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Abstract

Value achieved from time spent at sea is a cediger of fishing decisions and fishing
behaviors. Value per unit effort (VPUE) is an imjamit indicator of economic performance
in itself and a useful metric within integrated ekfisheries models. A time series of Irish
first sale prices and total per trip landings val(PT) highlight heterogeneity in fish prices
and VPTs achieved by the Irish fleet spatially aechporally, as well as variability with
species targeting. This investigation compared nsotle standardize fishing trip VPUE
accounting for species targeting (métier groupingsgine power (a kW proxy for vessel
size), seasonal and annual variability, fishingpeeffand individual vessels (encompassing
variability in vessel characteristics and skippdfeas). Linear mixed effects models
incorporating random vessel effects and within-grasariance between métier groupings
performed best at describing the variability in ti@aset. All investigated factors were
important in explaining variability, and thus impamt in standardizing VPUE. Models

incorporating fishing days (days with reported ifghactivity) and engine power as separate



variables resulted in improved AIC values. Therefdishing days were considered to be the
most appropriate effort measure to generate VPUIe. dffort unit traditionally applied in

measures of per unit effort, fishing hours, perfedncomparatively poorly in relation to VPT.
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1 Introduction

Maximizing the value returned from time spent af 98 an important imperative of
commercial fishing operations, and a key drivefigifing decisions and behaviors. Value per
unit effort (VPUE) is an important indicator of emonic performance at various scales.
Variation in the first sale landings price (alsdle ex-vessel prices - Sumaila et al., 2007;
Swartz et al., 2013), can alter fisher's behaviwarchal et al., 2007; Sumaila et al., 2007).
The achievable price of a species or group of ggewill determine the level of investment
fishers are prepared to make to catch it (Pinnega., 2002), or whether they attempt to
catch it at all (Bastardie et al., 2013). Fisheraynadopt alternative strategies that are
perceived to be more profitable given species prasel predicted catch value (Marchal et al.,
2007).

Normal market drivers, i.e. supply, demand and igualetermine price at first sale
(Abernethy et al., 2010; Bastardie et al., 2018nBgar et al., 2002). Previous research into
price variability suggests that in many fisherigggs are relatively inelastic to supply and
vice versa given by weak correlations between catch volune ahieved price (Swartz et
al., 2013). Bastardie et al. (2013) also suggest ghice more strongly influences fishermen

than the prospect of large catch abundance. Fighrempneferentially target the Porcupine



Bank for largerNephrops typically caught at lower landings per unit efftPUE) because
of higher achievable market prices for the largee grades (ICES, 2013).

The apparent economic importance of price may bisaeflected in the total per trip
landings value (VPT). It is therefore importanth® able to compare the value achieved by
individual fishing trips, however, VPT may be irgluced by factors including trip duration,
species (group) caught and retained, fishing greund fishing season. Direct comparison
between trips can therefore be misleading or ingmmte. Standardizing trip values to a ‘per
unit effort’ (PUE) measure removes the influencevarfiable trip duration and takes account
of price variations. Value per unit effort (VPUEsentially incorporates economic factors
into LPUE, reflecting the fisher's objective to nraize profit. At present, discarded catch
has no economic value or cost to fishers, somethihgh is likely to change under the
upcoming implementation of the European commonefigls policy obligation to land all
catches of commercial species. Under this new atigul, fishers will be required to land the
volumes previously discarded and sold for non-hug@msumption at a nominal value (EC,
2013).

Whilst CPUE can be a good measure for variabilitystock biomass, this is only
appropriate if catchability remains constant (Gulla1983) and is not always the case
(Campbell, 2004; Harley et al., 2001). It is widalgknowledged that processes introducing
bias through varying catchability or availability ust be accounted for to ensure
proportionality between CPUE and total stock siZéis is the underlying concept of
standardizing catch rates (Campbell, 2004). Fldiina in catchability and/or availability act
to alter supply of fish. Whilst VPUE is an econongerformance rather than proxy for
abundance, changes in catchability or availabiiigy similarly alter perceptions of CPUE

and VPUE.

! A raised area ~200m deep betweenRhecupine SeabiglndRockall Trough approximately 110mi off the
west coast of Ireland.
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A variety of factors influence catchability eithdirectly or indirectly by changing the
effectiveness of fishing effort (Maunder et al.0Bpvan Oostenbrugge et al., 2002). These
factors include gear/vessel attributes such asnengower (Rijnsdorp et al., 2000) or gross
tonnage (Parente, 2004), increases in gear eftigiemough technological innovation (van
Oostenbrugge et al., 2002), age- or size-speadtiecsvity, gear saturation (Maunder et al.,
2006), and fuel prices (Tidd, 2013). Other faciadude skipper and/or crew skill (Mahévas
et al., 2011), changes in seasonal and/or spasigibadition (Campbell, 2004; Mahévas et al.,
2011; Tidd, 2013), the targeting behavior of a gegslaunder et al., 2006; Quirijns et al.,
2008; Tidd, 2013), and management-induced respdMaasnder et al., 2006; Quirijns et al.,
2008) such as quota restrictions. Whilst CPUE heenhthe primary scientific metric for
biological stock assessment, VPUE is a more cruaiatric for fishers. Fundamentally
economic factors drive the decisions and behaviaderby fishers whose primary objective
is to optimize profit (Squires, 1987; Campbell, 200

Factors affecting the effort exerted by fishers] éime way effort is measured can also
impact the PUE representation and its standardipechs (Borges et al., 2005; van
Oostenbrugge et al.,, 2002). For example, it is igm to ensure effort is accurately
enumerated when using commercial CPUE data fok stesessment otherwise it may lead to
bias or poor precision in the assessment (Tidd3R0Equally, accurate VPUE estimation
must reflect the time taken to generate the vahiained to enable comparison among trips.

There is an increasing need to take such VPUE esetnto account within integrated
management strategy evaluation models and degsipport tools which aim to evaluate the
costs and benefits of management measures. VP@ER iisput in these models, driving the
dynamics of simulated fleets, and an output, irtthgathe economic performance accruing to

fishery segments.



The aim of this study was to: a) model factorsueficing total trip values achieved in the
Irish fleet, b) produce standardized VPUESs, anthcilitate direct comparison among trips.
The analysis considers the relative influence ojeaspecies (métier groups), vessel engine
power (in kW as a proxy for vessel size), seasandmpassing changing stock availability),
annual variability, trip duration (measured usinffedent effort units), and vessel effects
which encompasses both variation in vessel charsiots and skipper effects. The analysis
generated two additional products: 1) a validaegbmstruction of the first sale prices for
species landed into Ireland (Euro per kg), and 2jme series of total first sale values

achieved per trip (VPT; Euro).

2 Materials and methods

2.1Data

The Irish fishing industry exploits a diverse rangfespecies. The fleet consist of ~400
vessels >10m primarily operating in the waters adolreland (ICES area VI and VII). Of
these, round 23 larger pelagic vessels operate tltmmWest African coast to northern
Norway. There are an additional ~650 small vesgel®m) fishing inshore waters (these
vessels are not considered in this analysis as leviop of logbooks is not compulsory for
vessels under 10m in length). The majority>@Om vessels are issued "polyvalent” national
fishing licenses. These licenses allow operatdngga degree of flexibility in terms of gear
and target species. The most widely used gearadacimid-water pair trawls for targeting
pelagic species, bottom otter trawls and beam sraavheting bottom dwelling assemblages,
and passive gears such as pots and gillnets. Bdiageries generate the greatest landing
volumes, while demersal fishing has the greatesthan of vessel involved and can achieve

higher catch values. Of particular importance, atue, are the high volumes biephrops



landed. Landings from thelOm fleet in 2011 were around 197 thousand torpsgteng to a
monetary value of approximately 222 million Euro$ist sale.

All vessels>10m in length, fishing in European waters on voygalgager than 24h must
complete a daily logbook of operations and a lagdieclaration upon return to port (EC,
1993). These records constitute the source ofnméition for this investigation. Irish logbook
data from 2004 to 2011 were made available from Itliegrated Fisheries Information
System (IFIS) database, provided by the Departroémgriculture, Food and the Marine
(DAFM). The following data were retained for eaaeshfng trip: landing date, fishing area
(ICES division or subdivision), gear type, meshesilanded weight raised to live weight
(applying standard conversion factors when notéangahole), and species declared price per
kilo.

The price achieved per kilo is linked to the préagon type (e.g. whole, gutted, filleted,
tails) of the species when landed. Prices wereeddal the estimated live weight of landings
(using the same conversion factors as above) toverthis variability. Exploratory analyses
for each species, or group (eBajiformes), identified price ranges, distribution outlieesd
the extent of missing values. The method of recagygirice appeared to change in 2008 from
average value for a species within a port, to eetmble record method known as 'sales notes'.
Under the ‘sales notes’ method, fish buyers areired to submit to DAFM the price and
guantity at first sale by species for each consigminfthis is mandated in various control and
enforcement regulations; EC, 1993; 2008a; 2009)reMdynamic price variations were
observed since 2008.

Missing prices for one or more species within p {£0,269 records representing 3% of
price records) and outlier prices (3,126; <0.5%jendled in with average prices (fill-ins).
Of these, trips containing50% species fill-ins were removed from the analydek1?2 trips)

to prevent influencing visualized medians. Tripshwess than 50% of species replaced were



retained (8,779 trips; 7% of used dataset). Thieahg algorithm was used to obtain the
most accurate average price for use when replaciaging values:
Landing date, fishing division, landing port, specID
Landing year, month, fishing division, landing p@pecies 1D
Landing year, month, fishing division, species ID
Landing year, fishing division, species ID
Landing year, species ID
Landing year, higher species aggregation
Trips associated with remaining unfilled prices evs¥moved from the analysis (58 trips).
The completed price database was used to calcthlatealue of each species landed (kg
weight x price) within a fishing trip, then summackoss species to give a total value per trip
(€). Prices were adjusted to account for inflatimer the period applying the average annual
Consumer Price Index (CPI) of Ireldrnto standardize prices to 2004 values.
Three effort measures were obtained from the logbon a per trip basis:
1. days at sea: the number of days a vessel was dbsenport;
2. fishing days: number of days where fishing operetiwere reported within a
trip; and
3. fishing hours: the time reported to have been spishing. As a quality
control, reported instances of fishing hours excep@4h were replaced with the
maximum of 24h. Such instances occurred in <2%ios.t
Each fishing trip was assigned to a métier accgrdiinclassification rules described in
Davie and Lordan (2011a) for otter trawls. Métiasesre grouped into the following "métier

groups" based on species aggregations to reducelloeemplexity: Nephrops (Neph),

2Based on FAO’s ASFIS List of Species 3alpha codst(visited 11/04/2013)

¥ Common name/group e.g. monkfistophius spp andLophius Piscatorius) and rays Raja clavata, Leucoraja
fullonica, Raja brachyura, Raja montagui, Leucoraja haevus, Amblyraja radiata, Raja undulata, Rajiformes,
Raja fyllae, Raja spp)

* CPI obtained from the Central Statistics Officdrefand: http://www.cso.ie (last visited 7/11/2014
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demersal (Dem), pelagic (Pel), slope (Slope), de¢pw(Deep), other trawl (OT). Gear
categories were used for all other gear types:tiShoseiner (SSC), beam trawl (TBB),
dredges (DRB), gilinets (Nets), pots and traps fRdonglines (Hooks). It is possible for
vessels to switch métier groups on a trip by t@gis. On average, vessels carry out fishing
trips within two métier groups per year, but thesmavary between 1 and 7.

A total of 127,067 fishing trips were availableweéen 2004 and 2011 for analysis. Table
1 gives an overview of the data. A small numbetrigls occurring early in the time series
were assigned to the Deep métier group (144 tribg),result of a declining fishery. This
métier group was excluded from the modeling praezeshie to absence of data across the
whole period. Trips (4) carried out by the singlegkest Irish vessel (having an engine size
>2500kw greater than the next largest vessel) weemmved to aid model fitting, particularly
in relation to inclusion of kilowatt effort. Compson fits with and without these trips

showed minimal change to estimated coefficients.

2.2 Modeling

The goal of modeling was to explore factors whicaynexplain variability in total per trip
landings values such as effort, year, species tiaggeand seasonal effects. As an initial
starting point a linear modelng function within the stats package; R core teani42@as
fitted to the total value achieved per trip accaumtor year, métier group, season and the
two way interactions (model statements in Table §1yas not possible to include the three
way interaction among the main effects due to & lachook observations within a small
number of combinations.

The model was expanded to include an effort vagidbl increase variation explained.
Effort was included both as a variable with a fpggameter and as an offset where the
parameter is fixed at one (Table S1). Separatetediod engine power variables and the

effort offset combination equivalents were fittedexplicitly account for vessel power as a
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proxy for variability on vessel size. The interactibetween the effort measure and engine
power was also fitted along with the equivalenseffcombinations (Table S1).

Examination of the fit diagnostics revealed ovespdrsed residuals for all models
indicated by "heavy" tails on the Q-Q plots. Conmgam of the residual distribution to a
random normal distribution showed some alignmefttioagh residuals tended to be
narrower and taller than a single normal distrimitiThe over-dispersed pattern within the
tails of the residual distribution could have résdlfrom vessel effects, suggesting some
fishers performed better than others. To test theory, a series of linear mixed effects
models (Pineheiro and Bates, 2000; Singer, 1998¢ wpplied using thalme package in R
(Pineheiro et al., 2014). The mixed effects modiews the use of both fixed and random

effects within the same analysis. The first of thesodels applied fishing days and engine

power separately with a random vessel effﬁq;v(i; Table S1). The second model replaced

the two independent variables (power and effort) #reir associated interactions with a
single 'capacity effort' variable (kilowatt fishirdays and kilowatt days at sea). In further
investigations, the mixed effects model was expdnieinclude capacity effort, and the
influence of year on vessel random effects. Nestihgandom vessel effects within métier
group was also fitted (Table S1). This allowed eéssror terms to be correlated and also
allowed correlation of métier group error terms.

These model formulations again resulted in ovepeatision of the residuals, although the

severity was reduced. Differences in the residumiances among métier groups were
investigated through (0, a,zwl.) as an alternative cause of the observed over{dispegiven
some meétier groupings contained a greater levelaoftion in VPT. From these models

(Ime.kwfd and Ime.fd; Table 2) the importance demactions were tested by comparing AIC

values of the re-fitted model with formulations ttlexcluded interaction terms. Hausman



tests were performed following Greene (2012) to ttes independence of random effects and
continuous covariates.

To further account for the persistent heavy taibsesved during model fitting, the
function heavyLme in R packageheavy (Osorio, 2014) was applied to the two best fitting
models (Table 2). This function applies a lineaxedieffects model under a heavy-tailed

distribution, essentially allowing for an underlgimixed distribution. Residual variances of

these models are given 44 — p)N(0,02) + pt,(0) wherep is the contaminating

proportion and, (0) is a zero meandistribution withv degrees of freedom.

3 Resaults

3.1Visualization
Prices at first sale for species (groups) landedhieylrish fleet vary in response to factors
including time, métier, area caught, and the lagddort. Many species show annual and
inter-annual fluctuations over the period analyzasiwell as variations among métiers and
areasNephrops, for example, show relatively stable prices in 8&reas Vlla, Vlig and Vllj
as well as Vlib within théephrops métier (Figure 1). However there were large flattins
over the earlier period from the slope métier inbylknd within métiers operating in Vlic
and VIIk, which can be linked to the Porcupine Ba&igohrops fishery. These prices became
more stable, at a reduced level after 2008. Stabéflects two aspects, establishment of this
relatively new Porcupine Bank fishery, in combioatwith the greater certainty arising from
traceable documentation associated with the intalu of sales notes. Observed reductions
in price coincide with reduced demand at the oaf#te Irish economic downturn.

Underlying trends achieved VPTs are identified baitinin and between métier groups as
illustrated by the 'métier group' box-plots of VRTatural log transformed for comparison)

(Figure 2), although individual VPTs are highly radnle. Pelagic trips achieve higher trip
10



values than other métier groups. Dredges (DRB) aatnate a distinct declining trend in trip
value and decreased trip variation. Hook trips dropalue after 2006, whilst Scottish seines
(SSC) and beam trawls (TBB) indicate small valueraases from 2004 to 2011. Other
métiers such ablephrops (Neph) and other otter trawls (Ot) appear morestaont. Several
métiers (e.g. Dem, TBB) show reduced trip valuarduthe 2009-2010 seasons, a time when
Ireland was in recession.

Seasonal patterns of métier groups are highligbtedisualizing monthly average trip
values (Figure 3). Two distinct patterns are obsgrthose demonstrating higher value trips
in summer months (e.g. Dem, SSC, and Neph), ansetmoth more valuable trips over
winter months (Slope, Pel, Pots, and Nets). Nephrops group attained higher average
values during the summer months, although seas@medtion reduced over time. Average
2011 trip values were some of the highest acrasgdéhiod. The seasonal low winter average
values continue throughout the period for Dem aedi@ore pronounced in 2010-11. Scottish
seiners follow the same seasonal pattern, 2009 ps@sounced after which average trip
values increased. Trip value of this métier did detline around 2009 as those within the
Nephrops and demersal métiers did. Beam trawl values waeriée gvariable, although a
general increase in trip value occurred in thestdtialf of 2010, and early 2011. Seasonality
is unclear within this group. Dredging (DRB) valukspped suddenly and substantially from
the start of 2006. These declines result from @=me per kilo prices of scallops in
particular. Monthly average trip values are vamalalthough slightly higher summer values
were observed.

Lower average trip values occurred within the slopétier during summer months,
particularly between 2007 and 2009. In contrashesof the highest summer trip values were
achieved in 2010 followed by particularly valualbigs at the start of 2011. The other otter

trawl métier (Ot) typically demonstrated increaséBT in winter months experienced
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particularly high values during the winter of 2009/ Average trip values achieved by the
pelagic group increased after 2005, distinguishedigparity between high value winters and
low summer values. High per kilo values for herr{2§05-2007), combined with a peak in
mackerel prices in 2007 resulted in particularlghhiVPTs in winter 2006/07. Such high
average value winter trips became less appareat 2609 in conjunction with increased
summer trip values. The pots métier attained higharage winter values. The scale of
fluctuations within the group declined after 2008hwthe deterioration in crab and whelk

prices.

3.2Modeling

3.2.1Devel opment

The initial linear model of total value achieved p& accounting for year, métier group, and
seasonal effects explained a relatively small prid@o of the variance (R= 43%, p-value
<2.2e-16, 126781 residual degrees of freedom). Al@ values (Akaike, 1974) declined
upon incorporation of an effort measure variablabl@ S1). Offsetting effort did not
improve the model fit. Of the effort measures tésfesshing effort in hours was shown to be
the lest appropriate effort measure, when comprega days and fishing days, the latter of
which produced the best fits. Lower AIC values wachieved for models in which engine
power was explicitly accounted for independenthe éffort measure than when using the
capacity effort (kW) equivalents. This occurred foodels with and without an interaction
between effort measure and engine power.

Mixed effects models applied as an alternativeingpke linear models gave better AIC
value fits to the data, particularly when vesse$ weeluded as a random effect. The Hausman
tests on the final Ime.fd model rejected the nuylpdthesis of independence between the
random effects and continuous covariates, thouglathe variances of the differences in the

12



coefficients highlight concerns with over-interpnet the test statistic. Further development
of random effects indicated comparatively minorifitprovements. The most complex of
these trials, incorporating year and kilowatt firghidays into random vessels effects, led to
the lowest AIC value. However, the degrees of foeedncreased significantly reflecting the
increased complexity of the model suggesting olterdj. Nesting of random effects, namely
vessels within métier groups, reduced the degreésedom. However, the appropriateness
of applying nesting is not certain especially gianincrease in AIC value. The presence of
over-dispersion in the residuals remained.

Shifting to an error distribution differing by métigroup had little effect on the mean
parameter estimates (unsurprising given the numbebservations). Rather, it affected their
standard errors, resulting in less conservativanesibns of uncertainty. Application of a
student t-distribution to the underlying error disiition of the liner mixed effects model
accounting for the observed heavy-tailed distrdouimproved the overall model fit, however
was computationally demanding (36h to fit).

3.2.2 Model selection

The coefficient representing effort was examinetbsg the four best performing models
(Ime.fd, Ime.kwfd, heavy.fd, and heavy.kwfd; Tald based on AIC value, degrees of
freedom, and the level of over-dispersion. Thisffoment allows for non-proportionality
between value and effort. Values deviating from anply elasticity, whereas coefficients
close to unity imply proportionality (allowing dce division of VPT by effort when
considering the other variable attributes includethe model). This coefficient varied from
1.038 to 1.171 among models (Table 2). Models sajparate fishing days and engine power
terms resulted in higher coefficients for fishingyd than those with capacity fishing days.
Effort coefficients generated from the applicatiari the contaminated distribution

(heavy.kwfd and heavy.fd) led to higher values.tii@gfse models, Ime.fd was considered the
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most appropriate for use in standardizing VPUE wuthe combination of AIC value, close
unity of effort coefficient (1.038), and computatad ease. Significance of the interactions
between variables for this model are detailed ibl&&. Individual coefficient values are
provided in supplementary information Table S2.

The Ime.fd model was applied to an average pow&eattish seine vessel (368kW)
actively fishing four days during a trip to demaasgt the variability of value per trip across
the annual and seasonal variables (Figure 4) fromehwan increase in trip value is apparent

over time.

4 Discussion

VPUE indices as derived here have a widespreadcapiph within fisheries assessment and
management, including vessel and fleet level perémce indicators. Here we discuss the
progression from data interrogation to the deroratind estimation of model standardization,
concluding with a summary of real management agfbtos of VPUE indices.

4.1 First sale price and value

This investigation presents, for the first timetime series for first sale prices and total
landings value per trip for Irish fisheries. Theotime series highlighted heterogeneity in
prices and values achieved by the lIrish fleet apjatand temporally, and also the variation
between métier groupings. Reflection of such vditghin the distribution of effort over
space and time was also observed by Bastardie (@04I3) in the Danish fleets.

Nephrops was presented here as a clear example of obsehagdyes in first sale prices.
Large sizedNephrops landed from the Porcupine Bank fishery (primaniythin ICES
divisions Vlic and VIIk; ICES, 2012) in earlier yeaconsistently achieved higher per kilo
prices than the smaller individuals of Irish Sesheries. Prices dropped in this fishery after

2008 to levels more consistent with othéephrops fisheries following reduced market
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demand at the onset of @tonomic downturncombined withan excess oNephrops in
frozen storage.

Irish pelagic species typically have comparatividwer first value prices theé most
demersal species. Howevepgelagic fisheries obtain the highest per trip valu&his
observation is consistent with the findings of $eet al. (2010) on global fisherie
developments. Sethi et gR010) noted since 1950 the species preferenttaligetedby
fishers have been those with high profit poterataibutes, i.e. those with high catch biom
or those inhabiting shallow, obtainable habitatstHe Irish conte;, the pelagic fisherie
represent the highest catch biomass. Bastet al. (2013)found that the decision to (
fishing for larger vessels, associated with peldigiets, was also highly influenced by fi
prices. These findings reiterate the importancecohomicdrivers offishing behaviors.

4.2 Modeling VPUE

A mixed effects linear maa with within-group variability (Ime.fdwaschosen as the most
appropriate model tstandardiz VPUE from fishing trip total landings values, enabli
direct comparison amonfgshing trips. Using the Cobb-Douglas Idgg functior (Cobb and
Douglas, 1928) withirthe modelallowed several variables known to impact catch ri
(fishing effort,engine power (kW)métier groupingand season, along with a year effeto
be incorporated whil&reating individual vessels as random effects. [Blg-log form has an

aspect of "constant rate of substitution”, wherd#tiiyy same revenues can be produce:

_ 5y
having 5z more fishing days anf1 less power, substituting each other at rat £z . In

this application,such substitutions are ssible,an advantage of this appro. Alternative
formulations could have been app such aghe translog form (Christenseet al., 1973)
whichis considered to be more flexible, especially inremmic applications (see Hoff, 20

for an example). Thedaed complexity was considered to be unnecessatiiapplicatior
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Several previous studies into the standardizationatch and effort data have utilized
random effects fovessel and forvessel and year interactions whilst examining fishing power
(Bishop et al. 2004; Helser et al. 2004). Randossgkeffects were explored to account for
between-vessel variability. This allows for varetiin catchability resulting from individual
characteristics between vessels not explicitly anted for elsewhere within the models.
Incorporating both vessel and year as random sff@otounts for vessel variation over time
due to increased engine power or technologicallififyaand human effects (Mahévas et al.,
2011; Marchal et al., 2007). Individual fisher merhance will differ due to varying
efficiency in "foraging behavior", and varying léseof skipper knowledge or gear
experience. More recently, Tidd (2013) includedseésandom effects to explain variance in
landings per unit effort associated with gear, geakand area effects as well as variation in
efficiency and capacity. Tidd (2013) consideredt tlgmoring vessel effects could have
produced negatively biased LPUE estimates.

This investigation tested both vessel and the acteyn between vessel and year as
random effects, along with the time spent fishifige inclusion of vessel as a random effect
within the model resulted in a large reduction ifCAimplying a large variation between
individual vessels in their ability to generate ualfrom a trip. Inclusion of vessel as a
random effect essentially incorporates a numbdaabrs which differ between vessels but
are not explicitly accounted for as parameters iwithe model, or which are not freely
available for inclusion as individual variables.i§mcludes factors such as skipper and/or
crew experience (Mahévas et al.,, 2011; Marchallet2807) and individual economic
circumstances. In addition, the random vessel eflecompasses variation in physical vessel
characteristics such as gross tonnage or breadtthvlave shown to be important in other
studies (e.g. Hoff, 2004; Parente, 2004). Herdusion of additional random effects reduced

the AIC, although the reduction was not as pronedras the inclusion of vessel. This may
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relate to the low likelihood of vessels having neally increased power or efficiency during
the relatively short time series examined.

An alternative style of modeling random effects whs nesting of variables. Several
combinations were tested, including nesting vedsgimétier group (leading to a higher AIC
value). The appropriateness of nesting is quedtiengiven the capacity of vessels to switch
between métiers from trip to trip. A crossed randeffiects analysis would be required to
account for this type of nesting. This investigatlonited métiers as fixed effects due to the
unchanging, limited number of potential métiers)(Mdhile vessels and their associated
attributes are able to change throughout the aisalygerest was in their main effects, and
not just the métier level variability.

Whilst a wide variety of vessel characteristics Idomfluence PUE measures, several
have been found to have little or no influence dHJE (Parente, 2004). This study focused
on data which are freely, and consistently avadladross the Irish fleet. In relation to vessel
characteristics, this was restricted to engine ppsl@own to be an important characteristic
by Parente (2004) and Hoff (2004). Whilst vessegth was also available, this characteristic
is highly correlated with engine power (Davie et aD14). In formulation of PUE indices,
collinearity between main effects variables shduddavoided, to reduce the risk of model
fitting becoming numerically unstable or over-fitttMaunder and Punt, 2004).

The fixed effects of the final model included yeangtier group, engine power, season
and fishing days. Year was used to account for nyidg variation in species availability
(stock size was shown to be an important descript@stimating trip value in Danish trawl
vessels; Hoff, 2004), and for annual variation irstfsale prices which would result in
variation in per trip values.

Considerable variation in VPUE was identified amangtier groups, highlighted by

between-métier variation within the residual errdhis is consistent with the results of
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previous LPUE analyses that detected significaffer¢inces in fishing power related to

targeting behaviors (Mahévas et al., 2011; Quirghsl., 2008). In this study, the greater
variance in VPUE, and larger number of negativédteds for the pelagic métier generated
much of the inflated negative tail observed in t¢iverall residual distribution. These results
may result from under-reporting of catches on frigmsequently reducing reported values
obtained. However, given the typically single speanature of pelagic fisheries (Davie and
Lordan, 2011a), variability in prices between speainay better explain these differences.
Alternatively differences in fisher behavior betwethe pelagic and other métiers could
plausibly result from differences in fishing praeti Pelagic fishers can scout, acoustically
searching for particular shoals to target (Cosgeia., 2014). Such specific targeting is not
possible in other métiers, and more time is spétht mets in the water over a greater number
of days before returning.

The incorporation, and importance, of the seaspraady quarter reflected knowapriori
seasonality within the Irish fleet, including thénter peaks in pelagic fisheries, and summer
peaks inNephrops targeting (Davie and Lordan, 2011a). In other igfsidseasonal proxies or
spatial areas were explicitly included (e.g. Malséed al. 2011). An amount of spatial
variation in fisher behavior is inherently incorpted by accounting for targeting behavior
through broad métier groups. The different ottamwtrmétier groups of pelagic, demersal,
Nephrops and slope typically cover different fishing grosn@inpublished data from VMS
data linked to métiers defined in Davie and Lorda8lla) and Gerritsen et al. (2012)).
Quirijns et al. (2008) identified only modest irrnual variations in micro-spatial indices
and concluded that bias introduced by not expjiciicounting for such micro-scale variation
in targeting would not significantly affect CPUEncluding a fine resolution spatial
dimension to this type analysis is technically gagswith availability of VMS-linked

logbook data. However, vessels often move betvpatches even during fishing trips and
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this added complexity is beyond the scope of whagbassible within a generic fleet level
study such as this.

Through model explorations fishing days were deteech to be the most appropriate
effort measure to apply when calculating Irish eaher unit effort (three effort metrics were
explored; fishing days, fishing hours, days-at-sea] their capacity equivalents; kW days,
kW hours and kW days-at-sea). Fishing days reptesba number of days on which fishing
operations were reported within logbooks. Evaluatb effort and engine power as separate
variables was found to result in better model fitan their capacity effort counterparts
(indicated by lower AIC value). The inclusion ofgame power within the model helps to
account for efficiency changes which could caugerpretation biases in long-term trends.
The effort measure coefficient was slightly lowehem effort and engine power were
included separately, a value of 1.038 compared.@d71 A coefficient value of 1 would
validate a direct division of per trip value by thkort measure given a set of modeled terms.
The coefficient values obtained here (1.038-1.1Rtyyever, imply faster than proportional
growth between aggregate value and effort. In glsiapecies scenario the effort coefficient
is an amalgamation of the price elasticity and eemb for effort in a catch model, which
should have a value less than or equal to one. g&saim catchability and biomass likely
effect the estimated coefficient but these sho@dsbmewhat mitigated by the inclusion of
year and quarter effects. The finding that the fomeht is greater than one could therefore
result from: a breakdown in the price elasticityhere price over the time period may be
governed by dynamics external to the system; orntineed fisheries aspect where price
elasticizes hold for a single species but wherdipialspecies of different prices are caught,
the aggregate has an altered effort coefficient.

Days at sea effort and capacity units are ofted useffort management regulations such

as those effected for cod recovery within the Ir'&a and West of Scotland since 2003
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(Davie and Lordan, 2011b; EC, 2002; 2003; 2004;8200The time reported actually spent
fishing (fishing hours) has traditionally been usedthe effort measure in the computation of
per unit effort, including as the standard input flee calculation of commercial catch or
landings per unit effort indices used to tune staskessments (ICES, 2012). Fishing hours
are also used as an auxiliary variable in raisiisgadds to fleet and fishery level (Allain et
al., 2003; Borges et al. 2005). Tidd (2013) usseHifig hours for nominal vessel landing rates
(LPUE) believing, as was thought here, that managgdecisions based on effort measured
in hours would provide a less crude measure whiabety relates to actual fishing activity.
Given this history we had expected fishing hoursotdperform other effort units in the
formulation of VPUE. This however was not the casgossible explanation for the poorer
performance of fishing hours in this investigatmyuld be the inaccurate recording of hours
within the logbooks. Finding fishing hours to bee thoorest effort measure in calculating
VPUE was unexpected however, the application diirig days as a more appropriate
alternative effort measure appears to be logidals lunlikely that fishers make fishing
decisions on an hourly basis, and rather moreyikglerate on a daily basis. Value is only
generated on days when fishing operations occusiradly speaking steaming days do not
generate revenue as fishing activity does not odoua broader sense however, steaming
days could be considered to generate revenue iingde alternative grounds with higher
value catches.

4.3 Conclusions

Variable fisher behavior here considered as randessel effects leads to variation in the
values and effective effort obtained between tripsld (2013) notes managers applying
effort limitation need to be aware of the varidpilin catchability among individual fishers
operating within fisheries that utilize the samackt This is especially relevant within mixed

fisheries where market conditions, fishing costsd ananagement regimes alter fisher
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targeting behavior (Quirijns et al., 2008). For mg@ment to be more effective in reducing
fishing mortality, attention should be shifted framominal effort to consider the factors
which contribute to effective effort. Properly aooting for variability in vessel
characteristics, targeting, seasonal, and areactgeffshould result in improved effort
management (Tidd, 2013).

The model developed here is empirical and cannobwatt for possible changes in
behavior of fishers beyond the main effects to Whichas been conditioned. The model
provides parameters to condition the VPT for thenidation of a VPUE index rather than
providing any predictive capability to changing heifor. Whilst the main effects of VPUE
are unlikely to change, the relationship betweenr \édnad effort may alter as vessels re-
optimize inputs in response to shifting economiespures. Such alterations may result from
differing approaches to management from the curmprdta based policy (for example,
adoption of effort-based schemes that limit fishiinge, adoption of closed areas, or marked
changes in fuel prices). However, in such cases, miodel presented could be re-run
including the change as a pre- and post- variableletermine influence on the VPUE
relationship.

Generation of standardized price at first saleue&aper trip and VPUE all have
applications as economic performance metrics withanagement plans, and as input and
output variables for large scale, integrated bioecaic fisheries models, potentially
providing measures for effort allocation and intliica of economic outcomes. Indeed, VPUE
is already in use within bio-economical modelingaadriver of fisher behavior as a proxy of
"revenue” (e.g. Tidd et al., 2012).

Future developments could generate spatially exphaps of VPUE to inform spatial
management, and allow identification of areas withimal economic impact. Such mapping

could also benefit fishers by identifying areas logh value. Such extensions could
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operationalize incentivized management systemsefgponsible fishing e.g. real time credit
system proposed by Kraak et al. (2012). Altern&fivé PUE might be viewed by managers
as an indicator of the health of an area, by traghhe profitability of fishing. Applying a

profit maximizing assumption to fisher behavior cfi@asingly acknowledged in fisher
behavior models, see van Putten et al. (2012)efcent review), could result in interpretation
of variability and fluctuations in VPUE as resugifrom changes in the underlying stock

availability.
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Figure 1.Nephrops monthly average first sale price per kilo for theripd 2004-2011 by
métier group and ICES division. Categories with imed landings across the time series

have been excluded.
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Figure 4. Changes in value per trip (VPT) overniedeled period (2004-2011) as estimated
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8 Tables

Table 1. Description of data range included withmalysis.

No. Vessels No. trips per vessel Average engine Average vessel Average Average Average
Métier group Average  Range Average Range power (kW) length (m) days at sea days fishing hours fishing
Deep 3 2-6 9 1-32 1052 33 9 7 104
Dem 146 120-172 10 1-99 282 18 3 2 41
DRB 28 16-40 28 1-146 165 16 2 1 22
Hooks 19 2-37 8 1-99 98 12 1 1 8
Neph 148 120-171 18 1-122 284 19 4 3 51
Nets 61 40-83 17 1-132 151 14 2 2 24
Ot 168 152-192 8 1-88 328 19 4 3 54
Pel 71 59-85 14 1-74 944 33 3 1 6
Pots 102 32-138 49 1-249 102 12 1 1 12
Slope 122 113-143 7 1-59 355 20 4 4 66
SSC 12 7-19 35 1-79 343 22 4 3 42
TBB 18 11-25 30 1-58 540 28 6 5 93

31



Table 2. Effort measure coefficients for the foussinrelevant models. Notation: Res. Dist. is

the type of residual distribution applied withiretmodel; Days are fishing days (In); kWfD

are kilowatt fishing days (In).

ID Model Res. Dist. Days Engine kWfD
Biv, t @iy, + @z, + A3 m; + Qaym; + As v, 5
Ime.kw + a6,ML-:Qi + BZ,ML-IH( kaDl) + & N(O, O-Mi) - - 1.047
By, + ary, + az0, + A3y, + Auym; + Asy o N(O. 52 038 0913
. , O, 1. 71 -
Imefd + gugo; + BowIn(POIN(D) + & N ()
A ) By, + ary, + az0, + A3, + Aaym; + Asy o, (1 —p)N(0,0?)
. - - 1151
cavy-KwW + om0, + Bom,In(KWFD;) + ¢ + pt, (0)
Biv, t @iy, + @z, + A3 m; + Qaym; + As v, (1 -p)N(0,0%)
heavy.fd 1.171 0.732 -

+ om0, + Bo,In(P)In(fD) + &+ pty,(0)

Table 3. Overall significance of the interactioms$vireen final model variables for value per

trip (Ime.fd) in which terms are sequentially dredpDetails numerator (hnum) and

denominator (den) degrees of freedoms, F-valugaralue.

(Intercept)

Métier

Year

Quarter

In(Effort)

In(Engine)
Métier:Year
Métier:Quarter
Year:Quarter
Métier:In(Effort)
Métier:In(Engine)
In(Effort):In(Engine)
Métier:In(Effort):In(Engine)

numDF  denDF F-value p-value
1 126043 138281.54 <.0001
10 126043 641.85 <.0001
7 126043 267.43  <.0001
3 126043 351.07 <.0001
1 126043 65334.97 <.0001
1 705 1713.28 <.0001
70 126043 31.20 <.0001
30 126043 65.17 <.0001
21 126043 31.86  <.0001
10 126043 108.30 <.0001
10 126043 41.47 <.0001
1 126043 9.50 0.0021
10 126043 34.36 <.0001
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Table S1. Summary of models fitted during development. Table details: residual distribution (Resid. Dist.), log likelihoods, degrees of freedom (DF), AIC values, and difference in AIC
to best fitting model. Notification: Each model has a log intercept, Y as year, M as métier group, Q as quarter, P as vessel engine power, effort measures: sD as sea days, fH as fishing
hours, D as fishing days, and capacity effort measures: kWsD as kilowatt sea days, kW{D as kilowatt fishing days, kW{H as kilowatt fishing hours.

ID Formula Res. Dist. LogLike df AIC AAIC
Im.Base Qyy; + A0, + A3 p; T Aaypm; T Asyg; + Xempgp T Ei N(0,02%) 2210104 143 4204949 188245.8
Im.2.1 Ay, + Az, + A3y, + Aayum; T Asyg + Ao, +1In(FD) + & N(0,02) -174544 143 349373.1 117124.0
Im.1 Ay, + A0, + Az + Aayim; T Asyio + Aoy T PLINFH) + & N(0,02) -171656 144 343600.0 111350.9
Im.1.1 Ay, + Ao, + A3, + Aaypm;, + Asypo T Aempg, +INFH) + & N(0,02) 2171656 143 343598.1 111349.0
Im.0.1 Ay, + Az, + A3y, + Aaypm; T Asyig + Asmyg +10(sDy) + & N(0,02) -170091 143 340468.0 108218.9
Im.2 Ay, + Az, + A3, + Agyom; + Asyio T Aempg, + F1In(FD;) + & N(0,02) 2166938 144 3341644 1019153
1Im.0 Ay, + Ao, + A3y + Aaypm;, + Asyio T Aempg, + F1In(sDy) + & N(0,02) -163790 144 327868.5 95619.4
Im.4.1 Ay, + Az, + A3 m; + Aayom; + Asy o + Aempg, + INKWIH;) + & N(0,02) -163485 143 327256.9  95007.8
Im.4 Ay, + Az, + A3, + Agyom + Asyio T Aempg, + P1IN(KWSH;) + & N(0,02) -156384 144 313055.8  80806.7
Im.3.1 Ay, + Ao, + A3, + Aayom; + Asypg + Aempg, +IN(kWSD;) + ¢ N(0,0?) -156363 143 313011.1  80762.0
Im.6.1 Ary, + Q20; + Ay, + Aayem, + Asyg + Aempg + In(P) +1In(sDy) + & N(0,02) -156363 143 313011.1  80762.0
Im.6.3 Ary; + Ao, + Ay, + Aayem, + Asyig + Aempg +In(P) + PIn(sDy) + ¢ N(0,02) 156242 144 312772.6  80523.5
Im.5.1 Ay, + Az, + A3y + Aayim; + Asyig + XAempg, + INKWID) + ¢ N(0,0%) -155862 143 312010.2 79761.1
Im.7.1 Ay, + Az, + A3y + Aayim; T Asypo + Xempg, +1In(P) +1In(fDy) + & N(0,0?) -155862 143 3120102 79761.1
Im.9.1 Ay, + 0, + A3, + Qayim; T Asyio T ey, T INP) In(fDy) + & N(0,02) -155862 143 3120102  79761.1
Im.7.3 Ay, + Az, + Az + Aayim; + Asyio T Aempg, + In(P) +41In(fD;) + & N(0,02) -155792 144 3118727  79623.6
Im.9.3 Ay, + Az, + Q3 + Aaypm; + Asyio T Aempg, T P In(fDy) +1In (P) + B2 In(fDiP) + & N(0,02) -155792 144 3118727  79623.6
Im.5 Ary; + Ao, + Ay, + Aayem, + Asyg + Aompg T b1 IMEKWSD) + & N(0,0?%) 2155690 144 311667.2  79418.1
Im.3 Ay, + Ao, + A3y, + Auyim, + Asyo; T Ao mpg; T B1In(kWsDy) + & N(0,02) -155287 144 310861.3 78612.2
Im.7.2 Ary; + Qa0; + Ay, + Aayem, + Asyo + Aoppg + P1In(P) + In(fD;) + & N(0,02) 154941 144 310169.4  77920.3

Im.9.2 Ay, + A0, + A3y + Aayim; T Asyio T Aompg, + IN(FDY) + BiIn (P) + B2 In(fDiPy) + & N(0,02) -154941 144 310169.4 77920.3



Table S1. Continued

Im.7
Im.6.2
Im.9
Im.6
Im.8
Im.13
Im.12
Ime.3
Ime.8
Im.11
Ime.3.1
Ime.3.2
Ime.5
Ime.9
Ime.5.1
Im.10
Ime.5.2
Ime.3.3
Ime.8.1
Ime.3.4
Ime.13.1
Ime.5.3

Ime.9.1

Ay, + Az, + A3y, t+ Qayom, T Asyio; T Aemyg T F1IN(P) + B In(fD;) + ¢

Ay, + Az, + A3y, + Auyom; + Asyo T Ao myg; T P1In(P) +1In(sD;) + ¢

Ay, + 0, + A3, + Aayom; T Asyio T Xempo, + F1In(P) In(fD) + &

iy, + A0, + A3y + Aayim; T Asyio T Xempo, T B1In(P) + B2 In(sDy) + ¢

Ay, + Az, + A3y, + Aayom; T Asyio; T Aemyo T F1In(P) In(sDy) + &

Ay, + 0, + Az, + Aayom; T Asyio T Xempo; T PryioIn(P) In(sDy) + &

Ay, + Ao, + A3y, + Aayom; + Asy0; T Aomg; T Pryion(P) In(fD;) + ¢

Biv, t ary, + @20, + A3 m, + Qy.m;, T Asy0, T Ao mpo, T BIn(kWsD;) + &

Biy, + @iy, + a0, + Q3 m; + Quym; T Asyig T Xempo, T B2In(P) In(sDy) + ¢

Biv, t Qry, + a0, + Az m, + Ay, + Asy.m, + Aeyio; T A7mp0, T BIn(P) In(sD;) + &
/31,MW[1-] + a1y, + (a2 + Bz,Mi,V[i])ln(kWSDi) t¢g

Bl,Vl- tayy, Tz, + A3y, T Agy;m; T Asyg T Ay T (a7 + ﬁz,vl—)ln(kWSDi) + &
By, t Qry, + @20, + A3 m;, + Qayom;, T Asy0, T Aempo, + BN(KWSD)) + &

Biv, t Qry, + @20, + A3 m, + Qayom; T Asyi0; T Aempo, T B2In (P)In(fD;) + &
ﬁl,Mi,V[i] + ayy,0, + (@2 + ﬁz,Mi,V[i])ln(kaDi) t &

Ay, + Ao, + A3y, + A, + Asyom, T Aeyio, + Ao, + B1IN(P) + B (fD;) + &
By, t Qry, + a0, + A3 m, + Qayom, T Asy0; T Aempo, T+ (a7 + Boy)IN(KW D) + ¢
Biy, t+ @iy, + a0, + Q3 m, + Qayom; T Asyio; T Xempo, T B2In(kWsD;) + ¢;

By, t Qry, + 20, + A3 M, + Qay.m;, T Asy0, T Aempo, T BIn(P)In(sD;) + &

Bl,Vi tayy, Tz, + A3y, T Agym; T Asyig T Ay T ﬁz,Miln(kWSDi) + &

By, t ary, + 20, + Qg m; + Qayum;, T Asyo, + Xempo; + B2m In(P)IN(SD;) + &
Biv, t Qry, + 20, + Agm, + Qayom;, T Asy0, T Aempo, + Bn(KWSD)) + &

By, t Qry, + 20, + A3 M, + Qay.m; T Asy0, T Aempo, T BAn(P)HIN(D;) + &

N(0,0?)
N(0,0?%)
N(0,0?%)
N(0,0?%)
N(0,0?%)
N(0,0?%)
N(0,0?%)
N(0,0?%)
N(0,0?%)
N(0,0%)
N(0,0?%)
N(0,0?%)
N(0,0%)
N(0,0?%)
N(0,0?%)
N(0,0%)
N(0,0?%)
N(0,0%,)
N(0,03,)
N(0,0%,)
N(0,03,)
N(0,0%,)

N(0,0%,)

-154201

-154073

-153999

-153758

-153756

-152119

-152036

-131561

-131555

-129665

-130289

-129285

-128943

-128816

-128217

-126874

-126938

-125985

-125738

-125252

-124599

-122338

-122320

145

144

146

145

146

239

239

145

147

851

40

147

145

147

40

851

147

155

157

165

187

155

157

308691.9

308434.5

308290.1

307805.5

307804.7

304716.6

304549.5

263412.3

263404.1

261031.5

260658.8

258864.9

258176.5

257925.4

256513.3

255450.3

254170.6

252279.9

251790.2

250834.9

249572.8

244986.0

244953.7

76442.8

76185.4

76041.0

75556.4

75555.5

72467.5

72300.4

31163.2

31155.0

28782.4

28409.7

26615.8

259273

25676.3

24264.2

23201.2

21921.5

20030.8

19541.1

18585.8

17323.7

12736.9

12704.6



Table S1. Continued

Ime.kwfd
Ime.fd
heavy.kwfd

heavy.fd

Brv, + avy, + @20, + @z, + Qayem; T Asyig T Xempop T B IN(KWFD;) + & N(0,0) -122017
Biv, + @iy, + @20, + A3 m; + Qaypm; + Asyio T Xempo; T B, In(P)IN(FDy) + & N(O, 013&) -121413
By, + @y, + @z, + A3 M, + Aay.m; + Asyo; T Xempo; + Bom,IN(KW D) + & (1-=p)N(0,02) + pt,(0) -116119
Biv, + ary, + @20, + A3 m; + Qaypm; + Asyio T Xempo; T B, In(P)IN(FDy) + & (1 —=p)N(0,02) + pt,(0) -115945

165

187

157

180

244363.2

243200.3

232554.5

232249.1

12114.1

10951.2

305.4

0.0



Table S2. Fixed effects coefficients from the final value per trip model (Ime.fd). The intercept represents a combination of 2004, quarter 1, and the
demersal métier group.

Value Std.Error DF t-value p-value Value Std.Error DF t-value p-value

Intercept 3.152 0.157 126043 20.034 0.000 Interactions cont.

Métier groups neph:2007 -0.040 0.026 126043 -1.497 0.134
DRB -1.509 0.258 126043 -5.859  0.000 Nets:2007 0.227 0.047 126043  4.867 0.000
Hooks 0.124 0.479 126043  0.260 0.795 0t:2007 0.011 0.030 126043 0.376 0.707
neph -0.334 0.114 126043 -2.925 0.003 Pel:2007 1.346 0.060 126043 22.533 0.000
Nets -0.666 0.184 126043 -3.613  0.000 Pots:2007 -0.028 0.032 126043 -0.874 0.382
Ot -1.085 0.122 126043 -8.903  0.000 slope:2007 -0.019 0.036 126043 -0.521 0.603
Pel -2.198 0.183 126043 -12.025 0.000 SSC:2007 0.030 0.041 126043 0.716 0.474
Pots -0.762 0.175 126043 -4.360 0.000 TBB:2007 0.409 0.034 126043 12.006 0.000
slope -0.451 0.139 126043 -3.243 0.001 DRB:2008 0.089 0.080 126043 1.108 0.268
SsC -4.200 0.649 126043 -6.469  0.000 Hooks:2008 -0.230 0.306 126043 -0.750 0.453
TBB -2.611 0.445 126043 -5.864 0.000 neph:2008 0.072 0.027 126043  2.637 0.008

Years Nets:2008 0.279 0.046 126043  6.060 0.000
2005 -0.119 0.025 126043 -4.697 0.000 0t:2008 0.086 0.032 126043  2.718 0.007
2006 -0.098 0.027 126043 -3.658 0.000 Pel:2008 1.094 0.060 126043 18.371  0.000
2007 0.016 0.026 126043  0.607 0.544 Pots:2008 0.076 0.033 126043  2.347 0.019
2008 0.000 0.026 126043  0.000 1.000 slope:2008 0.115 0.037 126043  3.123  0.002
2009 -0.108 0.025 126043 -4.270 0.000 SSC:2008 0.214 0.044 126043  4.902 0.000
2010 -0.270 0.025 126043 -10.580 0.000 TBB:2008 0.584 0.037 126043 15.666 0.000
2011 -0.034 0.026 126043 -1.316 0.188 DRB:2009 0.032 0.079 126043  0.405 0.686

Quarters Hooks:2009 -0.087 0.306 126043 -0.285 0.776
Q2 0.094 0.021 126043  4.460 0.000 neph:2009 -0.053 0.027 126043 -1.984 0.047
Q3 0.096 0.021 126043  4.522  0.000 Nets:2009 0.151 0.045 126043  3.336 0.001
Q4 0.008 0.021 126043  0.383 0.701 0t:2009 0.034 0.031 126043 1.104 0.269

In(Effort) 1.038 0.081 126043 12.856 0.000 Pel:2009 0.962 0.058 126043 16.617  0.000

In(Engine) 0.713 0.029 705 24.487 0.000 Pots:2009 0.019 0.032 126043  0.593 0.553

Interactions slope:2009 0.049 0.036 126043 1.366 0.172
DRB:2005 0.323 0.067 126043  4.852  0.000 SSC:2009 0.463 0.051 126043  9.089  0.000
Hooks:2005 -0.031 0.238 126043 -0.129 0.897 TBB:2009 0.474 0.037 126043 12.955 0.000
neph:2005 0.055 0.026 126043  2.133  0.033 DRB:2010 0.168 0.079 126043  2.125 0.034
Nets:2005 0.100 0.050 126043 1.975 0.048 Hooks:2010 -0.017 0.307 126043 -0.054 0.957
0Ot:2005 0.146 0.029 126043  4.980 0.000 neph:2010 0.024 0.027 126043 0.874 0.382
Pel:2005 1.044 0.056 126043 18.668 0.000 Nets:2010 0.152 0.046 126043  3.311 0.001
Pots:2005 0.181 0.034 126043  5.386  0.000 0Ot:2010 0.129 0.031 126043  4.155 0.000
slope:2005 0.192 0.037 126043 5.171  0.000 Pel:2010 1.039 0.059 126043 17.718 0.000
SSC:2005 0.312 0.039 126043  7.967 0.000 Pots:2010 0.151 0.032 126043 4.714 0.000
TBB:2005 0.270 0.032 126043  8.402  0.000 slope:2010 0.124 0.036 126043  3.409 0.001
DRB:2006 0.308 0.080 126043  3.849 0.000 SSC:2010 0.491 0.051 126043 9.681 0.000
Hooks:2006 0.074 0.337 126043  0.218 0.827 TBB:2010 0.656 0.037 126043 17.537 0.000
neph:2006 0.055 0.027 126043 1.992 0.046 DRB:2011 0.030 0.078 126043  0.381 0.703
Nets:2006 0.070 0.050 126043 1.408 0.159 Hooks:2011 -0.440 0.307 126043 -1.432 0.152
0t:2006 0.119 0.031 126043  3.802 0.000 neph:2011 0.026 0.028 126043  0.946 0.344
Pel:2006 1.491 0.060 126043 24.949 0.000 Nets:2011 0.128 0.047 126043  2.703  0.007
Pots:2006 -0.032 0.033 126043 -0.963 0.336 Ot:2011 0.082 0.031 126043  2.627 0.009
slope:2006 0.121 0.038 126043  3.235 0.001 Pel:2011 1.161 0.058 126043 19.881 0.000
SSC:2006 0.184 0.041 126043  4.517 0.000 Pots:2011 0.053 0.032 126043 1.625 0.104
TBB:2006 0.417 0.034 126043 12.184 0.000 slope:2011 -0.020 0.038 126043 -0.521 0.602
DRB:2007 -0.226 0.079 126043 -2.873 0.004 SSC:2011 0.527 0.049 126043 10.741 0.000
Hooks:2007 -0.254 0.305 126043 -0.832 0.405 TBB:2011 0.575 0.038 126043 15.153  0.000
DRB:Q2 0.028 0.031 126043 0.912 0.362 2009:Q4 0.015 0.022 126043  0.655 0.513
Hooks:Q2 -0.301 0.164 126043 -1.840 0.066 2010:Q04 0.197 0.022 126043  8.843  0.000
neph:Q2 0.047 0.018 126043 2.646 0.008 2011:Q4 0.192 0.023 126043 8.501 0.000
Nets:Q2 -0.105 0.027 126043 -3.823 0.000 DRB:In(Effort) -1.837 0.177 126043 -10.383  0.000
0ot:Q2 0.012 0.022 126043 0.549 0.583 Hooks:In(Effort) 0.227 0.578 126043 0.393 0.695
Pel:Q2 -0.903 0.078 126043 -11.529 0.000 neph:In(Effort) 0.028 0.098 126043 0.289 0.773
Pots:Q2 0.086 0.018 126043  4.690 0.000 Nets:In(Effort) 0.467 0.165 126043  2.822  0.005
slope:Q2 -0.097 0.024 126043 -4.121 0.000 Ot:In(Effort) 0.379 0.097 126043 3.895 0.000
ssc:Q2 0.047 0.031 126043 1.520 0.129 Pel:In(Effort) 1.399 0.254 126043  5.503  0.000
TBB:Q2 -0.100 0.024 126043 -4.112 0.000 Pots:In(Effort) 0.233 0.125 126043 1.863 0.062
DRB:Q3 -0.041 0.030 126043 -1.354 0.176 slope:In(Effort) 0.305 0.111 126043 2.741 0.006
Hooks:Q3 -0.304 0.161 126043 -1.890 0.059 SSC:In(Effort) 3.125 0.404 126043 7.737  0.000
neph:Q3 -0.123 0.018 126043 -6.906 0.000 TBB:In(Effort) -0.049 0.168 126043 -0.293 0.770
Nets:Q3 -0.340 0.028 126043 -12.234 0.000 DRB:In(Engine) 0.406 0.049 126043 8.235 0.000
0t:Q3 -0.102 0.021 126043 -4.725 0.000 Hooks:In(Engine) -0.114 0.070 126043 -1.637 0.102
Pel:Q3 -0.809 0.049 126043 -16.587 0.000 neph:In(Engine) 0.115 0.021 126043 5.442  0.000
Pots:Q3 0.102 0.018 126043 5.676 0.000 Nets:In(Engine) 0.188 0.037 126043  5.067 0.000
slope:Q3 -0.256 0.023 126043 -10.968 0.000 Ot:In(Engine) 0.260 0.023 126043 11.526 0.000
Ssc:Q3 0.110 0.031 126043  3.587 0.000 Pel:In(Engine) 0.508 0.030 126043 16.700 0.000
TBB:Q3 -0.109 0.024 126043 -4.483 0.000 Pots:In(Engine) 0.156 0.036 126043 4.283 0.000
DRB:Q4 -0.101 0.030 126043 -3.386 0.001 slope:In(Engine) 0.074 0.025 126043 2.914 0.004
Hooks:Q4 -0.238 0.168 126043 -1.416 0.157 SSC:In(Engine) 0.722 0.111 126043 6.484 0.000
neph:Q4 -0.143 0.018 126043 -7.921 0.000 TBB:In(Engine) 0.366 0.077 126043 4721  0.000
Nets:Q4 -0.432 0.031 126043 -13.901 0.000 In(Effort):In(Engine) 0.019 0.015 126043 1.336 0.182
0ot:Q4 -0.074 0.022 126043 -3.396 0.001 DRB:In(Effort):In(Engine) 0.330 0.033 126043 9.884 0.000

Pel:Q4 -0.528 0.031 126043 -16.771  0.000 Hooks:In(Effort):In(Engine) -0.050 0.111 126043 -0.447 0.655



Table S2. Continued

Value Std.Error DF t-value p-value
Interactions cont.
Pots:Q4 0.149 0.018 126043  8.082  0.000
slope:Q4 -0.167 0.023 126043 -7.233  0.000
ssc:Q4 -0.031 0.031 126043 -0.976 0.329
TBB:Q4 0.027 0.024 126043 1.137 0.256
2005:Q2 0.054 0.022 126043  2.487 0.013
2006:Q2 0.010 0.022 126043  0.462 0.644
2007:Q2 -0.075 0.021 126043 -3.546 0.000
2008:Q2 -0.175 0.021 126043 -8.323  0.000
2009:Q2 -0.127 0.021 126043 -5.964 0.000
2010:Q2 -0.030 0.021 126043 -1.436 0.151
2011:Q2 -0.082 0.021 126043 -3.893 0.000
2005:Q3 0.035 0.023 126043 1510 0.131
2006:Q3 0.061 0.023 126043  2.684 0.007
2007:Q3 0.013 0.022 126043  0.582 0.560
2008:Q3 -0.164 0.022 126043 -7.532  0.000
2009:Q3 -0.061 0.022 126043 -2.820 0.005
2010:Q3 0.092 0.021 126043  4.317 0.000
2011:Q3 0.046 0.022 126043  2.135 0.033
2005:04 0.078 0.023 126043  3.363 0.001
2006:Q4 0.053 0.023 126043  2.240 0.025
2007:Q4 0.066 0.022 126043  2.938 0.003
2008:04 -0.142 0.023 126043 -6.271  0.000

neph:In(Effort):n( -0.005  0.018 126043 -0.272  0.786
Nets:In(Effort):In(f -0.113  0.032 126043 -3.495  0.001
Ot:In(Effort):In(En; -0.113  0.017 126043 -6.503  0.000
Pel:In(Effort):In(Er -0.320  0.039 126043 -8.208  0.000
Pots:In(Effort):In(E -0.083  0.025 126043 -3.356 0.001
slope:In(Effort):In( -0.046  0.020 126043 -2.361 0.018
SSC:In(Effort):In(E1 -0.558  0.069 126043 -8.046  0.000
TBB:In(Effort):In(E 0.013  0.029 126043  0.463 0.643



