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Aggregated yield and fishing effort in multispecies
fisheries: an empirical analysis

Kai Lorenzen, Oriana Almeida, Robert Arthur, Caroline Garaway, and Sophie
Nguyen Khoa

Abstract: Many tropical fisheries are inherently of a multispecies nature, with any given type of fishing gear harvest-
ing a wide range of species. Species-aggregated relationships between fishing effort and yield or catch per unit of ef-
fort (CPUE) provide important information for the management of such fisheries, as well as insights into ecosystem-
level responses to fisheries exploitation. We used a model selection approach to study species-aggregated, yield—effort
relationships in spatially replicated, multispecies inland fisheries. Of three alternative models considered, the data
strongly supported a sigmoid functional form (Akaike weight 0.95) over the alternative, asymptotic exponential or qua-
dratic (Schaefer) models (Akaike weights 0.03 and 0.02, respectively). The sigmoid form implies the occurrence of an
inflexion point in the rising part of the yield—effort curve and no decline in aggregated yield even at the highest effort
levels observed. Aggregated CPUE declines steeply near the origin of the effort scale before stabilizing or rising to a
local maximum and then declining inversely with further increases in effort. This highly nonlinear response suggests
that extreme caution is required when interpreting aggregated CPUE as an indicator of fishing impacts on exploited
communities. Further research is required to identify the mechanisms generating the observed relationship.

Résumé : Plusieurs péches tropicales sont multispécifiques de nature et tout type d’engin de péche y récolte une
gamme étendue d’especes. Les relations pour I’ensemble des especes entre 1’effort de péche et le rendement ou les
captures par unité d’effort (CPUE) fournissent des informations importantes pour la gestion de telles péches, ainsi que
des perspectives sur les réactions écosystémiques a I’exploitation par la péche. Nous utilisons une méthodologie de
sélection de modeles afin d’étudier les relations rendement—effort pour I’ensemble des especes dans des péches inté-
rieures multispécifiques qui se répetent a I’échelle spatiale. Des trois modeles considérés, les données appuient forte-
ment le choix d’une forme fonctionnelle sigmoide (pondération d’Akaike de 0,95) plutot que des modeles de rechange
asymptotique exponentiel ou quadratique de Schaefer (poids respectifs d’Akaike de 0,03 et de 0,02). La forme sig-
moide implique I’existence d’un point d’inflexion dans la partie croissante de la courbe rendement—effort et I’absence
de déclin du rendement de I’ensemble des especes méme aux niveaux les plus élevés d’effort observés. La CPUE de
I’ensemble des especes décline abruptement pres de I'origine de 1’échelle des efforts avant de se stabiliser ou de
remonter pour atteindre un maximum local, pour ensuite diminuer en fonction inverse des augmentations subséquentes
de I’effort. Cette réaction qui est loin d’étre linéaire indique qu’il faut étre trés prudent lorsqu’on interprete la CPUE
de I’ensemble des espéces comme indicateur des impacts de la péche sur les communautés exploitées. Des recherches
supplémentaires pourraient identifier les mécanismes responsables de la relation observée.

[Traduit par la Rédaction]

Introduction

Many tropical fisheries are inherently of a multispecies
nature, with any given gear type exploiting a wide range of
species (Pauly 1979; Welcomme 1985). Species-aggregated
yield and catch per unit of effort (CPUE) are important indi-
cators of the exploitation status of such fisheries for two rea-
sons. First, aggregated yield and CPUE relate directly to the

production and socio-economic benefits derived from the
fishery. Second, they reflect, at least in part, community-
level responses to exploitation. Aggregated yield and CPUE
therefore complement indicators of structural impacts of
fishing on exploited communities and ecosystems, such as
the mean trophic level of landings, mean size of fish in the
catch, or the slope of biomass size spectra (Pauly et al.
1998; Welcomme 1999; Rochet and Trenkel 2003). Aggre-
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Fig. 1. Overview of the alternative relationships between fishing effort and (@) yield and () catch per unit of effort (CPUE): sigmoid
(heavy solid line), asymptotic (thin solid line), and quadratic (dashed line) functional form. Yield and effort are in arbitrary units.
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gated yield and CPUE have been used in several recent stud-
ies on impacts of fishing and environmental modifications
on fish communities (e.g., Lorenzen et al. 1998; Myers and
Worm 2003; Nguyen Khoa et al. 2005). However, the eco-
logical interpretation of observed patterns in aggregated
multispecies CPUE is far from straightforward, as illustrated
by the controversy surrounding Myers and Worm’s (2003)
study on the rapid apparent depletion of predatory fish com-
munities (Walters 2003; Hampton et al. 2005; Polacheck
2006).

Interpretation or prediction of aggregated yield and CPUE
responses to variation in effort requires a quantitative under-
standing of the relationship between yield or CPUE and ef-
fort. This leads to the question of whether there is a general
relationship between species-aggregated yield or CPUE and
effort that applies to a wide range of fisheries. In single spe-
cies fisheries, this role has long been effectively played by
the Schaefer and related surplus production models, assum-
ing a dome-shaped relationship between yield and effort,
and continuously declining CPUE (Hilborn and Walters
1992). The Schaefer model has also been applied to aggre-
gated yield in multispecies fisheries (e.g., Pauly 1979), but
systematic discrepancies between the model and aggregated
data have been widely noted. In particular, aggregated yield
does not tend to decline even at very high levels of fishing
effort (Pauly 1979; Marten and Polovina 1982), and CPUE
may show a local maximum at intermediate levels of effort
rather than a monotonous decline (Welcomme 1985, 1999).
Disaggregation into ecologically defined species groups
(Ralston and Polovina 1982) or transformation of variables
(Bayley 1988) are usually required for species-aggregated
data to conform to a Schaefer-type relationship. Theoretical
studies suggest that aggregated yield—effort relationships are
unlikely to follow the shape of Schaefer or similar surplus
production models unless very restrictive conditions apply,
but have not identified any general alternative models (Pope
1979; Kirkwood 1982).

Bayley (1988) provides the most extensive empirical anal-
ysis of aggregated yield—effort relationships, using compara-
tive data for a range of tropical lakes, river floodplain systems,
and lagoons. He assumes a quadratic (Schaefer) functional
form a priori, but tests different transformations (none, log,
and square-root) of both yield and effort data to obtain the

10 1

CPUE

Effort

best fit to the quadratic curve. While this approach has re-
sulted in a good statistical description of the comparative
data, it has three shortcomings. First, the a priori assumption
of a quadratic functional form imposes a strong, theoreti-
cally based constraint and effectively makes the resulting
model theoretical rather than empirical (Mangel et al. 2001).
Second, the use of transformed variables confounds error
structure and functional form and therefore obscures the
underlying relationship. Third, fitting of the model to data
from ecologically and technologically very heterogeneous
systems poses problems in terms of effort standardization
and potential confounding factors. For this reason, Bayley
(1988) called for systematic comparative studies within
more homogeneous systems.

Our study aims to further the empirical analysis of aggre-
gated yield—effort relationships by confronting alternative
functional relationships with data collected from ecologi-
cally and technologically homogeneous systems. We also
reanalyze the data for more heterogeneous systems as used
in Bayley (1988). Three candidate models are considered,
which represent the major functional forms advanced in pre-
vious conceptual or empirical studies (Fig. 1). (i) A sigmoid
model as developed conceptually by Welcomme (1985, 1999)
and supported empirically by Laé¢ (1997) for lagoon fisher-
ies. The model is asymptotic at high effort levels and has an
inflexion point in the rising section of the yield curve. Con-
sequently the CPUE curve may show a more or less pro-
nounced local maximum at intermediate effort levels and
declines only gradually at higher levels. (ii) An asymptotic
exponential model, which shows the same asymptotic behav-
iour at high effort levels, but does not have an inflexion
point in the rising section. It thus implies a monotonous de-
cline in CPUE with increasing effort. This form has been
proposed as a conceptual model by Jul-Larsen and van
Zwieten (2002). (iii) A quadratic (Schaefer) model, as often
assumed for single species stocks and used in multispecies
systems by Pauly (1979) and, with transformed variables,
Bayley (1988). While our selection of candidate models is
inspired by previous empirical and conceptual studies, none
of the models have a direct phenomenological basis. The
aim of our analysis is the identification of a robust empirical
model, rather than the testing of alternative biological hy-
potheses. Using a model selection approach based on maxi-
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mum likelihood estimation (Burnham and Anderson 2002;
Johnson and Omland 2004), we account for log-normal error
structure without distorting the functional form of the under-
lying yield—effort relationship.

Materials and methods

Data

Primary data were obtained from subsistence-oriented in-
land fisheries in the Brazilian Amazon and in Laos. In both
study areas, the majority of the rural population engages in
fishing as part of a diversified semisubsistence livelihood
strategy (Garaway 1999; Almeida 2004; Smith et al. 2005).
Primary data were collected from four independent study
systems: Amazon lakes, Lao nonstocked lakes, Lao stocked
lakes, and Lao floodplains (Table 1). Amazon lakes were lo-
cated in the floodplain of the lower Amazon and ranged in
size from 10 to 1200 ha. Their fisheries were exploited by
local communities predominantly with gill nets, cast nets,
and hook and line. The Lao lakes were much smaller than
those studied in the Amazon, covering between 1 and 20 ha
in area. Nonstocked lakes contained only native, wild stocks
and were exploited by local households on an individual ba-
sis, using mostly gill nets and cast nets. Stocked lakes con-
tained populations of exotic species maintained largely by
continued stocking, in addition to native wild fish. Exotic
species comprised Indian major carp (Labeo rohita, Cirrhinus
mrigala) and Chinese carp (Aristichthys nobilis, Hypo-
phthalmichthys molitrix), which do not reproduce naturally
in small lakes, and Nile tilapia (Oreochromis niloticus), which
established self-reproducing populations in the more eutro-
phic lakes (Arthur 2004). Only wild fish catches from the
stocked lakes were used in the current analysis. Previous
studies indicated that stocking of exotic species had no mea-
surable impact on wild fish catches, abundance, or species
composition (Lorenzen et al. 1998; Arthur 2004). Catches
and abundance of exotic species, on the other hand, were
strongly influenced by stocking and cannot therefore be in-
cluded in the analysis of multispecies yield—effort responses.
Stocked lakes were exploited on a communal basis by fish-
ing teams using gill nets and cast nets, and overall effort lev-
els were often low because of either intentional restriction or
low incentives to participate in communal harvesting (Gara-
way 1999). Lao floodplain fisheries are based on a mixture
of aquatic habitats that become interconnected during the
wet season, including rivers, floodplain lakes, and rice pad-
dies (Nguyen Khoa et al. 2005), and are exploited by a
plethora of different gears. For the purpose of this study,
wetland areas were delineated on a village basis, and catch
and effort were expressed per unit of village wetland area.

Catch and effort data were collected by means of house-
hold surveys, with the exception of stocked Lao lakes, where
catches were recorded directly by the village administration.
Household surveys based on recall of catches by respondents
are widely used to quantify catch and effort in subsistence-
oriented and recreational fisheries, where diffuse landings
make the use of conventional catch assessment surveys all
but impossible (Bayley and Petrere 1989; Cahoon et al. 1993;
SEAFDEC 2004). Recall of catches by fishers tends to be
reasonably accurate as long as recall periods are short (i.e.,
days up to one week). A comparison of catch weights esti-

Table 1. Overview of the data sets used.

Year of

Source

sampling

Data collection

Replicates Area range (ha)

Description

System

2000-2001 This study

Household surveys

20-1 125

23 lakes fished by one

Floodplain lakes in the lower

Amazon lakes

village each

Amazon

Laos

This study

1995-1997

Household surveys

1-10

11 lakes fished by three

Floodplain lakes in Laos

Lakes
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with aided recall
Direct recording of

villages
39 lakes fished by one village

(nonstocked)
Lakes (stocked)

This study

1999-2002

0.3-5.5

Wild fish catches from floodplain

catches

each

lakes in Laos also stocked with

exotic species
Floodplain area dominated by rain-

This study

1998-1999

Household surveys

3-1 400

18 aquatic habitat areas attrib-

Floodplain

with aided recall
Catch and market

uted to one village each

31 lakes

fed rice fields

Large lakes

Henderson and

1960-1975

11300 — 6 880 000

African lakes
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mated by Amazonian fishers with subsequent direct mea-
surement showed that fishers’ estimates were within 10% of
the true weight in 70% of cases and within 20% in 90% of
cases (G. Moisés, Project Mamiraua, Cx. Postal 38, 69470-
000 Tefe, AM, Brazil, personal communication). Our sur-
veys were designed with a 1-week recall period, and in Laos
visual aids such as sticks and bowls to aid recall were used
(Garaway 1999). Surveys covered two 1-week periods in the
dry and wet seasons, respectively, in the case of Amazon
lake and Lao floodplain fisheries, twelve 1-week periods
(one per month) in the case of Lao nonstocked lake fisher-
ies, and continuous village records in Lao stocked lake fish-
eries. In the Amazon and Lao lake fisheries where fishers
often had access to several local lakes, catch and effort data
were disaggregated within households and combined by
lake.

In the Lao floodplain fisheries, which were exploited by a
plethora of gears, effort was measured as hours fished with-
out reference to gear type. In the Amazon and Lao lake fish-
eries that were exploited by fewer gear types, effort
expended by different gear types was standardized as fol-
lows (Gulland 1983). The fishing power P, of gear g relative
to standard gear s was calculated as the average of the CPUE
ratio for the two gear types over all lakes i where both gears
were used:

0 et CPUE,;

n § CPUE,

The combined fishing effort E; of all gears in lake i is then
given by

(2) E,:ZE
8

Annual yield and fishing effort for each replicate were cal-
culated per unit lake area or per maximum flooded area in
the case of the floodplain study. Gear composition was unre-
lated to total fishing effort per unit area within studies. How-
ever, the gears used differed between systems, with the
Amazon lake fisheries targeting larger species, while the Lao
lake or floodplain fisheries targeted virtually the full size
range of fish present. Hence effort measures are comparable
within, but not across systems.

We also reanalysed the secondary data used in Bayley’s
(1988) study. These data were derived predominantly from
catch surveys and some market flow studies, mostly con-
ducted as part of United Nations Food and Agricultural
Organization (FAO) projects (Henderson and Welcomme
1974; Welcomme 1979; Kapetsky 1984). In all data used in
Bayley’s (1988) study, effort was expressed in terms of fishers
per square kilometre.

Analysis

Three alternative models, as described above, were fitted
to the aggregated yield—effort data. All models had three pa-
rameters, did not force the relationship through the origin,
and were written with maximum or asymptotic yield Y, as
an explicit parameter. The sigmoid model with an inflexion
point in the rising section is of the form

1337

(3)  YE) = Vi

—mx_____ .t
1+ expla(b— E)]

where Y(E) is the aggregated yield at aggregated effort level E,
Y ax 1 the maximum yield, a determines the steepness of the
curve, b is the effort level at which yield equals 50% of the as-
ymptotic yield, and € is a log-normally distributed random er-
ror. This model is asymptotic with Y(E) — 0 for E — —oo and
Y(E) = Y, for E — oo; hence Y(0) > 0. The asymptotic ex-
ponential model with monotonically declining slope is of the
form

4  YE)=Y

maxd |

—exp[-a(E-b)}+e¢

where a determines the steepness of the curve, and b is the
effort at the origin of the yield curve. The quadratic
(Schaefer) model is of the form

(S)  YE)=Ynu(1-{1-[a(E-DI}*) +e

where a is the inverse of effort at maximum yield, and b is
the effort at the origin of the yield curve.

The models were fitted using the method of maximum like-
lihood. Omitting constant terms, the minimum negative log
likelihood L for each of the candidate models j is given by

6) ln{ZIn(Y) In[M; (Ej, Yy j» @2 b)) }
i=1

where n is the number of observations, Y; is the observed
yield for replicate i, and M(E}, Y, max,j» @ b)) is the yield pre-
dicted by model M; for effort E; given the maximum likeli-
hood estimate of parameters Ymax j» @, b; (Hilborn and
Mangel 1997; Burnham and Anderson 2002) Because the
same set of models is compared on several independent data
sets, the negative log likelihood L; .ompinea Of the combined
data for each candidate model j may be calculated as the
sum of the negative log likelihoods L;; associated with the
same model in the independent systems [ (Edwards 1992):

(7) ] combined z

Note that this is the comblned L for model j given separate
parameter estimates for each of the independent systems.
The combined L thus applies to the common functional form
of the model; it does not imply that a joint set of parameters
is estimated for all systems.

Because only the differences between L; values of the data
given alternative models are of 1nterest we report likeli-
hoods as

where L, is the minimum L; among the candidate set of
models. The relative weight of evidence for each model can
be expressed by the normalized likelihood
exp(—AL))
9) W, = 371
Y exp(-AL)

k=1

which may be interpreted as the probability that model j is
the best model for the given data given the candidate set of
models. The expression given here is the Akaike weight (W)
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Table 2. Parameter estimates of the yield—effort models of Amazon lakes and Lao lakes and floodplains.

YmﬂX a b
System Model (kg-ha '-year™) (h"-ha-year) (h-ha~'-year ") n AL w
Amazon lakes Sigmoid 92 0.11 30 23 0.00 0.63
Asymptotic 2993 0.000 4 -1.4 23 1.25 0.18
Quadratic 5220 0.000 1 -1.6 23 1.24 0.19
Laos
Lakes (nonstocked) Sigmoid 199 0.002 1967 11 0.05 0.32
Asymptotic 1878 0.000 02 -15 11 0.00 0.34
Quadratic 609 0.000 05 -13 11 0.01 0.34
Lakes (stocked) Sigmoid 547 0.002 3 1630 39 0.00 0.55
Asymptotic 1087 0.000 1 =73 39 0.90 0.22
Quadratic 1012 0.000 05 -74 39 0.86 0.23
Floodplain Sigmoid 129 0.018 184 18 0.08 0.33
Asymptotic 321 0.001 1 -8.1 18 0.16 0.31
Quadratic 157 0.001 1 -7.6 18 0.00 0.36

Note: Y, .., a, and b are the model parameters; n is the number of observations; L is the negative log likelihood; and W is the Akaike weight.

Table 3. Parameter estimates of the yield—effort models of African lakes, river floodplains, and lagoons.

Yma\x a b
System Model (kg-ha '-year™) (fishers'-km?-year) (fishers-km2-year!) n AL w
African lakes Sigmoid 76 5.30 0.74 31 0.00 0.58
Asymptotic 153 0.29 0.07 31 0.70 0.29
Quadratic 155 0.11 0.07 31 1.52 0.13
River floodplains Sigmoid 99 1.04 1.97 14 0.00 0.50
Asymptotic 97 0.32 -0.22 14 0.76 0.23
Quadratic 186 0.06 -0.22 14 0.60 0.27
Lagoons Sigmoid 106 0.51 2.88 13 0.29 0.29
Asymptotic 120 0.18 -0.52 13 0.00 0.39
Quadratic 132 0.05 -1.32 13 0.19 0.32
Note: Y, .., a, and b are the model parameters; n is the number of observations; L is the negative log likelihood; and W is the Akaike weight.

(Burnham and Anderson 2002) when all alternative models
have the same number of free parameters.

Results

Akaike weights (W) favour the sigmoid model in our pri-
mary data for Amazon lakes and stocked Lao lakes and in
the secondary data for African lakes and river floodplains. In
the remaining systems, Ws are equivocal in their support for
the alternative models (Tables 2, 3). When likelihoods are
combined among systems (Table 4), Ws strongly favour the
sigmoid functional form in our primary data (W = 0.80), the
secondary data (W = 0.69), and overall (W = 0.95). Compari-
son of fitted models with data and examination of standard-
ized residuals for the sigmoid model show that the sigmoid
functional form provides a good description of all systems
(Figs. 2, 3). Note that because of use of a log-normal error
model, deviations of data from the fitted models in the yield
and CPUE plots are not the same as the actual residuals.

Empirical support for the sigmoid model points to three
regularities in the relationship between effort and aggregated
yield or CPUE. These are evident in the data and fitted mod-
els for individual systems (Figs. 2, 3), but are best demon-
strated when the fitted sigmoid models are normalized and

plotted on the same graph (Fig. 4). First, there is no evi-
dence of aggregated yield declining with effort throughout
the effort range observed in the systems under study. Sec-
ond, observed and predicted CPUE are very high near the
origin of the effort scale and decline steeply to much lower
values at moderate effort levels. This steep decline in CPUE
occurs while the overall level of exploitation is very low,
with aggregated yield less than 10% of the system potential.
Third, after the initial steep decline, aggregated CPUE tends
to rise to a more or less pronounced local maximum before
declining very gradually with increasing effort. It is also no-
ticeable that the normalized models for all systems repre-
sented in our primary data and to one system (African lakes)
represented in the secondary data show a very similar nor-
malized slope (Fig. 4). Only the relationships estimated for
the small and comparatively heterogeneous secondary data
sets on river floodplains and lagoons show substantially dif-
ferent (lower) normalized slopes. Three distinct regions may
be identified in the aggregated relationship with respect to
yield and CPUE responses (Fig. 4). In the lightly exploited
range (A in Fig. 4), yield is relatively constant, but CPUE
declines steeply with increasing effort. This is followed by a
moderately exploited range (B), where yield increases al-
most linearly with effort, while CPUE also increases slightly

© 2006 NRC Canada
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Table 4. Combined likelihood (L) and Akaike weights (W) associated with the alternative

models.

Our studies Bayley (1988) All studies combined
Model AL w AL W AL W
Sigmoid 0.00 0.82 0.00 0.69 0.00 0.95
Asymptotic 2.16 0.09 1.17 0.22 3.34 0.03
Quadratic 1.97 0.11 2.02 0.09 3.99 0.02

1339

Fig. 2. Yield, catch per unit of effort (CPUE), and standardized residuals of yield in relation to fishing effort in the Amazon lake, Lao
lake (nonstocked and stocked), and Lao floodplain fisheries. Lines indicate the fitted sigmoid (solid line), asymptotic (long dashed line),
and quadratic (short dashed line) models. Standardized residuals are given for the sigmoid model, which shows the best fit overall.
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Fig. 3. Yield, catch per unit of effort (CPUE), and standardized residuals of yield in relation to fishing effort in the African lake, river,
and lagoon fisheries data compiled by Bayley (1988). Lines indicate the fitted sigmoid (solid line), asymptotic (long dashed line), and
quadratic (short dashed line) models. Standardized residuals are given for the sigmoid model, which shows the best fit overall.
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or remains constant. Finally, in the highly exploited range
(C), yield is insensitive to effort while CPUE declines in-
versely.

Discussion

A sigmoid functional form provides a better empirical
model for the multispecies fisheries analysed than either an
asymptotic exponential or a quadratic (Schaefer) model.
This holds for both our primary studies of relatively homo-
geneous systems and the data for more heterogeneous sys-
tems first analysed by Bayley (1988). The sigmoid model
performs best overall, and in no system performs substan-
tially worse than any of the alternative models. We have thus
identified a functional form for aggregated yield—effort rela-
tionships that appears to hold some generality and is sub-
stantially different from the forms assumed or observed in
single species fisheries. Key attributes of the relationship
within the moderate-to-high effort range have been proposed
conceptually or are implicit in earlier studies (Welcomme
1985; Bayley 1988; La¢ 1997). Transformation of variables
and a priori selection of models, however, may have ob-
scured the true relationships and in particular prevented ap-

preciation of its complex behaviour at low effort levels. Our
use of a model selection approach, combined with new com-
parative data from relatively homogeneous systems, has thus
allowed us to generalize previously suggested attributes and
identify new attributes in aggregated yield—effort relation-
ships.

Our analysis assumes that fishing effort is an independent
control affecting the response variables yield and CPUE
(i.e., effort is not in turn affected by the response variables).
Dynamic effort responses to spatial variation in CPUE would
require observations to be treated as joint outcomes of un-
derlying variation in production factors that influence both
yield and effort (Walters and Martell 2004). Effort levels are
unlikely to be influenced strongly by yield or CPUE in our
studies, where fishing involved the majority of the local pop-
ulations and was carried out in a part-time, subsistence-
oriented manner. Effort per unit water area was thus deter-
mined by two factors: human population density relative to
water area and the level of effort expended by individuals.
Population density relative to water area varied widely
within study systems, as a result of settlement patterns influ-
enced mainly by agricultural land availability (agriculture
being the dominant livelihood activity in the study areas).
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Fig. 4. Normalized (@) yield and (b) catch per unit of effort
(CPUE) as a function of normalized effort in the fitted sigmoid
models for our primary data (solid lines) and the secondary data
(dashed lines). Effort has been normalized relative to the effort
at which 50% of the asymptotic yield is obtained (model param-
eter b), while yield has been normalized relative to asymptotic
yield. Also shown are the three effort regions: (A) lightly
exploited — yield is relatively constant but CPUE declines
steeply with increasing effort; (B) moderately exploited — yield
increases almost linearly with effort while CPUE remains con-
stant; (C) highly exploited — yield is insensitive to effort while
CPUE declines inversely.
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Our household surveys showed that the level of fishing ef-
fort expended, and where relevant, its allocation to different
water bodies, were influenced primarily by labour availabil-
ity, convenience of access, and local fishing restrictions
rather than CPUE (Garaway 1999; Almeida 2004). No cor-
relations were found between CPUE achieved and average
household fishing effort expended in different replicates.
While we could not directly examine determinants of effort
in the data sets previously analysed by Bayley (1988), it is
likely that once again local population density relative to
water area is the dominant factor influencing effort variation
within the study systems.

The identified relationships have direct implications for
the management of multispecies fisheries, in particular those
where aggregated yield and CPUE (as opposed to those of
only a few species) are important to management stake-
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holders. This is likely to be the case in tropical inland and
coastal fisheries, where high demand exists for a broad
range of species. Where such fisheries are highly exploited
(range C), aggregated yields will be sustained but CPUE and
thus the economic returns to fishers will decline as effort in-
creases. This implies that total yield levels may be main-
tained even in situations where low opportunity costs for
fishers (lack of alternative employment or nutrition) result in
very high levels of effort (Allison and Ellis 2001; Jul-Larsen
and van Zwieten 2002; Smith et al. 2005). Maintenance of
aggregated yield, of course, does not imply absence of
changes in ecosystem structure or functioning that may be of
conservation concern. Effort reduction within the high-effort
range will improve CPUE (i.e., returns to effort), and this
can provide incentives for regulation where alternative
opportunities exist and institutional arrangements are condu-
cive. In moderately exploited fisheries (range B), effort re-
striction will reduce aggregated yield proportionally, but not
bring increased returns (CPUE) to fishers. Incentives to re-
duce effort are thus low for all stakeholders. Reducing effort
(and yield) to very low levels within range A will always
result in a very substantial increase in CPUE, regardless of
the initial level of effort. This result is consistent with the
observation that drastic fishing restrictions such as no-take
reserves tend to increase CPUE or survey abundance sub-
stantially by a factor of three on average (Lorenzen et al.
1998; Mosquera et al. 2000). Our analysis also shows, how-
ever, that the impact of restrictions is highly nonlinear and
that more moderate effort reductions will not bring propor-
tional gains in CPUE. Finally, it is noteworthy that all sys-
tems studied included fisheries in all regions of effort (A, B,
C), with about 30% being lightly, 40% moderately, and 30%
highly exploited (excluding the stocked Lao lakes, where
effort was very restricted and 68% were lightly exploited).
Hence it should not automatically be assumed that tropical
inland fisheries are highly exploited, not that effort reduc-
tion will necessarily increase yield or CPUE. Whereas ag-
gregated yield and CPUE are unlikely to be the only
considerations in the management of multispecies fisheries,
both variables are of great interest to key stakeholders. As
such, they will be important even where conservation objec-
tives and criteria are the primary focus of management.

The highly nonlinear aggregated CPUE response to effort
variation suggests that extreme caution is required when
interpreting aggregated CPUE as an indicator of fishing im-
pacts on the exploited community. Unfortunately we do not
have sufficient data to provide more than a speculative inter-
pretation of the mechanisms underlying the observed re-
sponse. Variation in CPUE may arise from variation in stock
biomass or in catchability (the effectiveness of fishing), and
it is likely that both factors play a part in shaping the aggre-
gated CPUE—effort relationship. While constant catchability
and thus proportionality between CPUE and biomass is of-
ten assumed in stock assessments, this needs not hold true in
all fisheries or over a wide range of effort levels (Hilborn
and Walters 1992; Hampton et al. 2005; Polacheck 2006).
The steep decline in CPUE at very low fishing effort and
biomass removal is very unlikely to reflect a proportional
decline in community biomass, particularly given that a fur-
ther tenfold increase in effort and biomass removal fails to
produce any further decline in CPUE. Rather, the initial
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steep decline in CPUE is likely to reflect “hyperdepletion”:
declining catchability owing to changes in species and size
composition of the fish community and the spatial dynamics
of fish and fishers (Hilborn and Walters 1992; Walters 2003;
Hampton et al. 2005). By contrast, the relative stability of
CPUE over a wide range of higher effort levels may result
from maintenance of community biomass through succes-
sive replacement of large, slow-growing predators by smaller,
faster growing forage fish as effort increases (May et al.
1979; Duplisea et al. 1997; Pauly et al. 1998). However, a
degree of “hyperstability” (stability of CPUE despite declin-
ing biomass) may also be implicated (Hilborn and Walters
1992). The more or less notable increase in CPUE at inter-
mediate effort levels could reflect an increase in community
biomass because of release from predation pressure (a
trophic cascade), but could also be generated through a tran-
sition in the CPUE-biomass relationship from hyperdepletion
at low levels to proportionality or hyperstability at higher ef-
fort levels. Further research is required to elucidate the
mechanisms underlying the identified, apparently general re-
lationship between effort and aggregated yield or CPUE.

Even though our understanding of mechanisms remains
limited and speculative, knowledge of the aggregated CPUE-
effort relationship aids in the interpretation of observed tem-
poral trends. Rapid declines in aggregated CPUE during the
early development of multispecies fisheries, as observed by
Myers and Worm (2003), are to be expected and do not imply
that the fisheries are highly exploited. Given the overall
CPUE-—effort relationship, it also seems unlikely that such de-
clines reflect proportional declines in biomass as implied by
Myers and Worm (2003), but we cannot conclusively reject
this interpretation. It is clear, however, that substantial changes
affecting CPUE do occur at very low effort levels and may
well be ecologically important (Walters 2003; Hampton et al.
2005). Stabilization of CPUE following initial decline, again
observed by Myers and Worm (2003), is also consistent with
relationship identified here and may occur despite large in-
creases in effort and possible change in community structure
and ecosystem functioning. Overall, this suggests that aggre-
gated CPUE is not a very useful indicator of community or
ecosystem impact. Nonetheless, the mechanisms underlying
the consistently observed rapid decline in CPUE at low effort
levels require further investigation to assess their ecological
significance.
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