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Catches and biomass in the Maine lobster fishery have been at record levels in recent years despite
sustained high exploitation rates. The fishery is almost completely based on lobsters just molting to
legal size each year and thus is vulnerable to changes in environmental or ecological conditions that
reduce recruitment. I use a bioeconomic model of the fishery that incorporates an empirically estimated
vessel-level production function to evaluate how a reduction in recruitment might affect profitability
and optimal effort levels relative to recent years. While large reductions in effort would almost certainly
obster
ishery management
conomics
ptimal
roduction function
ecruitment

be required to maintain fishery profitability, the degree of effort reduction and the optimal seasonal
distribution of effort and catch are sensitive to the time series of data used to estimate the production
function. Because of the unidirectional upward trend in recruitment and catches, it is unclear whether
changes in the production function are due to technological innovation or ecological change. However,
the answer has important implications for the level of effort the fishery may be able to profitably support

in the future.

. Introduction

American lobster (Homarus americanus) is the most valuable
shery in the northeastern United States and by far the most valu-
ble fishery in Maine. Landings in Maine, which now account for
ver 80% of US commercial landings of American lobster, have
rown dramatically over the last two decades with record land-
ngs of over 34,000 metric tons 2009 (Fig. 1). Although the gross
alue of the fishery is high, the profitability of the fishery is low
Thunberg, 2007) and is decreasing with increases in fuel and bait
rices and recent declines in ex-vessel price. The fishery supports a

arge number of lobstermen and many coastal communities that are
eavily dependent on the fishery and have few alternative sources
f income and employment to offset a decline in productivity and
rofitability of the fishery.

Lobster that have just molted to legal size form the vast majority
f catch, and the biomass of legal size lobster is fished down to
bout 20% of its annual peak (after the summer molt) each year.
ecruitment to the fishery has been at record levels in recent years
nabling annual catches in the last decade to average nearly three
imes the mean catches between 1950 and 1990. Minimum and
aximum size limits and prohibitions on taking berried females
elp to ensure conservation of the brood stock but this does not

ully explain the increases in productivity of the stock the last few
ecades.

∗ Tel.: +1 206 302 1752; fax: +1 206 860 3475.
E-mail address: Dan.holland@noaa.gov

165-7836/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.fishres.2011.03.011
Published by Elsevier B.V.

There are a variety of explanations for the increased productiv-
ity and abundance of the Gulf of Maine lobster stock. A reduction
in predation resulting from the decline of groundfish in the Gulf of
Maine has been suggested as one of the causes of the increase in
abundance, but this does not seem to provide a sufficient expla-
nation (Steneck and Wilson, 2001). A reduction in predators may
also have resulted in an indirect increase in stock productivity by
expanding the suitable habitat for lobster and thereby expanding
carrying capacity. Anecdotal evidence suggests that the fishery has
expanded into areas where lobsters were not previously fished
(Fogarty and Gendron, 2004). Another potential contributor to
increased growth is the large amount of herring bait used in the
fishery, much of which is consumed by lobsters that subsequently
leave the trap or are returned to the water because they are under-
sized (Saila et al., 2002; Grabowski et al., 2010). Grabowski et al.
(2010) note that trap density has increased fourfold over the last
two decades and as much as 75,000 metric tons of herring bait was
used in the fishery annually in recent years. All of these factors have
likely contributed to the increase in lobster abundance and land-
ings, but there is increasing evidence that recruitment to the fishery
and subsequent landings are strongly driven by levels of settlement
of post larvae which may be largely a function of environmental
conditions including water temperature, currents and winds that
affect the survival of larvae and post larvae and their dispersion and

settlement (Drinkwater et al., 1996; Incze et al., 2006; Steneck and
Wilson, 2001; Wahle et al., 2004).

Whatever the cause for the increased productivity of the stock,
the fishery is highly vulnerable to a reduction in recruitment to the
fishery (i.e. the size of the cohort molting to legal size each year)

dx.doi.org/10.1016/j.fishres.2011.03.011
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
mailto:Dan.holland@noaa.gov
dx.doi.org/10.1016/j.fishres.2011.03.011
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ically one day of fishing); dm are dummy variables representing the
month fishing took place; xk are the values of the explanatory vari-
ables which include: number of traps hauled that trip, the average
soak time, average kilograms of bait per trap, the estimated total
Fig. 1. Maine lobster landings (black line) and la
ource: http://www.maine.gov/dmr/commercialfishing/historicaldata.htm.

hich is affected by lagged larval settlement and juvenile growth
nd survival. While it is difficult to guess when and to what degree a
eduction in recruitment might occur, it is important to consider the
eductions in fleet size and effort levels that may be required to keep
he fishery economically viable and how the overall profitability of
he fishery may be affected. It is widely accepted by managers, and
lso by the majority of license holders, that there is already excess
ffort in the fishery. A survey of Maine lobster license holders by
he Maine Department of Marine Resources in 2008 found that 56%
f respondents saw the need to reduce the number of traps being
shed in their area and 51% favored an across the board cut in the
rap limit (http://www.maine.gov/dmr/rm/lobster/effortquest7-
7-08.pdf). Reductions in recruitment and catch will intensify the
eed for effort reductions. However, thousands of lobstermen, their

amilies and communities are dependent on the fishery, and large
eductions in effort are likely to be difficult to achieve, particularly
n the short run. Recent studies suggest that estimates of post larvae
ettlement may be useful in predicting recruitment to the fishery
–8 years later (Incze et al., 2006; Wahle et al., 2004). Knowledge of
ow reductions in recruitment will affect economically viable fleet
ize and effort levels, along with advance warning of recruitment
eclines may help facilitate long range planning for the fishery and
he communities that depend on it.

I construct a bioeconomic model of the fishery that I use to
valuate how revenues, costs, and net income to fishermen may
hange with different effort levels and seasonal exploitation pat-
erns and different levels of recruitment to the fishery. The model
uggests that large reductions in effort will be required just to keep
he fishery economically viable let alone maximize profit. How-
ver, the level of effort reductions required and predicted impacts
n profits are sensitive to the time series of data used to estimate
he production function embedded in the model.

. Methods
I construct a numerical bioeconomic model that embeds an
mpirically estimated monthly demand model and a vessel-level
aily production function that determines the catch, revenue, cost
nd profits associated with alternative monthly effort levels given
value (grey line with circles) from 1950 to 2009.

specified biomass and input prices. Modeling the intra-annual dis-
tribution of catch and effort is critical because fishery landings are
highly concentrated in the late summer and fall and the distribu-
tion of catch and effort over the year greatly impacts the total effort
required to take a given level of catch as well as the harvest costs
and the value of the catch. The monthly model captures seasonal
changes in catchability, congestion effects that reduce catch rates
when effort levels are high, effects of changes in fishable biomass
on catch rates, and the impact that monthly landings have on price.
I use the model to estimate the monthly effort levels and soak times
that would maximize either net revenues or economic profit given
recent biomass and recruitment levels, and for a scenario in which
biomass and recruitment levels fall to the levels observed in the
late 1980s prior to the expansion of the fishery.

2.1. Production function

A production function is estimated using individual level data
on retained catch and effort collected through a port sampling sur-
vey that has been running since 1966.1 The survey collects data on
retained catch, traps hauled, and average soak times from a ran-
domly selected sample of lobstermen each month. Since 2001, bait
use is also recorded. I use a translog specification to model daily
retained catch as

ln(q) =
12∑

m=1

˛mdm +
K∑

k=1

ˇk ln(xk) + 1
2

K∑

k=1

K∑

l=1

�kl ln(xk) ln(xl) + ε(1)

where q is the retained catch in pounds from one observed trip (typ-
1 The port sampling data was provided by Carl Wilson from the Maine Depart-
ment of Marine Resources. This program collects catch and effort data directly
from lobstermen as they land their catch. It began in August 1966 and is
still in operation. Ten lobster buying locations (dealers buying directly from
the fishermen) are selected at random each month, April through December.
http://www.maine.gov/dmr/rm/lobster/research.htm#P.

http://www.maine.gov/dmr/commercialfishing/historicaldata.htm
http://www.maine.gov/dmr/rm/lobster/effortquest7-17-08.pdf
http://www.maine.gov/dmr/rm/lobster/research.htm%23P
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Table 1
Production functions of individual daily lobster landings in Maine estimated with alternative time series of data.

Variable name Post 2000 data Long Run Pre 1994 data

Coefficient P-value Coefficient P-value Coefficient P-value

May – n.a. 0.46 0.00 0.41 0.00
June – n.a. – n.a. – n.a.
July 0.46 0.00 0.63 0.00 0.55 0.00
August 0.70 0.00 0.90 0.00 0.82 0.00
September 0.80 0.00 0.96 0.00 0.94 0.00
October 0.91 0.00 1.00 0.00 0.88 0.00
November 0.93 0.00 0.92 0.00 0.81 0.00
December 0.77 0.00 0.58 0.00 0.43 0.00
Log(trip hauls) 0.57 0.00 (0.84) 0.04 – n.a.
Log(soak time) 4.01 0.00 1.84 0.00 2.14 0.01
Log(hauls in Maine) 2.65 0.00 3.11 0.00 6.37 0.00
Log(biomassi) (2.33) 0.00 (2.93) 0.00 (5.75) 0.00
Log(trip hauls)2̂ 0.06 0.00 0.04 0.00 0.06 0.00
Log(soak time)2̂ (0.22) 0.00 (0.17) 0.00 (0.18) 0.00
Log(hauls in Maine)2̂ (0.08) 0.00 (0.11) 0.00 (0.22) 0.00
Log(biomass)2̂ 0.09 0.00 0.08 0.00 0.18 0.00
Log(biomass) * Log(soak time) – n.a. – n.a. 0.15 0.03
Log(biomass) * Log(hauls in Maine) – n.a. – n.a. – n.a.
Log(biomass) * Log(trip hauls) – n.a. 0.08 0.00 – n.a.
Log(trip hauls) * Log(hauls in Maine) – n.a. – n.a. 0.02 0.03
Log(trip hauls) * Log(soak time) – n.a. 0.06 0.01 – n.a.
Log(hauls in Maine) * Log(soak days) (0.22) 0.00 (0.09) 0.00 (0.27) 0.00
Log(biomass) * Log(August biomass) (0.03) 0.00 0.01 0.00 – n.a.
Log(soak time) * Log(bait per trap) 0.13 0.01 – n.a. – n.a.
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Log(bait per trap) 0.29 0.00
R-square for model 0.62

i) Note that biomass and bait per trap are in pounds. (ii) P-values for variables left

umber of traps hauled in Maine that month, and the legal-size
iomass of lobster as estimated by the current stock assessment
odel (ASMFC, 2009). ˛m, ˇk and �kl are the estimated param-

ters of the production function. The monthly dummy variables
apture recurrent seasonal shifts in lobster catchability (indepen-
ent of recruited biomass) that apparently relate to the migratory,
eeding and molting patterns of lobster.

I estimate production functions with different time series of data
o explore whether and how the function has changed over time.
arsimonious final models were selected using likelihood ratio tests
o eliminate insignificant variables. I include bait use in the produc-
ion function model estimated with only Post 2000 data but cannot
o so with earlier times series where bait use was not recorded.
he production function I use in the simulations of current con-
itions is estimated with data from 2001 to 2009 when data on
ait use was collected. I refer to this production function hence-
orth as the “Post 2000” production function. To simulate catch in a
uture fishery with lower recruitment and biomass, I use produc-
ion functions estimated with longer or older time series of data. A
roduction function estimated with the full 1982–2009 time series

s referred to henceforth as the “Long Run” production function.
production function estimated with data from 1982 to 1993, is

eferred to henceforth as the “Pre 1994” production function.

.2. Demand model

Ex-vessel prices are sensitive to monthly landings, so determin-
ng the optimal levels and seasonal distribution of effort requires

odeling how prices are affected by the seasonal distribution of
andings as well as total landings. I estimate a monthly inverse
emand function for the Maine fishery using landings and rev-
nue data from 1990 to 2007. I use a log–log specification to model

onthly average ex-vessel lobster prices in Maine, pricet, as a func-

ion of monthly landings in Maine, lbs, US quarterly per capita
ersonal income, USpci, the US-Canadian exchange rate, Canex, and
he percentage change in US gross domestic product from the prior
ear, �USgdp. Using a dummy variable, dpost94, to designate obser-
– n.a. – n.a.
0.60

a particular model are marked n.a. for not applicable.

vations after 1994, I model a structural shift in the market after 1994
at which time both the slope and intercept of the demand functions
are allowed to shift. I also correct for first order autocorrelation with
�εt−1.

ln(pricet) = ˛0 + ˛1dpost94 + ˇ1 ln(lbs) + ˇ2dpost94 ln(lbs)

+ ˇ3 ln(USpci) + ˇ4 ln(Canex) + ˇ5 ln(�USgdp)

+ εt + �εt−1 (2)

I do not model supply and demand simultaneously because
supply appears to be exogenously determined by lobster availabil-
ity and the time of year rather than price. The fact that catches,
and apparently effort, have increased in recent years as price
declined provides support for that assumption. Though Canadian
and perhaps Massachusetts lobster landings might be expected to
be important predictors of lobster price in Maine, these variables
prove to be insignificant and are therefore left out of the demand
model. The Canadian exchange rate is a factor because much of the
Maine lobster is exported to Canada for processing; however, Maine
lobster (at the ex-vessel market level) does not appear to com-
pete in the same market with Canadian lobster, perhaps because
the imported Maine lobster is being processed into frozen product
rather than being sold live.

2.3. Bioeconomic model

The bioeconomic model predicts monthly and annual catches,
revenues, costs and profits given monthly effort levels (hauls per
trip, soak time, trips per month, number of vessels), specified
starting biomass level and monthly recruitment to the fishery,
and specified economic conditions (which affect price). Appendix

1 provides a mathematical description of the model. Effectively
the model attempts to simulate the catches, revenues, costs and
profits that would have occurred in a specific past year with a dif-
ferent level and seasonal distribution of effort. July biomass and
monthly recruitment to the fishery are set at the assessed levels for
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Table 2
Elasticity at data means of catch per trip to monthly total trap hauls in Maine,
monthly fishable biomass, and bait per trap and with data at August 1988 levels.

Variable Production function

Post 2000 All data Pre 1994

Elasticities at data means
Total trap hauls in Maine (0.31) (0.58) (0.71)
Monthly biomass 0.44 0.72 0.72
Bait per trap 0.50 n.a. n.a.
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Table 3
Inverse demand function for Maine lobster ex-vessel price. R2 = 0.84.

Variable Coefficient Standard error

Intercept 6.814 0.493
Post 1994 dummy variable (0.694) 0.270
Log(pounds landed in ME) (0.180) 0.016
Log(pounds landed in ME) * post 1994

dummy variable
0.055 0.019

Log(US per capita personal income) 0.827 0.117
Elasticities at August 1988 data levels
Total trap hauls in Maine (0.18) (0.55) (0.76)
Monthly biomass 0.37 0.68 0.79
Bait per trap 0.45 n.a. n.a.

ither July 2006–June 2007 (to evaluate optimal effort and profit
or the “current” fishery) or at estimated levels from July 1988
o June 1989 (to evaluate optimal effort and profits for a fishery
ith reduced productivity). Monthly biomass for the subsequent
onths is then determined by subtracting the modeled catch and

dding the observed “recruitment” to the fishery for that month.
he “recruitment” to the fishery is the observed change in biomass
stimated by interpolating the quarterly biomass estimates based
n the current stock assessment model (ASMFC, 2009) and adding
he observed catch from that period (see Eq. (A5) in Appendix 1).
lthough I attempt to replicate the observed recruitment for the
eriod being modeled I fix the economic conditions at 2006–2007

evels for all simulations. The rationale is to explore how optimal
ffort and profit would be affected if the fish stock and recruitment
everted to some prior observed level (e.g. July–June of 2006–2007
r 1988–1989) while economic conditions remain representative
f current conditions. I use 2006–2007 economic conditions rather
han more recent conditions that have prevailed since the down-
urn in the US economy so predictions are more relevant to a time
hen the US economy is exhibiting “normal” economic growth

ather than in recession which depresses prices.
The control variables for the optimization are the number of

essels fishing each month and the average soak time per trap each
onth. The number of trap hauls per vessel per fishing day is set

t 250.2 The number of fishing days per month is then determined
y the soak time, the trap hauls per day and the total number of
raps in the water per individual which is fixed at 800 traps (the
urrent regulatory limit). The optimization model maximizes the
bjective (either net revenues or economic profits) subject to a
onstraint that total annual catch does not exceed the observed
evel in the year for which starting biomass and recruitment are
eplicated (i.e. as if that were the regulated total allowable catch
et by regulators). Net revenues are defined as gross revenues less
osts of fuel and bait. Economic profit is calculated by subtracting
xed costs, crew share and the opportunity cost of the captain’s

abor from net revenue.
The model optimizes effort and catch over a one-year period,

unning July through June since the new recruits (called shedders)
n which the fishery is mostly based typically begin molting to
egal size and thus into the fishery some time in July. The model
tarts with the biomass of legal size lobster that was estimated to
ave been available to the fishery in July according to the stock
ssessment model for the year for which starting biomass and

ecruitment are being replicated.

The net growth of fishable biomass, independent of fishing, each
onth is then calculated by subtracting the subsequent month

ssessed biomass from the prior month biomass and adding the

2 The number of traps hauled by individual per day varies widely from under 50
o as many as 400, but 250 is a common objective. Most lobstermen tend to try to
aul about the same number of traps each day though they may adjust soak time
nd the number of days fished per month during the year.
Log(Canadian exchange rate $C per $US) (0.478) 0.149
Log(annual change GDP) 0.094 0.032
� (1st order autocorrelation) 0.547 0.057

observed catch (i.e. growth in September is equal to September
biomass minus October biomass plus September catch). This can
be thought of as the surplus production of fishable biomass. The
biomass in the simulation model is then adjusted each month
by adding the net growth of fishable biomass and subtract-
ing the simulated catch. Effectively, monthly recruitment to the
fishery and natural mortality are assumed to remain the same
as estimated by the assessment and biomass is adjusted from
the observed/assessed historical levels to reflect the difference
between the historical and simulated catch.

Vessels are modeled as homogeneous due to a lack of cost data
to differentiate costs by scale of vessel or operation. I use estimates
of average fuel use per trap haul from a 2007 survey of Maine lob-
stermen done by John Driscoll (personal communication, May 27,
2009), bait use is specified as a linear function of soak time esti-
mated from the port sampling survey, and estimates of fixed costs
are drawn from a fixed cost survey carried out by the National
Marine Fisheries Service (https://fish.nefsc.noaa.gov/fvcs/). Fixed
costs are assumed to be $35,000 per vessel – the average fixed
costs for lobster vessels under 40 feet which includes the major-
ity of vessels in the Maine lobster fishery. These fixed costs include
annual costs such as mooring fees, haul-out, maintenance, insur-
ance, etc., but they do not include depreciation or the opportunity
cost of capital tied up in the vessel. Total fixed costs are determined
by multiplying the fixed costs per vessel by the maximum number
of vessels fishing during the year (i.e. the fixed costs are incurred for
a vessel whether or not it fishes the entire year). The bait and fuel
prices used are representative of prices in the last few years. Crew
share is calculated as 20% of revenues after subtracting fuel and bait
costs. This is the common method of crew remuneration for oper-
ations with a single sternman which are the majority of the active
fleet. I set the opportunity cost of the captain’s time (when calculat-
ing economic profit) at $15 per hour which was the median hourly
wage in Maine in 2009. This is probably a low estimate of oppor-
tunity cost given that many captains are highly experienced and
skilled fishermen; however, most do not have post high school edu-
cations and, in many areas, there are few job opportunities other
than lobstering (GMRI, 2008).

Catch per vessel fishing day is determined by the selected
production function given the specified effort levels and the sim-
ulated biomass. Price is determined endogenously by the demand
model which uses the simulated catch and the actual observed US-
Canadian exchange rate, US quarterly per capital personal income,
and the percentage change in US gross domestic product from the
prior year to determine the ex-vessel price.

3. Results
3.1. Production function results

As the production function models show catchability is consid-
erably higher in the late summer and fall (controlling for fishable
biomass and other factors) (Table 1). The total numbers of traps

https://fish.nefsc.noaa.gov/fvcs/
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ig. 2. Comparisons of simulated catch per trap haul as a function of (a) total mo
evels) with Long Run (black line), Post 2000 (grey line), and Pre 1994 (dotted grey li

auled in Maine is included as a proxy for congestion. There is
necdotal and experimental evidence that there is a substantial
ongestion effect in the fishery (whereby the catch per trap is
educed by competition amongst traps in heavily fished areas –
.g. Wilson, 2007) and the significance of the monthly total trap
aul variable confirms that (Table 1).

The production function estimated with only this more recent
ata is systematically different from the function fit with the full

982–2009 time series, the “Long Run” production function, or the
roduction function estimated with data from 1982 to 1993, the
Pre 1994” production function (Table 1). The Post 2000 produc-
ion function best reflects the current fishery and how it would
e affected by changes in seasonal effort distribution in the short
trap hauls and (b) biomass (ceteris paribus with other variable set at August 1988
oduction functions.

to medium term. However, in the long-run, if the lobster biomass
declines to the levels in the 1980s or 1990s, the Long Run produc-
tion function or the Pre 1994 production function may be more
applicable.

With a translog specification, the interpretation of the individual
model coefficients is not straight forward because of the interac-
tion terms. However, it is illustrative to compare the elasticities of
catch with changes in biomass and total effort in Maine (a proxy for

congestion). Both have an important impact on the optimal annual
and seasonal levels of effort and catch. The values in Table 2 show
the percent change in catch with a one percent change in the vari-
able of interest (e.g. total trap hauls in Maine, biomass and bait per
trap) with other variables held constant at data means or at August
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ig. 3. Breakdown of total annual revenues into owner-operator profit (white), cr
imulations with varying objectives with 2006–2007 recruitment and 2006–2007 e

988 levels. Since elasticities are not constant and mean data lev-
ls differ substantially amongst the three data sets used to model
roduction, comparing elasticities at the same base data levels (e.g.
t August 1988 levels) arguably gives a more clear comparison of
he different production functions than elasticities at data means.
ig. 2 illustrates graphically how catch per trap haul varies with
otal Maine trap hauls and biomass (with other variables held con-
tant at August 1988 levels). All three production functions show
ongestion effects (e.g. elasticity is negative for total trap hauls in
aine) but the absolute value of the elasticity with the Post 2000
odel is smaller suggesting a weaker congestion effect (Table 2 and

ig. 2). Elasticity of catch to monthly biomass is positive but less
han one for all models suggesting catch rates decline as biomass
s fished down but less than proportionately (Fig. 2). However, the
lasticity is smaller for the Post 2000 model suggesting catch rates
re less affected by a decrease in biomass. These results suggest
hat the current fishery is able to absorb greater levels of effort
ith smaller congestion effects and more able to maintain catch

ates as biomass declines during the season and over years. Only
he Post 2000 model includes bait per trap, but this model indicates
n elasticity of 0.5 at mean data levels and 0.45 at August 1988 data
evels. This suggests that increasing bait use would likely increase
evenue per trap haul more than the cost of the increased bait at
urrent bait and lobster prices; however, this result is likely to hold
ver only a limited range of increase in bait use.

All three production functions show that catchability is sub-
tantially higher in the fall and lower in the winter independent
f fishable biomass; however, the seasonal peak in catchability
ppears to have moved from September in the Pre 1994 production
unction to October in the Long Run production function to Novem-

er in the Post 2000 production function. Finally, as Fig. 2 shows,
he Post 2000 production function generally predicts higher catch
er trap haul given the same levels of biomass and effort. I also esti-
ate a production function with Post 2000 data that did not include

ait to investigate whether differences with production functions
are (light grey), fixed costs (dark grey) and variable costs (diagonal stripes) from
ic conditions using the Post 2000 production function.

based on different time series of data are a result of including bait
use in the model. The Post 2000 model without bait has a poorer fit
to the data but the systematic differences relative to the production
functions with earlier or longer time series are similar or amplified
– i.e. the elasticity of catch to changes in biomass and total effort
are much smaller in absolute value than for the Long Run and Pre
1994 production functions.

The reasons for the differences in the Post 2000 and the Long
Run and Pre 1994 production functions are unclear, but anecdotal
evidence suggests that the fishery has expanded spatially as the
abundance of lobster has increased so that it can effectively absorb
more effort with less congestion. Lobstermen may also be following
the lobster more as they migrate offshore in the late fall keeping
catch rates higher. Higher overall catch rates may have enabled
fishing at times and places that would not have been economically
viable in the past. Unfortunately there is insufficient spatial data on
the fishery to explore these hypotheses rigorously. It is also possible
that technological improvements such as GPS and improved sonar
have increased the average catchability of lobster and thus catch
rates for a given level of effort and biomass.

3.2. Demand analysis results

A quite parsimonious demand model provides an excellent fit to
the data explaining 84% of the variance with all of the explanatory
variables significant at the 1% level (Table 3). As expected monthly
prices are inversely correlated with monthly Maine landings. The
intercept is higher but the elasticity is greater after 1994 reflecting
an increased share of product being exported to Canada for pro-
cessing. It appears that since the lobster is not going into the live

market (but rather is processed into frozen product) the price is
lower but more product can be absorbed with less impact on price.
As expected, prices generally increase with per capita income but
are also sensitive to economic growth. When the change in GDP
from the prior year is higher, prices are relatively higher reflecting
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he fact that lobster is a luxury good and demand tends to fall in an
conomic downturn.

.3. Bioeconomic model results 2006–2007 conditions

I begin by evaluating how effort and profit and the seasonal

istribution of catch in 2006–2007 compare to the net revenue
aximizing and profit maximizing levels. The model suggests that

he profits accruing to owner-operators (all Maine lobstering is
one by owner-operators) could have been increased by nearly 30%
ith effort set to maximize net revenues and by 36% with profit
line with circles) fleet size, effort and catch trajectories with 2006–2007 recruitment

maximizing effort (Fig. 3). There are some gains in average price
resulting from shifting some production into the winter and thus
smoothing production, but the increase in profits under the profit
maximization scenario results primarily from decreased fixed costs
associated with decreasing the fleet size.

Both net revenues maximization and profit maximization sub-

stantially decrease the fleet size and move some effort from the late
summer and fall into the winter and spring (Fig. 4). The fleet sizes
(i.e. peak number of vessels fishing in any month) that maximize net
revenue and profits are 65% and 49% of the estimated 2006–2007
fleet size respectively. However, total annual trap hauls remain
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lose to the observed level regardless of the management objective.
ith profit maximization the number of vessels fishing remains

elatively constant over the year though total trap hauls decline in
he winter as soak times increase. In both scenarios, catch remains
airly concentrated in the late summer and fall because catchability
s higher. Catch rates are higher in the fall both because of higher
nderlying catchability and because biomass (which is comprised
ostly of lobster that molted to legal size in late summer) has not

een fished down as much as it has later in the year.
The profit maximizing number of vessels fishing each month is

uite sensitive to fixed cost assumptions. Information on fixed cost
s limited and does not enable us to model the true heterogeneity
f the fleet. It is likely that many of the vessels that are smaller and
sh only in the summer and fall may have lower fixed costs than
he vessels that fish most of the year. A survey of lobstermen in
006 found that 17% of active lobstermen had earned some rev-
nue from other fisheries the prior year which could defray some
f their fixed costs (GMRI, 2008). Though the survey did not clar-
fy the sources of additional fishing revenue, it is likely that they
nclude groundfish, shrimp and scallops fished primarily in the win-
er when lobster fishing is less profitable. If fixed costs are lower
or a fraction of the fleet that fishes only in the summer and fall,
he optimal catch and effort trajectory may be closer to the net
evenue maximization scenario than the profit maximization sce-
ario which is driven by fixed costs. This is an important question to
esolve because the current number of participants in the fishery
s far greater than the optimal number suggested by this analy-

is, and reducing participation is likely to meet strong opposition
or social and political reasons – particularly in the “downeast”
northeastern) part of the state and in the islands where many com-

unities are heavily dependent on the lobster fishery and there
re few other sources of employment. As noted above, fixed costs
are (light grey), fixed costs (dark grey) and variable costs (diagonal stripes) from
conomic conditions and a management objective of economic profit maximization.

do not include the opportunity cost of capital tied up in the boats
so may cause the model to underestimate the savings associated
with reducing the fleet size and therefore overestimate the opti-
mal long-run fleet size (thus countering the potential bias that
may be caused if fixed costs for part-time vessels are overesti-
mated).

3.4. Bioeconomic model results 1988–1989 biological conditions

Next I model the fleet size and monthly effort and catch that
maximize net revenues or economic profits assuming recruitment
and biomass estimated from July 1988 to June 1989 but with the
2006–2007 economic conditions. I compare predictions using mod-
els that embed production functions estimated with different time
series of data (i.e. the Post 2000, Long Run and Pre 1994 production
functions) to evaluate the sensitivity of results to the years of data
used in estimating the production function.

The production function used has a substantial effect on sim-
ulated profit and on the optimal effort and distribution of effort
and catch over the year. Under profit maximization the models
with the Long Run or Pre 1994 production functions respectively
predict owner-operator profit equal to only 74% and 76% of the
level predicted by the Post 2000 production function model (Fig. 5).
Profit maximization for the Long Run and Pre 1994 models suggests
optimal catches and revenues substantially lower that the profit
maximizing levels identified when the Post 2000 production func-
tion is used. This is because catch per trap haul is considerably lower

with the Long Run and Pre 1994 production functions (given the
same level of biomass and effort) and because catch per trap haul
is reduced more by the decrease in biomass as the stock is fished
down during the year and by increases in total effort (Fig. 6). While
similar catches are taken in the summer it is not profitable to take as
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uch catch in the fall as would be done if the production function
emained like the Post 2000 one.

Regardless of the production function used, the profit max-
mizing fleet size, assuming 1988–1989 starting biomass and
ecruitment, is less than half the profit maximizing flee size assum-
ng 2006–2007 biological conditions and less than a quarter of the
stimated 2006–2007 fleet size. The profit maximizing fleet size is
stimated to be slightly higher with the Long Run and Pre 1994 pro-
uction function models but remains fairly constant over the year
ith all three models. Profit maximizing total annual trap hauls are

nly about one-third the 2006–2007 historical level.
With a management goal of net revenue maximization (assum-

ng 1988–1989 starting biomass and recruitment), total annual
atch is the same for the three models (constrained by the model
t the 1988–1989 catch) though revenues are slightly higher with
he Post 2000 production function model due to catches being dis-

ributed more evenly over the year (Fig. 6). The fleet size, total trap
auls and catch per trap haul, however, vary considerably with the
roduction function used (Fig. 6). Because catch per trap haul is
uch higher with the Post 2000 production function model the

ame annual catch is taken with a much smaller fleet and far lower
ulations with Long Run (black line), Post 2000 (grey line), and Pre 1994 (dotted grey
9 recruitment and 2006–2007 economic conditions and alternative management

monthly trap hauls. Both variable and fixed costs are consequently
much lower resulting in higher profit with the Post 2000 production
function model (Fig. 7). The models with the Long Run and Pre 1994
production functions suggest relatively small (20–25%) reductions
in the net revenue maximizing fleet size (relative to that required
to maximize net revenues with 2006–2007 starting biomass and
recruitment), but the model with the Post 2000 production func-
tion suggests the net revenue maximizing fleet size would be less
than half what is needed to maximize net revenue given 2006–2007
starting biomass and recruitment.

4. Discussion

Many of the coastal areas in Maine, particularly the inhabited
islands, are heavily dependent on the lobster fishery for income
and jobs. Preserving the profitability of the fishery if recruitment

declines (or input prices continue to rise faster than lobster prices)
will be critical to maintaining the economic viability of these com-
munities. However, maintaining economic viability may conflict
with objectives of maintaining participation and jobs in the fishery.
Planning for a reduction in the number of vessels and individuals



56 D.S. Holland / Fisheries Research 110 (2011) 47–58

F ew sh
s –2007
m

p
i
i
w

r
fi
a
i
i
p
l
S
i
f
w
e
f

d
i
t
o
l

v
e
p
i
c
a

ig. 7. Breakdown of total annual revenues into owner-operator profit (white), cr
imulations with alternative production functions, 1988–1989 recruitment, 2006
aximization.

articipating in the fishery and putting resources toward develop-
ng alternatives sources of income and jobs will help to reduce the
mpact of the eventual reductions in recruitment and catch if and

hen they come.
This analysis suggests that even if recent high biomass and

ecruitment levels persist, the profitability of the Maine lobster
shery could be substantially increased by reducing the fleet size
nd by shifting some effort and catch from the late summer and fall
nto the winter and spring. However, because of higher catchabil-
ty in the late summer and fall it still makes sense to concentrate
roduction in those months despite the fact that the product is of

ower quality and the concentration of landings drives down price.
ome of the loss in revenues associated with concentrated land-
ngs might also be offset by “pounding” lobsters – i.e. storing and
eeding live lobsters in enclosures and selling them at times of year
hen landings are low and prices higher. Nevertheless, an optimal

ffort and harvest schedule almost certainly involves considerably
ewer vessels.

The optimal total annual trap hauls, however, may not be much
ifferent from current levels. Although the number of vessels fish-

ng and total trap hauls in the fall would be reduced, and catch per
rap haul in the fall would increase as congestion decreased, more
f the catch would still be taken in the winter when catchability is
ow requiring high levels of effort.

Since the model only runs for one year it does not assign any
alue to leaving a greater biomass of lobsters in the water at the

nd of the year. Consequently, the analysis may overestimate the
rofit maximizing level of catch and effort since it does not take

nto account the potential gains in catch per trap haul (and reduced
ost per unit of catch) that might be realized by reducing catch
nd allowing the fishable lobster biomass available in the sub-
are (light grey), fixed costs (dark grey) and variable costs (diagonal stripes) from
economic conditions and a management objective of economic of net revenue

sequent years to grow. It also does not allow for any potential
increase in recruitment that might results from a larger mature
biomass (though such a stock–recruitment relationship has not
been demonstrated).

The simulations suggest that much greater reductions in the
fleet size will be required to optimize net revenues or profit if
recruitment falls to the levels seen prior to 1990. Depending on the
management objectives and the production function used in the
simulations, optimal fleet sizes range from 17% to 50% of the exist-
ing fleet if recruitment levels were to fall to the levels prevalent
prior to 1990.

Although reductions in fleet size and effort would be optimal
regardless of the production function used in the simulations, opti-
mal effort levels are sensitive to the production function chosen.
If changes in the production function are due mainly to technol-
ogy improvements, the production function may be little affected
by a reduction in recruitment, and the results from the model
that embeds the Post 2000 production function may more accu-
rately predict future catch rates and optimal effort levels. However,
if changes in the production function relate more to the spatial
dynamics of the lobster stock itself, the Long Run or Pre 1994 produc-
tion function may be more appropriate. In the latter case smaller
reductions in fleet size and effort may be called for than if the Post
2000 production function continues to hold due to lower catch
per trap haul, but there may also be larger decrease in profits.
Unfortunately, a unidirectional trend in catches and recruitment

over the last two decades makes it difficult to distinguish whether
changes in the production function are due to changes in the spa-
tial dynamics of the fishery or technological change, and the lack of
spatial catch and effort data makes it impossible to evaluate how
the spatial dynamics of the fishery have changed and how that
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ay have influenced the production function. To develop an under-
tanding of what is driving changes in the production function
t will likely be necessary to collect spatially explicit information
n lobster catch. However, even these data are unlikely to tell us
uch until we observe changes in the fishery such as a major

ecline in recruitment since we cannot recover these data for prior
ears.

Understanding the relationship between effort and catch is
mportant for many fisheries, not only for social and economic plan-
ing, but because many fisheries are managed indirectly with effort
ontrols rather than catch controls, and the economic performance
nd biological sustainability of the fishery depends on setting effort
evels appropriately. Models used to guide management decisions
ften assume the catch per unit effort will change in proportion to
shery biomass so that fishing mortality remains the same as long
s nominal annual effort levels remain the same. As this analysis
hows, CPUE may decline much less than biomass and the sea-
onal distribution of effort and trap soak times can also greatly
ffect the catch for a given level of licensed traps. Furthermore,
he functional relationship between effort and catch may change
ubstantially over time as a result of changes in spatial dynamics
f the fishery or with technological change.

When the relationship between regulatable inputs (e.g. licenses
r licensed traps) and catch is not well understood or is influenced
y unregulated decisions (such as when to fish, how many traps to
aul, and soak times), managing nominal fishing effort may be an

neffective means of achieving either economic or biological objec-
ives. In such cases individual quotas or cooperatives with quotas

ay have some advantages. However, in this fishery individual
uotas may still not fully control economic rent dissipation due
o congestion externalities and seasonal depletion (Holland, 2011).
nforcement might also be costly, and, at this point, individual quo-
as appear to be politically unacceptable. Removing latent effort
nd creating quarterly trap tag allocations (to control the amount
f effort over the year) would increase the ability of managers to
chieve biological and economic objectives though this might be
xpected to incentivize fishermen to use shorter than optimal soak
imes to maximize catch from their limited trap allocations.

cknowledgements

This work was done partly while I was a Research Scientist with
he Gulf of Maine Research Institute. Funding for this research from
he National Science Foundation, Coupled Natural and Human Sys-
ems Program, Award# 0709527. I would like to thank Rich Ryan
ho contributed to an early version of this model and Yong Chen,

ui-Han Chang and Carl Wilson for providing the data necessary to
stimate the production function. I would also like to thank two
nonymous reviewers and the associate editor for comments that
ed to improvements of this paper.

ppendix A. Bioeconomic model

The model maximizes either net revenue, which is gross rev-
nue less the cost of fuel and bait, or profit which is net revenue
ess fixed costs, crew share and the opportunity cost of the captain’s
abor. Gross revenue in month t is modeled as the product of total

anded catch in month t, Qt and ex-vessel price, pt, which is deter-

ined endogenously as a function of Qt and the observed economic
onditions as described by the demand function in Section 2.2 of
his paper (Eq. (2)).

evt = ptQt (A1)
rch 110 (2011) 47–58 57

The total landed catch is the product of the number of boats
fishing in month t, Boatst, the number days each boat fishes, Dayst

and the catch per boat-day, qt.

Qt = Boatst ∗ Dayst ∗ qt (A2)

The number of boats fishing each month is a control variable of
the optimization and the number of days fished is determined as
the maximum number of days the boat could fish given the trap
limit of 800 traps, a 30 day month, the numbers of traps hauled
per day which is fixed at 250, and the average soak time which is
another control variable for the optimization.

Dayst = 800 ∗ 30
soaktimet ∗ 250

(A3)

The catch per boat-day in month t, qt, is determined by
the production functions described in Section 2.1 of this paper
(Eq. (1)). Inputs to this function include the month, the number
of traps hauled (fixed at 250), the soak time (a control vari-
able), the total number of traps hauled in Maine for the month,
Ttrapst = Boatst * Dayst * 250, the bait used per trap, baitptt, the legal-
size fishable biomass, Bt, and the observed legal-size fishable
biomass in August (as estimated from the stock assessment for the
modeled period), AugBt. The bait per trap is determined by a linear
function of soak time which is estimated with the port sampling
data.

baitptt = 2.23 + 0.086 ∗ soaktimet (A4)

The legal-size fishable biomass in month t, Bt, is set at the level
estimated by the stock assessment for July (the first month of the
modeled fishing season when the new crop of lobsters in molting
into the fishery) but is determined endogenously for the following
months as

Bt = Bt−1 − Qt−1 + Rt (A5)

where Rt is the assumed recruitment of legal size lobster into
the fishery that month which is calculated by adding the actual
observed catch from that month to the observed changed in legal-
size biomass as estimated by the stock assessment.

To calculated net revenue each month, the model subtracts the
costs of fuel, Cfuelt and bait, Cbaitt. Fuel cost is the product of the
price of fuel, Pfuel, which was set at $3 per gallon for these simu-
lations, the total number of trap hauls that month, Ttrapst, and the
fuel use per trap haul estimated at 0.09 gallons per trap haul.

Cfuelt = Pfuel ∗ Ttraps ∗ 0.09 (A6)

The total cost of bait is calculated as the product of bait price,
Pbait, which is set at $0.25 per pound for these simulations, and bait
per trap, baitptt, as determined by Eq. (A4), and the total number of
trap hauls, Ttrapst.

Cbaitt = Pbait ∗ baitptt ∗ Ttrapst (A7)

Net revenue can be calculated by month as

Netrevt = Revt − Cfuelt − Cbaitt (A8)

Profits, �, can only be calculated for the entire fishing sea-
son (July–June) since fixed costs are determined by multiplying
the maximum number of boats that fished in any month,
Maxboat = max(boatst) by the fixed costs per boat set at $35,000.

To calculate profit, �, fixed costs, crew share and the opportunity
cost of captain’s labor is subtracted from net revenue. Crew share
is calculated as 20% of the gross revenue and the opportunity cost
of captains’ labor is calculated by multiplying the total boat days
fished for the year by $150 (assuming $15 per hour opportunity
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ost wage and an average 10 h day).

=
∑

t

Netrevt − 35, 000 ∗ Maxboat − 0.2 ∗
∑

t

Revt

− 150 ∗
∑

t

Boatst ∗ Dayst (A9)

The optimization model maximizes either net revenue or profit
y simultaneously optimizing the number of boats fishing and the
oak time in each month subject to the specified economic and
iological conditions, the constraint that catch not exceed observed
atch, and the functions that determine catch and costs as described
bove. As noted, simulations are run with alternative production
unctions and alternative recruitment assumptions.

eferences

tlantic States Marine Fisheries Commission (ASMFC), 2009. American Lobster Stock

Assessment Report for Peer Review. Stock Assessment Report No. 09-01 (Sup-
plement). Atlantic States Marine Fisheries Commission, Washington, DC, 366
pp.

rinkwater, K.F., Harding, G.C., Mann, K.H., Tanner, N., 1996. Temperature as a possi-
ble factor in the increased abundance of American lobster, Homarus americanus,
during the 1980s and early 1990s. Fish. Oceanogr. 5, 176–193.
rch 110 (2011) 47–58

Fogarty, M., Gendron, L., 2004. Biological reference points for American lobster
(Homarus americanus) populations: limits to exploitation and the precautionary
approach. Can. J. Fish. Aquat. Sci. 61, 1392–1403.

Grabowski, J.H., Clesceri, E.J., Baukus, A.J., Gaudette, J., Weber, M., Yund, P.O., 2010.
Use of herring bait to farm lobsters in the Gulf of Maine. PLoS ONE 5 (4), e10188,
doi:10.1371/journal.pone.0010188.

Gulf of Maine Research Institute (GMRI), 2008. Taking the Pulse of the Lobster Indus-
try: A Socioeconomic Survey of New England Lobster Fishermen. Portland, ME,
2008. http://www.gmri.org/upload/files/gmri lobster report lores.pdf.

Holland, D.S., 2011. Optimal intra-annual exploitation of the Maine lobster fishery.
Land Econ. 87 (4).

Incze, L.S., Wahle, R.A., Wolff, N., Wilson, C., Steneck, R., Annis, E., Lawton, P., Xue, H.,
Chen, Y., 2006. Early life history of lobster (Homarus americanus) populations
in the Gulf of Maine. J. Crustacean Biol. 26, 555–564.

Saila, S.B., Nixon, S.W., Oviatt, C.A., 2002. Does lobster trap bait influence the Maine
inshore trap fishery? N. Am. J. Fish. Manage. 22, 602–605.

Steneck, R.S., Wilson, C., 2001. Large-scale and long-term, spatial and temporal
patterns in demography and landings of the American lobster, Homarus ameri-
canus. Mar. Freshwater Res. 52, 1303–1319.

Thunberg, E.M., 2007. Demographic and Economic Trends in the Northeastern
United States Lobster (Homarus americanus) Fishery, 1970–2005. U.S. Depart-
ment of Commerce, Northeast Fish. Sci. Cent. Ref. Doc. 07-17; 64 pp.
fishery recruitment using a settlement index and variable growth. Bull. Mar. Sci.
74, 101–114.

Wilson, C., 2007. Manipulative Trapping Experiments in the Monhegan Island Lob-
ster Conservation Area. Progress Report on NEC Award #05-949. November 14,
2007. http://www.northeastconsortium.org/projects.shtml#recset.

http://www.gmri.org/upload/files/gmri_lobster_report_lores.pdf
http://www.northeastconsortium.org/projects.shtml%23recset

	Planning for changing productivity and catchability in the Maine lobster fishery
	Introduction
	Methods
	Production function
	Demand model
	Bioeconomic model

	Results
	Production function results
	Demand analysis results
	Bioeconomic model results 2006–2007 conditions
	Bioeconomic model results 1988–1989 biological conditions

	Discussion
	Acknowledgements
	Bioeconomic model
	References


