
INTRODUCTION

Sustainability objectives

the basic biological objective of fisheries management
is to control the amount of fish that can be caught sustain-
ably from a renewable resource – a stock or a fish commu-
nity. in this context, sustainable means that a fishery can be
carried out indefinitely without hampering the (re)produc-
tive capacity of the resource. implicitly this also means that
the productive basis of the resource, the ecosystem on
which it depends, should also remain intact. Sustainability
in fisheries is usually combined with a measure of optimi-
sation, such as maximizing the sustainable catch (e.g.
MSY), the economic revenue (e.g., MeY) or recreational
value (e.g., amount of prize sized fish), as well as a mini-
mization of the associated risk we accept that this becomes
unsustainable, for instance the risk of stock collapse, de-
creased production or decreased availability of large sized
fish. Maintaining stocks at a level that produce MSY is an
old established fishery objective in international conven-
tions. More recently, however, the ambient environment,
in the form of the so-called ecosystem Approach to Fish-
eries (eAF; garcia et al., 2003), has gained focus in the
sustainability debate and is increasingly adopted in policies.
A key feature of the ecosystem approach includes conser-
vation of the ecosystem structure and functioning. thus the
old objective of optimising certain outputs must now be
combined with minimizing the impact on the ecosystem. 

A definition of sustainability inherently includes what

we want to extract: in fisheries the desired selection of
species, amounts and sizes from a fish community. How
much can be removed, the yield, is then dependent on the
regenerative capacity of that selection set against a refer-
ence level that contains a particular sustainability criterion.
How this selection is harvested depends on the interaction
of the fished community with the fishing pattern applied,
i.e., the combination of fishing gears and their probabilities
of capture (see below). the ecosystem Approach to Fish-
eries adds another dimension to sustainability as it recog-
nises that a specific population is part of a tropho-dynamic
system, where top-down (predation, competition) and bot-
tom-up (food, production) processes shape its abundance
and demographic structure. the added sustainability crite-
rion is that the harvested selection should be taken in such
a way that the productive basis, the habitats and food on
which the resource depends, are least disrupted in order to
maintain system resilience. Combined with the objective
of conserving biodiversity this means that the natural de-
mography and community structure resulting from produc-
tion and predation processes should remain intact. 

As the amount of catch (C), or yield, is a function of
the available biomass (B) of the resource and the fishing
pressure (C=FxB), there are only two direct controls avail-
able to regulate fisheries: the amount of catch (output con-
trol), e.g. through total Allowable Catch (tAC) or bag
limits, and/or the pressure (fishing mortality) applied
(input control). Fishing mortality (F) in turn is a function
of the total units of effort, a numerical component, and
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the efficiency of each unit. the efficiency is the average
mortality rate that each unit imparts on the stock, also
called catchability (q), or likelihood that targeted compo-
nents are caught. A range of indirect controls to manipu-
late the production (stock and habitat enhancements) are
available as well, and are sometimes used in inland water
bodies (Kolding and Zwieten, 2006).

Barring methods that involve explosions, poisoning,
obstructing or removing water that affect the whole
ecosystem, all fishing methods are selective with regard
to sizes, species and habitats fished. As aquatic commu-
nities are highly size structured (Kerr and dickie, 2001),
the particular efficiencies of different gears will affect the
fish stock or fish community differently. From an ecosys-
tem point of view the combined probability of capture on
all species and sizes resulting from the overall combina-
tion of fishing methods applied, is important. this prob-
ability is called the fishing pattern. the overall fishing
mortality on a fish community is thus the fishing pattern
(how) times the number of units or fishing power (how
much). thus, the question of sustainable exploitation from
an ecosystem point of view still has two main dimensions:
how much to catch, and how to catch it, but this time it
must satisfy both the demand of optimising yield of de-
sired species and sizes and the demand of least disruption
to demography and structure of the community. Fisheries
science has conventionally focussed mainly on the how
much question from a single species perspective and the
how, or selectivity question became incidental to that. it
has been directed by two mainly size selective principles
in order to optimise production: the growth theory (let
them grow) and the propagation theory (let them spawn
at least once) (Froese, 2004), which both have a long his-
tory (Kolding and Zwieten, 2011). Selectivity, or lack of
it, has also been an important element in the bycatch dis-
cussion, where the discarding of unwanted catch, which
is mainly important in commercial fisheries, is being con-
sidered by society not only as wasteful but as unethical
(garcia et al., 2003). thus, protecting juveniles, and
avoiding bycatch has been a cornerstone in conventional
fisheries management, to the point where unselective (in-
discriminate) harvesting methods almost by default have
been considered unsustainable (Kolding and Zwieten,
2011). However, over the past two decades a range of po-
tential problems have gradually emerged that all appear
to emanate from our selective harvesting of fish commu-
nities. Firstly, selective fishing on large adults does not
always increase yields. on the contrary, from a commu-
nity perspective size-at-entry fishing lowers potential
yields (Conover and Munch, 2002; garcia et al., 2012;
law et al., 2012, 2013) and secondly it has unintended
ecological side effects. targeted removal of large adult
fish will result in earlier maturation and decreased adult
body size (law, 2000; Conover and Munch, 2002; Jør-

gensen et al., 2007; Sharpe and Hendry, 2009; Van wijk
et al., 2013), with unknown evolutionary consequences.
demographic size truncation can result in increased pop-
ulation fluctuations (Anderson et al., 2008; Hsieh et al.,
2010) and decreased population fecundity and resilience
towards collapse (Pikitch et al., 2012). At the community
level, selective fishing disturbs the trophic and demo-
graphic structure with cascading effects on the ecosystem
(Rice and gislason, 1996; Blanchard et al., 2005; Bundy
et al., 2005; daan et al., 2005; guénette and gascuel,
2012). lastly the strong focus on selectivity has led to a
range of regulatory induced bycatch and discarding issues
(Kelleher, 2005; diamond and Beukers-Stewart, 2011).
Selectivity regulations are also creating governance prob-
lems. For small-scale freshwater fisheries in tropical re-
gions the ubiquitous size- and gear limitations lead to
never ending fights between managers and fishers over
issues of catching undersized, immature and illegal fish
(Misund et al., 2002; Kolding and Zwieten, 2011). the
new ecosystem approach to management, with its demand
to keep the ecosystem structure intact places selectivity
issues, how to fish, at the centre of our concerns again. 

Stability and resilience

Freshwater fisheries that mostly operate in fluctuating,
climate driven environments point to another issue that is
not well captured in classic single-species, steady state
thinking about sustainability. these fisheries are adapted to
continuous, seasonal and longer term, changes in fish com-
munities as a result of fluctuating environmental forcing,
and in regions where yield (food) is more important than
commercial or recreational value they have a tendency to
focus on the more productive parts of a fish community.
Freshwater ecosystems are among the most diverse ecosys-
tems in the world ranging from huge to diminutive and
from relatively stable to highly unstable (sometimes
ephemeral). the relative importance of top down (preda-
tion, fishing) versus bottom-up (nutrients, production) driv-
ers will in general depend on the stability of an ecosystem
and the resilience of its components (Kolding and Zwieten,
2006). thus, the capacity of a fish community to persist
under stressors such as fishing, predation or environmental
forcing is theoretically associated with these two concepts.
Because of their time-dependency any measure of stability
and resilience should be viewed in relation to the life span
and the speed of regeneration of species and sizes in a fish
community: the mortality rate or the biological turnover
rate (intrinsic growth rate r, or P/B ratio). what determines
stability and resilience therefore depends on the configura-
tion and combination of the ambient stress pattern (contin-
uous selective or discrete non-selective mortality), and the
trade-off between the advantages of being big and compet-
itive and the probability of dying before reaching reproduc-
tive age (i.e., the trade-off between growth and
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134 J. Kolding and P.A.M. van Zwieten

reproduction). Kolding and van Zwieten (2006) condensed
these ecological concepts and processes into two main cat-
egories where the relative stability of the environment de-
termines the prevailing mortality pattern and hence shape
the resilience of its inhabitants to such stressors: 
i) Unstable environments with discrete, density inde-

pendent, non-predictive, non-selective mortality in-
duced by physical changes and abiotic drivers. 

ii) Stable environments with continuous, density-depen-
dent, predictive, and size-selective mortality (mainly
on juveniles) induced by the biotic community as pre-
dation. 
while the two categories represent extremes on a gra-

dient, (in)stability must be seen in relation to the mean
generation time of populations. thus, even for the unsta-
ble environment there are two basic life-history strategies;
either follow the fluctuations (boom- and -bust ephemeral
species), or endure the disturbances (long-lived resistant
species). For the latter, the environment may no longer be
unstable, only periodic (winemiller and Rose, 1992;
Kolding, 1994). A range of climatic, morphologic and
edaphic factors correlate with freshwater productivity, but
the hydrodynamic regime – particularly in tropical sys-
tems - play a significant role in the injection and re-sus-
pension of nutrients, and thus has a strong influence on
the dynamics of biological communities and productivity
(Ryder et al. , 1974; Kolding and Zwieten, 2006). thus,
by examining different time scales of water level fluctu-
ations, freshwater environments can be ordered in terms
of system stability (Jul-larsen et al. , 2003).

to capture these processes, Kolding and Zwieten
(2012) proposed to use a Relative lake level Fluctuation
(RllF) index, defined as lake level oscillations over sea-
sonal or inter-annual time scaled by the mean depth of the
system, as an indicator and a proxy for environmental sta-
bility and bottom up productivity. in terms of sustainability,
RllF showed a clear positive relationship with productiv-
ity, and system resilience, and a negative relationship with
system size and diversity. this physical (hydrological)
based continuum has strong associations with the biologi-
cally based r-K continuum (Pianka, 1970), but this time
with an explicit explanatory variable, the prevailing size-
selective mortality pattern (Kolding, 1993): from non-se-
lective and density independent (r-selection), to juvenile
size-selective and density dependent (K-selection). Fishing
is also selective mortality and the pattern is mostly opposite
to K-selection. in fact the various symptoms of adult size-
selection described earlier all indicate that fisheries tend to
induce r-selection on the communities they exploit. 

The optimal exploitation pattern

So, what is an optimal and sustainable fishing pattern
from a dynamic freshwater ecosystem perspective? From
the arguments above it follows that different communities

have adapted to different environments, each with their
own specific mortality (survival) pattern, and that size-se-
lective mortality (where size is a function of stability as it
takes time to grow) plays a big role in this adjustment
(Kolding, 1993). Selective removal by fishing must there-
fore also have an effect in the long run, as we now see
emergent signs of. Conversely, a fishing mortality that
closely emulates the natural mortality pattern should the-
oretically induce the least demographic changes. So the
question is: can we create a fishing pattern where natural
mortality is simply replaced by fishing mortality to pro-
duce high sustainable yields? in the remainder of this
paper we will show that a fishing pattern that distributes
a moderate mortality across the widest possible range of
species and sizes in an ecosystem in proportion to their
biological production, so-called balanced harvesting
(garcia et al., 2012), will satisfy both fishery objectives
and conservation objectives. Such a fishing pattern can
only be obtained by fishing with a varied balanced multi-
tude of different fishing methods, adaptable to the specific
hydrodynamic regime of an ecosystem. Many freshwater
fisheries, in particular in the developed world are gradu-
ally transforming into recreational fisheries, but where the
two fisheries still co-exists there are often mutual conflicts
based on different objectives (high yield versus trophy
specimens). An additional bonus of balanced harvest is
that a sports fishery on prize sized specimen of fish are
completely reconcilable with commercial harvests if the
former are organised as catch and release fisheries and the
latter have maximum size limits instead of minimum
(gwinn et al., 2013). Supported by recent theoretical de-
velopments, we will illustrate these principles with em-
pirical examples from African freshwater fisheries, which
appear to have evolved closely towards balanced harvest-
ing. From this we will propose a framework of indicators
to analyse sustainable, high yielding fishing patterns in
fluctuating environments.

Balanced harvesting: theory and application

Recent work on a range of multispecies fisheries,
ecosystem and size-spectrum models suggest that fishing
patterns operating with a moderate mortality in proportion
to biological production, and spread across a wide range of
sizes on all fish in a community, maximise yield while con-
serving biodiversity and size structure better than conven-
tional selective removal based on single species
optimisation of yield (Bundy et al., 2005; Zhou et al., 2010;
garcia et al., 2012; law et al., 2012, 2013). Size-spectrum
models in particular give rise to a different view on ecosys-
tem and community perturbations due to fishing. Results
from these models will be used here to derive a framework
of analysis of the sustainability of fished communities in
freshwaters. As the results from these models are so diverg-
ing from traditional single species fisheries models, as for
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instance the widely applied yield-per-recruit (YpR) models
(Beverton and Holt, 1957), a short description is required.
Size-spectrum models have their root in the observation
that total biomass per unit volume in aquatic ecosystems in
logarithmically-scaled bins of body mass is roughly equal
(Sheldon et al., 1972; Kerr and dickie, 2001), which results
in a strongly size structured biomass distribution with a uni-
form slope across the log-transformed biomass-size spec-
trum. this typical demographic structure of aquatic
communities, comes about as virtually all organisms start
ontogeny as tiny larvae, act in their early life as prey for
larger predators and grow through a range of trophic levels
during their development until adulthood (Jennings et al.,
2001). Unlike terrestrial ecosystems, there are usually nei-
ther large herbivores nor large plants in open aquatic envi-
ronments as most primary production must start in the
narrow euphotic surface layer with no foothold and strong
turbulence, which require miniscule body sizes to persist.
the aquatic food chain must therefore, in general, begin at
the microscopic phytoplankton level and most organisms
must run the gauntlet of predation while growing to adult
size. this, perhaps, can explain the very high fecundity of
many aquatic organisms compared to terrestrial equiva-
lents. However, the steady loss of mass due to assimilation
efficiencies of around 20-25%, will - on a logarithmic scale

- result in the typical triangular shaped biomass-size distri-
bution (Fig. 1).

Size-spectrum models keep track of biomass changes
in an ecosystem by explicitly linking growth and mortality
through predation. thus fish grow dependent on how
much they eat, while most fish die because they are eaten.
the flow of biomass from small to large organisms is in-
ternally accounted for through the feedbacks between
growth and available food, between assimilated food and
reproduction, and between mortality and predation. the
typical triangular biomass-size structure of aquatic com-
munities emerges from these feedback and dissipation
processes, while changes in diet and mortality captured
through this internal accounting result in changes in the
size structure. this is a fundamentally different approach
than single species YpR models where two independent
external growth and decay functions (usually according
to a von Bertalanffy growth equation and a negative ex-
ponential mortality function) determine the rates of
change in biomass. in these models there is no accounting
for food, which is assumed present and for free. As a re-
sult of this free lunch assumption, the general recommen-
dation from YpR models to optimise yield is to delay
fishing mortality (by regulating size-at-entry) until the
balance between mortality and growth has peaked. How-

Fig. 1. A dynamic size spectrum model for abundance as a function of body size, over the course of time t in a fish community feeding
on itself and on plankton delivered by a static producer spectrum. 
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ever, when accounting for food and assimilation loss (it
takes approximately 4-5 kg of prey to produce 1 kg pred-
ator), the size-based models shifts the whole focus to the
more productive areas of the ecosystem, which are gen-
erated at lower trophic levels and smaller/younger indi-
viduals in a population or community (Fig. 1). then a
delayed size-at entry fishing does not produce the highest
sustainable yields in contrast to fishing patterns targeting
juveniles and protecting large mature adults, where a truly
balanced harvesting pattern produces the highest sustain-
able yields (law et al., 2012). Apart from the criterion of
sustainable yield law et al. (2012) evaluated the impact
of different fishing patterns on two additional criteria: i)
the resilience of a system to disturbances and ii) the dis-
ruption of the natural size structure of system caused by
exploitation. Again resilience and disruption deviated
most at conventional size-at-entry fishing with minimum
size limits, while the greatest resilience to disturbances
and least disruption of the size structure were obtained by
a balanced harvesting pattern. A size based framework of
analysing fisheries derived from similar physiologically
structured, size-spectrum models is also proposed by oth-
ers (Andersen and Beyer, 2006; Andersen et al., 2009).
we will now describe some empirical examples of fresh-
water fisheries that seem to be close to balanced harvest-
ing principles.

EMPIRICAL CASE STUDIES
OF BALANCED HARVEST

All fishing gears are size and species selective and are
deployed in particular habitats or seasons. A harvest that
is targeting all components over a large size-range can
therefore only be achieved by a range of different gears
that are flexibly used in time and space over available
habitats. while very few fish communities are fished un-
selectively or in balance with their biological production
the actual impact of non-selective illegal gear has been
studied in some small scale inland fisheries in Africa (Jul-
larsen et al., 2003), which in practice are largely unreg-
ulated due to lack of enforcement. in most African
artisanal fisheries, small fish is often preferred due to
availability, ease of preservation, transport, preparation
and taste. in these fisheries fishing patterns appear to con-
verge towards the available biomass in the fish commu-
nity rather than selecting for species or size. Fisheries in
lake Volta, ghana, highlight the flexible effort dynamics
required to potentially achieve such fishing patterns (Zwi-
eten et al., 2011). the traditional Bangweulu swamps
fishery in northern Zambia has customized a fishing pat-
tern that largely reflects the regenerative processes of the
fish community and therefore appears to be in ecological
balance (Kolding et al., 2003b). lastly we will use the ex-

Fig. 2. Seasonality in gear use on lake Volta. gears: light grey, used; black, best period; white, not used. Periods of receding (white)
and rising (dark grey) water levels are indicated. After Zwieten et al. (2011).
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amples of lake Kariba and lake Mweru to show how
yields increase when shifting to the small sized part of the
community and in doing so will bring the harvested com-
munity to a similar structure as a non-harvested situation
(Kolding et al., 2003a; Zwieten et al., 2003). 

Volta

lake Volta in ghana is a huge reservoir of around 8500
km2 created in 1964. while effort and landings statistics are
sketchy, the lake supports around 100,000 fishers producing
up to 250,000 tonnes per year (Zwieten et al., 2011).
Around 74 out of 121 recorded species are important in the
fishery (dankwa et al., 1999). the abundance and compo-
sition of the fish community is dependent on the seasonal
and inter-annual water inflow. each year between 155 and
1800 km2 of land is temporarily inundated by rising waters,
creating vast new habitats for fish. As the inflowing waters
are relatively low in nutrients, the seasonal flooding of large
tracts of land, that are grazed or cultivated during the dry
season, most likely explains the high and variable annual
productivity of the reservoir (Zwieten et al., 2011). Fishers
around lake Volta have, over the past 50 years, developed
a highly diverse array of at least twenty-seven different
types of fishing gear to harvest this production (for a full
description see van Zwieten et al., 2011). the median daily
catch rate of all gears was 25 kg.boat–1, but varied between
gears from 6 to 82 kg.boat–1, values typical for small scale
freshwater fisheries with limited technological develop-
ment. the annual catch of a canoe is on average about 7.5
tonnes·year–1. with two or three fishers per boat this gives
an average catch of 2.5-3.8 tonnes·fisher–1·year–1, which is
in the same range of remarkably consistent values among
other African freshwater fisheries (Jul-larsen et al., 2003;
Kolding and Zwieten, 2006; Zwieten et al., 2011).

gear regulations are heavily influenced by the former
colonial administration and motivated by conventional
fisheries theory, but not well enforced and include: i) a
minimum legal mesh size in traps and nets of 50 mm
stretched for multifilament and 75 mm for monofilament;
ii) banning of any active towed or moving gear like seine
nets, lift nets and trawls, as well as drive fishing; and iii)
a number of specific gears that are deemed too efficient
or target egg bearing life-stages of fish. thus, the majority
of fishing gears in lake Volta are technically illegal but
regulations are ignored by fishers.

Most gears are used seasonally over different periods
of the flood cycle (Fig. 2), as well as in different habitats.
All of them catch a range from at least 9 up to 56 species.
lake level fluctuations affect the spatial and temporal al-
location of effort, and fishers frequently shift between
gears and different habitats in the course of a year. As the

surface area of the reservoir decreases during drawdowns,
the fish migrate to deeper waters, creating concentrations
of fish assemblages requiring specific pelagic and dem-
ersal fishing methods. Rising water levels provide oppor-
tunities for floodplain fish species to spawn in the
submerged vegetation, as well as food and shelter for
those species that prefer shallow water, requiring other,
shallow water, fishing methods. each gear appears to have
a distinct trophic signature (tS) that ranges between 2 and
4.5 (Fig. 3). Furthermore each gear targets a specific
length range: most fish caught are between 4 and 35 cm.
Fishers with different fishing gears are behaving like
niche separating predators, each with their own speciality
to capture preferential prey. the result of such niche por-
tioning, resulting from strong competition and vast and
variable seasonal changes in fishable habitat, could be an
overall ideal free distribution of fishing pressure on vir-
tually all available resources over different seasons.

Bangweulu 

Fishing in the vast oligotrophic Bangweulu floodplain
and swamps in northern Zambia is the single most im-
portant economic activity in the area, and the fishery is
the second most important in the country. the ecosystem
and the fishery are highly dependent on the seasonal and
inter-annual wax and wane of the water levels, causing
large areas of floodplains to be temporarily inundated.
the amount of rain is the main environmental driver, and
good fishing years are preceded by years of high precipi-
tation. in this unstable habitat, most fish species are small,
hardy, fast growing and with a high biological turnover.
A stock assessment performed 15 years ago found no in-
dications of biological overfishing (Kolding et al., 2003b).
the local fishing methods, which have not changed much
in the recorded history (Brelsford, 1946), are adapted to
catch a high variety of predominantly small fish in a range
of shifting habitats. the fishery consists of a seasonally
changing mixture of weirs, long-lines, seines, and gill nets
(Huchzermeyer, 2013) – the latter often combined with
drive fishing1 -, all adjusted to the annual flood cycles.
the main fishing season (May to november) is during
water recession after the peak flood, when all fish and ju-
veniles breeding/feeding on the floodplains are forced
back into the permanent water bodies, consisting of iso-
lated pools, main channels and swamps. Competing for
space, the fish community enters a period of high mortal-
ities from avian predation, reduced water quality, and
stranding. the earth dams (weirs) on the grassy flood-
plains only operate for a few weeks of April and May, but
in that period yield high catches while the receding water
carries mostly juvenile fish to the swamps. the reed weirs

1 driving fish into a gillnet by beating the water with clubs or paddles (so-called kusikila or kutumpula).
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138 J. Kolding and P.A.M. van Zwieten

in the permanent swamp channels come into operation
around June-July and only last to August-September.
From August to november the drive fishery for breams
and the longline fishery for the larger predators (catfish
and tigerfish) start in the lagoons and open channels. 

the fisheries regulations in Zambia, like in ghana, are
inherited from colonial times and have roots in classical
fisheries theory and terrestrial game legislation (Malasha,
2003). in Bangweulu they consist of i) a closed fishing
season from the first of december to the first of March
(coinciding with the period of rising water and low fish
concentrations); ii) a minimum mesh size limit of 51 mm
(2”) stretched mesh; iii) all forms of active fishing, includ-
ing drive fishing and seines, are prohibited. Although not
explicitly mentioned in the fisheries act, weirs are gener-
ally regarded as illegal gears as well due to their fine
meshed traps. in practice, however, regulations are ig-
nored. nearly 80 % of the fishing gears and mesh sizes
are technically illegal (tab. 1). the strong divergence be-
tween the traditional and established fishing pattern ver-
sus the legal framework, has for decades caused serious

Fig. 3. on the left panel, the mean trophic level of the catch of 21 fishing methods (out of 27), and the trophic signature of a gear, cal-
culated by taking the (adult) trophic level from Fishbase (www.fishbase.org) of each species weighed by their proportional abundance
in the catch. on the right panel, the average maximum size of individual species over all species caught in gears operated in lake Volta,
ghana. in brackets the number of species caught by a gear, followed by number of samples (n) over which the proportion is calculated.
After Zwieten et al. (2011).

Tab. 1. total number of fishing gears by type and mesh size for
the Bangweulu swamps (frame surveys, 1992, 1996). Modified
from Kolding et al. (2003b).

Mesh size total number of gear by type Mesh size
(mm) gillnets Kusikila Seines weir traps (cum %)

3 3869 13
4 3358 41
6 2322 49
8 387 50
25 534 17 53 52
38 6719 68 178 75
50 4233 135 49 90
63 1260 643 97
76 554 74 99
89 136 99
127 255 100

total 13,691 937 280 14,936 29,844
% 46 3 1 50 100
% legal 22

Legal gears are in bold and italics; all other gears are illegal; weirs are
considered illegal because of the small mesh sizes in their traps.
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conflicts between fishers and managers resulting in a
breakdown of confidence and trust between the parties
(Chanda, 1998). local administration and many ngos
generally claim that the fish stocks are heavily fished, per-
haps even threatened, by high fishing pressure. Recurrent
fears have been expressed that the fishery of the Bang-
weulu system has undergone alarming changes indicated
by the small sizes of fish caught and a general decline in
individual catch rates. Fishermen are believed to cause
these changes by an intensified utilisation of illegal gears. 

A formal assessment of the fish stocks in the Bang-
weulu swamps to establish their level of exploitation (Kold-
ing et al., 2003b) revealed that the seven most important
species together accounted for 80% of the total catches
(tab. 2). the top most important species by volume is the
small shoaling invertebrate feeding snoutfish (Marcusenius
macrolepidotus). the catfish (Clarias gariepinus) is one of
the larger predators in the system. the adults are mainly
caught in gillnets and longlines, while the juveniles are
caught in large quantities in the seasonal floodplain weirs.
the remaining five are all cichlids: two are predators (Ser-
ranochromis angusticeps and S. robustus), one is the her-
bivore redbreast bream (Tilapia rendalli), and the last is the
small ubiquitous omnivore banded tilapia (T. sparmanii).
the fishing pressure on each population was measured in
terms of the exploitation fraction (e): the total annual catch
(C) divided by the annual production (P). there is usually
a clear positive trend between the exploitation fraction and
size. this is illustrated by correlating the size range of ex-
ploitation with the mean exploitation fraction (Fig. 4). Con-
trary to expectations, the results revealed that the only
stocks that were technically overexploited (e>0.5), were
the largest predators (Clarias gariepinus, Hydrocynus vit-
tatus and Serranochromis robustus) caught in the legal
gears (gillnets and hooks). theoretically, a 50% reduction
in fishing effort on these species would increase production
with approximately 30 tons per year, which is less than
0.5% of the total fishery. However, if enforcing the legal

fishing pattern, total landings would be more than halved
as the majority of the sustainably exploited stocks were
caught by illegal methods (tabs. 1 and 2). 90% of the gill-
net catches, mainly small species like T. sparmanni and M.
macrolepidotus, were taken in mesh sizes smaller than the
legal 50 mm stretched mesh and all were low to moderately
exploited. theoretically these species could be submitted
to a higher fishing pressure to increase yields, but again the
effect would be rather small. only the smallest species in
the system were under-utilized and could sustain a substan-
tially higher fishing pressure. the overall conclusion from
the stock assessment was that the yield obtained with the
observed combination of gears (including illegal) and effort
was remarkably close to the potential long term maximum
sustainable yield summed for each species over the fish
community (multispecies MSY).

when comparing the Bangweulu fishing pattern with
the available biomass-size distributions of the fish stocks
(Fig. 5), where most of the standing fish biomass is from
specimen and species smaller than 15 cm in length (ap-
proximately 90% of the measured biomass was less than
25 cm), it becomes clear that the traditional combination
of fishing methods to a large extent is balanced with pro-
duction. ideally, the slope of the catch curve should be
parallel with the slope of the biomass distribution for the
fishery to be perfectly balanced, but as larger fish are rel-
atively more exploited than small (Fig. 4), the slope of the
catch curve is less than the slope of the standing biomass.
these data clearly illustrate the ironic paradox of the on-
going tug-of-war between the traditional fishing pattern
and the current management legislation, which, if en-
forced, would only result in more overfishing on the large
fish and drastically reduced total yields. not surprisingly
local fishers in Bangweulu do not abide to the regulations.

Mweru
the fisheries of lake Mweru-luapula and its associ-

ated floodplains and swamps in northern Zambia have

Tab. 2. the seven species in the Bangweulu fishery comprising 80% of the total catches, and their main method of capture (1994-1997
surveys). data in Chanda (1998) and Kolding et al. (2003b). 

Species Main method total catch (t) Percent of total P/B Average exploitation

Marcusenius macrolepidotus Seines, weirs 1570 18 3.7 0.38
Tilapia rendalli Kusikila 1195 14 2.7 0.37
Serranochromis angusticeps Kusikila 1101 13 1.8 0.35
Clarias gariepinus weirs, gillnets 1013 12 1.4 0.47
Serranochromis mellandi weirs, gillnets 874 10 2.1 0.41
Serranochromis robustus Kusikila 739 8 1.8 0.54
Tilapia sparrmanii gillnets 487 7 3.0 0.04

total 6979 80 2.4

The exploitation rates (=fraction of total production harvested) are weighted averages over all methods; an exploitation value higher than 0.5 is con-
sidered overexploited. P/B, annual production to biomass ratio.
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historically been important for food security in the wider
region. Since the beginning of last century fishing is
closely linked by trade to the towns of the Copperbelt and
the diamond mines in Zambia and Congo (gordon, 2000).
the river and lake area became fully accessible around
1944, when the crocodile populations were decimated. An
ancient and important fishery on the cyprinid Labeo al-
tivelis rapidly collapsed in the 1940s when european fish-
ers targeted the fish for its eggs during upriver spawning
migrations (gordon, 2006). Between 1965 and 1970,
when large-meshed gillnets were still predominant, total
catches of the indigenous cichlid Oreochromis mweruen-
sis declined severely, which lead to concern about its sus-
tainability. two decades later, despite an enormous
increase in fishing effort (tab. 3), this species returned as
one of the most important stocks in the fishery, and to-
gether with other cichlids, has remained dominant in the
fishery and trade up till today. Fishing patterns changed
and diversified over the recorded history: large traps and
stationary cotton gillnets were replaced by multifilament
nylon gillnets during the 1960s. Since then the dominant
mesh sizes have gradually decreased from 102 mm to 63

mm; active methods as drive-fishing and seining became
prevalent, all of which are illegal. in the early 1970s a new
dipnet fishery with light attraction on a small pelagic
freshwater clupeid (chisense, Microthrissa moeruensis),
– a species reaching a maximum size of 5 cm – started,
which is now the most important fishery in terms of pro-
duction (tab. 3). A range of other fishing methods are
used, and continue to diversify, for instance when in
1990s Fish Aggregating devices (FAds) were introduced
targeting the hitherto unexploited small specimens of the
torpedo robber Alestes macrophthalmus (Kapasa, 1998). 

the shift towards smaller mesh sizes and the diversifi-
cation of fishing methods from the 1970s onwards have in-
creased the total yields by a factor 5-6. the decrease in mesh
sizes is a necessary response under increased effort to main-
tain individual catch rates, as it shifts the target towards the
smaller elements of the fished community with the highest
biomass and turnover rates. though the relative abundance
of large fish have generally decreased no species have dis-
appeared from the system, and the overall decrease in mesh
size was actually followed by a recovery (increase in aver-
age size and biomass) of the preferred O. mweruensis (Fig.

Fig. 4. exploitation rates of all species investigated in all gears except weirs plotted against their average size range of exploitation. ex-
ploitation rates (F/Z) are the fraction of the total production harvested. F/Z <0.5 (=max 50% of total production caught) is considered
safe. only the largest predators (C. gariepinus and H. vittatus) are technically overfished. For all the smallest species in the Bangweulu
system the harvest rates are less than 10%. From Kolding et al. (2003b).
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6). Between the 1970s and the 1980s the slope of the bio-
mass size distribution remained the same while the intercept
decreased significantly, indicating a decreased standing bio-
mass. Since then the slope increased significantly, while the
intercept restored to the 1970-ies level. this represents a
clear shift to smaller sizes. Closer inspection of the size-
structure diagrams shows that since 1980s the biomass of
maximum sizes (79-82 cm) in the community remained the
same, but that of intermediate sizes around 30-40 cm in-
creased (Fig. 6). no data are available on the size structure
over the last decade up to 2008 when numbers of fishers
doubled and numbers of nets even quadrupled. But as the
relative distribution of mesh sizes has remained the same,
while the overall yield in the gillnet and dipnet fishery in
fact increased, it appears that the increased effort in the lake
Mweru fishery has been accommodated by increasingly tar-
geting the highly productive but smallest sizes of the fished
community components. 

Kariba
lake Kariba on the Zambezi River between Zambia

and Zimbabwe is, like lake Volta, a man-made reservoir

created primarily for hydro-electricity. But the lake also
supports an important fishery where the two sides of the
lake, partly for historical reasons, have been managed
under very different scenarios. while Zimbabwe has ap-
plied, and enforced, internationally accepted methods in
the form of effort restrictions and mesh-size limitations,
the fishery in Zambia has largely been open access with
no enforced regulations (Kolding et al., 2003a). Uninten-
tionally, therefore, the lake can serve as a grand-scale ex-
periment comparing a managed fishery with an
un-managed. like elsewhere, fish production in lake
Kariba fluctuates in accordance with the hydrodynamic
regime (Karenge and Kolding, 1995), but while the over-
all biomass levels are high and overall stable in in Zim-
babwe, they are low and decreasing in Zambia (Kolding
et al., 2003a). this is in accordance with expectations
when comparing a regulated fishery versus an open access
situation with high uncontrolled effort. Under decreasing
individual catch rates, the only way for the fishers to re-
main in the fishery is to decrease the mesh-sizes and fish
lower in the food-web. like in lake Mweru, this is also
observed on the Zambian side of lake Kariba, where the

Fig. 5. ln-transformed cumulated weight (left Y-axis, kg) by species and body size (cm) caught by all major fishing methods in Bang-
weulu (1994-97 surveys). each colour represents a species. Superimposed (right Y-axis, diamonds, full line) is the total ln-transformed
biomass-size distribution of the 13 most important species in kg·ha–1. the slope of the combined catches (broken line) is less steep than
the community biomass (full line) in correspondence with larger species being more exploited. Adapted from Kolding et al. (2003b). 
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average mesh size of the fishing fleet has decreased over
the past 25 years resulting in a corresponding decrease in
the mean size of the fish caught (Kolding et al., 2003a).
Both these indicators, the decreasing catch per unit of ef-
fort (CPUe) and the decreasing mean size of the fish
caught, have been interpreted as standard symptoms of
overfishing. Surprisingly, however, the stocks in Zambia
are not overfished (Kolding et al., 2003a), and the total
yield is about 6 times higher than in Zimbabwe. thus the
gradual transformation of the fishing pattern in Zambia
towards the smaller, but more productive, components of
the ecosystem has tuned the fishery to be in balance with
the ecosystem productivity. Comparing the heavily ex-
ploited Zambian fish community with an unexploited con-
trol community from an area permanently closed to
fishing (Fig. 7), shows that the two communities are iden-
tical in structure and composition, and only differ in terms
of standing biomass. in other words, the technically illegal
and unregulated Zambian fishery has by self-regulation
(effort and fishing pattern appears dictated by the produc-
tivity) achieved a sustainable ecosystem approach to fish-
ing. these results illustrate that our conventional
management tools, by prohibiting capture on small
species and sizes, will neither maximize the yields, nor
maintain the internal structure of the exploited ecosystem,
thus resulting in failure to achieve the desired objective
of an ecosystem Approach to Fisheries. 

DISCUSSION
the conventional management approach for achieving

high yielding sustainable fisheries has been based on the
let them spawn and let them grow paradigm (Froese, 2004;
Kolding and Zwieten, 2011). Consequently, minimum
size regulations and/or gear restrictions to control the se-
lective targeting of specific parts of the fish community
are found in virtual every fishery worldwide (Kolding et
al., 2014). Recently, however, this selectivity paradigm
has become increasingly criticised for causing a range of
adverse ecological effects (garcia et al., 2012). Further-
more, the question of sustainability has evolved from a
single species perspective (MSY) to an ecosystem per-

spective (eAF), and the objectives are no longer just a
matter of optimising certain outputs, but also of conserv-
ing the ecosystem as closely as possible in its original
structure, composition and function in order to maintain
its services. Clearly, the highly selective removal of par-
ticular constituents is incompatible with this additional
objective of maintaining primary structure, and combin-
ing the two objectives becomes a challenge (law et al.,
2013). Under the present management paradigm, where
the largest species and sizes in the system are selectively
targeted, while the young and smallest species are pro-
tected, community structure will gradually change under
exploitation. Fewer large fish means less predation on
smaller sized-fish, which will result in an increased bio-
mass of smaller sized-fish (Fig. 1). in combination these
processes result in an increase in the slope of the commu-
nity spectrum (Fig. 8). in the fishery this will be observed
as the typical decrease in the mean size of the organisms
caught, which is commonly used as a diagnostic indicator
of intensive exploitation. the decrease in mean size, often
interpreted as growth overfishing is thus an unavoidable
consequence of selectively targeting large fish, which –
ironically – is designed to prevent the exact mechanism
that it produces. the usual management responses, how-
ever, are calls for obeying or enforcing the minimum
mesh, size and gear regulations, which will only exacer-
bate the symptoms that the interventions are meant to cure
(Kolding and Zwieten, 2011). on the other hand, in un-
regulated systems fishers will invariably react in the op-
posite direction to the exasperation of managers. As the
fishery expands and effort grows, the total annual produc-
tion summed over all species has to be shared among an
increasing number of fishers, which will result in a de-
crease in individual catch rate. the only means a fisher
has to compensate for this is to i) invest in more gears – a
limited option considering profit; ii) find new fishing
grounds by investing in engine power – also a limited op-
tion as above; iii) change the large target species – if any
left; or iv) start catching the more numerous and abundant
smaller species and sizes in the system. the latter can only
be achieved by decreasing the mesh sizes or by using less

Tab. 3. Catch and effort development in lake Mweru. demersal catches 5 year average centred on the year reported. 

Year effort % gillnet gillnets % gillnets Mesh size (mm) no. Catch (ton, Zambia) CPUe
Fishers fishers no. of all gears <63 63 76 >76 Chisense gillnets Chisense (ton· year–1

total dipnets (5 yr avg) ·fisher–1)

1971 5963 + +++ 8097 1.4
1986 7723 +++ + 450 8561 4500 1.7
1992 9301 71% 45057 95% 9% 49% 22% 20% 1426 7051 30,000 4.0
1997 12047 55% 93,256 96% 10% 40% 24% 26% 1729 8473 36,250 3.7
2008 21222 62% 435,848 99% 6% 44% 29% 21% 1960 9197 50,000 2.9

Bold and italics: chisense catches estimated from catch rates in Zwieten et al., 1996, 2003 and Mölsä, 2010; CPUE, catch per unit of effort.
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selective gears (Jul-larsen et al., 2003). typically this will
result in entering into the realm of illegal fishing methods,
and thus oppose the prescription of the managers. this
typical development towards higher diversity and smaller
specimen in the catch with increased pressure has been
described as the fishing down process, and is widely be-
lieved to eventually result in resource degradation (Pauly
et al., 1998). welcomme (1999) describes the fishing
down process in tropical freshwater fisheries, but also in-
dicates that this is inevitable in a multispecies/gear fishery.
if maximising yields while conserving fish assemblages
is the goal, he argues, then the management challenge is
to determine the acceptable total fishing pressure on the
whole fish community and how to allocate this between
different gears. this will be extremely difficult, he ac-

knowledges, implying rigid enforcement of both mesh
sizes and access. It also requires banning of gears and
other fishing practices that impact species of smaller
sizes,… (welcomme, 1999). As we have shown this may
be the wrong approach from both ecological and social
perspectives. Balanced harvesting actually requires fish-
ing down replacing reduced predation mortality with fish-
ing mortality on species and specimen of smaller sizes to
maintain the community structure! in many known cases,
community yields are maintained over a large range of
fishing pressure (lorenzen et al., 2006), which to a large
extent can be explained by the fishing down process. in
the low capital investment fisheries of African freshwaters
effort seems largely self-regulated by the catch rates,
which again are controlled by the productivity (Kolding

Fig. 6. log10 transformed standardized catch rates (an index of relative abundance) against the length of 15 species categories (numbered
colours: species category with numbers in brackets) of the lake Mweru fish community (fleet of experimental gillnets; 4 periods from
1970 – 1998). Coloured bars: size selectivity of the dominant mesh sizes used in the fishery for main target species with red (dark),
Oreochromis mweruensis, Serranochromis spp. and Tylochromis mylodon; and blue (light), Hydrocynus vittatus. over time the dominant
mesh sizes used in the fishery decreased from 102 mm to 63 mm. Slopes and intercepts of the abundance-size distributions obtained by
an AnCoVA with period as co-variate. Significance levels of slopes and intercepts are against the final period 1996-1999 with *P<0.05,
** P<0.01. Adapted from Zwieten et al. (2003).
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and Zwieten, 2012). lorenzen et al. (2006) did not ob-
serve this self-regulating relationship between CPUe and
fishing effort. However, they did propose that high sus-
tainable total yields under high effort levels was a result
from shifting to the more productive smaller part of the
fish community. the problem remaining for the how much
question is to determine at what levels of fishing pressure
the community structure actually begins to deteriorate.
nevertheless, the reviews of Jul-larsen et al. (2003),
lorenzen et al. (2006) and Kolding and van Zwieten
(2011; 2012), in a range of multispecies inland fisheries,
indicate that classical symptoms of overfishing, i.e.when

total population yield starts declining as a function of ef-
fort, is a relatively rare event, and that high sustainable
community yields under increased effort are maintained
by the fishing down process, which eventually will ap-
proximate balanced harvesting. 

So, how do we asses these fisheries, and which metrics
do we use? the fishing down process can be quantified
by the mean trophic index (Mti) in the catches and the
so-called Fishery in Balance (FiB) index (Pauly et al.,
2000). while a decrease in Mti is considered a negative
development, from the above examples and theory, we
think that a decrease in the mean trophic level combined

Fig. 7. Standardized biomass-size distributions in lake Kariba from experimental fishing surveys. A) Unfished area, Zimbabwe. B)
Heavily fished Zambian fishing grounds. each colour (shade) represents a different species. no significant difference between the slopes
(regression lines) of the unfished (dashed) and the fished (full) community indicates a significantly lower standing biomass but equal
relative species and size compositions in the fished area. Modified from Kolding et al. (2003a).
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with a stable or increasing FiB index of the catches should
actually be interpreted as a positive sign, and could just
as well be indicating a move towards a more balanced har-
vest (sensugarcia et al., 2012). other indicators based on
size, community structure, and abundance (CPUe)
(trenkel and Rochet, 2003; Shin et al., 2005; Charnov et
al., 2013) can be used to evaluate community resilience
to fishing and disturbance of primary structure (Fig. 8).
Measures of community resilience to fishing for instance
can be devised from combinations of indicators related to
size, size distributions, P/B ratios (equivalent to total mor-
tality or intrinsic rate of natural increase under steady
state) and C/P ratios (equivalent to F/Z or exploitation
fraction) over size classes and trophic level of the catch

(trophic Signature) of gears. other pressure indicators
could be found in the proportion of gears targeting spe-
cific size ranges. Measures of disruption of a community
relate to species diversity, ratios of predator to prey, length
by categories of r- or K-selected species; maximum length
in the community/by species; slope of the biomass-size
distribution as a measure of total community turnover rate
(P/B or total mortality), and internal structure of the size-
spectrum as a measure of cascading effects. A recruitment
index showing the annual production of recruitment by
species will give indications of the prospective produc-
tivity of the community. Such an index is expected to be
strongly related to environmental changes in system pro-
ductivity, such as nutrient inputs indicated by fluctuating

Fig. 8. A framework to analyse changes in a fish community depicted as a biomass size distribution with decreasing log-transformed
biomass (or numbers) over size and affected by external (nutrients, selective fishing pressure and balanced harvesting) and internal
(competition and predation) drivers (grey arrows). System stability is related to the steepness of the slope of the distributions: dotted
triangle=unstable r-selected system, with high productivity and turnover rates; stable K-selected systems have lower slopes and P/B
ratios. to evaluate community changes a range of size, catch per unit of effort (CPUe≈ relative biomass) based indicators, and the slope
and intercept with their interpretations are indicated. Under balanced harvesting the fishing mortality (F) is approximately proportional
to the natural mortality (M) over the whole size range, leaving the slope unchanged, but the intercept lower.
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water levels. lastly RllF can position a particular system
on a stability/productivity scale. However, the sensitivity
to fishing, specificity and responsiveness of these indica-
tors to fishing pressure on a community level is little in-
vestigated and needs further research. 

in general, the stability of an ecosystem will be the
major determinant of the size range of the fish community,
the distribution of biomass over that size range as well as
the sustainability, measured as the resilience to additional
disturbances from fishing (Barnes et al., 2010; Plank and
law, 2012). the stability of a freshwater ecosystem was
expressed by Jul-larsen et al. (2003) through the RllF in
order to classify rivers, lakes and reservoirs in a continuum
from highly stable to highly fluctuating environments, but
RllF is also significantly correlated with the productivity
of a system (Kolding and Zwieten, 2012) and productivity
is strongly correlated with the slope of the biomass-size
spectrum (Jul-larsen et al., 2003; Kolding and Zwieten,
2006). the RllF index can therefore be used as a predic-
tive indicator for classifying lakes and reservoirs from sta-
ble to pulsed systems, and thereby their potential
productivity and resilience to external disturbances (Kold-
ing and Zwieten, 2012). Floodplains, shallow lakes and
man-made reservoirs in general have the highest water fluc-
tuations, but also the highest fish yield per unit area, and
even extreme fluctuations (amplitude higher than mean
depth) seem only to accelerate biological processes. water
level fluctuations and RllF are therefore strong potential
sustainability indicators for fisheries. 

in conclusion, sustainable fishing is a result of how we
fish and how much we fish. on the how question, there is
increasing empirical and theoretical evidence that balanced
harvest (garcia et al., 2012), will return the highest yields
with the smallest demographic disturbances to the commu-
nity. As such a fishing pattern will be predominantly tar-
geting the smallest and most productive components (law
et al., 2012, 2013) in leaving a high proportion of the
largest, but least productive, mature fish to survive and re-
produce, balanced harvesting can in theory accommodate
both a commercial or subsistence food fishery, and a recre-
ational catch-and-release sports fishery in the same ecosys-
tem, and thus ameliorate the traditional antagonism
between the two groups of fishers. However, if there is a
high consumer demand for large sized species, then this
will require maximum size limitations in contrast to the
conventional minimum size regulations (gwinn et al.,
2013). nonetheless, a high demand for a broad range of
species, including small fish that is easily dried and trans-
ported over large distances, exists in many tropical inland
and coastal fisheries, indicating that in those situations
yield is more important than commercial value of specific
species and size classes (lorenzen et al., 2006). on the how
much question or the potential for production, the resilience
versus vulnerability to exploitation can be evaluated

through a simple physical disturbance indicator such as the
RllF. in open access African freshwater fisheries, with
low technological development, there is a significant cor-
relation between fishing effort, yield and RllF (Kolding
and Zwieten, 2012), which indicates that effort to a large
extent is regulated by the productivity in such fisheries. 

Sustainability in natural resources management has
gradually evolved over the past decades from a purely
output measure to a more holistic concept taking also the
incidental impacts of fishing and the ability of the system
to absorb these without changes into account. we hope
that the framework of examples, new theory and ecolog-
ical indicators presented here will contribute to this de-
velopment and assist in better understanding of what is
sustainable fishing. 
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