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Introduction

Similar to commercial marine fisheries, exploitation of 
 freshwater fish stocks can lead to population declines and alter 
structural and functional properties and the ecosystem services 
generated by fishes (Holmlund & Hammer, 1999; Allan et al., 
2005; Lewin et al., 2006). Freshwater ecosystems have also been 
strongly affected by anthropogenic change stemming from 
damming, habitat simplification for navigation, agriculture, 
hydropower, water extraction, acidification, eutrophication, 
pollution and release of non‐native organisms (Richter et al., 
1997a; Dudgeon et al., 2006). As a result, freshwater fishes are 
among the most threatened vertebrates worldwide (Freyhof & 
Brooks, 2011), which justifies dedicated management interven-
tions and restoration activities to halt the alarming decline. The 
literature on mitigation, rehabilitation and restoration of inland 
waterbodies is rich and diverse (Cowx & Welcomme, 1998; 
Welcomme, 2001; Cooke et al., 2005). Although most actions of 
aquatic ecosystem management will also affect fish populations, 
they are usually motivated by a broader environmental 
 framework, also in legal terms (e.g. European Water Framework 

Directive). Reviewing this massive literature is beyond the scope 
of this chapter. Instead, we focus on the core inland fisheries 
management tools and approaches that are chosen to manage, 
directly or indirectly, inland fish stocks for fisheries purposes. 
We do so by acknowledging that in many situations, the main 
impacts on freshwater fish stocks lie outside the control of the 
fishery manager (Arlinghaus et al., 2002) and may demand 
entirely different and more encompassing actions than those 
reported here.

Identifying a general fisheries 
management strategy

Fisheries management is the process by which reliable informa-
tion is used to achieve management goals and operational 
objectives defined for fisheries resources. Overarching manage-
ment goals for inland fisheries include (1) biologically 
 sustainable use of freshwater fish stocks, (2) conservation of 
aquatic biodiversity and (3) equitable sharing of benefits among 
stakeholders (Welcomme, 2001). Within these well‐accepted 
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goals, a considerable challenge revolves around the need to 
trade off diverse stakeholder values and to translate these into 
operational management objectives (Fenichel et al., 2013). 
Unfortunately, many usually smaller inland fisheries are not 
economically important enough to justify costly monitoring 
and management systems (Post et al., 2002). Hence, even if 
operational objectives are found, many inland fisheries require 
data‐poor or even data‐less management systems (Arlinghaus & 
Krause, 2013).

Notwithstanding availability of timely and accurate data, the 
process of inland fisheries management should employ a 
 transparent and inclusive approach to achieving management 
goals and objectives. Because of the complexity of most inland 
fisheries and the uncertainty as to how particular policies func-
tion, it is advisable to follow an adaptive management approach 
that is designed to learn from past experiences (Fig. 6.3.1). This 
requires a cyclic process to help sort among competing manage-
ment actions and find those that best suit the particular 
 objectives and social–ecological conditions of the fishery. An 
adaptive management approach can either be passive or deliber-
ately active (Walters, 1986) but has to involve stakeholders 
 proactively and follow a structured decision‐making process 
(Irwin et al., 2011). This chapter will focus on the various 
 management tools that may be chosen as experimental inter-
ventions to explore within an adaptive management process.

Inland fishers commonly desire improvements in the catch 
rate, size of catch or opportunity for harvest. The manager must 
then confirm or diagnose causes behind reported inadequacies 
in the fishery and choose an appropriate course of action 
to achieve objectives. A simple decision tree to identify which 

general management strategy may prove useful given the bio-
logical properties of the target fish population (FAO, 2012) is 
given in Fig.  6.3.2. These strategies are directed at three key 
dimensions of inland fisheries: (1) the habitat, which usually 
transcends the aquatic–terrestrial interface; (2) the biota, 
including but not limited to the target fish population; (3) the 
humans involved in the fishery (Welcomme, 2001). Deciding on 
an appropriate strategy depends on objectives, the  conditions of 
the ecosystem, non‐fishing impacts and the current fishing 
mortality, natural mortality, growth and recruitment rate of the 
exploited fish population (Fig.  6.3.2). For example, when the 
objective is to increase catch rates from an overfished situation, 
harvest regulations may be advisable (Fig.  6.3.2). By contrast, 
low recruitment of a target species at low fishing mortality may 
call upon habitat enhancement or stocking as appropriate tools 
to contemplate (Fig. 6.3.2).

Managing habitat

Purpose of habitat management
Alteration and loss of habitat as a result of non‐fishing‐related 
anthropogenic activities are major threats to freshwater fisheries 
(Richter et al., 1997a) and on global scale have had greater impact 
on fish communities than inland fishing (Arlinghaus et al., 2002). 
It is thus not surprising that habitat management is the focus of 
many management initiatives ranging from policies that protect 
habitat to various enhancement and restoration techniques. 
Fisheries managers turn to habitat management where there is a 
bottleneck that limits a critical life stage and the productivity of 
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target species (Fig.  6.3.3) (Cowx & Welcomme, 1998; Bain & 
Stevenson, 1999). The bottleneck can arise from many sources, 
from insufficient spawning habitat through  disruption to lateral 
and longitudinal connectivity to bottlenecks in the juvenile rear-
ing stage and loss of habitat diversity (Fig. 6.3.3). Conceptually, 
the structure and function of habitat provide an upper bound on 
the stock–recruitment curve and also affect the slope of this curve 
(Hayes et al., 1996). By modifying habitat, fisheries managers can 
attempt to increase the slope and hence the productivity of 
exploited stocks (Walters & Martell, 2004). Also, managers may 
attempt to alter the asymptote (i.e. the  carrying capacity) of a 
stock–recruitment curve. Habitat  management may also be used 
to conserve threatened species.

Given the fundamental role of habitat in supporting freshwa-
ter fish populations and fisheries, protection of habitat from 
ongoing anthropogenic change is of primary concern. Obviously, 

not all freshwater habitats can be protected from alteration in 
light of societal trade‐offs and priorities (e.g. for flood control or 
hydropower), so alternative approaches are often explored. 
Most contemporary efforts of habitat management focus less on 
restoration (i.e. attempting to reach a historical state) per se in 
favour of rehabilitation (i.e. attempting to achieve some  elements 
of a past state) or enhancement (i.e. improvements over existing 
conditions). Mitigation is focused on refining development 
plans for fresh waters such that their impact on fish habitat is 
minimized (Cowx & Welcomme, 1998). An example includes 
installation of fish passage devices at newly constructed barriers 
in river ecosystems. Compensation is different in that it recog-
nizes that habitat alterations are inevitable and requires that the 
user of ecosystems compensates for the loss in habitat. Examples 
include installation of artificial reefs, constructed wetlands or 
other fish habitat structures (Rubec & Hanson, 2009) or the 
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Figure 6.3.2 Generalized decision tree for inland fisheries management. An implicit assumption is that the management objective is to increase size and 
abundance of the target species within ecological limits of the system. A key decision node among general management strategies is the knowledge of 
the current levels of fishing mortality and whether fishing is considered excessive. When fishing mortality is low (1–4), harvest regulations would not be 
useful; rather, it may be advantageous to encourage harvest to alleviate potential issues with density‐dependent growth or natural mortality (1 and 3). 
If fishing mortality is low but availability of fishes not considered high enough for the potential of the waterbody, habitat enhancement might prove very 
useful (4). This strategy might be complemented by conservation‐oriented stocking to boost recruitment (4). When fishing mortality is high but natural 
mortality is also high (5) or growth of fishes is low (6), habitat improvements rather than harvest restrictions would similarly be indicated. The manager 
stands to make the greatest improvements to the fishery with harvest regulations when fishing mortality is high, natural mortality is low, and growth is 
high (7 and 8). It is only then that harvest limits can increase biomass and size structure of the target population. When natural recruitment is low, harvest 
regulations might be supplemented by habitat enhancement and stocking (4, 8) (Source: Adapted from FAO (2012). Reproduced with permission of FAO.
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building of hatcheries for stocking. Having strong habitat 
 protection policy is obviously a prerequisite for applying the 
concepts of mitigation and compensation in a regulatory frame-
work. Even when such regulations exist, there is evidence that 
mitigation and compensation activities are not always effective. 
An audit of fish habitat compensation projects in Canadian 
freshwater systems, for example, revealed that although there 
were reasonable attempts to replicate structural elements of fish 
habitat, function (as measured by a reduction in productive 
capacity of fish habitat) was reduced in 63% of the compensated 
sites relative to the altered habitat prior to its alteration (Quigley & 
Harper, 2006). Also, there is ample evidence that stocking can 
rarely compensate for severe habitat loss (Walters & Martell, 
2004) and hence must always be seen as a measure of last resort. 
Such examples emphasize that habitat protection for productive 
fisheries is more desirable than mitigation or compensation 
whenever socio‐economically feasible.

For habitat management to be effective, one must consider 
both structure and function (Hobbs & Harris, 2001). Habitat 
management, however, often fails to address the functional 
 outcomes and instead focuses on enhancing structure (Quigley  & 
Harper, 2006). Managing for structure is certainly easier, and 
metrics of success are often straightforward (e.g. area of habitat 
restored, number of rocks added to river and number of trees 
planted in riparian zones). By contrast, the function of habitat 
(e.g. nutrient cycling and recruitment) is more difficult to 
 monitor but is the critical factor for ensuring success of habitat 
 management actions.

Habitat management is often popular among fishers because 
it is an obvious way of improving a fishery (Arlinghaus & 
Mehner, 2003; Hickley et al., 2004), but due to non‐linear and 

cross‐scale effects, managing habitat is often as much art as 
 science (Van Diggelen et al., 2001). Every year, millions are 
spent on habitat restoration activities that fail to address the 
underlying problem that is limiting productivity (Miller & 
Hobbs, 2007). In some cases, habitat management may not be 
the best tool for the job (Fig. 6.3.2). Often, there are also severe 
budgetary and institutional constraints that prohibit engaging 
in large‐scale habitat restoration activities (Cowx & Welcomme, 
1998). The Society for Ecological Restoration developed a series 
of guidelines intended to assist practitioners in establishing the 
processes needed to engage in effective habitat management, 
which serves as a suitable starting point for anyone considering 
a habitat management project (Clewell et al., 2000). Further 
planning guidelines, particularly for river restoration and 
 rehabilitation, can be found in Cowx and Welcomme (1998), 
Welcomme (2001) and Roni et al. (2002).

Common habitat management techniques
There is a wide range of habitat management approaches 
 available for lotic and lentic fresh waters. Some focus more on 
addressing fisheries‐related issues, while others are focused more 
on biodiversity, ecosystem health and environmental quality. We 
primarily describe habitat management techniques that have the 
potential to address a limitation or constraint on fisheries pro-
ductivity (Table 6.3.1). We direct readers to a rich literature on 
habitat management and ecological restoration in general 
(Hobbs & Norton, 1996; Falk et al., 2006) and more  specifically 
for wetlands (Zedler, 2000), lakes and reservoirs (Olem & Flock, 
1990; Cooke et al., 2005), large rivers (Cowx & Welcomme, 
1998), small streams (Hunter, 1991; Roni & Beechie, 2012) and 
catchments (Frissell & Ralph, 1998; Roni & Beechie, 2012).
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Figure 6.3.3 Functional habitat units for fishes (Source: Adapted from Cowx & Welcomme, 1998).
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Managing habitat in rivers
Rivers are subjected to many pressures, which are driven by 
societal requirements for land development, flood protection, 
water supply, hydropower generation, waste disposal, recrea-
tional amenities and navigation. These pressures alter transport 
of water and sediment, morphology and physical characteristics 
of the river, and trophic subsidies and interfere with migratory 
pathways (Poff et al., 1997), all of which can disrupt ecosystem 
function and affect fisheries yield (Postel et al., 1997). The 
expanding field of ecological river rehabilitation endeavours to 
rehabilitate rivers that have suffered anthropogenic disturbances 
by reintroducing habitat diversity while considering the broader 
landscape, riparian zones, upstream areas and fluvial geomor-
phology (Hobbs et al., 2011).

Management of physical habitat modifications 
in lotic systems
The scale of physical habitat management needed to achieve 
positive outcomes depends on the size of the system and the 
 factors limiting productivity or otherwise contributing to 
degraded conditions. In large rivers, creating physical structure 
is a technological challenge. Channel structure can be modified 
to improve meander patterns through extensive placement of 
boulders and channel profiling (Nagayama et al., 2008). Materials 
such as large woody debris can also be added to increase com-
plexity and provide cover for fishes (Fig. 6.3.4). Some researchers 
have questioned whether river restoration can succeed given the 
scale at which systems need to be modified (e.g. meanders and 
connecting backwater areas; Gore & Shields, 1995). Monitoring 

of such activities has been infrequent, precluding an assessment 
of success probabilities in large rivers (Roni, 2005). There are, 
however, some examples of where  physical structure placement 
or other large‐scale habitat modifications in large rivers have 
resulted in improvements in fish productivity (Cowx & 
Welcomme, 1998; see Fig.  6.3.4 for  popular actions). As large 
 rivers are always downstream of many smaller rivers and they 
have large catchment areas, a watershed approach to restoration 
of large lotic systems is  usually preferred (Cowx & Welcomme, 
1998; Roni & Beechie, 2012).

Given the smaller scale of streams and their catchments, 
physical habitat management activities often result in more 
immediate results than in larger rivers (Roni et al., 2002). 
Restoration of streams must include riparian habitats given the 
importance of shade, woody debris and plants to most stream 
ecosystems (Naiman et al., 2005). Maintenance of buffer strips 
(Osborne & Kovacic, 1993) and fencing of livestock to exclude 
them from streams (Platts & Wagstaff, 1984) represent impor-
tant riparian‐focused management activities. Placement of 
instream structure is common in small streams and is often 
done by volunteers or angling clubs (Middleton, 2001). Some 
structures are intended to deflect water to reduce erosion and 
create riffle–run–pool sequences, while others provide over-
head cover or spawning habitat (Welcomme, 2001). Although 
stream restoration occurs on a diversity of systems, certainly the 
most effort has been directed towards salmonids (Hunter, 1991). 
Instream habitat enhancement appears most effective when 
employed after restoring natural processes (e.g. provision of 
connectivity and functional riparian system; Roni et al., 2002). 

Table 6.3.1 Examples of management actions targeting habitat that may benefit fish populations and their ecosystems

Strategy/goal Explanation and examples

Restore connectivity Install fish passage structures or remove dams to alleviate barriers to fish movement and restore metapopulation 
dynamics

Nutrient abatement Contain point and non‐point sources of excess nutrients in the watershed (often phosphorus and nitrogen)
Nutrient supplementation Phosphorus and nitrogen additions to enhance fish production or to compensate for cultural oligotrophication; 

in some regions, carcasses (e.g. Pacific salmon Oncorhynchus spp.) are added to streams
Reduce contaminants Contain point and non‐point sources of contaminants in the watershed (e.g. nitrates, metals and pesticides)
Liming Addition of calcium carbonate (limestone or calcite) to neutralize acidified waters
Aeration Increase dissolved oxygen concentration through physical means to prevent die‐offs and undesirable chemical 

dynamics in hypoxic waters (e.g. dissolution of phosphorus and manganese and mercury methylation)
Manage turbidity Soil run‐off from the catchment, mixing by boats and bioturbation by fishes can all increase turbidity, limiting 

photosynthesis and increasing surface temperature; silt control devices or use of buffer zones can reduce turbidity
Manipulate flow and water level Mimic natural water level and flow fluctuations in regulated waters; reservoir drawdowns can reduce 

reproduction of undesirable species; seasonal pulses can be used to stimulate upstream migration of fishes
Restore wetlands and estuaries Wetlands provide many ecosystem services including water purification and fish production; constructed wetlands 

provide opportunities for habitat creation and compensation
Erosion control Use of various erosion control structures (e.g. riprap and deflectors) in lentic and lotic systems to stabilize banks 

and reduce turbidity
Restore shoreline and riparian zones Fishes benefit from large woody debris in littoral zones of lentic and lotic systems; excluding livestock protects 

riparian areas and reduces bank erosion of lotic systems; planting of vegetation
Improve spawning habitat Addition of spawning substratum, construction of spawning channels
Supplement structure Addition of structural elements that tend to congregate fishes but may not improve ecosystem productivity 

(e.g. fish aggregating devices and artificial reefs)

Source: FAO (2012). Reproduced with permission of FAO.



562   Fisheries development
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Figure 6.3.4 Various restoration strategies including (a) before and (b) after debris removal and structure placement in a stream, (c) before and (d) after 
dam removal on a stream and (e) construction of habitat structures in a dewatered embayment of a lake and (f) the subsequent planting of endemic 
vegetation in littoral habitats of a newly created embayment.
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Despite the valiant effort of volunteers and practitioners and 
millions of pounds of investment on an annual basis, a  systematic 
review on the effectiveness of instream structures as a manage-
ment tool to increase salmonid abundance suggested that they 
provide no consistent benefit (Stewart et al., 2009). One of the 
reasons underlying the apparent failure of structure placement 
in increasing salmonid abundance may reflect the lack of 
broader programmes addressing the full suite of factors that 
constrain productivity (Roni et al., 2002).

Restoring connectivity in lotic systems
Habitat connectivity in lotic systems is critical for enabling 
fishes to move among habitats needed by various life stages. 
Associated with human activities including irrigation, hydro-
power and recreation, water control structures such as dams and 
weirs have been installed around the globe. For context, current 
estimates suggest that there are in excess of 45 × 103 large dams 
(primarily for hydropower and flood control) and 800 × 103 
small dams (Dynesius & Nilsson, 1994; Rosenberg et al., 2000; 
Nilsson et al., 2005). Existing barriers that provide little societal 
benefit can be removed, but doing so can result in a variety of 
short‐term negative consequences including silt mobilization 
(Bednarek, 2001). Dam removal is often contentious (Lejon et 
al., 2009), but there are an increasing number of success stories 
from small streams to large rivers. For example, Burroughs et al. 
(2010) reported that the removal of the Stronach Dam on the 
Pine River in Michigan resulted in an upstream range expansion 
for eight species formerly found only below the dam. In  addition, 
most fish species studied showed an increase in abundance 
 following dam removal.

Although dam removal or simply not constructing new 
dams may be of great benefit to riverine ecosystems, the 
 reality is that barriers are important components of modern 
society. As such, provision of fish passage devices to enable 
fishes to move upstream and downstream of barriers is a very 
common mitigation measure and should be a regulatory 
requirement for new dams and for relicensing of existing 
ones. There are many types of fish passage devices to facilitate 
upstream passage. For  example, locks and elevators can be 
used to lift fish over an obstruction. Fishways are designed to 
dissipate the energy in the water to enable fishes to ascend 
without undue stress (Clay, 1995). The common types of 
 fishways include Denil, vertical slot, pool and weir and 
nature‐like designs (Fig. 6.3.5). Successful implementation of 
fishways requires a thorough knowledge of the life history, 
behaviour and swimming ability of a species (Cooke & Hinch, 
2013). Successful fish passage also requires that fishes both 
locate the entrance to a fishway and then are able to success-
fully ascend the device (Bunt et al., 2012). In a recent meta‐
analysis, Bunt et al. (2012) revealed that nature‐like fishways 
(e.g. bypass channels with natural sediments; Fig. 6.3.5) had 
the highest levels of passage success but generally had poor 
attraction efficiency. Conversely, conventional constructed 
fishways (e.g. Denil, vertical slot, pool and weir) had 
 comparatively low passage efficiency but high attraction 
 efficiency. The development of general rules for fish passage 
is challenging, and there are many examples of failed fishway 
projects. Like other habitat management activities, however, 
proper monitoring and assessment is rarely conducted, 
 making generalizations difficult (Roscoe & Hinch, 2010).

(a) (b)

Figure 6.3.5 (a) Small nature‐like fishway to facilitate passage at a low‐head dam and (b) a constructed vertical slot fishway at a barrier on a large river.
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The science of fishways is continually improving, and what 
was once a science based on salmonids now has rich examples 
from many species and regions (Pavlov, 1989). There is also a 
movement to question the need for passage as barriers serve as 
means of restricting invasive species and passage of fishes from 
riverine environments into an upstream lentic reservoir may 
cause an ecological trap (McLaughlin et al., 2013). Downstream 
passage requires that fishes are provided a safe path avoiding 
turbines or other physical damages. As such, various guidance 
strategies including lights, bubble curtains and louvres are 
used to direct fish towards bypass channels or other fish collec-
tion devices (Coutant & Whitney, 2000). Diadromous spe-
cies  including the juvenile life stage of Pacific salmonids 
Oncorhynchus spp. and the adult phase of European eel Anguilla 
anguilla represent examples for which there is much desire to 
develop effective downstream passage.

Flow management in rivers
Virtually all lentic ecosystems are controlled by the hydrological 
regime (Junk et al., 1989). The changing quantity of water  flowing 
in a river provides habitat and influences water quality, tempera-
ture, nutrient cycling, oxygen availability and the  geomorphic 
 processes that shape river channels and floodplains (Poff et al., 
1997; Richter et al., 1997b). Natural riverine  landscapes (river-
scapes) are characterized by floodplain, natural flow regime, 
high hydraulic connectivity, a successional  landscape mosaic with 
high habitat heterogeneity and complex land–water coupling and 
exchange (Fausch et al., 2002). The shape and size of river  channels, 
the distribution of pool–riffle habitats and the stability of the 
 substratum are all largely  determined by the interaction between 
the flow regime and local geology and landform (Bunn & 
Arthington, 2002). Flow regime is thus a critical factor in deter-
mining both physical  habitat structure and diversity in rivers and 
needs to be properly managed.

Existing methods for the estimation of environmental flows 
differ in input information requirements, types of ecosystems 
they are designed for, time which is needed for their application 
and the level of confidence in the final estimates (Hucksdorf 
et  al., 2008). The methods range from purely hydrological 
 methods, which derive environmentally acceptable flows from 
flow data and use limited ecological information or eco‐ 
hydrological hypotheses, to multidisciplinary, comprehensive 
methods, which involve expert panel discussions and collection 
of significant amounts of geomorphological and ecological data 
(Hucksdorf et al., 2008). Dammed rivers often have highly 
 regulated flow regimes, and rehabilitation requires changes to 
dam operations to provide more natural environmental flows 
(Welcomme, 2001). In peaking systems with flows that vary on 
a diel basis relative to hydropower demand, regulators often 
 prescribe the range of acceptable flows as well as the rate at 
which flows can be changed (i.e. ramping rates; Smokorowski 
et  al., 2011) in an attempt to minimize stranding (Nagrodski 
et al., 2012). In some instances where flows have been modified 
to yield low and stable flows, the use of strategically timed pulse 

flows can be used to stimulate upstream movement of migratory 
fishes (Hasler et al., 2012) or to motivate spawning (Welcomme, 
2001). In situations where flow rate is too fast (usually due to 
channelization) and young fishes are drifted away, decreased 
releases of flow from upstream control structures may be 
 advisable (Welcomme, 2001).

Managing habitat in lakes and reservoirs
Possibly, the most important pressures acting of lake and 
 reservoir fisheries are linked to water quality and water level per-
turbations (Moss, 2009) and less to physical habitat modification 
as in rivers. The quality of water is influenced by pollutants 
including organic wastes, nutrients, metals, poisons, suspended 
solids and cooling water from urban, industrial and agricultural 
sources. These drivers can act directly on the fishes, for example, 
toxicity of chemicals, or indirectly by changing environmental 
conditions and consequently the suitability of the habitat for 
fishes, mainly through eutrophication. Slight eutrophication 
arising from organic effluent discharges and run‐off of nutrients 
can benefit fisheries through increased production (Hanson & 
Leggett, 1982; Stockner et al., 2000). When the nutrient load is 
too high and a hypertrophic ecosystem state is reached, however, 
excessive algal and plant growth may lead to reduced fish pro-
duction and loss of fish diversity throughout periods of lethally 
low dissolved oxygen concentrations, especially in the hypolim-
nion (Schindler, 2006). Acidification of lakes due to acid dis-
charge has the opposite effect because its final stage is an almost 
dead lake with no decomposition taking place. This type of pol-
lution is most notable in North Europe and Canada where large 
numbers of lakes have been affected (Stoddard et al., 1999). 
Finally, natural fluctuations in water level are a common feature 
of most lakes and reservoirs as a result of seasonal and climatic 
variation in rainfall (Ploskey, 1986). The problem is, however, 
exacerbated in lakes and reservoirs used for water supply and 
hydroelectric power generation, which control the water level in 
response to supply demand and power generation requirements. 
This drawdown, and the way in which it is achieved, may be 
 disadvantageous to the development of fisheries in reservoirs 
(Beam, 1983; Ploskey, 1986). The littoral zone can become bar-
ren, with exposed rock, gravels and sands, reducing the potential 
spawning and nursery areas for many fish species. In particular, 
the rapid drawdown associated with hydropower generation has 
an adverse effect on fishes that spawn in the littoral zone, killing 
eggs and larvae and thus reducing future recruitment to the fish-
able stocks of these species (Nagrodski et al., 2012). If this is the 
case, dedicated management interventions to combat pollution 
and flow are needed. These actions may be complemented with 
management of structure and refuges in the productive littoral 
zones of lakes (Winfield, 2004).

Managing physical habitat in lentic systems
Physical habitat modification in lentic systems is not nearly as 
well developed as a science as for lotic systems. Possible tech-
niques include water level management; shoreline development, 
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for example, reinstatement of riparian vegetation and ecotones; 
and creation of artificial or quasi‐natural spawning grounds. 
Water level management essentially controls rapid (diel) water 
level fluctuations to protect breeding habitat for littoral spawn-
ing species. Artificial reefs made up of, for example, old tyres or 
woody debris, and replanting of submerged and emergent 
 vegetation may be appropriate under certain conditions, such as 
in small stillwater fisheries (Hickley et al., 2004). Research in 
Wisconsin (United States) has revealed that littoral structural 
complexity, especially in the form of woody debris, is important 
for fish communities in lakes and, when removed, it can have 
significant detriment to fish populations (Sass et al., 2006). In 
reservoirs that are often void of littoral habitat, placement of old 
evergreen fir trees or other woody debris (including placement 
of half‐log structures) can similarly provide shelter to early life 
stages of fishes and also improve reproductive success (Hunt & 
Annett, 2002; Wills et al., 2004). Unfortunately, in many smaller 
systems, woody debris is removed by anglers in an effort to 
‘clean’ shorelines or built angling sites, which may be counter-
productive and should be avoided. Placement of  offshore struc-
tures such as artificial reefs also occurs in fresh water (Bolding 
et al., 2004), but not nearly as commonly as in marine systems. 
In general, use of natural materials (rocks and wood) in 
 freshwater systems is preferable to boats, tyres or other materials 
that are often used in marine systems (Seaman & Sprague, 
1991). Sometimes, structures are placed in systems to aggregate 
fishes rather than to address a bottleneck, which serves little to 
increase productivity but may still be a relevant management 
technique if it enables better access to fishes. Smokorowski and 
Pratt (2007) conducted a meta‐analysis and emphasized that 
habitat enhancement activities in lakes have inconsistent out-
comes. In general, the scope for physical modification is limited 
in lakes and reservoirs because nutrient level, temperature and 
general basis morphology seem to structure lentic fish stocks to 
a greater extent than the physical structure of the littoral 
(Mehner et al., 2005; Brucet et al., 2013). Hence, adding nutri-
ents to smaller waterbodies is a viable enhancement technique 
in some regions of the world (Welcomme, 2001).

Managing pollution control, treatment and prevention 
in lakes and reservoirs
There are many and varied pollution control and prevention 
methods to reduce the impact and discharge of potentially pol-
luting effluents to improve water quality and fisheries in lakes 
and reservoirs including removal of phosphate from detergents, 
which is increasingly being adopted in Europe and America to 
reduce eutrophication (Hammond, 1971); phasing out the use 
of persistent pesticides (Sun et al., 2006); control of acidic emis-
sions (Schindler, 1988); and diversion of effluents (Beklioglu 
et al., 1999). Diversion of effluents may be desirable to allow one 
waterbody to be sacrificed for the sake of another; diversion 
may not merely transfer the problem elsewhere if the recipient 
system affords greater dilution or is more resilient in other ways. 
This technique, however, needs careful prior assessment to 

avoid unseen pitfalls. The persistence of pollutants and their 
transport and cycling mechanisms in the environment are major 
factors affecting the probable success of such measures once 
pollution has occurred (Connell, 1988).

Even though pollution may not be removed, its adverse 
effects on organisms may be ameliorated by adjusting water 
quality. Direct intervention can result in dramatic improve-
ments, such as the aeration and destratification (Ashley, 1985) 
and liming (Clair & Hindar, 2005). These must, however, be 
considered short‐term measures while more permanent pollu-
tion control measures are implemented. Natural purification 
processes can often provide longer‐term solutions that form 
part of the pollution control strategy, such as the provision of 
riparian buffer zones (Osborne & Kovacic, 1993), which help to 
filter the effects of pollutants entering lakes, especially as a result 
of land use practices. Some pollutants can be removed by 
 harvesting plants and animals, which have absorbed or incorpo-
rated them into their tissues (Susarla et al., 2002). This offers the 
possibility of using organisms to bioconcentrate pollutants to 
clean up environments through selective harvesting.

Flow management and silt deposition in reservoirs
In particular, reservoirs suffer from flow‐related habitat 
 disturbances and sediment erosion, transfer and deposition 
resulting from inflow and pulsed flow. Too rapid withdrawal of 
water can cause stranding of fishes and loss of breeding sites and 
eggs attached to marginal bottom substrata, reducing survival 
and reproduction (Welcomme, 2001). Accelerated flooding will 
also destroy rooted vegetation and release sediments. Increased 
rate of silt deposition in reservoirs can only be managed through 
changing land use and control of upstream operations to avoid 
downstream release of sediments. Drawdown or overly rapid 
filling in reservoirs necessitates the active management of 
 discharge patterns during reservoir operations. In some cases, 
drawdown can even have positive effect on some trophic layers 
by exposing prey fishes to predators as the refuges in the littoral 
zone are lost. Dewatering during spawning time might also be 
strategically used to control unwanted species that spawn in lit-
toral zones.

Biomanipulation in lentic systems
In some circumstances, reducing nutrient input into the aquatic 
environment has little effect on water quality. Phosphorus and 
nitrogen locked in the sediments continue to be released over 
many years, despite reduced external loading. An alternative 
approach, which has received much attention in the 1980s 
through to the 1990s, is that of biomanipulation (Shapiro et al., 
1975). This approach, instead of concentrating solely on the 
nutrient source, targets the ecological trophic dynamics as 
 influenced by fishes (Mehner et al., 2004). Several studies have 
shown that removal of planktivorous fishes can lead to clear 
water, as a result of reduction on predation pressure on the 
large‐bodied zooplankton that graze on the phytoplankton 
(Kitchell, 1992; Søndergaard et al., 2008). The long‐term success 
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of biomanipulation depends on the external nutrient levels and 
on continued intervention into a usually resilient system 
(Mehner et al., 2004).

Managing people with regulations

Purpose of regulations
Regulations are the most ancient inland fisheries management 
measures (Hoffmann, 1996). Most inland fisheries regulations 
are promulgated in laws, bye‐laws and official regulations in 
public fishing rights systems and are sometimes further 
extended by the holder of the fishing rights under private fish-
ing rights systems such as those in Central Europe or by infor-
mal institutions on a voluntary basis (Cooke et al., 2013). The 
purposes of most fisheries regulations include managing social 
issues (e.g. attempt to distribute harvest more equitably), 
 preventing overfishing, maintaining a suitable stock structure, 
maintaining fish welfare (for instance by demanding a rapid 
killing process; FAO, 2012) and manipulating an aquatic com-
munity (for example predator–prey interactions) (Arlinghaus 
et al., 2002). Many regulations such as quotas or length‐based 
 harvest limits are predominately directed towards selected 
commercially valuable or highly appreciated species of the fish 
community. Many regulations, however, are not backed up by 
controlled, replicated scientific studies but rather set arbitrarily 
and reflect practical experience (Johnson & Martinez, 1995; 
Wilde, 1997; Radomski et al., 2001). Because pressure on habi-
tat and fish stocks will continue to intensify, the role of regula-
tions in inland fisheries management will probably increase in 
the future (Noble & Jones, 1999).

Types of regulations
Regulations of harvest and landings are present in almost all 
inland fisheries and are particularly advisable when fishing 
mortality is high on otherwise self‐reproducing stocks 
(Fig. 6.3.2). Regulations can either be input controls (regulating 
the amount and manner of fishing or inputs) or output controls 
(regulating the fate of the catch and the amount of harvest, the 
output; Morison, 2004), and they can either be formal or infor-
mal based on social norms and mutually agreed‐upon rules of 
behaviour (Cooke et al., 2013). Popular input controls include 
closed areas, closed seasons, gear restrictions and other forms of 
access and effort controls, such as licensing. Common output 
controls include quotas, daily or weekly bag limits, length‐based 
harvest limits and harvest tags, or specifically in recreational 
 fisheries harvest bans via total catch‐and‐release policies 
(Table  6.3.2). While effort restrictions (e.g. limited entry) are 
relatively rare in inland fisheries as compared to marine com-
mercial fisheries (Cox & Walters, 2002), managers can use a 
variety of indirect methods of manipulating the intensity of 
fishing. For example, requiring licences and fees or avoiding the 
development of access roads and boat ramps may prevent some 
from participating, and gear restrictions such as fly fishing‐only 
sections or barbless hooks are frequently used to reduce the 
appeal and efficiency of recreational fisheries without directly 
controlling the amount of fishing effort.

Length‐based harvest limits (Table 6.3.3), daily bag limits and 
annual quotas as output control measures have several purposes 
but are generally used to limit fishing mortality. Daily bag limits 
are probably the most common output control measure in rec-
reational fisheries (Isermann & Paukert, 2010). These rules 
affect the per capita harvest rate and harvest expectations of 

Table 6.3.2 Management actions and regulations targeting inland fishers and fish–fisher interactions

Control type Explanation

Input controls
Licensing and fees Fees based on duration of licence, species, residency, status (e.g. youth, aged, military, student, native and tourist)
Gear restrictions Hook and line, hook type, artificial versus bait, mesh sizes, length of gillnets and type of traps
Method restrictions Motor trolling; attractants such as ground baiting, artificial light and scents
Closed times, seasons Spawning period, aggregations and stressful environmental conditions
Closed areas Spawning areas, aggregations, refuges and protected areas
User conveniences Provision of boat landings, fishing piers and fish cleaning stations may attract recreational fishers
Effort restrictions Limited entry and number of rods, lures and lines
Output controls
Length‐based harvest limits Limit size of fishes retained (minimum, maximum, open or closed slot limits and ‘one fish over a given size’ limits)
Bag limits or quotas (daily, weekly 
and annual)

Limit number of fishes retained, daily or annually, and in possession with tags and stamps as variants for 
particular sizes

Sale of fishes Prohibit commercialization or trade
Harvest restrictions Restrict based on wild versus hatchery or conservation status, sometimes harvest of non‐native fishes is liberalized to 

conserve native fishes
Harvest mandates, bounties Encourage harvest of overabundant or undesirable species
Way of killing In some countries, there is a mandate for rapid kill in recreational fisheries for fish welfare reasons

Source: FAO (2012). Reproduced with permission of FAO.
In general, input controls regulate the amount and manner of fishing, and output controls regulate the fate of the catch.
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people and thus their behaviour (Beard et al., 2003). In many 
cases, however, unless bag limits are very restrictive potentially 
displacing effort or severely limiting the take, they will not 
reduce harvest mortality sustainably because few recreational 
fishers actually catch the daily limit. In these situations, effort 
controls and length‐based limits on harvesting (Table  6.3.3) 
may be more effective for reducing fishing mortality. Effort can 
be controlled by limiting licence sales, and harvest quotas can be 
implemented with season‐long bag limits (e.g. punched cards or 
harvest tags).

In contrast to marine fisheries, annual quotas are relatively 
rare in inland fisheries, which instead focus on a portfolio of 
alternative measures such as protected seasons, minimum mesh 
sizes and length‐based harvest limits, sometimes completed 
with partial protected areas where fishing is prohibited. Because 
many inland fisheries are managed based on a set of regulations, 
it is very difficult to tease apart the relative effect of any given 
regulation type using observational data. Catch and release will 
be associated with almost all harvest restrictions. In extreme 
cases, total catch‐and‐release rules can increase use intensity of 
a fishery without depleting the fish population, unless hooking 
mortality exceeds c. 30% (Coggins et al., 2007). The knowledge 
of hooking mortality is hence critical for many fishery managers 
(Arlinghaus et al., 2007), and in case of undesirable levels, the 
manager may need to restrict tackle or fishing methods to maxi-
mize survival of released fishes.

Although in many cases regulations are aimed at limiting 
fishing mortality, in some cases, they may be used to maxi-
mize the take of undesirable fish species. Worldwide large‐
bodied non‐native predators are thriving in many waterbodies, 
many of which were deliberately introduced by anglers 
(Johnson et al., 2009). Predation by non‐native fishes can 
reach very high levels and threatens many native fish popula-
tions (Eby et al., 2006). One means of reducing the abundance 
of the non‐native is to liberalize harvest so as to increase 

fishing mortality and produce ‘intentional overfishing’ for 
conservation reasons. Such measures may be complemented 
with gillnetting and trawling, installation of non‐passable 
 barriers and in extreme cases uses of chemicals to kill off 
entire waterbodies. Because some fisheries are today based on 
non‐natives, such draconian measures are prone to much 
stakeholder conflict and demand an inclusive management 
process to reach consensus.

Length‐based (alternatively termed size‐based) harvest 
 regulations and limits are another common form of output con-
trol, which prescribes the lengths of fishes that may be harvested 
and those that must be released (Table 6.3.3). By carefully tailor-
ing length restrictions to match fish population characteristics 
and level of fishing effort in light of objectives, the manager can 
also use fishing as a means to manipulate fish population struc-
ture towards desired states. For example, individual growth in 
body mass can increase, and productivity can be enhanced by 
targeting fishing mortality on overabundant size and age classes, 
and recruitment can be improved by protecting age and size 
classes carrying the most fecundity and the most successful prog-
eny (Arlinghaus et al., 2010; Gwinn et al., in press). Minimum‐
size limits may be used to prevent growth overfishing and 
conserve young fishes when they are relatively rare due to low 
recruitment (or in stocked populations). In order for a minimum‐ 
size limit to be effective, it is necessary that protected fishes have 
rapid growth and low natural mortality to allow them to recruit 
to the vulnerable population (Fig. 6.3.6). The manager may also 
wish to set the minimum‐size limit above the size at maturation 
to allow fishes to spawn prior to being vulnerable to harvest. Note 
that although many fisheries are routinely managed based on 
minimum‐size limits, there are a range of other tools (e.g. harvest 
slot length limits or protected slot length limits) that may offer 
better results under particular conditions (Fig. 6.3.6). Particularly 
when trophy fishes are to be maintained and  numerical harvest to 
be maximized, minimum‐size limits will not perform well at high 

Table 6.3.3 Five commonly applied length‐based harvest regulations used to manage inland fisheries and the associated vulnerability to harvest,  management 
objectives and demographic conditions necessary for the tool to be effective

Size limit type Fishes that must be released Management objectives Demographic conditions

Minimum Fishes smaller than the size limit Conserve recruits; produce larger fishes for 
reproduction and harvest

Low recruitment, rapid growth, low M; stocked 
populations

Maximum Fishes larger than the size limit Reduce abundance and competition among 
small fishes; maintain trophies and fecund 
large spawners

High recruitment, slow growth, moderate M

Open slot 
(harvest slot)

Fish above and below an intermediate 
size class (combination of minimum and 
maximum‐size limits)

Protect young recruits and spawners; 
maintain yield and CPUE; protect large, 
fecund spawners, maintain trophies

Low recruitment, rapid growth, low M; 
particularly useful when size‐dependent 
maternal influences affect recruitment and 
when fishing could deplete the spawning stock

Closed slot 
(protected slot)

Fishes within an intermediate size class Reduce abundance and competition; allow 
harvest of large fishes

High recruitment, slow growth, high M

Total catch and 
release

All fishes Improve CPUE and size, maintain stock in 
‘natural’ condition, consumption 
prohibitions

Little interest in harvest by fishers, high F; 
sensitive stock; high contamination

Source: FAO (2012). Reproduced with permission of FAO.
CPUE, catch per unit of effort; F, fishing mortality; M, natural mortality.
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fishing effort intensities, in which case harvest slots are the supe-
rior regulation (Fig. 6.3.6; Arlinghaus et al., 2010; Pierce, 2010; 
Gwinn et al., in press). When fish  populations follow a Ricker 
stock–recruitment function with overcompensation, harvest slot 
will not only maximize numerical yield as shown by Gwinn et al. 
(in press), but they will  produce maximized biomass yield, some-
thing that has  traditionally been assumed to be achieved by mini-
mum length limit regulations (R. Arlinghaus, R. N. M. Ahrends, 
M. S. Allen, D. C. Gwinn and C. J. Walters, Unpublished data).

Despite the frequent use of length‐based harvest limits in nearly 
all inland waterbodies (Radomski et al., 2001), most empirical 
 studies evaluating the effectiveness of such regulations are single‐ 
system case studies that lack controls and long time series, and 
hence have low power to detect regulation effects (Allen & Pine, 
2000). Using meta‐analysis techniques, Wilde (1997) studied min-
imum length limits and protected slot length limits in  largemouth 
bass Micropterus salmoides fisheries in the United States. He found 
protected slots to be effective in increasing the proportion of large 
fish in the stock, but they failed to increase angler catch rates, 
which may indicate that they did not elevate stock abundance. 
By  contrast, minimum length limits elevated catch rates and 

 population sizes (Wilde, 1997). Based on such results, some have 
 questioned the general usefulness of  minimum‐size limits for eco-
logical and evolutionary reasons (Conover & Munch, 2002; Law, 
2007), and increasingly, alternative  regulations are sought, in par-
ticular when maintaining large fish in the stock is considered 
important (Gwinn et al., in press). In this context, the use of 
 harvest slots has increasingly been  proposed as  alternative to 
 protect large and old as well as immature fish for reaping  ecological 
(Berkeley et al., 2004; Venturelli et al., 2009; Arlinghaus et al., 
2010), evolutionary (Conover & Munch, 2002; Law, 2007; 
Matsumura et al., 2011) and fisheries benefits (Jensen, 1981; 
Arlinghaus et al., 2010; Gwinn et al., in press).

Informal institutions, enforcement and the human 
dimension
Any non‐compliance of fishers and anglers with regulations and 
the resulting illegal harvest will reduce the efficiency of even 
the  best planned fishery regulation (Gigliotti & Taylor, 1990; 
Sullivan, 2002). Non‐compliance needs to be addressed by 
appropriate enforcement (Walker et al., 2007) or by development 
of appropriate social norms. Although regulations are often 
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 formal, there are many opportunities for inland fishers to 
 voluntarily adopt conservation‐minded measures (either as indi-
viduals or more collectively as part of a fishing club or regional 
organization) to help support regulations (e.g. by reducing 
 hooking mortality through appropriate gear choice). Informal 
institutions (rule in use) may make formal regulations superflu-
ous (Cooke et al., 2013). For example, in some fisheries, people 
voluntarily release all the fishes captured (Arlinghaus et al., 
2007), obviating the need for a restrictive harvest policy to reduce 
fishing mortality. Alternatively, people’s ‘unexpected’ behaviour 
may render some official regulations ineffective when, for 
 example, people refrain from harvesting small fishes under a 
protected slot regulation aimed at reducing density‐dependent 
competition (Pierce & Tomcko, 1998).

Regulations should not be too complex or too system specific 
to reduce the information burden and increase the ease of 
 communication and acceptability by fishers. Usually, more 
novel regulations are initially resisted, unless the benefits 
become obvious. Regulatory planning must involve a thorough 
understanding of the fishery’s human dimensions and be com-
plemented by professional outreach and communication that is 
tailored to the stakeholders. Managers should be aware of the 
emergence of voluntary behaviour that arises from education, 
outreach and the spread of new social norms, which can assist in 
sustaining fisheries using a ‘softer approach’ to resource 
 stewardship. Such an approach is particularly effective in devel-
oping countries where formal management capacity and 
enforcement are often lacking and fisher communities are often 
closed and hence personal contact intimate. In these situations, 
rule breakers risk reputation loss, which promotes rule compli-
ance. Where voluntary behaviour is not enough, Walker et al. 
(2007) provide examples of (surprisingly moderate) enforce-
ment needs to ensure rule compliance in inland fisheries.

Enhancing or restoring fisheries 
using stocking

Together with measures to reduce unwanted species, stocking 
and introduction are fisheries management measures that 
directly target fish stocks (Arlinghaus et al., 2002). Fisheries 
enhancement or restoration through stocking is mostly based 
on fishes produced in aquaculture but may also happen via the 
legal or illegal translocation of wild fishes.

Purpose of stock enhancement using stocking
Stocking can generate multiple benefits including increasing 
stock abundance and fishery yield or opportunity to catch, as 
well as aiding the conservation and restoration of depleted, 
threatened and endangered populations (Lorenzen et al., 2012). 
While stocking can be used effectively in certain situations, 
many enhancements have failed to deliver significant increases 
in yield or other social or economic benefits or have had delete-
rious effects on the naturally recruited components of the target 

stocks (Hilborn, 1998; Walters & Martell, 2004). Depending on 
fishery status, fishing mortality and habitat  conditions, different 
forms of stocking are warranted (Figs 6.3.2 and 6.3.7). In fisher-
ies that are close to the natural carrying capacity and productive 
potential for the adult stock, stocking is unlikely to provide ben-
efits and alternative strategies or ‘do nothing’ should be consid-
ered. Stocking for fishery enhancement may be considered when 
the adult stock is deemed to be below its carrying capacity due to 
recruitment limitation, a  situation not uncommon in fish stocks 
even under natural  conditions and often brought about by 
anthropogenic modification of critical juvenile habitat. 
Supplementation may be  indicated where populations are very 
low in absolute numbers over extended periods to reduce extinc-
tion risk and loss of genetic diversity. Where limiting effects of 
habitat or overharvest on population abundance and productiv-
ity can be ameliorated, stocking may be used to speed up rebuild-
ing or to reintroduce locally extirpated species. Finally, where 
anthropogenic habitat change effects are pervasive and cannot 
be controlled, the development of culture‐based fisheries where 
fishable stocks are  supported wholly by stocking is indicated. 
Sometimes, this includes the release of non‐native organisms 
(e.g. rainbow trout Oncorhynchus mykiss in standing waterbod-
ies in Central Europe). This  practice is known as introduction or 
transfer of new species or genotypes, which is today seen very 
critical in western countries due to potentially pervasive impacts 
on native biodiversity, which can motivate costly ‘clean‐up’ res-
toration activities (Johnson et  al., 2009). Due to space limita-
tions, introductions shall not be discussed further in this chapter, 
and the reader is referred to the wider literature on this topic 
(Welcomme, 1988, 2001). All introductions have to follow rigor-
ous ecological risk  assessments due to potentially irreversible 
and long‐lasting effects in the recipient ecosystems (EIFAC, 
1988).

Types of stock enhancement systems
Different management applications call for different enhance-
ment system designs. Lorenzen et al. (2012) identified five 
major stock enhancement types ranging from primarily 
 production‐oriented systems where the aim is to maximize 
 production or availability of fishes while minimizing detrimen-
tal impacts on wild populations to conservation‐oriented 
 systems where the aim is to conserve or restore wild populations 
(Table  6.3.4). (1) Culture‐based fisheries are fisheries that are 
largely or entirely dependent on releases of cultured fishes 
(Welcomme & Bartley, 1998). Most involve species that do not 
reproduce naturally in the system, which Cowx (1994) described 
as maintenance stocking. Some culture‐based fisheries are 
stocked to support harvests far in excess of those that could be 
sustained through natural recruitment and can involve sterile 
hybrids or fishes that have been intentionally sterilized (e.g. 
 triploid grass carp Ctenopharyngodon idella for vegetation 
 control; Cassani, 1995). Other culture‐based fisheries and 
ranching  systems use species that are non‐native to the region, 
which may be problematic for ecological and social reasons 
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when released in open waterbodies. Under certain situations, 
for example, put‐and‐take O. mykiss fisheries in small stillwaters 
in Central Europe, the ecological impacts of culture‐based 
 fisheries with non‐natives may be small. In general, well‐
planned stocking and harvesting regimes in culture‐based 
 fisheries can be tailored to meet production objectives with few 
impacts on the wild stock components, often resulting in a 
 population structure that maximizes somatic production and 
the abundance of catchable‐sized fishes but is incompatible with 
sustaining natural recruitment of the target species (Lorenzen, 
1995, 2005; also called put‐grow‐and‐take fisheries if juvenile 
fishes are released or put‐and‐take when adults are released). 
Managing impacts on non‐target species and the wider ecosys-
tem can be a major consideration, due to the building up of 
populations that are not naturally present in the system and 
 promotion of intensive harvesting that may also affect non‐ 
target species. (2) Stock enhancement involves the continued 
release of hatchery fishes into a wild population, with the aim of 
sustaining and improving fisheries in the face of intensive 
exploitation or habitat alteration. Stock enhancement is distin-
guished from culture‐based fisheries and ranching by the 
 presence of a naturally recruiting wild population and from the 
more conservation‐oriented approaches of supplementation 
and restocking by its primary focus on fisheries production 
(Table 6.3.4). Examples of stock enhancements include Alaska 

salmon Oncorhynchus spp. enhancements and many smaller 
initiatives, mostly for recreational fisheries (Welcomme & 
Bartley, 1998; Hilborn & Eggers, 2000). Under certain 
 conditions, stock enhancements can substantially increase 
 overall abundance of catchable fishes and fisheries yield, but this 
will almost always involve some level of negative impact on 
the wild population component (Lorenzen, 2005). The  challenge 
for  population management in enhancements therefore is to 
achieve combined stock production or abundance targets while 
keeping impacts on the wild stock component within acceptable 
limits. Aquaculture production and genetic management of 
stock enhancements normally place great emphasis on produc-
ing seed fishes of wild‐like phenotype and genotype, except in 
some cases where the stocked population components are inten-
tionally separated from co‐occurring wild components. Because 
stock enhancements aim to increase the abundance of existing 
stocks, normally to a level that will remain below the  unexploited 
abundance of wild stock due to ongoing fishing exploitation, 
impact on non‐target species and the wider ecosystem tend 
to  be of lesser concern than in culture‐based fisheries. (3) 
Restocking or stock rebuilding involves temporary releases of 
hatchery or wild fishes aimed at rebuilding depleted  populations 
more quickly than would be achieved by natural recovery. 
Restocking from nearby waters is used widely to restore fresh-
water fisheries after pollution events or in conjunction with 
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habitat restoration (Philippart, 1995). Theoretical analyses and 
empirical evidence show that where populations have been 
depleted by overfishing, a substantial reduction in fishing inten-
sity is always required to achieve stock rebuilding (Fig. 6.3.2), 
and restocking is likely to be effective as an additional measure 
only in very depleted populations (Lorenzen, 2005). In restock-
ing, release numbers must be substantial relative to the 
 abundance of the remaining wild stock if rebuilding is to be 
 significantly accelerated. Aquaculture and genetic management 
are clearly focused on maintaining the characteristics of the wild 
population. (4) Supplementation is defined here as the contin-
ued release of cultured fishes into very small and declining 
 populations. Supplementation primarily serves conservation 
aims and specifically addresses threat processes in small and 
declining populations: demographic stochasticity, loss of genetic 
diversity and Allee effects (Caughley, 1994). Supplementation 
has been used most widely in salmonids (Hedrick et al., 

2000;  Hilderbrand, 2002). Captive breeding is often part of 
 supplementation efforts. Population management in supple-
mentation typically involves only moderate releases to not 
depress the wild  population component further, stringent 
restrictions on  harvesting and auxiliary measures such as habi-
tat restoration and control of non‐native species. Genetic 
management is focused on maintaining the structure and 
adaptations of the wild stock and often involves breeding plans 
designed to increase the genetically effective population size 
compared to that of the same population under random mat-
ing (Hedrick et  al., 2000). Supplementation can mitigate 
against extinction from demographic stochasticity and main-
tain or expand  genetically effective population size but may 
carry short‐ and medium‐term fitness costs (Fraser, 2008; 
McClure et al., 2008). (5) Reintroduction and translocation 
involve temporary releases of cultured or captured wild fishes 
with the aim of re‐establishing a locally extinct population 

Table 6.3.4 Typology of enhancement fisheries systems

Culture‐based 
fisheries 
biomanipulation

Fisheries stock 
enhancement 
(integrated or 
separated 
programmes)

Restocking or stock 
rebuilding

Supplementation and 
captive breeding

Reintroduction and 
translocation

Aim of management Increase fisheries catch Increase fisheries catch 
and naturally recruiting 
stock

Rebuild depleted wild 
stock to higher 
abundance

Reduce extinction risk 
and conserve genetic 
diversity in small 
populations

Re‐establish 
populations in 
historical range

Culture system
Domestication type Domesticated, mixed Mixed, wild‐like Wild‐like Wild‐like Wild‐like
Developmental 
manipulations

Sterility, conditioning 
for natural environment 
and return or recapture

Conditioning for natural 
environment, in 
separated programmes 
also for return or 
recapture, possibly 
sterility

Conditioning for natural 
environment

Conditioning for 
natural environment

Conditioning for 
natural environment

Genetic management Selection for high 
return to fishing gear

Integrated programmes: 
as for restocking

Preserve wild population 
genetic characteristics

Preserve wild population 
genetic characteristics, 
maximize effective 
population size

Assemble diversity of 
adaptations or use 
stocks adapted to 
similar habitats

Separated programmes: 
selection for high return 
and separation of wild 
and stocked fishes

Natural system
Release Early stages and 

juveniles or large 
‘catchable’ fishes, 
high density

Large juveniles, 
moderate–high density

Any life stage, high 
density

Any life stage, low 
density to supplement 
natural recruitment

Any life stage, 
low density

Fishing intensity High Integrated programmes: 
moderate

Low Low Low

Separated programmes: 
high

Biological 
characteristics
Cultured species Native or non‐native Native Native Native Native
Wild population Usually absent Present (large, but 

possibly depleted)
Present (depleted) Present (small, declining) Absent (locally extinct)

Biological interactions Interspecific ecological Intraspecific ecological, 
genetic

Intraspecific ecological, 
genetic

Intraspecific ecological 
and genetic

Interspecific ecological

Source: Adapted from Lorenzen et al. (2012).
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(Philippart, 1995). The fishes to be released may have been 
cultured, possibly for multiple  generations, or may be brought 
into captivity only briefly as part of a translocation of 
wild  stock. Reintroduction aims at establishing a healthy 
 population that is genetically adapted to the local  environment, 
 self‐sustaining, genetically compatible with neighbouring 
populations so that substantial outbreeding depression does 
not result from straying and interbreeding between  populations 
and sufficiently diverse genetically to accommodate environ-
mental variability over many decades (Reisenbichler et al., 
2003). Genetic management of such  programmes is parti-
cularly challenging because unless a representative and suffi-
ciently large sample of the original population has been 
brought into captivity prior to its extinction in the wild, the 
reintroduced population must be assembled from populations 
other than that originally present. Reisenbichler et al. (2003) 
point out that while it is generally best to adhere to the ances-
tral lineages for the species to be restored, establishment suc-
cess is likely to be greatest for fishes from populations adapted 
to similar environmental conditions, which may not always be 
those now extant from the lineage that was originally present 
in the release habitat.

Considerations for successful use of stocking 
in fisheries enhancement and restoration
Key considerations for the use of stocking are outlined in the 
responsible approach to fisheries enhancement (Lorenzen et al., 
2010). The recent version of the responsible approach divides 
the considerations into three stages, starting from an initial 
appraisal of the potential for enhancement to contribute to 
 fisheries management goals (stage 1) via technology develop-
ment and pilot studies (stage 2) to operational implementation 
(stage 3) (Table  6.3.5). Here, we summarize key aspects that 
have to be considered when the approach is implemented into 
the practice of stocking.

Population dynamics in various stocking systems
The population dynamics of stocked fisheries are influenced by 
size and density‐dependent processes. Natural mortality rates 
within fish populations are strongly size and age dependent, 
typically being orders of magnitude higher in early life stages 
than in adults and declining throughout the juvenile stages 
according to a fairly consistent allometric scaling (Lorenzen, 
2000). Compensatory density dependence is manifested mostly 
in mortality in juveniles and in growth and reproductive varia-
bles in older fishes (Rose et al., 2001; Lorenzen, 2008a). While 
density‐dependent mortality in juveniles exerts the strongest 
compensatory response in many fish populations, density‐
dependent growth in older (recruited) fishes can also exert a 
strong effect and sets the ultimate limits to carrying capacity 
(Lorenzen, 2008a).

The dynamics of culture‐based fisheries are driven entirely 
by stocking, harvesting and the mortality and growth processes 
that apply to the life stages represented in the stocked  population. 

Perhaps the majority of culture‐based fisheries rely on stocking 
of large juveniles or even catchable‐sized fishes, and the key 
 biological processes driving their dynamics are then size 
dependence in mortality and density dependence in growth of 
released fishes. Lorenzen (1995) and Lorenzen et al. (1997) 
explored the dynamics of such fisheries theoretically and in a 
case study. Key insights were that the overall yield is determined 
by the combination of stocking density, size at stocking and 
 fishing pressure. The highest yields are achieved when culture‐
based fisheries are stocked and harvested intensively. New 
 biomass production is maximized when fishes are harvested 
as late juveniles, soon after the somatic growth is highest, while 
conversely, if large fishes are to be produced, it limits the overall 
biomass production that can be achieved. In put‐and‐take 
 recreational fisheries, fishes can be stocked at any size desired by 
anglers and recaptured within days or weeks at the most. Such 
fisheries can sustain very high catches without any biological 
production.

In stock enhancement, fishes are released into existing wild 
populations. Stocking of early life stages or small juveniles prior 
to the juvenile stages in which density dependence in survival is 
strongest will elicit a strong compensatory response, often to the 
extent that stocking has no net effect on the abundance of larger 
fishes but results in displacement of wild by hatchery fishes in 
proportion to their relative densities at the stage of stocking 
(Lorenzen, 2005). Releases of large juveniles after the life stages 
where density dependence in survival is strongest can raise 
abundance and biomass of large fishes beyond the level 
 supported by natural recruitment, but the extent of this will be 
ultimately limited by compensatory growth responses 
(Lorenzen, 2005, 2008a). Where the wild stock is fished within 
sustainable limits, recruitment compensation implies that natu-
ral reproduction of released hatchery fishes will make at best a 

Table 6.3.5 Elements of the updated responsible approach to fisheries 
enhancement

Stage I: Initial appraisal and goal setting
Understand the role of enhancement within the fishery system
Engage stakeholders and develop a rigorous decision‐making process
Quantitatively assess contributions to fisheries management goals
Prioritize and select target species and stocks for enhancement
Assess economic and social benefits and costs of enhancement

Stage II: Research and technology development including pilot studies
Define enhancement system designs
Develop appropriate aquaculture systems
Use genetic resource management
Use disease and health management
Ensure that released hatchery fishes can be identified
Use an empirical process for defining optimal release strategies

Stage III: Operational implementation and adaptive management
Devise effective governance arrangements
Define a management plan with clear goals and decision rules
Assess and manage ecological impacts
Use adaptive management

Adapted from Lorenzen et al. (2010).
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small net contribution to natural recruitment while  posing 
potentially substantial ecological and genetic risks to wild stocks 
through replacement effects (Lorenzen, 2005). High and con-
tinuous releases may over time lead to complete  replacement of 
the wild by cultured or feral populations (Ford, 2002; Lorenzen, 
2005). The empirical evidence for replacement of wild by 
released cultured fishes is variable and may reflect the interplay 
of variable fitness of stocked fishes, duration of  stocking, the 
habitat conditions of the recipient ecosystem and resilience of 
the native stock to compensate for competition with stocked 
fishes (van Poorten et al., 2011). Because stock enhancements 
can depress wild population abundance and also have deleteri-
ous genetic impacts, it may be advantageous to separate cul-
tured and wild population components as far as technically 
possible. Releasing hatchery fishes as advanced juveniles 
(thus reducing interactions with wild juveniles at the stage 
when compensatory density dependence is particularly strong) 
and selective harvesting of hatchery fishes, possibly combined 
with manipulations to induce sterility, can greatly reduce 
 ecological and genetic interactions with wild fishes (Utter, 2004; 
Lorenzen, 2005).

Restocking is normally considered only for populations that 
have been depleted to a low fraction of their carrying capacity. 
In this case, compensatory density‐dependent responses are 
expected to be weak until the population rebuilds substantially, 
and even the stocking of early life stages may contribute to a 
net population increase. Populations that are at a low fraction 
of carrying capacity (<c. 15%) may show depensatory density 
dependence (Allee effects), either ‘trapping’ the population at 
low abundance or leading to continued decline (Liermann & 
Hilborn, 2001). In such populations, release of fishes could 
increase abundance to levels where depensation does not occur 
and thus kick‐start population recovery.

In supplementation programmes for populations that are 
very small in absolute terms, dynamics are similar to those 
described for stock enhancement, but release of additional 
fishes may be beneficial by reducing the threat of extinction due 
to demographic stochasticity despite eliciting a partial compen-
satory response (Hilderbrand, 2002).

Aquaculture production of seed and domestication 
effects
Rearing of fishes in hatcheries and other culture facilities  subjects 
the organisms to an inadvertent or intentional process of 
 domestication. Domestication processes occur inadvertently 
when fishes are brought into captivity but may be enhanced 
through measures such as selective breeding (leading to fully 
domesticated fishes) or reduced by measures such as habitat 
enrichment or life skills training aimed at producing more wild‐
like fishes (Lorenzen et al., 2012). As a result, cultured fishes 
released into the wild tend to differ from their wild conspecifics 
in a wide range of morphological, behavioural, physiological and 
ecological attributes, which can lead to poor fitness (Sosiak et al., 
1979; Ersbak & Haase, 1983; Olla et al., 1998). Indeed, natural 

mortality rates of released cultured fishes are highly variable but 
substantially higher on average than those of wild conspecifics of 
similar size (Lorenzen, 2000; Fleming & Petersson, 2001). 
Likewise, cultured fishes show lower  reproductive success than 
wild fishes (Fleming & Petersson, 2001; McGinnity et al., 2003). 
Cultured fishes may also be more susceptible to capture by fish-
ing gear than their wild conspecifics (Mezzera & Largiadèr, 
2001). Similarly, wild fishes not adapted to a recipient ecosystem 
will often show low survival in the wild.

Genetic management
Three main sets of issues are associated with the genetic 
 management of hatchery programmes: (1) potential disruption 
of neutral and adaptive spatial population structure due to 
translocation, (2) impacts of hatchery spawning and rearing 
on  genetic diversity of stocked fishes and consequently 
after release on the enhanced, mixed stock and (3) impacts of 
 hatchery rearing on the fitness of released fishes and their natu-
rally recruited offspring. Wild fish populations show spatial 
structure in selectively neutral markers where isolation has 
been sufficiently strong and long term (Utter, 2004). Hatchery 
practices should reflect and maintain this structure by using 
brood stock of local origin where possible and through 
 appropriate brood stock management (Verspoor, 1997). Not 
doing so has been shown to carry substantial penalties in terms 
of post‐release fitness, with implications for both enhancement 
effectiveness and risks to the wild population (Araki et al., 
2008; Fraser, 2008). The main risks to genetic diversity arise 
when wild populations of small effective population size are 
‘swamped’ by hatchery fishes derived from comparatively small 
numbers of breeders (Ryman & Laikre, 1991). Loss of fitness is 
more difficult to avert than loss of diversity. Measures aimed at 
minimizing fitness loss include rearing in near‐natural envi-
ronments, minimizing time in captivity, partially replenishing 
brood stock with wild fishes in regular intervals, equalizing 
family size or fragmentation of brood stock to reduce potential 
for adaptation (Araki et al., 2008; Frankham, 2008; Lorenzen 
et  al., 2012). Reduced fitness of cultured fishes reduces the 
effectiveness of enhancements but still poses risks to the wild 
population component, which are greatest when fitness is only 
moderately compromised (Lorenzen, 2005). Several excellent 
guidelines and policies have been developed for genetic man-
agement of enhancements, including Miller and Kapuscinski 
(2003) and Tringali et al. (2007).

Interspecific interactions and ecosystem effects
Interspecific interactions and ecosystem effects of stocking‐
based fisheries enhancement and restoration can arise through 
various biological or technical means. Intensive interspecific 
biological interactions can arise where released fishes increase 
the abundance of existing wild populations or establish new 
populations where the species was previously absent. In either 
case, the strongest impacts on other fish species are likely to 
arise due to predation from stocked piscivores or due to  biogenic 
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habitat modification by stocked species that may, for example, 
reduce macrophyte abundance or increase turbidity (FAO, 1999; 
Eby et al., 2006). Interspecific competitive interactions for food 
tend to be weaker but may also be significant (Levin & Williams, 
2002). Impacts of stocked non‐native species are widely 
 perceived as a more serious threat to native biota than the 
release of native species. While non‐native fishes undoubtedly 
have contributed to threats and extinctions of native fishes, the 
majority of non‐native fishes have integrated into existing com-
munities without causing extinctions or even drastic changes 
in  the abundance of native species (Moyle & Light, 1996; 
Williamson, 1996; Gozlan, 2008). Hybridization between closely 
related cultured and wild species has been shown to occur and 
can contribute to loss of genetic integrity and fitness of the wild 
population (Hitt et al., 2003). Both competitive interactions and 
hybridization may be particularly prevalent where the stocked 
and wild species are closely related. When considering species 
for stocking, it is therefore important to weigh the relative risks 
of intraspecific interactions of stocking native species versus 
those of interspecific interactions associated with stocking and 
introduction of non‐native species.

Diseases
Impacts on wild stocks from diseases introduced by or with the 
stocking material may occur via three mechanisms: (1) introduc-
tions of alien pathogens, (2) transfer of pathogens that have 
evolved increased virulence in culture and (3) changes in host 
population density, age and size structure or immune status that 
affect the dynamics of established pathogens. Introductions of 
alien pathogens are associated with the most dramatic disease 
impacts of stocked on wild fishes so far documented (Johansen et 
al., 2011). Controlling parasites in cultured fishes is crucial to 
minimizing disease interactions with wild fishes, but is not always 
effective and may not be sufficient, particularly where parasite 
transmission from wild to cultured fishes is difficult to avoid. It is 
therefore important to implement an epidemiological, risk‐based 
approach to managing stocking‐induced disease transmission 
that accounts for ecological and evolutionary dynamics of trans-
mission and host population impacts (Bartley et al., 2006).

Human dimensions
Human dimensions, the motivations, attitudes and behaviours 
of fishing stakeholders and the governance arrangements in 
place to regulate the enhanced fisheries can have major implica-
tions for management outcomes (Lorenzen, 2008b). Three 
issues shall be mentioned here. Firstly, it is usually stakeholder 
needs that demand and justify stocking programmes (van 
Poorten et al., 2011). Moreover, many stocking programmes are 
user financed through licence fees, for example, in angling 
clubs. Stakeholder desires may also result in illegal translocation 
of fishes, which contributes to spread of non‐native fishes 
(Johnson et al., 2009). Secondly, individual and collective 
responses of fishers to an enhancement programme may have 

unintended consequences such as an increase in fishing  pressure 
on wild stock components (Hilborn & Eggers, 2000). Such 
responses may be used purposefully in recreational fisheries 
where increasing fishing effort and related economic benefits 
may be a key management objective (Loomis & Fix, 1998). 
Lastly, initiation and successful maintenance of enhancements 
depend on governance systems that allow for regulation of 
resource use and ensure that benefits of enhancements accrue to 
those bearing the costs (Lorenzen, 2008b).

Keys to securing additive effects of stocking
Based on the background information examined, five key 
 considerations are finally outlined that may be considered to 
increase the chances of generating additive effects of stocking. 
Firstly, stocking is most likely to generate positive fisheries 
 outcomes whenever competition with wild recruits is low or even 
absent due to reproduction failures. Otherwise, stocked fishes 
will compete with wild fishes and may partially replace wild 
fishes unless the latter are competitively superior, which is often 
the case. Secondly, stocked fishes have to be properly adapted to 
cope with environmental challenges and natural selection pres-
sures, which involve ecological and genetic  adaptation to condi-
tions in the wild. Thirdly, additive effects are more likely when 
predation burden is low and stocked fishes survive at high rates. 
Elevated survival can be achieved by stocking large‐bodied indi-
viduals that face lower predation losses. And finally, even the best 
adapted and prepared fish has to be released into the wild while 
minimizing transport and release‐related stress risks. Otherwise, 
immediate losses to predators in the wild are very high. Because 
of the complexity of considerations, the reality of many stocking 
programmes is that they have to be ideally conducted as experi-
mental releases using an  adaptive management framework to 
learn the system‐specific responses. Such approach is highly 
advisable before large  investments into hatcheries or similar 
infrastructure happen that are difficult or impossible to reverse. 
We argue strongly against using stocking as a fix to environmen-
tal change or as a habitual practice because of the economic and 
ecological risks that such programmes carry.

Concluding remarks

The old adage that fisheries management is as much people as 
fish stock management is particularly true in the many small‐
scale freshwater fisheries. This is because of the multi‐use 
 patterns characteristic for most freshwater ecosystems where 
local inland fisheries are social–ecological systems nested within 
other regional social–ecological systems and sectors such as agri-
culture. Because of resulting tight cross‐scale interactions among 
systems, sustainable inland fisheries are heavily  dependent on 
decisions made elsewhere with respect to water management, 
flood control, hydropower and navigation. Therefore, within  
the details of planning and implementing  particular fisheries 
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management interventions such as harvest regulations or the 
type and amount of stocking, the fishery manager must ensure to 
be well represented in all external  decisions that spill over to the 
quality of the fishery. Unfortunately, with few exceptions (e.g. 
North American Great Lakes), inland fisheries are often margin-
alized in the wider freshwater ecosystem management and suffer 
from low  sociopolitical priority that reduces political and admin-
istrative support (Arlinghaus et al., 2002). Therefore, an inclusive 
planning and management approach that integrates fisheries 
within the broader scope of aquatic ecosystem management is 
often needed for sustainable inland fisheries. The reader is 
directed to relevant sources that outline elements of an integra-
tive approach to inland fisheries planning and management 
(Cowx, 1998; Lorenzen, 2008b). A range of more specific studies 
may also provide concrete guidance for deciding about the 
 concrete  fisheries management actions that have been outlined 
in this chapter (e.g. introduction of fishes: EIFAC, 1988; 
Welcomme, 1988; fish stocking: Cowx, 1994; Welcomme, 2001; 
Arlinghaus et al., 2002; harvest regulations: Johnson & Martinez, 
1995; FAO, 2012).

Acknowledgements

Work on this chapter was supported by the German Federal 
Ministry of Education and Research (BMBF) within the pro-
ject ‘Besatzfisch’ (www.besatzfisch.de) in the Program for 
Social‐Ecological Research (grant no. 01UU0907) (R.A.). 
Further  support came through the EU FP7 REstoring rivers 
FOR effective catchment Management (REFORM) project 
(I.G.C.) and Federal Aid in Sport Fish Restoration grant 
F‐135‐R (K.L). R.A. thanks Daniel Hühn, Thilo Pagel, 
Christian Wolter and Thomas Klefoth for discussions that 
sharpened some of the material  presented in this chapter. The 
chapter was initiated while R.A. was on sabbatical leave at the 
University of Florida in the Fisheries Program. R.A. thanks 
Mike Allen and Mendy Willis for exceptional hospitality and 
the fisheries group for discussions. R.A., S.J.C. and B.M.J. thank 
Devin Bartley and Raymon van Anrooy of the Food and 
Agricultural Organization (FAO) of the United Nations for 
granting permission for using some of the material publishing 
in the FAO Technical Guidelines for Responsible Fisheries: 
Recreational Fisheries.

References

Allan, J. D., Abell, R., Hogan, Z., Revenga, C., Taylor, B. W., Welcomme, 
R.  L. & Winemiller, K. (2005). Overfishing of inland waters. 
BioScience 55, 1041–1051.

Allen, M. S. & Pine III, W. E. (2000). Detecting fish population responses 
to a minimum length limit: effects of variable recruitment and dura-
tion of evaluation. North American Journal of Fisheries Management 
20, 672–682.

Araki, H., Berejikian, B. A., Ford, M. J. & Blouin, M. S. (2008). Fitness 
of hatchery‐reared salmonids in the wild. Evolutionary Applications 
1, 342–355.

Arlinghaus, R. & Krause, J. (2013). Wisdom of the crowd and natural 
resource management. Trends in Ecology and Evolution 28, 9–11.

Arlinghaus, R. & Mehner, T. (2003). Management preferences of urban 
anglers: habitat rehabilitation measures versus other options. Fisheries 
28, 10–17.

Arlinghaus, R., Mehner, T. & Cowx, I. G. (2002). Reconciling traditional 
inland fisheries management and sustainability in industrialized 
countries, with emphasis on Europe. Fish and Fisheries 3, 261–316.

Arlinghaus, R., Cooke, S. J., Lyman, J., Policansky, D., Schwab, A., Suski, 
C., Sutton, S. G. & Thorstad, E. B. (2007). Understanding the com-
plexity of catch‐and‐release in recreational fishing: an integrative 
synthesis of global knowledge from historical, ethical, social, and bio-
logical perspectives. Reviews in Fisheries Science 15, 75–167.

Arlinghaus, R., Matsumura, S. & Diekmann, U. (2010). The conservation and 
fishery benefits of protecting large pike (Esox lucius L.) by harvest regula-
tions in recreational fishing. Biological Conservation 143, 1444–1459.

Ashley, K.  I. (1985). Hypolimnetic aeration: practical design and 
 application. Water Research 19, 735–740.

Bain, M.  B. & Stevenson, N.  J. (1999). Aquatic Habitat Assessment: 
Common Methods. Bethesda, MD: American Fisheries Society.

Bartley, D. M., Bondad‐Reantaso, M. G. & Subasinghe, R. P. (2006). A risk 
analysis framework for aquatic animal health management in marine 
stock enhancement programmes. Fisheries Research 80, 28–36.

Beam, J.  H. (1983). The effect of annual water level management on 
population trends of white crappie in Elk City Reservoir, Kansas. 
North American Journal of Fisheries Management 3, 34–40.

Beard Jr, T. D., Cox, S. J. & Carpenter, S. R. (2003). Impacts of daily bag 
limit reductions on angler effort in Wisconsin walleye lakes. North 
American Journal of Fisheries Management 23, 1283–1293.

Bednarek, A. T. (2001). Undamming rivers: a review of the ecological 
impacts of dam removal. Environmental Management 27, 803–814.

Beklioglu, M., Carvalho, L. & Moss, B. (1999). Rapid recovery of a shal-
low hypertrophic lake following sewage effluent diversion: lack of 
chemical resilience. Hydrobiologia 412, 5–15.

Berkeley, S. A., Hixon, M. A., Larson, R. J. & Love, M. S. (2004). Fisheries 
sustainability via protection of age structure and spatial distribution 
of fish populations. Fisheries 29, 23–32.

Bolding, B., Bonar, S. & Divens, M. (2004). Use of artificial structure to 
enhance angler benefits in lakes, ponds, and reservoirs: a literature 
review. Reviews in Fisheries Science 12, 75–96.

Brucet, S., Pédron, S., Mehner, T., Lauridsen, T. L., Argillier, C., Winfield, 
I. J., Volta, P., Emmrich, M., Hesthagen, T., Holmgren, K., Benejam, L., 
Kelly, F., Krause, T., Palm, A., Rask, M. & Jeppesen, E. (2013). Fish 
diversity in European lakes: geographical factors dominate over 
anthropogenic pressures. Freshwater Biology 58, 1779–1793.

Bunn, S. E. & Arthington, A. H. (2002). Basic principles and ecological 
consequences of altered flow regimes for aquatic biodiversity. 
Environmental Management 30, 492–507.

Bunt, C. M., Castro‐Santos, T. & Haro, A. (2012). Performance of fish 
passage structures at upstream barriers to migration. River Research 
and Applications 28, 457–478.

Burroughs, B. A., Hayes, D. B., Klomp, K. D., Hansen, J. F. & Mistak, J. 
(2010). The effects of the Stronach Dam removal on fish in the Pine 
River, Manistee County, Michigan. Transactions of the American 
Fisheries Society 139, 1595–1613.



576   Fisheries development

Cassani, J.  R. (1995). Problems and prospects for grass carp as a 
 management tool. American Fisheries Society Symposium 15, 407–412.

Caughley, G. (1994). Directions in conservation biology. Journal of 
Animal Ecology 63, 215–244.

Clair, T. A. & Hindar, A. (2005). Liming for the mitigation of acid rain 
effects in freshwaters: a review of recent results. Environmental 
Reviews 13, 91–128.

Clay, C.  H. (1995). Design of Fishways and other Fish Facilities. Boca 
Raton, FL: CRC Press.

Coggins Jr, L. C., Catalano, M. J., Allen, M. S., Pine III, W. E. & Walters, 
C. J. (2007). Effects of cryptic mortality and the hidden costs of length 
limits in fishery management. Fish and Fisheries 8, 196–210.

Connell, D. W. (1988). Bioaccumulation behavior of persistent organic 
chemicals with aquatic organisms. Reviews of Environmental 
Contamination and Toxicology, 102. 117–154.

Conover, D. O. & Munch, S. B. (2002). Sustaining fisheries yields over 
evolutionary time scales. Science 297, 94–96.

Cooke, S. J. & Hinch, S. G. (2013). Improving the reliability of fishway 
attraction and passage efficiency estimates to inform fishway engineer-
ing, science, and practice. Ecological Engineering 58, 123–132.

Cooke, G.  D., Welch, E.  B., Peterson, S. & Nichols, S.  A. (2005). 
Restoration and Management of Lakes and Reservoirs. Boca Raton, 
FL: Taylor & Francis.

Cooke, S. J., Suski, C. D., Arlinghaus, R. & Danylchuk, A. J. (2013). Voluntary 
institutions and behaviours as alternatives to formal regulations in 
 recreational fisheries management. Fish and Fisheries 14, 439–457.

Coutant, C. C. & Whitney, R. R. (2000). Fish behavior in relation to pas-
sage through hydropower turbines: a review. Transactions of the 
American Fisheries Society 129, 351–380.

Cowx, I. (1994). Stocking strategies. Fisheries Management and Ecology 
1, 15–30.

Cowx, I.  G. (Ed.). (1998). Stocking and Introduction of Fish. Oxford: 
Fishing News Books, Blackwell Science.

Cowx, I. G. & Welcomme, R. L. (1998). Rehabilitation of Rivers for Fish. 
Oxford: Fishing News Books Ltd.

Cox, S. P. & Walters, C. (2002). Maintaining quality in recreational fish-
eries: how success breeds failure in management of open‐access sport 
fisheries. In Recreational Fisheries: Ecological, Economic and Social 
Evaluation (Pitcher, T.  J & Hollingworth, C.E., eds), pp. 107–119. 
Oxford: Blackwell Science.

Dudgeon, D., Arthington, A.  H., Gessner, M.  O., Kawabata, Z.  I., 
Knowler, D. J., Leveque, C., Naiman, R. J., Prieur‐Richard, A. H., 
Soto, D., Stiassny, M. L. J. & Sullivan, C. A. (2006). Freshwater bio-
diversity: importance, threats, status and conservation challenges. 
Biological Reviews 81, 163–182.

Dynesius, M. & Nilsson, C. (1994). Fragmentation and flow regulation of 
river systems in the northern third of the world. Science 266, 753–762.

Eby, L. A., Roach, J. W., Crowder, L. A. & Stanford, J. A. (2006). Effects 
of stocking‐up freshwater food webs. Trends in Ecology and Evolution 
21, 576–584.

EIFAC (European Inland Fisheries Advisory Commission) (1988). 
Code of practice and manual for procedures for consideration of 
introductions and transfers of marine and freshwater organisms. 
EIFAC Occasional Paper No. 23, Rome: FAO.

Ersbak, K. & Haase, B. L. (1983). Nutritional deprivation after stocking 
as a possible mechanism leading to mortality in stream‐stocked brook 
trout. North American Journal of Fisheries Management 3, 142–151.

Falk, D.  A., Palmer, M.  A. & Zedler, J.  B. (2006). Foundations of 
Restoration Ecology. Washington, DC: Island Press.

FAO (1999). Global characterisation of inland fisheries enhancements 
and associated environmental impacts. FAO Fisheries Circular 945. 
Rome: FAO.

FAO (2012). Recreational fisheries. FAO Technical Guidelines for 
Responsible Fisheries 13.

Fausch, K.  D., Torgersen, C.  E., Baxter, C.  E. & Li, H.  W. (2002). 
Landscapes to riverscapes: bridging the gap between research and 
conservation of stream fishes. BioScience 52, 483–498.

Fenichel, E., Gentner, B. & Arlinghaus, R. (2013). Normative considera-
tions for recreational fishery management: a bioeconomic frame-
work for linking positive science and normative fisheries policy 
decisions. Fisheries Management and Ecology 20, 223–233.

Fleming, I. A. & Petersson, E. (2001). The ability of released, hatchery 
salmonids to breed and contribute to the natural productivity of wild 
populations. Nordic Journal of Freshwater Research 75, 71–98.

Ford, M.  J. (2002). Selection in captivity during supportive breeding 
may reduce fitness in the wild. Conservation Biology 16, 815–825.

Frankham, R. (2008). Genetic adaptation to captivity in species conser-
vation programs. Molecular Ecology 17, 325–333.

Fraser, D. J. (2008). How well can captive breeding programs conserve 
biodiversity? A review of salmonids. Evolutionary Applications 1, 
535–586.

Freyhof, J. & Brooks, E. (2011). European Red List of Freshwater Fishes. 
Luxembourg: Publication Office of the European Union.

Frissell, C. A. & Ralph, S. C. (1998). Stream and watershed restora-
tion. In River Ecology and Management: Lessons from the Pacific 
Coastal Ecoregion (Naiman, R. J. & Bilby, R. E., eds). New York, NY: 
Springer.

Gigliotti, L. M. & Taylor, W.W. (1990). The effect of illegal harvest on 
recreational fisheries. North American Journal of Fisheries 
Management 10, 106–110.

Gore, J.  A. & Shields, F.  D. (1995). Can large rivers be restored? 
BioScience 45, 142–152.

Gozlan, R. E. (2008). Introduction of non‐native freshwater fish: is it all 
bad? Fish and Fisheries 9, 106–115.

Gwinn, D. C., Allen, M. S., Johnston, F. D., Brown, P., Todd, C. R. & 
Arlinghaus, R. (in press). Rethinking length‐based fisheries regula-
tions: the value of protecting old and large fish with harvest slots. 
Fish and Fisheries.

Hammond, A. L. (1971). Phosphate replacements: problems with the 
washday miracle. Science 172 (3981), 361–363.

Hanson, J. M. & Leggett, W. C. (1982). Empirical prediction of fish bio-
mass and yield. Canadian Journal of Fisheries and Aquatic Sciences 
39, 257–263.

Hasler, C. T., Mossop, B., Patterson, D. A., Hinch, S. G. & Cooke, S. J. 
(2012). Swimming activity of migrating Chinook salmon in a regu-
lated river. Aquatic Biology 17, 47–56.

Hayes, D. B., Paola Ferreri, C. & Taylor, W. W. (1996). Linking fish hab-
itat to their population dynamics. Canadian Journal of Fisheries and 
Aquatic Sciences 53, 383–390.

Hedrick, P.  W., Hedgecock, D., Hamelberg, S. & Croci, S.  J. (2000). 
The  impact of supplementation in winter‐run chinook salmon on 
effective population size. The Journal of Heredity 91, 112–116.

Hickley, P., Arlinghaus, R., Tyner, R., Aprahamian, M., Parry, K. & 
Carter, M. (2004). Rehabilitation of urban lake fisheries for angling 
by managing habitat: general overview and case studies from England 
and Wales. Ecohydrology & Hydrobiology 4, 365–378.

Hilborn, R. (1998). The economic performance of marine stock 
enhancement programs. Bulletin of Marine Science 62, 661–674.



Management of freshwater fisheries: addressing habitat, people and fishes   577

Hilborn, R. & Eggers, D. (2000). A review of the hatchery programs for 
pink salmon in Prince William Sound and Kodiak Island, Alaska. 
Transactions of the American Fisheries Society 129, 333–350.

Hilderbrand, R.  H. (2002). Simulating supplementation strategies for 
restoring and maintaining stream resident cutthroat trout popula-
tions. North American Journal of Fisheries Management 22, 879–887.

Hitt, N. P., Frissel, C. A., Muhlfeld, C. C. & Allendorf, F. W. (2003). Spread 
of hybridization between native westslope cutthroat trout, Oncorhynchus 
clarki lewisi, and nonnative rainbow trout, Oncorhynchus mykiss. 
Canadian Journal of Fisheries and Aquatic Sciences 60, 1440–1451.

Hobbs, R.  J. & Harris, J.  A. (2001). Restoration ecology: repairing 
the  earth’s ecosystems in the new millennium. Restoration Ecology 
9, 239–246.

Hobbs, R. J. & Norton, D. A. (1996). Towards a conceptual framework 
for restoration ecology. Restoration Ecology 4, 93–110.

Hobbs, R.  J., Hallett, L.  M., Ehrlich, P.  R. & Mooney, H.  A. (2011). 
Intervention ecology: applying ecological science in the twenty‐first 
century. BioScience 61, 442–450.

Hoffmann, R. C. (1996). Economic development and aquatic  ecosystems 
in medieval Europe. American Historical Review 101, 632–669.

Holmlund, C. M. & Hammer, M. (1999). Ecosystem services generated 
by fish populations. Ecological Economics 29, 253–268.

Hucksdorf, V., Lewin, W.‐C. & Wolter, C. (2008). Environmental flow 
methodologies to protect fisheries resources in human‐modified 
large lowland rivers. River Research and Applications 24, 519–527.

Hunt, J. & Annett, C.  A. (2002). Effects of habitat manipulation on 
reproductive success of individual largemouth bass in an Ozark 
 reservoir. North American Journal of Fisheries Management 22, 
1201–1208.

Hunter, C. J. (1991). Better Trout Habitat: A Guide to Stream Restoration 
and Management. Washington, DC: Island Press.

Irwin, B. J., Wilberg, M. J., Jones, M. L. & Bence, J. R. (2011). Applying 
structured decision making to recreational fisheries management. 
Fisheries 36, 113–122.

Isermann, D. & Paukert, C.  P. (2010). Regulating harvest. In Inland 
Fisheries Management in North America, 3rd edn (Hubert, W. A. & 
Quist, M. C., eds), pp. 185–212. Bethesda, MD: American Fisheries 
Society.

Jensen, A. L. (1981). Optimum size limits for trout fisheries. Canadian 
Journal of Fisheries and Aquatic Sciences 38, 657–661.

Johansen, L. H., Jensen, I., Mikkelsen, H., Bjørn, P.‐A. Jansen, P. A. & 
Bergh, Ø. (2011). Disease interaction and pathogens exchange 
between wild and farmed fish populations with special reference to 
Norway. Aquaculture 315, 167–186.

Johnson, B. M. & Martinez, P. J. (1995). Selecting harvest regulations 
for  recreational fisheries: opportunities for research/management 
 cooperation. Fisheries 20 (10), 22–29.

Johnson, B. M., Arlinghaus, R. & Martinez, P. (2009). Are we doing all 
we can to stem the tide of illegal fish stocking? Fisheries 34, 389–394.

Junk, W. J., Bayley, P. B. & Sparks, R. E. (1989). The flood pulse concept 
in river‐floodplain systems. In Proceedings of the International Large 
River Symposium (Dodge, D. P., ed.), pp. 110–127. Canadian Special 
Publication of Fisheries and Aquatic Sciences 106. http://www.nrem.
iastate.edu/class/assets/aecl518/Discussion%20Readings/Junk_ 
et_al._1989.pdf

Kitchell, J.  F. (1992). Food Web Management: A Case Study of Lake 
Mendota. New York, NY: Springer.

Law, R. (2007). Fisheries‐induced evolution: present status and future 
directions. Marine Ecology Progress Series 335, 271–277.

Lejon, A. G., Renöfält, B. M. & Nilsson, C. (2009). Conflicts associated 
with dam removal in Sweden. Ecology and Society 14, 4.

Levin, P. S. & Williams, J. G. (2002). Interspecific effects of artificially 
propagated fish: an additional conservation risk for salmon. 
Conservation Biology 16, 1581–1587.

Lewin, W.  C., Arlinghaus, R. & Mehner, T. (2006). Documented and 
potential biological impacts of recreational fishing: insights for man-
agement and conservation. Reviews in Fisheries Science 14, 305–367.

Liermann, M. & Hilborn, R. (2001). Depensation: evidence, models and 
implications. Fish and Fisheries 2, 33–58.

Loomis, J. & Fix, P. (1998). Testing the importance of fish stocking as a 
determinant of the demand for fishing licenses and fishing effort in 
Colorado. Human Dimensions of Wildlife 3, 46–61.

Lorenzen, K. (1995). Population dynamics and management of culture‐
based fisheries. Fisheries Management and Ecology 2, 61–73.

Lorenzen, K. (2000). Allometry of natural mortality as a basis for assess-
ing optimal release size in fish stocking programmes. Canadian 
Journal of Fisheries and Aquatic Sciences 57, 2374–2381.

Lorenzen, K. (2005). Population dynamics and potential of fisheries 
stock enhancement: practical theory for assessment and policy analy-
sis. Philosophical Transactions of the Royal Society B 360, 171–189.

Lorenzen, K. (2008a). Fish population regulation beyond ‘stock and 
recruitment’: the role of density‐dependent growth in the recruited 
stock. Bulletin of Marine Science 83, 181–196.

Lorenzen, K. (2008b). Understanding and managing enhancement 
 fisheries systems. Reviews in Fisheries Science 16, 10–23.

Lorenzen, K., Xu, G., Cao, F., Ye, J. & Hu, T. (1997). Analysing extensive 
fish culture systems by transparent population modelling: bighead 
carp, Aristichthys nobilis (Richardson 1845), culture in a Chinese res-
ervoir. Aquaculture Research 28, 867–880.

Lorenzen, K., Leber, K. M. & Blankenship, H. L. (2010). Responsible 
approach to marine stock enhancement: an update. Reviews in 
Fisheries Science 18, 189–210.

Lorenzen, K., Beveridge, M. C. M. & Mangel, M. (2012). Cultured fish: 
integrative biology and management of domestication and inter-
actions with wild fish. Biological Reviews 87, 639–660.

Matsumura, S., Arlinghaus, R. & Dieckmann, U. (2011). Assessing 
 evolutionary consequences of size‐selective recreational fishing on 
multiple life‐history traits, with an application to northern pike (Esox 
lucius). Evolutionary Ecology 25, 711–735.

McClure, M. M., Utter, F. M., Baldwin, C., Carmichael, R. W. Hassemer, 
P.  F., Howell, P.  J., Spruell, P., Cooney, T.  D., Schaller, H.  A. & 
Petrowski, C. E. (2008). Evolutionary effects of alternative artificial 
propagation programs: implications for viability of endangered 
 anadromous salmonids. Evolutionary Applications 1, 356–375.

McGinnity, P., Prodöhl, P., Ferguson, A., Hynes, R., Ó Maoiléidigh, N., 
Baker, N. Cotter, D., O’Hea, B., Cooke, D., Rogan, G., Taggart, J. 
& Cross, T. (2003). Fitness reduction and potential extinction of wild 
populations of Atlantic salmon Salmo salar, as a result of interactions 
with escaped farm salmon. Proceedings of the Royal Society B 270, 
2443–2450.

McLaughlin, R. L., Smyth, E. R. B., Castro‐Santos, T., Jones, M. L., Koops, 
M. A., Pratt, T. C. & Vélez‐Espino, L. ‐A. (2013). Unintended conse-
quences and trade‐offs of fish passage. Fish and Fisheries 14, 580–604.

Mehner, T., Arlinghaus, R., Berg, S., Dörner, H., Jacobsen, L., Kasprzak, 
P., Koschel, R., Schulze, T., Skov, C., Wolter, C. & Wysujack, K. (2004). 
How to link biomanipulation and sustainable fisheries management: 
a step‐by‐step guideline for lakes of the European temperate zone. 
Fisheries Management and Ecology 11, 261–275.



578   Fisheries development

Mehner, T., Diekmann, M., Brämick, U. & Lemcke, R. (2005). 
Composition of fish communities in German lakes as related to lake 
morphology, trophic state, shore structure and human‐use intensity. 
Freshwater Biology 50, 70–85.

Mezzera, M. & Largiadèr, C. R. (2001). Evidence for selective angling of 
introduced trout and their hybrids in a stocked brown trout popula-
tion. Journal of Fish Biology 59, 287–301.

Middleton, J. V. (2001). The stream doctor project: community‐driven 
stream restoration. BioScience 51, 293–296.

Miller, J. R. & Hobbs, R.  J. (2007). Habitat restoration – do we know 
what we’re doing? Restoration Ecology 15, 382–390.

Miller, L. M. & Kapuscinski, A. R. (2003). Genetic guidelines for hatch-
ery supplementation programs. In Population Genetics: Principles 
and Applications for Fisheries Scientists (Hallerman, E.  M., ed.), 
pp. 329–355. Bethesda, MD: American Fisheries Society.

Morison, A.  K. (2004). Input and output controls in fisheries 
 management: a plea for more consistency in terminology. Fisheries 
Management and Ecology 11, 411–413.

Moss, B. R. (2009). Ecology of Fresh Waters: Man and Medium, Past to 
Future. Oxford: Blackwell Science.

Moyle, P. B. & Light, T. (1996). Biological invasions of fresh water: empir-
ical rules and assembly theory. Biological Conservation 78, 149–162.

Nagayama, S., Kawaguchi, Y., Nakano, D. & Nakamura, F. (2008). 
Methods for and fish responses to channel remeandering and large 
wood structure placement in the Shibetsu River Restoration Project 
in northern Japan. Landscape and Ecological Engineering 4, 69–74.

Nagrodski, A., Raby, G. D., Hasler, C. T., Taylor, M. K. & Cooke, S. J. 
(2012). Fish stranding in freshwater systems: sources, consequences, 
and mitigation. Journal of Environmental Management 103, 133–141.

Naiman, R. J., Decamps, H. & McClain, M. E. (2005). Riparia: Ecology, 
Conservation, and Management of Streamside Communities. Oxford: 
Elsevier.

Nilsson, C., Reidy, C.  A., Dynesius, M. & Revenga, C. (2005). 
Fragmentation and flow regulation of the world’s large river systems. 
Science 308, 405–408.

Noble, R. L. & Jones, T. W. (1999). Managing fisheries with regulations. 
In Inland Fisheries Management in North America, 2nd edn. (Kohler, 
C. C. & Hubert, W. A., eds), pp. 455–480. Bethesda, MD: American 
Fisheries Society.

Olem, H. & Flock, G. (1990). Lake and Reservoir Restoration Guidance 
Manual (No. PB‐93‐207926/XAB; EPA‐‐440/4‐90/006). Merrifield, 
VA: North American Lake Management Society.

Olla, B. L., Davis, M. W. & Ryer, C. H. (1998). Understanding how the 
hatchery environment represses or promotes the development of 
behavioral survival skills. Bulletin of Marine Science 62, 531–550.

Osborne, L. L. & Kovacic, D. A. (1993). Riparian vegetated buffer strips 
in water quality restoration and stream management. Freshwater 
Biology 29, 243–258.

Pavlov, D. S. (1989). Structures assisting the migrations of non‐salmonid 
fish: USSR. FAO Fisheries Technical Paper 308.

Philippart, J. C. (1995). Is captive breeding an effective solution for the pres-
ervation of endemic species? Biological Conservation 72, 281–295.

Pierce, R. B. (2010). Long term evaluations of length limit regulations 
for northern pike in Minnesota. North American Journal of Fisheries 
Management 30, 412–432.

Pierce, R. B. & Tomcko, C. M. (1998). Angler noncompliance with slot 
length limits for northern pike in five small Minnesota lakes. 
North American Journal of Fisheries Management 18, 720–724.

Platts, W. S. & Wagstaff, F. J. (1984). Fencing to control livestock grazing 
on riparian habitats along streams: is it a viable alternative? 
North American Journal of Fisheries Management 4, 266–272.

Ploskey, G.  R. (1986). Effect of water‐level changes on reservoir 
 ecosystems, with implications for fisheries management. In Reservoir 
Fisheries Management: Strategies for the 80’s (Hall G.  E. & Van 
Den  Avyle, M.  J., eds), pp. 86–97. Bethesda, MD: American 
Fisheries Society.

Poff, N. L., Allan, J. D., Bain, M. B., Karr, J. R., Richter, B., Sparks, R. & 
Stromberg, J. (1997). The natural flow regime: a new paradigm for 
riverine conservation and restoration. BioScience 47, 769–784.

van Poorten, B. T., Arlinghaus, R., Daedlow, K. & Heartel‐Borer, S. S. 
(2011). Social‐ecological interactions, management panaceas, and the 
future of wild fish populations. Proceedings of the National Academy of 
Sciences of the United States of America 108, 12554–12599.

Post, J. R., Sullivan, M., Cox, S., Lester, N. P., Walters, C. J., Parkinson, 
E. A., Paul, A. J., Jackson, L. & Shuter, B. J. (2002). Canada’s recrea-
tional fishery: the invisible collapse? Fisheries 27, 6–17.

Postel, S., Carpenter, S. & Daily, G. C. (1997). Freshwater ecosystem services. 
In Nature’s Services: Societal Dependence on Natural Ecosystems (Daily, 
G. C., ed.), pp. 195–214. Amherst, MA: Global Water Policy Project.

Quigley, J.  T. & Harper, D.  J. (2006). Effectiveness of fish habitat 
 compensation in Canada in achieving no net loss. Environmental 
Management 37, 351–366.

Radomski, P.  J., Grant, G.  C., Jacobson, P.  C. & Cook, M.  F. (2001). 
Visions for recreational fishing regulations. Fisheries 26 (5), 7–18.

Reisenbichler, R.  R., Utter, F.  M. & Krueger, C. C. (2003). Genetic 
 concepts and uncertainties in restoring fish populations and species. 
In Strategies for Restoring River Ecosystems: Sources of Variability and 
Uncertainty in Natural and Managed Systems (Wissmar, R.  C. & 
Bisson, P. A., eds), pp. 149–183. Bethesda, MD: American Fisheries 
Society.

Richter, B. D., Braun, D. P., Mendelson, M. A. & Master, L. L. (1997a). 
Threats to imperiled freshwater fauna. Conservation Biology 11, 
1081–1093.

Richter B.  D., Baumgartner, J.  V., Wigington, R. & Braun, D.  P. 
(1997b). How much water does a river need? Freshwater Biology 
37, 231–249.

Ricker, W.  E. (1954). Stock and recruitment. Journal of the Fisheries 
Research Board of Canada 11, 559–623.

Roni, P. (2005). Monitoring Stream and Watershed Restoration. Bethesda, 
MD: American Fisheries Society.

Roni, P. & Beechie, T. (2012). Stream and Watershed Restoration: A Guide 
to Restoring Riverine Processes and Habitats. Oxford: Blackwell Science.

Roni, P., Beechie, T. J., Bilby, R. E., Leonetti, F. E., Pollock, M. M. & Pess, 
G.  R. (2002). A review of stream restoration techniques and a 
 hierarchical strategy for prioritizing restoration in Pacific Northwest 
watersheds. North American Journal of Fisheries Management 22, 1–20.

Roscoe, D. W. & Hinch, S. G. (2010). Effectiveness monitoring of fish 
passage facilities: historical trends, geographic patterns and future 
directions. Fish and Fisheries 11, 12–33.

Rose, K. A., Cowan, J. H., Winemiller, K. O., Myers, R. A. & Hilborn, R. 
(2001). Compensatory density‐dependence in fish populations: 
importance, controversy, understanding and prognosis. Fish and 
Fisheries 2, 293–327.

Rosenberg, A., Bigford, T.  E., Leathery, S., Hill, R.  L. & Bickers, K. 
(2000). Ecosystem approaches to fishery management through 
essential fish habitat. Bulletin of Marine Science 66, 535–542.



Management of freshwater fisheries: addressing habitat, people and fishes   579

Rubec, C. D. & Hanson, A. R. (2009). Wetland mitigation and compensa-
tion: Canadian experience. Wetlands Ecology and Management 17, 3–14.

Ryman, N. & Laikre, L. (1991). Effects of supportive breeding on 
 genetically effective population size. Conservation Biology 5, 325–329.

Sass, G. G., Kitchell, J. F., Carpenter, S. R., Hrabik, T. R., Marburg, A. E. & 
Turner, M. G. (2006). Fish community and food web responses to a 
whole‐lake removal of coarse woody habitat. Fisheries 31, 321–330.

Schindler, D. W. (1988). Effects of acid rain on freshwater ecosystems. 
Science 239, 149–157.

Schindler, D.  W. (2006). Recent advances in the understanding and 
management of eutrophication. Limnology and Oceanography 51, 
356–363.

Seaman, W. & Sprague, L. M. (1991). Artificial Habitats for Marine and 
Freshwater Fisheries. San Diego, CA: Academic Press.

Shapiro, J., Lamarra, V. & Lynch, M. (1975). Biomanipulation: an ecosys-
tem approach to lake restoration. In Water Quality Management through 
Biological Control (Brezonik, P.  L. & Fox, J. L., eds). Gainesville, FL: 
University of Florida.

Smokorowski, K. E. & Pratt, T. C. (2007). Effect of a change in physical 
structure and cover on fish and fish habitat in freshwater ecosystems 
– a review and meta‐analysis. Environmental Reviews 15, 15–41.

Smokorowski, K. E., Metcalfe, R. A., Finucan, S. D., Jones, N., Marty, J., 
Power, M., Pyrce, R. S. & Steele, R. (2011). Ecosystem level assess-
ment of environmentally based flow restrictions for maintaining 
 ecosystem integrity: a comparison of a modified peaking versus 
 unaltered river. Ecohydrology 4, 791–806.

Søndergaard, M., Liboriussen, L., Pedersen, A. R. & Jeppesen, E. (2008). 
Lake restoration by fish removal: short‐and long‐term effects in 36 
Danish lakes. Ecosystems 11, 1291–1305.

Sosiak, A. J. R., Randall, G. & McKenzie, J. A. (1979). Feeding by hatchery‐ 
reared and wild Atlantic salmon (Salmo salar) parr in streams. Journal 
of the Fisheries Research Board of Canada 36, 1408–1412.

Stewart, G. B., Bayliss, H. R., Showler, D. A., Sutherland, W. J. & Pullin, 
A.  S. (2009). Effectiveness of engineered in‐stream structure 
 mitigation measures to increase salmonid abundance: a systematic 
review. Ecological Applications 19, 931–941.

Stockner, J. G., Rydin, E. & Hyenstrand, P. (2000). Cultural oligotrophi-
cation: causes and consequences for fisheries resources. Fisheries 25, 
7–14.

Stoddard, J.  L., Jeffries, D.  S., Lukewille, A., Clair, T.  A., Dillon, P.  J., 
Driscoll, C. T., Forsius, M., Johannessen, M., Kahl, J. S., Kellogg, J. H., 
Kemp, A., Mannio, J., Monteith, D.  T., Murdoch, P.  S., Patrick, S., 
Rebsdorf, A., Skjelkvale, B. L., Stainton, M. P., Traaen, T., van Dam, 
H., Webster, K. E., Wieting, J. & Wilander, A. (1999). Regional trends 
in aquatic recovery from acidification in North America and Europe. 
Nature 401, 575–578.

Sullivan, M. G. (2002). The illegal harvest of walleye protected by size 
limits in Alberta. North American Journal of Fisheries Management 
22, 1058–1068.

Sun, P., Backus, S., Blanchard, P. & Hites, R. A. (2006). Temporal and 
spatial trends of organochlorine pesticides in Great Lakes precipita-
tion. Environmental Science and Technology 40, 2135–2141.

Susarla, S., Medina, V. F. & McCutcheon, S. C. (2002). Phytoremediation: 
an ecological solution to organic chemical contamination. Ecological 
Engineering 18, 647–658.

Tringali, M.  D., Bert, T.  M., Cross, F., Dodrill, J. W., Gregg, L. M., 
Halstead, W. G., Krause, R. A., Leber, K. M., Mesner, K., Porak, W., 
Roberts, D., Stout, R. & Yeager, D. (2007). Genetic policy for the 
release of  finfishes in Florida. Florida Fish and Wildlife Research 
Institute Publication No. IHR‐2007‐001. St Petersburg, FL: Florida 
Fish and Wildlife Conservation Commission.

Utter, F. (2004). Population genetics, conservation and evolution in 
 salmonids and other widely cultured fishes: some perspectives over 
six decades. Reviews in Fish Biology and Fisheries 14, 125–144.

Van Diggelen, R., Grootjans, A.  P. & Harris, J.  A. (2001). Ecological 
 restoration: state of the art or state of the science? Restoration Ecology 
9, 115–118.

Venturelli, P.  A., Shuter, B.  J. & Murphy, C.  A. (2009). Evidence for 
 harvest‐induced maternal influences on the reproductive rates of fish 
populations. Proceedings of the Royal Society B 276, 919–924.

Verspoor, E. (1997). Genetic diversity among Atlantic salmon 
(Salmo salar L.) populations. ICES Journal of Marine Science 53, 
965–973.

Walker, J.  R., Foote, L. & Sullivan, M.  G. 2007. Effectiveness of 
enforcement to deter illegal angling harvest of northern pike in 
Alberta. North American Journal of Fisheries Management 27, 
1369–1377.

Walters, C.  J. (1986). Adaptive Management of Renewable Resources. 
New York, NY: MacMillan.

Walters, C.  J. & Martell, S.  J. D. (2004). Fisheries Ecology and 
Management. Princeton, NJ: Princeton University Press.

Welcomme, R. L. (1988). International introductions of inland aquatic 
species. FAO Fisheries Technical Paper 294.

Welcomme, R.  L. (2001). Inland Fisheries. Ecology and Management. 
Oxford: Fishing News Books, Blackwell Science.

Welcomme, R. L. & Bartley, D. M. (1998). Current approaches to the 
enhancement of fisheries. Fisheries Management and Ecology 5, 
351–382.

Wilde, G. R. (1997). Largemouth bass fishery responses to length limits. 
Fisheries 22 (6), 14–23.

Williamson, M. (1996). Biological Invasions. London: Chapman & Hall.
Wills, T.  C., Bremigan, M.  T. & Hayes, D.  B. (2004). Variable effects 

of  habitat enhancement structures across species and habitats in 
Michigan reservoirs. Transactions of the American Fisheries Society 
133, 399–411.

Winfield, I. J. (2004). Fish in the littoral zone: ecology, threats and man-
agement. Limnologica – Ecology and Management of Inland Waters 
34, 124–131.

Zedler, J. B. (2000). Progress in wetland restoration ecology. Trends in 
Ecology and Evolution 15, 402–407.

Electronic Reference

Clewell, A., Rieger, J. & Munro, J. (2000). Guidelines for Developing 
and Managing Ecological Restoration Projects, 2nd edn. Washington, 
DC: Society for Ecological Restoration. Available at http://www.ser.
org/resources/resources‐detail‐view/guidelines‐for‐developing‐
and‐managing‐ecological‐restoration‐projects (last accessed 29 
January 2015).


