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Deterministic and Stochastic Capacity
Estimation for Fishery Capacity Reduction

JAMES KIRKLEY
College of William and Mary
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DALE SQUIRES
National Marine Fisheries Service

Abstract Deterministic data envelopment analysis (DEA) and stochastic pro-
duction frontier (SPF) models are alternative methods for estimating capacity in
fisheries. Fishery managers should be aware of likely differences in the capacity
estimates obtained from these approaches if such estimates are to be used to
support capacity reduction programs. In this paper, we provide a comparative
analysis of DEA and SPF capacity estimates for a variety of possible capacity
concepts using a panel data set for 10 vessels in the U.S. Northwest Atlantic
scallop fishery. We find that DEA capacity output measures are higher than cor-
responding SPF measures, but that the two approaches provide similar guidance
about overall and even relative boat-specific capacity levels under certain cir-
cumstances. The variations that emerge suggest, in particular, that biases can
arise from inferring capacity output at “efficient” production levels, which dis-
regards customary and usual operating conditions.

Key words Capacity, utilization, DEA, SPF, fisheries, efficiency.

JEL Classification Codes: Q22, O13.

Introduction

In recent years, various international and national organizations have emphasized
the importance of reducing excess capacity in fisheries. The United Nations Food
and Agricultural Organization (FAO) has called on nations “to take measures to pre-
vent or eliminate excess fishing capacity” to be “commensurate with the sustainable
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use of fishery resources,” through a 30% reduction in fishing capacity for primary
world species (FAO 1997, 1998). The U.S. National Marine Fisheries Service
(NMFS) has stressed the importance of establishing guidelines to estimate and re-
duce excess capacity, with the stated strategic plan objective of eliminating
overcapitalization in 20% of federally managed fisheries by 2005 (NMFS 2001).

Effectively dealing with excess capacity in a given fishery, however, requires
both establishing the extent of the problem by estimating the magnitude of excess
capacity, and determining how particular boats in the fleet contribute to this capac-
ity, rather than arbitrarily imposing a particular capacity reduction. This provides a
foundation for establishing programs to reduce excess capacity that enhance fisher-
ies’ overall economic performance without further exacerbating the problem.

Data envelopment analysis (DEA) is currently the most widely used method for
estimating capacity in fisheries (Kirkley and Squires 1998), although stochastic pro-
duction frontier (SPF) methods have also recently been applied to this problem
(Kirkley, Morrison Paul, and Squires 2002). Both methods have their advantages
and disadvantages, so neither is clearly preferable (Resti 2000; Reinhard, Lovell,
and Thijssen 2000). In particular, DEA analysis does not easily disentangle noise
from efficiency (it is deterministic rather than stochastic, so all noise is attributable
to inefficiency),' or permit prediction of output responses to changes in input or
stock levels or the underlying technology. SPF methods require assumptions about
the functional form for the production technology and distribution of the one-sided
“inefficiency” error term, and do not readily handle multiple (particularly zero-val-
ued) outputs.

These issues about the “best” method for estimating the extent of excess capac-
ity, as well as variations in capacity definitions used for each method, are crucial
limitations for responding to capacity concerns because they imply a broad range of
possible capacity estimates with different policy implications. A key step toward ef-
fectively addressing and accommodating capacity problems is establishing how
different estimation methods and definitions affect empirical estimates of excess ca-
pacity and capacity utilization. In this paper, we thus posit a range of capacity
output and utilization representations and estimate, summarize, and compare the re-
sulting measures of capacity and their implications for capacity reduction at both the
overall and individual vessel levels.

More specifically, we first discuss the conceptual basis for measuring capacity
output and utilization to establish the extent of excess capacity for a fishery, and
then present and illustrate alternative frontier approaches to characterizing and esti-
mating such measures. We assess the sensitivity of estimated capacity measures to
alternative definitions of the fixed factors; imputations of variable input levels cor-
responding to capacity output levels; and evaluations of the measures at maximum,
optimal, or target levels of the inputs. We also examine the implication from the use
of frontier models that inefficiency comprises part of the utilization issue, which
disregards variations in factors such as skipper skill and its impact on the interpreta-
tion and application of the resulting measures.

We use a panel data set for 10 vessels operating in the U.S. Northwest Atlantic
sea scallop fishery between 1987 and 1990 to illustrate the results of these alterna-
tive definitions, experiments, and estimation methods. Based on measures obtained
from both SPF and DEA methods, we find that excess capacity estimates for these
vessels vary according to specification and boat. The estimates of excess capacity
are particularly high for the DEA specifications and when full efficiency is incorpo-

! DEA measures tend to overestimate capacity output in the presence of substantial noise or outliers
(Holland and Lee 2002).
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rated into the definition of capacity utilization. The overall implications for capacity
reduction from the two methods are quite consistent for many of the experiments,
especially when imputed efficiency is not imbedded in the capacity output ratios.
Even for boat-specific comparisons, which are required for consideration of decom-
missioning schemes to reduce excess capacity, some consensus of the “best” and
“worst” boats emerges from the estimates.

The Conceptual Model

Excess capacity implies that there is too much capacity (capital or vessel power for
a fishery) to efficiently produce (harvest) the observed output (catch) level Y,,. That
is, there is too much idle capital and thus wasted resources in the fleet, given exist-
ing catch levels. In reverse, excess capacity can be interpreted as current output
being too low to fully utilize the existing level of capital, or capacity base. These
concepts are essentially dual to each other; the first is an input-oriented idea target-
ing non-optimal capital levels, and the second is output oriented.

Economists and policymakers have traditionally focused on the output side
when measuring capacity and capacity utilization, especially for fisheries (Klein
1960; Fire, Grosskopf, and Kokkelenberg 1989; Dupont et al. 2002). Capacity out-
put, Y, is defined as the maximum, optimal, or potential output producible from the
existing capital stock or capacity (fixed input) base. Capacity utilization (CU) is
then defined as the amount of output that potentially “could” be produced from the
existing capacity, Y., compared to observed output, Y,, expressed in ratio form as
CU = Y,/Y. to represent the proportion of the capacity base that is effectively uti-
lized.

That is, if measured CU is 0.75, 25% of the capital stock is deemed “excess ca-
pacity,” or idle relative to its optimal level, and capacity reduction of this amount
would be required to reach full utilization. The inverse ratio 1/CU = CU,= Y/JY,
(where I denotes inverse) indicates the amount output would need to increase to
fully utilize the existing capacity. Such a measure, which is more commonly com-
puted in the fisheries capacity literature, implies that if the full power of the existing
vessels were unleashed on the fishery, the vessels would be able to take 1/0.75 =
'1.33 times (33% more than) the existing catch for this example.

The primary problem involved in constructing this ratio is defining and measur-
ing the economically or technologically “optimal” or. “potential” output, Y.. An
economic optimum may be defined as the output level consistent with the point of
tangency between the short-run cost curve (constrained by the existing capital or ca-
pacity level) and the long-run curve.? This implies, however, that cost minimization
is the goal of the producer (fisherman in this case), which may not be an appropriate
assumption. A technological optimum can instead be defined as the most output pos-
sible to produce (catch) given the existing input base, in terms of fully efficient
output (on the production frontier) combined with the output response to the relax-
ation of an input constraint (such as if regulations were lifted, thus shifting the
frontier). However, empirical application of this idea requires distinguishing a true
technical maximum, such as the point where the marginal products of variable in-
puts are zero, from a feasible optimum that reflects economic motivations for
behavior.

Although defining Y, initially seems much simpler, it also raises questions. For
many purposes, actual output is the appropriate output level to compare with Y.

2 See Morrison (1985) for one example of such an application.
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However, depending on the methods used to measure Y., other baselines might be
more appropriate for fisheries. For example, if a total allowable catch (TAC) is in
place, or a target catch has been established, one of these levels may be a better
comparison point if they differ from observed catch. Even more importantly in the
context of efficiency-based measures of Y., one might think the appropriate com-
parison might be to imputed technically efficient (TE) output, Y;;. That is, if
measured Y. is based on efficiency models, such as DEA and SPF, it reflects not
only the potential output level if constraints restricting observed output production
were relaxed, but also the attribution of “efficient” or “best practice” output. If mea-
sured Yz is not consistent with customary and usual operating procedures — for
example it ignores unmeasured determinants such as skipper skill or practices that
would not be affected by regulatory changes — it is not really feasible and should
not be imbedded in the estimate of potential output increases to capacity levels.

To develop these ideas further, we need to be more specific about how frontier
estimation of the production relationship allows us to measure the difference be-
tween observed output, Y, and potential output, Y or Y. Frontier methods, such as
DEA and SPF, are designed to characterize and measure a production set frontier or
boundary, by contrast to standard econometric methods that fit a production curve
through data points. The standard representation of the production relationship or
technology is a production function, which we can write for our purposes as Y(K,V,S,R),
where K is a vector of capital stock inputs comprising the capacity base (often expressed
in terms of vessel characteristics); V is a vector of variable inputs (including days and
perhaps crew and fuel); S are nondiscretionary stock inputs not directly under con-
trol of the vessel operator, even in the long run (such as the biomass stock); and R is
a vector of external control or shift variables (like year and season).?

Empirically estimating the production technology by frontier methods involves
fitting the production function to the data points representing observed output-input
combinations by “enveloping” the data to keep the observations within the frontier.
Programming-based deterministic DEA methods construct a piecewise linear fron-
tier around all the observations, and econometric-based stochastic SPF methods
estimate a differentiable (smooth) frontier allowing for white noise. Observations
that lie within the frontier are, therefore, considered “inefficient,” given the mea-
sured production determinants, and the implied technically efficient output, Yz, is
imputed by a radial expansion (line in two-dimensional space) from the origin to the
frontier through the data point.

The efficiency “score” for each observation identifies the amount that output
would have been greater if production had been fully (technically) efficient; Y;z/Y, 2 1
measures this potential proportional expansion. This one-sided efficiency gap is of-
ten interpreted as deriving, at least in part, from unobserved observation-specific
factors such as management (in this case skipper) skill or specific capital (vessel)
characteristics. More random un- or mis-measured factors, such as weather, will in-
stead be captured as noise if the model is estimated by stochastic methods. Given
these potential estimation error terms, actual (Y, rather than “efficient” (Y;z) output
may more appropriately represent feasible production under customary and usual
operating conditions.

3 For many fisheries, multiple species are caught. This is particularly important to explicitly represent if
certain target species are the focus of policy implementation. Pursuing this requires extending these
ideas to a distance or transformation function model, as in Orea, Alvarez, and Morrison Paul (2004) or
Felthoven and Morrison Paul (2004). This involves including ratios or levels of other outputs on the
right-hand side of the function, respectively, but is otherwise similar to the production function ap-
proach. This is not a key issue for our current application, however, so we do not emphasize this issue
further.
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Although frontier methods are designed to measure Y, they can be adapted to
represent Y. by identifying how output production would be expected to further ex-
pand if specific rigidities (such as regulations) constraining observed behavior were
lifted. Since direct output regulations in a fishery, such as limited fishing periods or
a TAC, may be represented as restrictions on the number of days fished,* Y. may be
defined as in Kirkley and Squires (1998), Dupont et al. (2002), and Kirkley et al.
(2001) as the amount of fish that could be harvested if days were “unconstrained,”
given the existing capacity base (vessels). That is, if days fished is a component of
the V vector (V,, = days), Y, is the potential output level with unrestricted V,, given
all other production characteristics and the output maximization behavior underlying
the primal model, and the implied fully utilized or capacity number of fishing days
may be denoted V), .. Such a characterization of capacity output and utilization has
been called “technological-economic” if its measurement is based on observed catch
levels by vessels in the sample and, thus, is implicitly consistent with economic mo-
tivations (Kirkley et al. 2001).

In the DEA framework, Y. and V, . are typically imputed by solving a linear
programming problem without days included as a constraining input. In the SPF
framework, the production relationship may similarly be estimated econometrically
with days omitted as an argument of the production function.’ Alternatively, how-
ever, one might think the potential or optimum number of fishing days, and
associated output, may be defined according to the maximum number of days ob-
served in the data or the point where the marginal product of additional days drops
to zero. If other catch determinants, such as biomass stock levels, are also recog-
nized as constraining inputs, one might wish to determine how changes in these
conditions could affect potential output through similar experiments based on these
arguments of the production function. Measuring these various aspects of capacity _
and capacity utilization requires choosing an estimation method that facilitates car-
rying out such experiments to generate a range of capacity indicators.

Formalizing and Implementing the Framework

The two approaches we use for estimation of capacity output and utilization, deter-
ministic data envelopment analysis (DEA) and stochastic production frontier (SPF)
methods, are discussed in great depth in the efficiency literature and so will just be
summarized briefly here.® :

The DEA Model

DEA is a nonparametric programming technique to solve a production maximization
problem given a set of constraints (Charnes et al. 1994), which was extended to the
calculation of capacity utilization by Fire, Grosskopf, and Kokkelenberg (1989) and
Fére, Grosskopf, and Lovell (1994), and proposed for CU measurement in fisheries

4 For some applications, rather than just unconstraining days, all variable inputs are unconstrained,
based on the idea that if all choices were unrestricted they would change.

5 Although this results in omitted variables bias for the implied input marginal products, the measures
still appropriately represent the maximum potential output level given the levels of all other arguments
of the function. See Kirkley, Morrison Paul, and Squires (2002) for further discussion.

¢ See Coelli, Rao, and Battese (1998) for an excellent overview of these methodologies and references to
many more detailed and rigorous studies. Cooper, Seiford, and Tone (2000) and Kumbhakar and Lovell
(2000) provide additional information about DEA and SPF applications, respectively.
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by Kirkley and Squires (1998). The DEA approach to capacity measurement solves
for the maximum output possible, given K, S levels and the existing production
technology, with the variable factor(s) unconstrained. This capacity output level is
solved for using linear programming procedures and is interpreted as the output that
could be produced with full and efficient utilization of the variable input(s), given
the capacity base.

Formally, following Fire, Grosskopf, and Kokkelenberg (1989), consider an in-
dustry producing a scalar output Y/ using a vector ofn=1,..N inputs Z/, where, for
eachj, ¥ >0and X, Z/ > 0, and for each n, X Z 2> 0. That is, it is assumed that all
firms produce at least some output and use some input, and each input, n, is used by
some firm, j.

The capacity output definition offered by Johansen (1968), “...the maximum
amount that can be produced per unit of time with existing plant and equipment,
provided the availability of variable factors of production is not restricted,” can be
solved from the output-oriented DEA problem for a particular time period, ¢, with Z
divided into fixed (K,S) and variable (V) inputs:

max,,, 6, st 6Y/ < 2, N‘Yf,zj MK < Kl k € K, (1)
iSi < S, NVi = Vi, v,
Zi NSi < S 2,. J o= wiVine

where ZA = 1.0, M 2 0, for all j, u/ 2 0 for n €V, S is a scalar S component (the
biomass stock), and the A define the reference technology. The convexity constraint,
ZN = 1.0, allows for variable returns to scale (Coelli, Rao, and Battese 1998), and
the constraint, 2NV, = u,/V,J, ensures that the variable inputs do not limit output.”

The parameter (-) 1 represents a combination of output expansions to reach
both techmcally efficient and capacity production That is, it captures the potential
(radial) increase in output, Y/Yy, (with the j superscripts suppressed for notational
simplicity), if firm j operates efficiently given the observed levels of fixed factors
(K, S) but without variable input constraints (full utilization of the variable inputs,
V). The solved value of p/, in turn, measures the “variable input utilization rate” —
the ratio of the nth variable input level required to produce the capacity output di-
vided by the actual level, V, /V,.2

Because the deviation between Y. and Y, embodies efficient (frontier) output
production, the implications for potential output levels may be biased upward if
measured “inefficiencies” are inherent in customary and usual operating procedures.
So, to more appropriately represent true capacity utilization, the Y. estimate might
better be compared to an estimate of efficiently produced output, Y, from a corre-
sponding DEA model with variable input use recognized as a constraining factor.

Such a Y;; measure, that is restricted by (corresponds to) observed variable in-
put usage, is estimated by solving the linear programming problem:

7 Coelli, Grifell-Tatje, and Perelman (2001) refer to this capacity output definition as the weak Johansen
concept of capacity, because the solution to (1) reproduces output levels that are consistent with full uti-
lization of the variable inputs but constrained by the fixed factors.

8 The variable input utilization rate measures the ratio of optimal variable input usage (V, correspond-
ing to capacity output) to actual variable input usage (Fire, Grosskopf, and Lovell 1994). If the ratio of
V, to the observed variable input level V (or V, - compared to V, for variable input n) exceeds 1.0, there
is a shortage of this input, and the firm should expand use of the input. If the ratio is less than 1.0 there
is a surplus, and the firm should reduce the use of the variable input.
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maxg, 6, s.t. Y/ < zjlin,zjsz'{ < 7Zi, )
foralln (n € K,S,V), and A/ > 0, for all j,

where the input vector Z includes the V components, by contrast to equation (1). So-
lutions to equations (1) and (2) can be used to construct an unbiased excess capacity
estimate, CU; = Y /Y;.°

The notion of “unconstraining” the variable inputs to generate a measure of Y,
as in equation (1), as opposed to Y from equation (2), has been used for most exist-
ing DEA applications of production models to capacity measurement for fisheries.
However, other experiments that may be of interest for expanding our understanding and
interpretation of capacity patterns are not as naturally carried out with this model. For
example, it is not possible to define the optimal (full utilization) number of days by ex-
amining the marginal product curve for this input, because the functional relationship is
not explicit for this deterministic framework. Similarly, evaluating the production rela-
tionship for alternative input levels may not prove fruitful, depending on the binding
constraints on the estimates. If we wish to evaluate capacity output levels for alterna-
tive optimal or target levels of days or biomass stocks, we must solve the
programming problem on a per-day or per stock-unit basis and then extrapolate by
multiplying by the specified number of days or stock level. If outliers are holding
out the frontier, this can generate unreasonable estimates of potential output.!?

The SPF Model

To facilitate carrying out such experiments and provide a comparison for DEA mea-
sures, we can turn to stochastic models that allow for randomness (which is inherent
in fisheries production), and generate parameter estimates that reflect the general
shape of the production relationship. One such approach is to apply SPF methods,
that involve econometric estimation of Y(K,S,V,R) by contrast to the deterministic
DEA framework, but are still designed to represent efficient production (a produc-
tion frontier).

A functional form assumption must be made for econometric implementation of
a production model, but a flexible form limits the restrictions on the estimates im-
posed by the assumption. Thus, we initially assume Y(K,S,V,R) may be
approximated by a second-order logarithmic (translog) function:!!

InYi =0+ ) oKl +osinsit+Y o, Vi + Y oRM (3
£ Vs IMKP IS+ D Ny, K InVi+ Sy, KRy
+ A ISHIMVE £ Yy InSHR + Y Yy, In ViR

+05) > B InK[ K" +05) > B, Vi IV +05Y, > B RIR,

? This is consistent with the “unbiased” CU ratio of technical efficiency scores associated with Y;; and
Y. measures suggested by Kirkley et al. (2001).

10 For example, if there were outlier observations for which estimated stock levels were very low but
output was high, this will inflate the imputed Y. measures to unreasonable levels.

"' Dummy variables for the boats, or fixed effects, were also included initially but were very insignifi-
cant, likely due to other boat-specific variables, such as the capital components.
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across j = 1...J firms and ¢ = 1,... T time periods, where (n,m), (k,1), and (7s) index
the components of the V, K and R vectors, respectively, and S is a scalar.

This functional form embodies a full set of interactions among the arguments of
the production relationship. For example, the components of the R vector are pro-
duction function shifters, with the direct impact of the shift represented by o, for
factor R,.'? But the full impact of a change in R, might be dependent on other argu-
ments of the function. The implied input-specific differences in the impacts are
reflected by cross-terms, such as ¥,,, which indicates how a different K, level affects
the impact of R, on Y.

For a particular application, however, these terms may be uninformative, par-
ticularly for variables that are either qualitative or do not vary by firm (boat).
Accordingly, for our application interaction terms for the boat-specific K compo-
nents were omitted, along with others that were invariably insignificant in
preliminary estimation, resulting in the estimating equation:

lnY=a0+2kockank+ocslnS+zn(x,,ann+zr(x,R,+znySnlnSan,, (4)
+) Vg ImSR, + Y Dy, mV,R + Y B,(nV,7+ ) BR,

(where the boat and time period superscripts are now suppressed for notational sim-
plicity).

Estimation of equation (4) by SPF methods, as initially developed by Aigner,
Lovell, and Schmidt (1977) and Meeusen and van den Broeck (1977), involves add-
ing an error term to equation (4) that combines a one-sided “technical inefficiency”
error, —u, and a standard “white noise” error, v (e.g., from measurement error and
unobserved inputs). The —u are assumed to be nonnegative random variables inde-
pendently distributed as truncations at zero of N(0, ¢,%). The v are assumed to be
independently and identically distributed random variables, N(0, ¢,?). Estimation of
the resulting estimation equation to measure Yy is then carried out by maximum
likelihood methods.!* Associated Y. measures, with variable inputs unconstrained,
are obtained by eliminating the V arguments of the function and re-estimating (4) as
Y(K,S,R).

Alternatively, it is possible to evaluate the model at other levels of the input
variables, such as the maximum observed number of days (per boat) if that is
deemed a likely “optimum” or potential level of fishing days in the absence of regu-
latory restraints. Implementing this procedure involves recognizing, as in Coelli,
Perelman, and Romano (1999), that Y;; measures with “environmental” conditions
included as arguments of the production technology represent net efficiency. Imput-
ing gross efficiency measures inclusive of these conditions requires re-evaluating
the model with the control variables replaced by the alternative values.'*

In the fisheries context, this also implies that we may evaluate Y;; conditional

12 These variables are not expressed in logarithms because they are qualitative variables, or time
counters.

13 See Coelli (1995) and Battese and Coelli (1995) for further elaboration of this literature and discus-
sion of appropriate maximum likelihood estimation with panel data.

14 This was accomplished by fitting the production technology based on the estimated parameters from
the efficiency model, and using the residuals from that model compared to those from the estimated
model to recompute a technical efficiency score based on the expression for the conditional expectation
of exp(-u;) given v,. The computations were done in EXCEL, using a distribution function for a stan-
dard normal random variable and the formula for the conditional expectation of the TE term from
Battese and Coelli (1995), and Coelli, Rao, and Battese (1998).
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on the size and composition of the resource stock and compare these measures to
those obtained if resource abundance were unconstrained or at its maximum ob-
served or target levels.! This generates Y. measures with somewhat different
definitions but complementary interpretations, consistent with experiments sug-
gested by NMFS (2001), that are relevant for resource managers seeking
information about capacity output for the purpose of reducing overall harvesting ca-
pacity and achieving longer-term harvest goals.

Levels of Fisheries Analysis: Boat, Trip, Year, Fleet

Capacity utilization measures derived from either DEA or SPF models, if computed
on a per-boat basis, may be used not only to determine the output producible from
the existing vessels or fleet but also to provide implications for limiting capacity
through vessel reduction programs. An approximation to the amount the existing ca- -
pacity (K) base would need to be contracted to produce a given output at full
utilization may be obtained as the inverse of the output-oriented Y/Y (Y = Y, or Yrz)
measure, CU = Y/Y.. Although this generates useful information about the average
fleet contraction required for efficient catch of existing or desired harvest levels,
boat-level analyses should be carefully undertaken due to unmeasured technological
and environmental conditions that may convolute boat-specific comparisons.

This application of capacity measures also raises questions about aggregation,
or the level of the analysis. The types of capacity measures summarized above cor-
respond to different circumstances that could face the fishery. If estimated at the trip
level (as in our empirical illustration and most of the existing literature), they reflect
per-trip measures for the boats in the data sample. However, for many policy con-
cerns the implications for yearly output production, or for the entire fleet rather than
by vessel, are central questions.

To move to these levels, we need to consider issues such as the feasibility of
boats maintaining the number of fishing days on a yearly basis that are implied by
the trip-level analysis. This may be accomplished by limiting the number of days per
boat per year implied by the V,, - estimates. Further, addressing questions about fleet
capacity involves imputing capacity output values for boats in the fishery (fleet) but
not in our sample, and, in turn, what would happen if all boats with the potential to
enter the fishery did so (latent capacity). Although the universe of potential partici-
pants is difficult to establish due to the great mobility of vessels, we may infer this
by attributing the capacity catch levels of active participants to the partially or fully
inactive participants.

At the fleet level we can also compare our estimated capacity output production
levels to a target output level for the fishery as a whole. Target output levels have
been defined as the “maximum amount of fish over a period of time (year, season)
that can be produced by a fishing fleet if fully utilized, while satisfying fishery man-
agement objectives designed to ensure sustainable fisheries.” This implies a
regulatory- or biologically determined “optimum” output, perhaps corresponding to
the maximum sustained yield, to which fleet-level Y. may be compared to impute
excess capacity relative to desired rather than observed output levels (FAO 1998).
Measures using such a target level as the reference point indicate the extent of ex-
cess capacity compared to long-run optimal circumstances, as perceived by the
fishery manager.

15 As per Coelli, Perelman, and Romano (1999) this means that “all firms are compared with the frontier
associated with the most favorable environment.”
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Empirical Illustration: The U.S. Northwest Atlantic Sea Scallop Fishery
Data and Definitions of the Variables

The U.S. Northwest Atlantic sea scallop (Placopecten magellanicus) fishery has tra-
ditionally been one of the most important U.S. fisheries in terms of vessel revenues.
This scallop is harvested primarily from Georges Bank and various mid-Atlantic re-
source areas. The dominant gear type is the dredge, although small quantities are
harvested with a trawl net. The primary landed product is meats after at-sea process-
ing (shucking); only small quantities of sea scallops are landed in the shell. The
fleet is mostly comprised of vessels that are 51 or more gross registered tons (GRT)
in size.

Our data contains trip-level observations from 1987 to 1990, for ten scallop ves-
sels that had relatively homogeneous characteristics and faced identical economic
and environmental conditions. However, the number of days overall and per trip
both varied significantly over the data sample, as is evident from the data summary
in Appendix table A1.'® The average number of days per year per vessel varied from
a low of 112 for vessel 4 in 1987, to a high of 285 days for the same vessel in 1990,
with an average of 248.5. The number of fishing days per trip varied from 3 to 26,
and crew sizes ranged from 7 to 15. On the average trip in our sample, catch was
9,117 pounds of scallop meats, the trip took 15.5 days and had approximately 10
crew, and the boat had an engine horsepower of 540 and a dredge width of 14.5 feet.

The information in our panel data used to define our Y, K, V, S, and R variables
is obtained directly from settlement sheets. Our Y measure is aggregate output
(which is justifiable because the output is reasonably homogeneous), defined in
terms of pounds of shucked scallop meat landed per trip.!” Our fixed K input stocks
are defined in terms of vessel characteristics representing capital heterogeneity —
GRT (K;;), engine horsepower (K};), and dredge width in feet (K,) — rather than ag-
gregating them into a summary capital measure.'® Our main V component is fishing
effort, expressed in terms of days at sea, as is common in the fisheries literature.
Other more specific input measures may also appear as components of V, but crew
numbers tend to be relatively fixed for a particular boat and fuel data are not avail-
able (as is typical for such data). Thus, we initially specified crew, V., as an
additional variable input, but ultimately treated it as a control variable because it did
not seem a binding constraint. The biomass stock, which affects (and is affected by,
for the fishery overall) vessel catch but is not directly under the control of any indi-
vidual vessel captain, is our single S vector component.!® Our stock abundance (S)
measure is a fishery-dependent variable expressed in terms of the geometric mean of
the number of baskets per standard tow (60 minutes) by vessels fishing the same

'6 Some additional information on the time dimension of these measures, as well as a more detailed defi-
nition and motivation of the models used here for analysis, can be found in Kirkley, Morrison Paul, and
Squires (2002).

17 If multiple species are caught, one must consider how to aggregate them, or whether it might be more
appropriate to characterize a multiple output production relationship such as a distance function
(Felthoven 2002). The relative homogeneity of our output supports our aggregated Y measure, but this
does ignore factors such as the size of the product or seasonal differences that might have quality impli-
cations.

'8 GRT (K,) was ultimately omitted from the econometric analysis because it was too closely correlated
to horsepower (K},) for the effects to be identified separately.

19 The captain selects when and where to fish, but since the choice is always to find the place with the
highest stock level, production is still constrained by what is actually found.
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geographic area during the same period of time.?*?' The external conditions we use
for R components are year and month counters.

The Results

Our base capacity and input utilization measures are the implied ratios of potential
(full utilization) to observed or efficient levels of output and days, Y/Y,, Y/Yz, and
Vp.o/Vp, provided in tables 1D and 1S for our DEA and SPF models, respectively.
These ratios suggest that if the boats in our sample were operating at full technical
efficiency given all inputs, including days, average output could have increased by
nearly 20% (Y;/Y, = 1.19) according to the SPF computations, but by almost 60%
(Yr/Y, = 1.57) based on the DEA model. As one would expect, the deterministic frame-
work that attributes all variations to inefficiency, rather than noise in the data, results in
a higher estimated frontier. As discussed in previous sections, however, this efficiency
component of “potential” output may be attributed to customary and usual operating
procedures and thus not be an appropriate base for imputing true capacity catch.

Recognizing the possible bias from convoluting efficiency and capacity signifi-
cantly reduces the differences between the SPF and DEA measures. The SPF Y,
measure with V,, unconstrained (left out of the functional relationship), denoted Y.,
is, on average, 33% higher than that producible with full technical efficiency, Yy,
and 57% greater than observed output, Y,.22 With DEA these numbers are 22% for
Yc/Yrg, versus almost double (a 91% increase) for Y./Y,. The former is more
closely comparable to the corresponding SPF measure, because the bias from attrib-
uting mis-measured efficiency factors to CU is reduced when Y is used as the
comparison base, thus reducing the impacts of outliers by including their effects in
both the numerators and denominators of the ratios.?? The remaining ratios presented
in the tables are, therefore, expressed in terms of Y ;.2

20 The stock information was obtained from a resource monitoring program conducted between 1987 and
1995. The purpose of the resource monitoring program was to obtain information necessary to determine
the gametogenic cycle, age and growth, resource abundance, and density. Approximately 50 vessels par-
ticipated in the data collection program, and approximately 300 samples were obtained each year. Cap-
tains were requested to make one last tow for research purposes. They were asked to record loran read-
ings, depth, surface temperature, dredge size, tow speed, and total catch (in bushel baskets), and to pro-
vide 1-6 baskets of shell stock (live scallops in the shell) to the researchers. Resource abundance was
estimated by taking the geometric mean of catch per unit effort (CPUE) of all trips by vessels fishing
the same geographical areas during the same period of time and using the same dredge size (this is fur-
ther discussed in Kirkley, Squires, and Strand 1995).

2! There has been considerable debate about the appropriateness of using catch per unit effort (CPUE) or
landings per unit effort (LPUE) to indicate stock abundance or density (Dickie 1955; Paloheimo and
Dickie 1964; Westerheim and Foucher 1985; Pennington 1986; Richards and Schnute 1986; and Hilborn
and Walters 1992), but there are numerous reasons why these may not be adequate indicators (Kirkley,
Squires, and Strand 1995). Moreover, Dickie (1955, p. 805) suggested that average catch per vessel per
trip may be a valid indicator of the relative abundance of sea scallops. Our average tow measure, thus,
seems a relatively justifiable stock indicator, although as pointed out by an anonymous referee, it is pos-
sible that local density at the end of a trip does not reflect the overall density of the trip.

22 When V, is also unconstrained, the estimates are statistically equivalent, suggesting that crew is es-
sentially a fixed input.

23 The DEA measure might even slightly understate potential output relative to the base in the Y /Y
experiment, due to the high Y, estimate for such a deterministic model.

24 Note also that the Y. ,/Y;, measures presented in tables 1S and 1D are computed in terms of ratios of
the average output measure. If these measures are constructed as averages of the CU ratios instead of
ratios of the averages, they are even more significantly biased upward. Even for the SPF model they
suggest that potential output is more than twice Yz, which results from outliers for observations where
the actual days are exceedingly low. This emphasizes the importance of first averaging the potential out-
put levels, and then taking ratios, although the reverse approach is sometimes used.
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Further unconstraining the model to generate Y s, where the VS subscript indi-
cates that both V, (days) and S (stock abundance) are omitted as functional
arguments, suggests a limited stock impact within the confines of the observed data.
The additional elimination of K constraints to generate Y s, a measure conceptu-
ally similar to a peak-to-peak measure (a traditional concept sometimes used for
capacity analysis, based on Klein 1960), also has little impact. That is, CU; = Y/Y
rises only from 1.33 to 1.35 and 1.39, respectively, for the SPF model, and from
1.22 to 1.32 and 1.39 for the DEA model for these experiments. This supports the
notion that the primary constraint on production is the average days fished per trip.

These CU, measures imply corresponding full utilization increases in average
fishing days of 26% (Vp,/V), = 1.26) when days are unconstrained, and of 28 and
31% when output is not conditioned on stock abundance and capital characteristics,
respectively, for the SPF model. The DEA analysis suggests a similar increase of
23% when days alone or days and stocks are unconstrained, but only a 19% increase
when K is also unconstrained (because relaxing constraints in the DEA framework
implies higher output levels, so fewer days are required to realize a given output).
These full utilization V, values, implying increases of 4-5 days/trip on average, fall
well within the scope of the data.

This evidence may also be compared to measures from alternative experiments
that evaluate potential output if days for all trips were at the maximum observed
(Vpmax = 26), or the average of the optimum (fully utilized, V), = 19.44) number of
days. For the SPF model, the resulting Y ypp,, and Y¢ypo,, ratios imply potential in-
creases of 55% and 22% over technically efficient output. The corresponding DEA
values are more dramatic, which might be expected, since a diminishing marginal
product is not embodied in the measures. They suggest a more than doubling
(Yypmad Yre = 2.33) of production at Vp,,,, and a 74% increase at V. If instead
crew numbers were always at the maximum observed, Vi, = 15, virtually no
change in output is implied compared to technical efficient output for the SPF
framework. Thus, V. does not seem a binding constraint or determining factor for
capacity utilization, at least for the stochastic model, although for the DEA frame-
work a 63% increase is implied at V,,,,.

By contrast, the impacts of stock abundance implied by the Y. measures evalu-
ated at maximum (6.85) and target (9.0) S levels, Y., and Y¢gp,,, show that S is a
significantly binding factor, even for the SPF model, for S levels well above average
or beyond the scope of the observed data. On average, potential output Y. is 17%
and 31% greater than Y;; in these two scenarios for the SPF specification, but for
DEA the implied increases are nearly 5- and 6.5-fold, based on some trips where
catch was high but measured abundance very low. If exceedingly low (perhaps irrel-
evant) outliers where S < 1.25 are dropped from the sample, the implied increases
are instead 60% and slightly more than double.

Note also that these imputed values represent the effects on potential output of
adapting only one factor. For comparison, the Y psy,, ratios for the SPF model
(such an experiment cannot be done with DEA) evaluate Y. with both V, and § at
their maximum levels. In this case the average potential increase in output would
have been 71% instead of the 55% implied only by V,,,, and the 17% implied by
Suae it is close to additive.

An important issue underlying the capacity estimates summarized so far (and
typically estimated in the literature) is that when days per trip are unconstrained, the
implied annual operating days per boat are not limited to a “reasonable” number.
The next values presented in the tables impose a ceiling “optimal” number of yearly
fishing days, and solve for the associated number of trips to derive the per-trip mea-
sure (denoted “optdays/trips”). The optimal days number used, optdays = 264, was
computed as the days associated with the estimated maximum point on the total
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product curve, based on the annual per-boat data, and fell nearly halfway between
the maximum of 285 and average of 248.5.

The Y. measures based on these computations were constructed by ordering the
trips per year per boat in descending order according to the catch/day, and cumulat-
ing catch until the implied days reached 264. The resulting Y. ,/Y;; measures imply
an increase of 49 or 41% to capacity output, by contrast to the 33 and 22% increases
implied on a trip basis without optdays imposed for SPF and DEA, respectively.
Analogous measures with the stock level unconstrained indicate average potential
increases of 51 and 63% over Y, as contrasted to 35 and 32% without the optdays
constraint, for the SPF and DEA models. Note, however, that although the imposi-
tion of “optdays” increases the estimated potential output level per trip, the measure
is based on a smaller number of trips per year.?

These per-trip estimates may be better compared to target output estimates if trans-
lated into pounds of meats. For example, although not presented in the tables, the
implied total pounds of scallop meats based on the total capacity output catch, Y., trun-
cated at the optimal number of days, 264, is nearly 7.8 million pounds over the whole
time period for the SPF framework — and up to 10.2 million pounds for the DEA analy-
sis. This can be compared to the approximately 5.3 million pounds actually harvested, or
6.3 million pounds that implicitly could have been taken at full technical efficiency.

Finally, extrapolation to the full fleet and accommodation of latent capacity
should be considered, because these boats comprise only a subset of the vessels op-
erating in — or potentially entering — the fishery if conditions prompted such
adjustments. Moving to the fleet level also facilitates comparison of the potential
catch of the existing fleet to target catch levels.

Presently, there are approximately 175 full-time vessels operating in the North-
west Atlantic sea scallop fishery. In 1996, there were 82 vessels of the same size
class (51 to 150 GRT) as those of the panel data set operating in the fishery, 132
vessels of the next size class (> 150 GRT), and 120 vessels of the smallest docu-
mented size class (5 to 50 GRT). If only the 82 vessels similar to those in the sample
are considered, the capacity output of the resulting fleet would be between 17.7 and
23.3 million pounds per year, on average, if the boats operated 264 days a year
(based on the Y, optdays/trips computation which seems the most representative of
FAO capacity guidelines), according to the DEA and SPF estimates, respectively.
This can be compared to the long-term sustainable catch estimated at approximately
20-29.3 million pounds of meats (Northeast Fisheries Science Center 1998, 1999) to
show the extent of excess capacity (although it should be recognized that this com-
parison is analogous to comparing Y., which embodies full efficiency, with Y,).

Perhaps an even more pressing fishery management question than the extent of
overall capacity, however, is how one might use these types of estimates to guide
capacity reduction programs such as a vessel decommissioning process. This re-
quires determining the requisite number and composition of vessels to satisfy full
utilization production goals at a target output level, to enhance the economic and
biological performance of the fishery.

From this perspective, the question is how inputs may be reduced relative to a
desired output level, such as a TAC, rather than the output expansion implied by full
utilization of the existing capacity.?® For example, if output from the observed K in
our sample fleet could be expanded by a factor of 1.25-1.35, as broadly suggested

2 If the yearly values are instead divided by the actual number of trips, the Y. /Y and Y ys/Yr; mea-
sures become 1.23 and 1.25 for the SPF model, and 1.22 and 1.41 for the DEA model, compared to 1.33
and 1.35 and 1.22 and 1.32 for the models without the optdays constraint.

26 We will not focus on the formal mechanics and nuances of answering this type of question, but instead
on the approximate implications we may obtain from the output-oriented estimates.
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by our estimates, K could potentially be reduced by 20 to 25% (e.g., CU = 1/1.25 =
0.8) and still produce the existing output level.?’

In turn, boat level capacity estimates may be used to identify operating units
(individual vessels or vessel size classes) that might most justifiably be decommis-
sioned, with the goal of increasing overall efficiency and, thus, rents in the fishery.
Care must be taken when doing comparisons at the boat level, however, where one
would expect greater discrepancies across specifications and estimation methods
than on average. Even if boat- or skipper-specific variations in technology or skill
are accommodated by comparisons of Y. with Y;; measures, our primal measures do
not reflect economic issues such as opportunity costs that fisheries managers should
take into account for relevant policy development and implementation.

Keeping this qualification in mind, our capacity measures can be used to estab-
lish precautionary input levels by identifying specific groups of vessels that could
yield maximum overall catch efficiency for a given TAC. A suggested ranking of op-
erating units can be obtained by ranking observations by an efficient capital
criterion such as boat-level Y or Y. per day, and summing the implied production
of each unit until the total reaches the target.

Such per-day estimates and corresponding CU measures based on observed out-
put (Yo/Y;z and Y,/Y,) are presented in tables 2D (DEA) and 2S (SPF).%2 Overall,
the SPF measures suggest that the boats in our sample are producing at about 84%
efficiency, and 80% of capacity on a per-day basis. So, technically efficient daily’
output is, on average, about 19% larger than observed, given other input levels and
environmental conditions. This potential rises to 25% if based on estimated optimal
days per trip. The corresponding numbers are 64% for both DEA experiments, sug-
gesting that total output/day could have been about 56% greater than observed.

The boat-specific SPF efficiency (TE) scores Y,/Y;; indicate that boats 2, 8, and
10 are producing the least, and boats 6 and 7 are the most efficient, although the
variation is very small (from 0.83 to 0.87). For DEA, boats 9 and 10 are the worst,
and boat 2 the best, followed by boat 7, with greater variation (0.58 to 0.88). If both
technical inefficiency and low utilization are taken into account, based on Yy, the
SPF measures suggest that boat 2 was producing with the most excess capacity, at
0.71. The CU levels of boats 3 and 10 are just slightly higher, at 0.74 and 0.76. Boat
7 again appears the best, with an average CU ratio of 0.86. This contrasts to a DEA
ranking of boats 9 and 10 with the lowest ratios (0.6 and 0.59), and boats 2 and 7
with the highest ratios (0.82 and 0.70).2°3°

¥ Due to variable returns to scale, this is not completely appropriate here since these relationships are
only directly inversely related with constant returns to scale. However, it will be a close approximation.
Also, since the full input base is not well defined in fisheries, justifiable scale economy measures are
difficult to generate, evaluating scale economies is problematic.

28 The SPF numbers for table 2S were constructed as fitted output/day for each experiment, computed
for each observation and then averaged. The DEA numbers for table 2D were re-estimated based on a
per-day programming model.

2 Note that the DEA efficiency and utilization measures are also much more similar on a per-day basis
than are the SPF numbers. Potential output/trip increases when days are unconstrained, but the associ-
ated days/trip also rises, so this counteracts the upward shift on a per-day basis.

% Although we will focus on these numbers for our discussion, a variety of other values that may be of
interest to fisheries managers are presented in the table. In particular, the ratios based on unconstraining
S and K (Y/Y.ys and Y/Y_s) are virtually identical to those with just days unconstrained for the SPF
estimates, although the DEA estimates indicate greater excess capacity. The rankings remain broadly
consistent across boats, although it appears that both stock and capital constraints are more binding for
some (boats 2 and 4, and 2, 3, and 5, respectively). Also, because using DEA for this experiment re-
quires estimating the model on a per-day basis and then extrapolating, the experiments with, for ex-
ample, S set at a target level, yield nonsensical results. Y\, y,, indicates the most per-day catch found for
any boat for any time period. Then the other estimates relax constraints further, resulting in estimates
beyond the range of any reasonable definition of “potential” output.
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The discrepancies between the models for boat 2 are by far the greatest; its per-
formance seems poorest by the SPF and best by the DEA methods. It is difficult to
assess why this is so, although this boat was an anomaly for this fleet in terms of
vessel type (with low horsepower and a different type of hull, but a very competent
captain, and dropped out of the fishery in 1987, the year with highest overall utiliza-
tion). When it is left out of the sample the results are much more consistent,
although not as closely related at this boat-specific level as for the overall averages.

If we used these estimates to motivate a decommissioning scheme, we would
likely conclude from either framework that boat 7 should be ranked first as a con-
tributor to efficient catch, with perhaps boat 1 following (although boat 6 appears
better from the TE SPF estimates). In reverse, boat 10 and then perhaps boat 3 (or 9
if DEA is used alone) might be the first perused to see if they should be decommis-
sioned (although the TE estimates suggest greater relative efficiency than utilization
levels for boat 3). These implications from the CU measures are broadly consistent
with the catch/day numbers, with boat 3 having the lowest catch/day, and boat 7
only a somewhat lower catch/day than boat 1.

Although the indicators of the “best” and “worst” performers conform quite
closely across specification, the DEA and SPF models, as well as the Y;; versus Y,
measures, provide quite conflicting rankings. There is negligible variation in the es-
timated ratios in the mid-range, however, especially for the SPF framework, so these
discrepancies are not substantive; little guidance is generated from either method for
ranking the middle boats.

Given these similarities in the vessel-specific estimated TE scores, we con-
ducted tests of the equality of TE across specifications and among vessels (see
Appendix table A2). Wilcoxon Signed Rank tests were used to test whether the mean
TE scores derived from the DEA and SPF methods were equal, and were strongly
rejected at any reasonable level of significance.’! Kruskal-Wallis tests also rejected
the hypothesis of equal mean TE scores for all 10 vessels (or with vessel 2 ex-
cluded) for both the SPF and DEA estimates at the 5% level of significance.®
Additional tests were conducted over different groupings of vessels. After eliminat-
ing vessels 7 and 2, we were unable to reject the null hypothesis of the equality of
mean SPF TE estimates of the remaining vessels at the 5% level of significance, but
could reject the hypothesis for the DEA scores unless the level of significance was
dropped to 2%.

Concluding Remarks

The economic problems of excess capacity and overfishing have been the subject of
considerable worldwide attention and concern in fisheries for decades, with capacity
questions recently coming to the forefront. Limited consensus has, however,
emerged about how one might effectively measure the extent of capacity utilization
and use these estimates to guide policy formation and implementation to combat as-
sociated economic and biological pressures. In fact, very little information has been
generated about the impacts of alternative definitions and estimating methods on ca-
pacity measures, especially at the boat level, that must be considered for
implementation of vessel decommissioning schemes.

In this paper, we summarize the conceptual and theoretical basis for modeling

31 The calculated critical value for vessel 2 was 41, which lies between the critical values for acceptance
of the null hypothesis of equality, 26-94.
32 Equality of SPF TE scores for all vessels could not, however, be rejected at the 2.5% level.
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and measuring capacity output and utilization. We also suggest and empirically
implement a range of possible capacity measures for the U.S. Northwest Atlantic
scallop fishery. We estimate these measures using both the currently most common
method for capacity utilization estimation in fisheries, data envelopment analysis
(DEA), and its stochastic counterpart, stochastic production frontier analysis (SPF).
These methods are efficiency based, which makes them comparable, but also raises
questions about the role of technical efficiency in capacity measurement.

The empirical results indicate significant excess harvesting capacity for the ves-
sels in our data set of about 25-30% overall (implying capacity reduction of
20-25% to reach full utilization), and more for the fleet if these estimates are ex-
trapolated to boats that do (or could) fish in this fishery. However, this factor is not
as large as some studies have suggested, at least in part due to the recognition of
noise in the stochastic model (e.g., Kirkley et al. 2001).

The results are also fairly consistent across specification, which seems largely
attributable to comparing the capacity output measures to imputed technically effi-
cient — rather than observed — output levels to reproduce customary and usual
operating conditions. This is especially true for the models founded on the DEA no-
tion of “unconstraining” variable inputs to impute the potential implied catch, rather
than defining alternative input levels from which to evaluate the production relation-
ship. The latter experiment is not well defined in the DEA context and exacerbates
the influence of outliers. The results for each specification are also similar when not"
only days, but also stock levels and ultimately capital constraints (to mimic peak- -to-
peak approaches in a more structural framework), are unconstrained.

Greater discrepancies are evident if the measures are constructed on a vessel-
specific basis. However, some consensus emerges about the “best” and “worst”
boats (with little statistically significant variation in the mid-range), which could
help to guide a decommissioning scheme targeting specific boats or types of boats to
remove from the fishery in order to enhance the fishery’s economic efficiency and
viability.

Overall, computing a range of estimates seems desirable to evaluate the differ-
ences and similarities in the measures and assess the driving factors underlying the
deviations that emerge. A combination of approaches and definitions is likely to be
more effective for guiding policy implementation than reliance on one mechanism
for capacity analysis.
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Appendix Table A2
Kruskal-Wallis Tests of Mean TE Value Equality

Degrees of Calculated [T2 Calculated IT? Chi-Squared Chi-Squared
Boats Tested Freedom TE-SPF TE-DEA 5.0% LOS 2.5% LOS
1,6,7 2 5.992 6.549 5.991 7.378
1,4,6,7 3 9.421 7.952 7.815 9.348
1,4,6 2 0.904 1.196 5.991 7.378
1,4,6,9 3 2.144 4.541 7.815 9.348
1,3,4,6,9 4 2.314 7.411 9.488 11.143
1,3,4,5,6,9 5 3.094 10.120 11.070 12.832
1,3,4,5,6,8,9 6 3.275 10.074 12.592 14.449
1,3,4,5,6,8,9,10 7 5.772 16.471 14.067 16.013
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