traditionally harvested by otter trawl: Atlantic cod (Gadus
morhua), haddock (Melanogrammus aeglefinus), pollock (Pollachius virens), Acadian redfish
(Sebastes fasciatus), yellowtail flounder (Limanda ferruginea), American plaice
(Hippoglossoides platessoides), witch flounder (Glyptocephalus cynoglossus), winter flounder
(Pseudopleuronectes americanus), white hake (Urophycis tenuis), monkfish (Lophius
americanus), little skate (Leucoraja erinacea), winter skate (Leucoraja ocellata), and spiny
dogfish (Squalus acanthias). Catch shares were implemented for the first nine species listed.
Monkfish was regulated in 2010 with days-at-sea, while skate and spiny dogfish were trip-limit
regulated.

To investigate weak disposability among these 13 species, we solved linear programming
problems (3.6) and (3.7) for individual species pairs using 2010 ex-vessel landings transaction
data from all New England sector vessel trips catching federally managed species, mandatorily
reported by all permitted dealers. Spatial and temporal restrictions were imposed on this dataset
to limit the influence of exogenous factors affecting production, leading to the exclusion of
landings by 103 vessels who regularly fish southern New England waters and all landings which

occurred during the latter seven months of the fishing year.*® The final sample contained 4,102

% An additional 119 vessels were excluded because they either did not land any of the 13 species considered during
the specified dates, had a hook gear permit, or could be positively identified as using fixed gear. Our dataset
included only landings from the first five months of the fishing year (May — September) to control for seasonal
effects and also to temporally balance the set of observations between low and high pollock allocations.
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trips made by 173 vessels, all docked north of Cape Cod, from May 1* through September 30",
2010. Total landings from these trips amounted to 19 million pounds, 97% of which was from
included species. Over 80% of trips landed more than one species while roughly 50% landed
over five.

Addressing questions of production disposability using landings data frames the
production decision at the trip-level. While this is a departure from the ecological and fisheries
literature, which has generally investigated imperfect selectivity using tow-by-tow data (e.g.,
Dunn et al. 2013, Jannot and Holland 2013), fisheries economists have tended to model
multispecies production at the trip- (Squires and Kirkley 1991; Campbell and Nicholl 1994) or
annual-level (Squires 1987; Kirkley and Strand 1988), as this is where the majority of economic
decision making takes place. In New England, regulations primarily affect trip-level behavior,
inputs (e.g., crew, fuel, ice) are largely decided on a trip-by-trip basis, and inter-tow decisions
are often made to adjust trip output.®* Testing for, and evaluating the consequences of, weak
output disposability at the trip-level broadens the scope of production technology to that which
occurs after several decision making opportunities, possibly at many different locations and over
the course of multiple days. A similar analysis using tow-by-tow data might fail to account for
important inter-tow decisions which serve to actively manipulate catch composition, biasing
disposal and avoidance cost measures. Weak disposability between trip outputs i and j indicates
existence of jointly productive areas (in horizontal or vertical space), fishing times or other
harvest methods, and/or stochastic environmental or oceanographic factors which result in

sporadically high spatial co-occurrence. Costly avoidance in response to a constraining allocation

%1 Note that although catch shares apply to tow-by-tow harvest, regulatory observation, accounting, and quota
management all generally take place at the trip level.
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suggests advantageous production strategies were forgone, giving up catch of the target, or
desirable, species to reduce catch of the avoided, or undesirable, stock.

In New England demersal fisheries, joint production possibilities are determined in part
by gear used. The majority of vessels employ otter trawl, though there are several fixed gear and
hook and line operations. Otter trawl vessels tend to be larger and have access to more distant
fishing grounds — their joint production decisions are in many ways not comparable to those of
smaller vessels using different gear. Unfortunately, publicly available permit data only allows
separation of hook from trawl and fixed gear vessels. There was however one homogenous group
of ~40 Cape Cod gillnetters, called the “Fixed Gear Sector”, who could be positively identified
and removed from our data. To control for gear when testing strong disposability restrictions on
individual species pairs, we removed all vessels less than 40ft in length, leaving a sample of 131
vessels and 2,857 trips. When estimating the costs of a low pollock allocation, we applied an m-
bootstrap and weighted sampling draws by otter trawl propensity scores which were calculated
as one minus the predicted probability of being a Fixed Gear Sector vessel. Predicted
probabilities were estimated with a probit regression (pseudo R? = 0.684) which used vessel
length and individual deviations from annual state-level quantity averages in landings of cod,
haddock, winter flounder, and winter skate to identify vessels similar to members of the Fixed
Gear Sector.*

Linear programming problems (3.6) and (3.7) were solved in R (R Core Team 2013)
using the IpSolveAPI package (Konis 2013). We considered two inputs: days spent fishing and a
composite measure of fixed inputs equal to the first principle component of vessel length, gross

tons, and horse power; and three outputs: landings of the two individual species for which

% Individual deviations from state averages were used in place of actual landings because the latter are confounded
with Fixed Gear Sector probabilities since all Fixed Gear Sector vessels were from Massachusetts.
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disposal costs were being calculated and the sum of all other outputs landed that trip. To test the
technological restriction of strong disposability on individual species pairs, we computed 96,544
disposal costs corresponding to 48,272 joint landing observations (i.e., if i and j were landed
together, disposal costs were calculated for i in terms of j and j in terms of i). Median disposal
costs for each of the 156 joint landing combinations were then calculated and tested against a
null of zero using nonparametric sign tests contained in the BSDA package (Arnholt 2012).* To
examine pollock avoidance costs, we differenced median pollock disposal costs under the high
allocation from those under the low allocation for each of the 12 jointly landed species. A
positive difference, indicating disposal costs were higher under the low pollock allocation,
implied pollock avoidance decreased joint production. Medians were used in general due to the
fat-right-tail prevalent in fishery production data, however, relying on the median, rather than
mean, also served to remove distributional effects from our measure of avoidance costs, which
may be interpreted as the expected trip-level reduction in joint production for a randomly chosen
vessel within the fleet.

The following steps were taken to bootstrap pollock avoidance costs for each jointly
landed species: 1) Draw equiproportional samples of joint landing observations from May 1% —
July 15™ (low allocation) and July 16" — September 30™ (high allocation), where each individual
draw is done with replacement and using propensity score weights; 2) Compute median pollock
disposal costs in each period; 3) Difference median pollock disposal costs and store this estimate;
4) Repeat 1000 times for each of m = 25, 50, 75, and 99%. We marginalized the resulting trip-
level measure by dividing by the difference in trip median pollock landings from joint production

observations under the low and high allocations. Multiplying this by the average ex-vessel price

% There were no cases where two individual species were never landed together. The fewest joint landings (4)
occurred between little skate and redfish while the most (1,755) were between cod and monkfish.
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of the target species produced a statistic which captured the forgone target-species dollars per
pound of pollock avoided. Two methods were used to select an optimal bootstrap sample size.
First, we applied the method of Politis et al. (2001), choosing m by minimizing the sum of
running standard deviations on the 95% confidence bounds at increasing sample sizes.** We also
constructed and minimized a volatility index which was equal to the sum of absolute deviations
from the mean of 95% confidence bounds. Both measures select m by evaluating stability in

confidence bounds.

% Note this implies an m of 25% could never be chosen with this method.
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3.6 Results

3.6.1 Strong disposability tests
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Figure 3.3 Median disposal cost 95% confidence rings for column species when jointly
producing row species. Radaii of outer (inner) rings correspond to the natural log of linearly
interpolated upper (lower) median confidence bounds. Larger rings indicate greater median
disposal costs while grey area between outer and inner rings indicates uncertainty in median
estimates. Catch share species are in northwest box. Species are ordered top-to-bottom/left-to-
right by revenue importance within catch share and non catch share groupings.

81



Of the 156 joint landing combinations, the null hypothesis of strong disposability was rejected in
69 instances (Figure 3.3). Weak disposability was found to be more common among catch share
species (63%) than between those regulated with days-at-sea and trip limits (8%). This result
aligns with ex-ante expectations as discard of catch share species was strictly prohibited and
enforced through onboard observers (~30% of trips) and retrospective analysis of reported catch
and landings. The greatest median disposal costs were for pollock when jointly landing white
hake (5088 Ibs), suggesting certain trip-level harvest strategies or stochastic variables produce
large simultaneous increases in pollock and white hake production. Haddock, pollock, redfish,
winter flounder, and monkfish showed significant weak disposability with more than half of all
other included species. In 2010, haddock, pollock, and redfish received the largest allocations
and were considered to be the healthiest and most abundant multispecies groundfish stocks;
widespread weak disposability among these species agrees with this general perception.® That
highly abundant species could not be avoided without simultaneous decreases in landings of joint
targets is not suprising, nor is it overly concerning. The presence of several mismatches in
allocations, paired with statistically significant imperfect selectivity, is however worrisome and
predictive of seasonally choked production. For example, avoiding cod when targeted pollock,
white hake when targeting redfish, or any of the flounder species when targeting haddock, is
potentially only feasible through reductions in landings of these quota-abundant species.
Disposal costs were found to be highly variable both within (cv = 2.2) and across
species (cv = 3.2). Nearly half of all measures were less than 1 Ib, though the interquartile range

was greater 850 Ibs and several disposal costs were many thousands of pounds. Such a high

% This statement refers to managers” attitudes following the pollock allocation increase.
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degree of variation among these measures suggests fleet heterogeneity in production decisions

and/or a significant amount of environmental variability.*

Table 3.1 Select output from OLS regression of the natural log of disposal costs on sector, state,
and month fixed effects, a low pollock allocation dummy variable, perfect and imperfect target
species Ibs, total trip Ibs less those of perfect and imperfect targets, trip length, vessel size, and
the share of landing vessel’s total 2009 revenues attributed to the perfect target (PT) and
imperfect target (IT). All disposal costs were increased by one unit before the natural log was
taken. N = 96,544 ,R? = 0.073.

Variable Coefficient P-value
Maine 0.7595 0.000
New Hampshire 0.6985 0.000
May - 0.2166 0.000
June -0.1113 0.044
July -0.0176 0.658
August - 0.0097 0.788
Revenue Share PT -1.7330 0.000
Revenue Share IT - 1.1480 0.000

Regressing disposal costs on observable covariates explains only a small amount of total
variation (Table 3.1). This is not suprising as the vast majority of variables influencing joint
production decisions (e.g., individual quota constraints, production costs, expectations) as well as

realizations (e.g., environmental and oceanographic conditions) were unavailable or

% While, typically, DEA estimators are used in strictly homogenous production environments (or environments
which are assumed to be so), and methods to control for noise and exogenous factors do exist (see e.g., Fried et al.
2002 for a three-stage approach and Kjarsgaard et al. 2009 for an application to a multispecies fishing technology),
here we make no such effort to define efficiency scores apart from the effects of exogenous environmental or
regulatory parameters. This is defensible because: 1) We are interested in fleet level disposal cost averages, not
individual efficiency scores; 2) Controlling for such factors would introduce estimation error via staged equations,
potentially biasing disposal cost measures; and 3) Changes in disposal costs may largely be driven by exogenous
variables, eliminating these forces would be counterproductive to our research agenda.

83



unobservable.?’ Sector, home state, and month fixed effects were all found to be statistically
significant however, indicating joint production outcomes varied predictably at spatial, temporal,
and organizational levels.® Disposal costs were found to be increasing throughout the time
period considered, possibly due to increased quota constraint for both catch share and days-at-sea
species producing increased avoidance behavior. Interestingly, increases in individuals’ 2009
perfect and imperfect target species revenue shares, proxies for a vessel’s experience, were found
to significantly decrease disposal costs, implying those more familiar with and dependent on
joint production of particular species pairs were able to consistently land them together in large

quantities.

3.6.2 Pollock avoidance costs
A constraining initial pollock allocation forced many harvesters to forgo landings of other
species in order to decrease joint production of pollock. Comparing median disposal costs before

and after the change in pollock allocation provides us with a trip-level measure of this loss.

%" In several regressions we included lagged and concurrent data on wind speed and wave height, recorded by
NOAA’s Georges Bank buoy. Interestingly, these variables never showed a significant effect on disposal costs,
suggesting they are poor proxies of ecological processes and/or production costs.

% Sector fixed effects were excluded from Table 3.1 for confidentiality
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Figure 3.4 Box-and-whisker plots of m-bootstraped pollock avoidance costs. Box indicates
interquartile range and whiskers cover 95% confindence interval. Light grey box-and-whiskers
indicate median is not statistically different from zero at a 95% confindence level. Sample size
specified on x-axis. Optimal sample size as chosen by the Politis et al. (2001) method denoted by
“P”, our method denoted by “*”. If both methods select the same sample size, only “*” is shown.
Note difference in scale of y-axis across species. Species are ordered left-to-right/top-to-bottom
by revenue importance within catch share (top three rows) and non catch share groupings.

For all jointly landed dermersal species and m-bootstrap sample sizes, median pollock
avoidance costs were greater than zero (Figure 3.4).% This suggests that pollock is integral to

multispecies joint production in New England and that the low allocation constrained landings,

% pollock avoidance costs for little skate were undefined as these two species were not jointly landed following the
pollock allocation increased.
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revenues, and profits during the first few months of the 2010 fishing year, costing harvesters
$758/trip (s.e. $348) in forgone production. Once the allocation increased, vessels were able to
increase landings of pollock and, simultaneously, landings of other jointly produced demersal
stocks. Avoidance costs were statistically significant at a 95% confidence level for most
bootstrap sample sizes of haddock, witch flounder, plaice, and monkfish. These species appear to
be the most vulnerable to production constraint imposed by a low pollock allocation.
Constructing a simple counterfactual, wherein we assume the fleet would have landed haddock,
witch flounder, plaice, and monkfish, together with the avoided pollock, at frequencies equal to
those observed under the low pollock allocation, a season-long constraining pollock quota would
have cost the fleet US $6.8 million (s.e. $3.1 million) in forgone production. Increasing the
allocation mid-season resulted in losses of just over a million dollars instead.

Optimal bootstap sample sizes were selected using two methods which minimized
volatility in 95% confindence bounds. The methods agreed in six out of 11 instances, each time
choosing an m of 50%. This suggests that boundary points were oversampled when
bootstrapping with a sample size greater than half of n. The relative presence of outliers can be
inferred through changes in coverage for a single species across m. Significant shrinking of 95%
confidence bounds occurs as a result of decreasing leverage for individual outliers when
calculating median disposal costs. Plaice, redfish, yellowtail flounder, and spiny dogfish all
exhibited large relative decreases in their 95% confidence range. Outliers in production of these
species jointly with pollock may be the result of seasonal migratory patterns (spiny dogfish
migrate up the coast throughout the summer), fleet heterogeneity (a small group of highliners
occassionally lands very large quantities of redfish), and/or a high level of stochastic mixing with

pollock.
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Across species, the scale of avoidance costs differed markedly. For example, avoiding
pollock when also producing haddock or witch flounder led to large decreases in landings of
these species as harvesters abstained from jointly productive areas, times, or methods, giving up
haddock and witch flounder production in favor of lower pollock landings. For other species, like
cod, winter flounder, yellowtail flounder, and spiny dogfish, pollock avoidance was fairly
costless, suggesting an ability in joint production of these species to refocus landings away from
pollock and toward less constraining stocks. Interestingly, white hake and redfish, species which
exhibited large and significant weak disposability with pollock, did not display statistically
significant avoidance costs. The reason for this appears to be complete avoidance however, as

these species saw 50% fewer joint landings under the low allocation.
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Figure 3.5 Box-and-whisker plot of avoidance costs in dollars of target species per pound of
pollock avoided. Box indicates interquartile range and whiskers cover 95% confindence interval.
Only estimates significantly greater than zero at a 95% confidence level for optimal bootstrap

sample sizes as selected by our method are shown. Grey dashed line indicates average pollock
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ex-vessel price per pound. Top-to-bottom ordering reflects revenue importance among catch

share species (first three).

Haddock, witch flounder, plaice, and monkfish were found to have statistically
significant median pollock avoidance costs of $2.94, $8.11, $0.05, and $3.05 per pound,
respectively (Figure 3.5). For haddock, witch flounder, and monkfish, every pound of pollock
avoided cost more, on average, than a pound of pollock sold ex-vessel. That is, the direct costs of
the low pollock allocation were far outweighed by the indirect costs when pursuing these
species. This finding is a product of disparity in ex-vessel prices between avoided and target
species (witch flounder and monkfish regulary fetch well above $3/Ib while pollock generally
sells for less than $1/Ib) as well as significantly decreased joint production under the low pollock

allocation.

3.7 Discussion

Imperfect selectivity in the joint production of multispecies fisheries is a technical barrier to
sucessful resource management. Incentivizing avoidance and targeting behavior by allocating
tradable quota which reflects management targets, but not necessarily relative abundances or
encounter probabilities, may lead to significant under-fishing and less-than-desirable economic
returns given only limited compositional control of catch. In New England, a course correction
after decades of mismanagement produced catch share regulations for a number of multispecies
groundfish stocks, introducing explicit targeting and avoidance incentives. Testing the structure
of multispecies production technology for the New England fleet, we find that nearly half of all
species pairs exhibit significant weak disposability, a result which indicates species avoidance

may often be costly. To examine avoidance costs directly, we calculate the difference in pollock
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disposal costs between constraining and lax allocations, finding pollock avoidance signficantly
decreased joint production of several species, and had the low allocation remained it would have
cost the fleet US $6 million.

That catch share regulations will fail to simultaneously achieve management targets and
full resource utilization in multispecies fisheries is not a new argument (see e.g., Copes 1986,
Squires et al. 1998). Still, adherence to legal mandates regarding the conservation and rebuilding
of US marine resources, requiring direct control of fishery outputs (MSRA 2007), makes
relevant the tradeoff between ecological and economic well-being. Rejecting strong disposability
in landings for over 60% of catch share regulated species combinations suggests that New
England will face, or continue to face, this tradeoff head-on. Indeed, the magnitude of under-
fishing recently experienced in New England has led to calls for management reform and a
movement away from single species models (Rothschild et al. 2013). Here, making use of an
error in the initial assessment of the pollock stock and subsequent management correction, we
are able to estimate forgone revenues resulting from pollock avoidance, finding this behavior
often cost harvesters several times more than ex-vessel value of the avoided species. To be sure,
this situation represents an extreme. Pollock was, and is, one of the healthiest and most abundant
New England groundfish stocks. However, it is not unreasonable to expect avoidance might
often generate excessive costs and lead to low quota utilization for healthy stocks; by year’s end
the fleet had caught five million pounds more than their initial pollock allocation. Interestingly,
in a parallel analysis addressing identical policy questions, Scheld and Anderson (2014) attribute
pollock avoidance costs largely to changes in harvest strategy. They find that southern New
England vessels, which were removed from analysis here, became less productive after the

pollock quota increased. That quota relaxation, which could only increase the set of possible trip
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strategies, would decrease production, suggests that under the low pollock allocation, these
harvesters were operating on an outer and more costly production isoquant.

Costly disposal manifests here as a consequence of the limited ability to target among
individual multispecies stocks. This feature of production technology is not unique to non-
selective fisheries however. Much of the original work incorporating weak disposability in
production technologies was motivated by pollution problems (Féare and Grosskopf 1983; Fare et
al. 1986; Fare et al. 1989), while more recently, researchers have modeled agricultural systems
(Zhengfei and Lansink 2003; Piot-Lepetit and Le Moing 2007) and transportation networks
(Dervaux et al. 1998) using weakly disposable technologies. This work adds to a growing
literature recognizing disconnect between the commonly applied, albeit restrictive, theoretical
assumption of free disposal and technological specifications which incorporate more realistic
production phenomena such as imperfect compositional control, null-joint production, and

congestion.
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Appendix A (Chapter 1)
A.1 Price model
Modeling inverse demand at the individual dealer level represents a significant
reconceptualization of ex-vessel market structure which has largely been assumed, often
implicitly, to have market clearing weekly, monthly, or annual prices and quantities. When
estimating the impacts of management and policy action, researchers have traditionally
formulated NE groundfish markets as systems of demand (e.g., Crutchfield 1985; Felixson et al.
1987) necessitating some degree of aggregation over time and species due to the requirement of
non-missing price observations. This research is concerned with the ability of individual
harvesters to alter landings’ timing when provided more flexible management; a systems
approach requiring aggregation of observations would fail to capture the ex-vessel price
externalities governing individual revenue outcomes.*® Consequently, the model developed
measures responsiveness of an individual dealer to directly observable variables (landing weight
and quality, individual inventory and expectations, relationship with harvester, and season) as

well as current market conditions (region and port total landings).**

Pisi=Bot B Qi) B (QE)+ BA(QR)+BAf(QR)+Bsf(1R,)

+Befi(Af) TBAAR)+Bfi(ERe) T BoWjae+BroDet 1y jicteijie (AL)

% The effects of a disaggregate approach on coefficient estimates is uncertain given that aggregation may both
introduce bias (Thiel 1957) as well as limit it (Grunfeld and Griliches 1960).

! For a more detailed description of a similar model estimated on a subset of the data used here, see Scheld et al.
(2012). In their analysis a small amount of contemporaneous error correlation was detected and argued to be the
result of unobtainable omitted variables rather than simultaneously determined prices and quantities. Given the
circumstances of exchange and lags in information flows characteristic of this ex-vessel market, such an argument is
considered reasonable for this analysis as well.
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Dealer set, landing specific ex-vessel prices for the top 25 revenue important species
were estimated following equation Al. Each independent fixed-effects regression contained
approximately 260 independent variables with species-specific log transformations of quantities
based on root mean squared error tests.*> The price of a landing by harvester i of species j sold to
dealer k in port | on day t was modeled as a function of own landing quantity, gk, a 25x1
quantity vector of individual species landed by harvester i on day t, Qf: a 25x1 quantity vector
of individual species landed in port | on day t, QF; a 25x1 quantity vector of individual species
landed in the NE region on day t, QF; a 25x1 inventory vector of individual species landed at
dealer k from four to two days prior to day t, Ip,; a 25x1 inventory vector of individual species
landed in port | from four to two days prior to day t, If;; a 25x1 inventory vector of individual
species landed in the NE region from four to two days prior to day t, IX; a 25x1 rational
expectations vector of individual species landed at dealer k from one day prior to one day ahead
of day t, EP,; quality indicator variables, Wijrie; time indicator variables, D,; vessel-dealer
fixed effects, n;j,; and a normally distributed error term, ejj«e. Overall fits were modest and
variable between species with an R* mean and standard deviation of 0.22 and 0.19. Estimation
was poorest for high-end products (e.g., cod, lobster, and scallop) whose prices may be
significantly influenced by factors external to regional ex-vessel markets.

Use of a variety of quantity aggregations, devoid of market equilibrium assumptions,
importantly alters the interpretation of estimated price flexibilities. At each level of quantity
(i.e., individual, dealer, port, and region) point partial price flexibilities measure the average

response by dealers to variation in quantity at that level, independent of variation at all other

*2 Logged dependent variable specifications were also tested.
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levels.*® For example, an estimated point partial price flexibility of -0.0325 for the price of
haddock in response to a 1% increase in same day region-wide cod landings indicates that
regardless of local market, dealer, and harvester quantity amounts, dealers on average pay

slightly less for haddock when more cod is landed at the regional level.

(=2

a

( )

Mackerel — Mackerel —
Hake — Red Hake —
Butterfish — Butterfish —]
Black Sea Bass —] Black Sea Bass —
Spiny Dogfish — Spiny Dogfish —
Herring — lerring  —4
Skate Wings —{ 1 Skate Wings —{ L]
Scup —| L Scup —] °
Northern Shrimp — Northern Shrimp —
Summer Flounder — Summer Flounder —
Whiting — hiting —
Lobster — Lobster —
Monkfish — Monkfish —
Longfin Squid — Longfin Squid —
Scallop — Scallop —
Redfish — Redfish —
Yellowtail Flounder — Yellowtail Flounder — [ ]
White Hake — White Hake —1 L]
Plaice —] Plaice —
Witch Flounder = ® Witch Flounder — @ L
Winter Flounder — Winter Flounder —
—1® o Pollock — °
Haddock — Haddock —
Cod — @ Cod — @
Tttt rrrTrrTTi ITrrTrrrrrrr T rrrTrrTrTi
XX 5 U0 5E QDL 5D52200L A2 L0 XX 5 QO QT 50502200 AEL 0
BE LR a R EdbEaEE2T B R e i g g i
R T 58F QESEnsS § 0 I 835552588 QEZ5E0S 5 9o ¥
so33m@ =m0w:c§3-= So8PggsIy 8o33n 3m0"’:o§3-= So8%gsLs
L0020 cSIS20D Igmmﬂgm FL OO0 0N cSIS20D Ig'ﬂngm
I i Fi €3 e 2T 8xZ0s T wi Ek ES e 87 3x39=
5: 5z ®° 5§ 8 zonee 5: 5 ®° L 8 zoase
£s g S 2 » ad 2s g S g5 » a3
€ 3 3 E€ a8 c s 3 EL » 8§
I £2 ® - £2 ®
= & > 2
Mackerel — Mackerel —
ed Hake — Red Hake —
Butterfish — ° Butterfish —]
Black Sea Bass —] Black Sea Bass —
Spiny Dogfish —{ Spiny Dogfish —
erring — © erring  —
Skate Wings —{ Skate Wings —{
up — Scup — L]
Northern Shrimp  — ® Northern Shrimp — L] L ]
Summer Flounder — ® Summer Flounder —
hiting — hiting —
Lobster — Lobster —
Monkfish — Monkfish —
Longfin Squid — Longfin Squid =
Scallop — Scallop —
Redﬂsﬁ — L] Redfish —
Yellowtail Flounder — Yellowtail Flounder —
hite Hake — [ ] White Hake —
Plaice — @ Plaice —
Witch Flounder — Witch Flounder —
Winter Flounder — Winter Flounder —
— ® Pollock —
Haddock — Haddock —
Cod — Cod —
ITrrrrrrTrrtr Tt rrrTrrTTi Tttt rrrTrrrrTirrTTi
XX 5 U0 5L QDL 5 D5020DE AL 0 XX 5 Q0 FE Q0L 50502200020
3888382 8ascss2sezbeatnast BEE3E838a038228E358Ea0E520
b= X588 SESENS 5§20 T 35552zT5%8%8 QESENS 590 ¥
8%33n 3m°<’>:c§3-= So3PgsIy 8533aLt33 w:c,é::: So8%gsTy
80007 000N c 83520 TIOFTSZSE §0 0070063520 TIOGT5ZE
I i EFi £ te 27.8zZ3¢8= I ki EFi £= te 27.8Z3¢8=
55 53 o 58 & ES 55 53 2 58 $ ES
£ "z 3 EE 2 3% € "z 3 EE 2 3%
£2 3 E3 S 2 3 EZ G
;‘_’ @ g @

** Due to model form marginal response varies with covariate values; estimated price flexibilities are point measures
taken at the mean of all variables. Additionally, estimates are noted as partial given multiple quantity levels.
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Figure A.1 Statistically significant (P < 0.05) point partial price flexibilities for same day
regional landings (a), total regional landings from four to two days prior (b), same day port
landings (c), total port landings from four to two days prior (d), dealer inventory (e) and rational
expectations (f), and harvester same day landings (g). Price flexibilities are calculated at the
mean of all variables. In all panels, y axis corresponds to ex-vessel price and x-axis to quantity.
Red (green) indicates negative (positive) price flexibility; color is scaled to panel maximum
absolute flexibility value. Point size is scaled to significance level. Species are ordered left-to-
right/bottom-to-top by FY 2010 revenue importance among multispecies groundfish (southwest
corner) and other species.
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Table A.1 Descriptive statistics for statistically significant (P < 0.05) same day (S), inventory
(), and expectation (E) point partial price flexibilities.

Level Minimum Maximum Mean Standard Dev. %P < .05
Region S -0.1604 0.0315 -0.0028 0.0142 64.9
Region | -0.3294 0.1394 -0.0036 0.0326 74.4

Port S -0.0161 0.0296 -0.0001 0.0028 39.5

Port | -0.0922 0.0174 -0.0006 0.0061 50.6
Dealer | -0.0312 0.0175 -0.0001 0.0031 43.1
Dealer E -0.0505 0.0284 -0.0005 0.0052 45.8

Harvester S -0.0995 0.0443 -0.0005 0.0071 34.5

Estimated price flexibilities were on average negative, statistically significant, and much
less than one, indicating general substitutability between products as well as inelastic prices
(Table A.1). Own-price flexibilities were predominantly negative, however a number of
significant positive cross-price flexibilities were found (Figure A.1).** Additionally, results
indicate that two species may be substitutes at one quantity level while complements at another.
For example, while substitutes at the regional market level cod is a complement with haddock at
port (0.0115) and dealer inventory (0.0143) levels. These species are highly substitutable
groundfish products for end consumers, regularly treated as a composite when modeling
consumer demand (e.g., Crutchfield 1985; Felixson et al. 1987). Complementarity at the port and
dealer level may result from an expectation of fixed proportions in the supply chain or perceived
relative scarcity. Shipping, secondary processing, and distribution entities may also place a
positive value on diversity of marketed products. It is interesting to note that at the dealer
rational expectations level (Figure A.1, panel f) individual species are generally either universal
substitutes or complements, suggesting a somewhat remarkable similarity across dealers with

respect to tradeoffs among species in first processing.

* Note that for graphical interpretative purposes skate bait price flexibilities are absent from Figure Al.
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A.2 Counterfactual model
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Figure A.2 Harvest pace for multispecies groundfish (a) — (i) and all other species modeled.
Each plot depicts the cumulative percent of total caught using actual (black), CRCF (blue), and
CPCF (green) landings. Plots are ordered by FY 2010 total fleet revenue among multispecies and

other stocks.

In addition to spiny dogfish, whiting, and the aforementioned multispecies stocks, the

pace of actual landings for scallop, lobster, butterfish, red hake, and skate wings was noticeably

divergent from counterfactual predictions (Figure A.2). In FY 2010, fewer scallop and lobster
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landings by multispecies sector vessels during winter months, possibly due to bad weather
avoidance, was offset by increased early and mid season exploitation. Butterfish and red hake are
often caught when targeting a number of groundfish species. Increased exploitation of whiting,
spiny dogfish, winter flounder, and haddock early on led to more butterfish and red hake
landings. During FY 2010, skate wing trip limits were drastically reduced decreasing total
multispecies sector skate wing landings by approximately 50%. Though actual early season pace
did not significantly differ from prior years, a reduction in late season landings together with an
overall substantial reduction in landed volume resulted in counterfactuals with low daily
quantities at a fairly constant pace.

In a small number of instances the common pool counterfactual method, which weighted
multispecies sector vessel landings by the pace of aggregate multispecies DAS common pool
landings, produced problematic counterfactual predictions. Early season counterfactual estimates
for cod landings using this method show a fast pace initially, resulting from heavy exploitation
by multispecies DAS vessels before the common pool TAC was reached (i.e., a race-to-fish).
This behavior is a direct result of FY 2010 multispecies management and therefore, in this
instance, may confound results. Counterfactual mackerel predictions suffer from the
idiosyncratic behavior of a small group of common pool harvesters who land mackerel late
season. Occasionally, extremely low levels of common pool landings combined with significant
inter-annual multispecies sector vessel timing change produced seasonally decreasing
counterfactual catch rates. Common pool counterfactual landing rates were thus temporally
smoothed by interpolating points where the rate was predicted to have decreased. Additional

information about price and counterfactual models is available from the authors upon request.
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Appendix B (Chapter 2)

B.1 Proof of proposition

First, it must be shown that the constraint in (2.2) always binds at non-zero production, implying
it is always optimal to operate along the efficient frontier. From (2.3a) and (2.3b) it can be seen
that if the marginal reward is greater than zero for any output i, x > 0 and therefore Z =

f(Q4, ..., Q). If, however, marginal rewards are less than or equal to zero for all i then it is
optimal to produce nothing. This can be seen by contradiction between conditions (2.3a) and
(2.3b), which indicate marginal reward and marginal cost are of the same sign for all positive
landing amounts, and the weak disposability assumption, which requires proportional output
increases increase costs, ruling out across-the-board non-positive marginal costs.

Now it will be shown that if marginal rewards for all species —i are non-negative, a
positive marginal rate of product transformation between any two outputs i and j, fixing all other
outputs at constant levels, or between an output i and the aggregate output mix -i, results if and
only if the marginal reward of i is negative. Taking the total derivative of f(Q4, ..., @), setting it

equal to zero, and rearranging we get:

dQi _ 0f/0Qj  Xisi;jdQiXdf/dQy
aQ; 0f/0Q; 0f/0Q*dQ;

(B.1)

Equation (B.1) indicates that a positive marginal rate of product transformation between outputs i
and j, fixing all other output at constant levels (i.e., dQ, = 0 V k # i, j), occurs only when the

marginal costs of i and j are opposite in sign. From (B.1) and (2.3a), if the marginal reward of j is
strictly positive, a positive marginal rate of product transformation indicates the marginal reward

of i must be negative.
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_ 2214297799 ividing both sides by

Rearranging the total derivative of f(-) to dQ; = 37730,

Yj=i dQj, and inverting, we arrive at a useful representation of the marginal rate of product

transformation between i and the aggregate output mix —i:

Yjzi dQj 2j#1dQjX0f/0Q;
—_— B.2
dQ; 2j#idQjx0f/0Q; (B.2)

Note that the rhs denominator in (B.2) can be rewritten as:

Yj=idQ; X 0f/0Q; = (Zj;tide)(Zj:tiaf/an) - quti(de X Yk#ij af/an)- (B.3)

Using (B.3), it will now be shown that sign(Y;.; dQ;) = sign(X,.; dQ; x 8f/9Q;) whenever
marginal rewards are non-negative for all outputs —i, indicating a positive value for (B.2)

requires costly avoidance of species i. First, assume Y. ;.; dQ; X df /0Q; > 0, then from (B.3):

Y j#i(dQ XSk j0f/0Qk)

.dO: B.4
If all marginal rewards -i are non-negative, then from (2.3a) all marginal costs are also non-
negative and:
ki, jOf/0Qk
0 <=2~ X <, B.5
= Xj=idf/08Q; (8.5)
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Given (B.5), the inequality in (B.4) will hold only if };;.; dQ; > 0. A symmetric argument can
easily be shown to hold when ¥, dQ; x f /0Q; < 0.If };.;dQ; X df /0Q; = 0 then the
marginal rate of product transformation is undefined. Therefore, sign(Z j=dQ j) =
Sign(Zj:ti dQ; X af/an) when all marginal rewards —i are non-negative, and if the marginal

reward of i is also positive then (B.2) is strictly negative. This completes the proof.

B.2 Convergence diagnostics
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Figure B.1 Posterior histograms for important hyperparameters.
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Figure B.2 Frequency histograms of aggregate convergence diagnostics for the HB model.
Commonly used critical values indicated by dashed lines.

After drawing posterior parameter samples using Markov chain Monte Carlo methods, a
number of diagnostic statistics were computed and evaluated to assess convergence. Given the
large number of estimated parameters (>1000), individual parameter posteriors and/or
diagnostics are not show. Figure B.2 shows six histograms which aggregate important diagnostic
statistics across parameters. Specifically, measures which quantify parametric autocorrelation
(panels a-c), cross-correlation (d), mean stability (e), and within/between chain variance (f) are

depicted. Additionally diagnostics are available from the author upon request.
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