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Abstract Density-dependent variations in body

growth and size have important consequences for the

population dynamics of stream-dwelling salmonid

populations, since body size is related to a variety of

ecologically relevant characteristics. These include

survival and fecundity, competitive and predatory

abilities, and foraging behavior. However, little work

has been done to understand how density-dependent

body growth varies across temporal and spatial scales

and when this compensatory process is relevant for

recruitment and population dynamics of stream-

dwelling salmonids. Increased intra- or inter-cohort

competition reduces growth rates of juveniles. Both

within- and among-cohort differences at the juvenile

stage are likely to be maintained through the lifetime.

Limited movement or dispersal can lead to subdivision

of a population into several local populations with

independent dynamics. The spatial and temporal

variation in movement and the patchy distribution of

resources make fish likely to experience density-

dependence across location, life-stage, and season.

The relaxation of density-dependent suppression of

body growth at low densities constitutes a potential

mechanism for salmonids to persist in the face of

environmental perturbation and may contribute to

explaining the peculiar resilience to population col-

lapses often showed by salmonids. The inclusion of

density-dependent growth in population models may

increase the usefulness of model predictions in

management contexts. Models not accounting for

density-dependent growth may underestimate the

recovery potential of resident salmonid populations

when they collapse to low densities.

Keywords Compensatory recruitment � Population

regulation � Population dynamics � Resilience

Introduction

The regulation of populations is a fundamental area of

study for theoretical ecology, conservation, and man-

agement of our interaction with wild and cultured

species. For fish species, the debate on population

regulation has recently become both increasingly

important and increasingly contentious, since the
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investigation of mechanisms that allow populations to

resist extinction risks and to respond to declines and

collapses with either rapid or time-lagged recoveries

are particularly important in the face of climate

change. Although density-dependent regulation of

fish numbers is a widely studied subject (Rose et al.

2001), density-related changes in body growth are an

important, but understudied potential component of

population regulation in fishes.

Density-dependent effects on population dynamics

have been frequently detected in salmonids (e.g., Rose

et al. 2001; Milner et al. 2003) and ecologists largely

agree that density-dependent mortality during the

early stages of life is their most important mechanism

of population regulation (e.g., Elliott 1994; Milner

et al. 2003). The debate over the regulation of

recruitment and population size has been historically

confined to densities close to carrying capacity.

Hence, the effects of reduced intra-specific competi-

tion on population persistence and resilience at low

spawner densities, especially in low-fecundity fishes

like salmonids, is still not well understood (Milner

et al. 2003).

Variation in the body size of fish within- and

among-cohorts may have important implications for

population structure and dynamics (Peters 1983;

Werner and Gilliam 1984; Łomnicki 1988). Body

size is positively associated with various metrics of

fitness, such as fecundity (e.g., Wootton 1998), egg

size (e.g., Rollinson and Hutchings 2010), and survival

(e.g., Hutchings 1994; Sogard 1997). Density-depen-

dent body growth has been observed in many studies

on juvenile salmonids. A number of empirical studies

have shown a negative power relationship between

average growth rates and density of 0 ? individuals in

resident (e.g. for brown trout Crisp 1993; Jenkins et al.

1999; Lobón-Cerviá 2007; for marble trout Vincenzi

et al. 2007a) and anadromous salmonid populations

(for Atlantic Salmon: Imre et al. 2005; Imre et al.

2010; for coho salmon Hartman and Scrivener 1990;

Roni and Quinn 2001; for a meta-analysis of salmon

and trout populations see Grant and Imre 2005).

Exploitation or scramble competition for drifting prey

is commonly considered responsible for the occur-

rence of density-dependent body growth (e.g., Jenkins

et al. 1999; Imre et al. 2005). However, competition

for space (i.e., contest competition) has been sug-

gested as a potential mechanism for the observed

growth-density relationship (Ward et al. 2007).

Recently, Imre et al. (2010) tested the site-quality

hypothesis using data from Imre et al. (2005) for

young-of-year Atlantic Salmon living in Catamaran

Brook (New Brunswick, Canada) and convincingly

showed that the observed density-growth pattern was

consistent with exploitative competition.

Density-dependent growth is also widely proposed

as a plausible general mechanism of population

regulation at the juvenile stage (e.g., regulation of

early life-stages densities, size-dependent mortality,

Imre et al. 2005; Einum et al. 2006; Lobón-Cerviá

2007), but the emerging picture is that the influence of

density-dependent body growth on population dynam-

ics may extend to egg production. Several review and

in-depth works on density-dependent body growth

have already been published (e.g., Grant and Imre

2005; Lorenzen 2008). Here, we clarify some of the

less investigated aspects of density-dependent body

growth and their implications for the population

dynamics of stream-dwelling salmonids, which may

stimulate further experimental research and modeling

applications.

We explore the importance of early experience in

shaping the lifetime individual growth trajectories of

fish, the importance of spatial scale and structure for the

occurrence and detection of density-dependent body

growth, and the persistence of within- and among-

cohort differences in size and growth after the early life-

stages. We then investigate the implications of strength,

timing and scale of density-dependent body growth for

recruitment, population dynamics and selection of life-

histories in stream-dwelling salmonids. Finally, we

discuss why including density-dependent body growth

in models of population dynamics can increase the

usefulness of model predictions and help the effective

implementation of management and conservation

actions for threatened populations.

Temporal and spatial scale of density-dependent

body growth

Temporal scale

Lower growth rates of juveniles at increasing densities

can be the result of competition with other juveniles

and/or adults. Although stream salmonids have dif-

ferent habitat requirements depending on their size

and life-stage (juveniles typically occupy marginal
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and shallow habitats, while older individuals occupy

deep habitats more centrally located in the stream

channel), habitat use may overlap and thus inter-

cohort competition can occur (Cattanéo et al. 2002;

Einum et al. in press). Jenkins et al. (1999) found for

brown trout that the per-capita separate effects of

underyearlings and older fish on underyearling growth

were similar. Lobón-Cerviá (2005) found that the

relative importance of intra- and inter-cohort density

varied greatly and in a site-specific manner for a

population of brown trout living in Rio Chaballos

(Spain). Vincenzi et al. (2008b, 2010b) found for

stream-dwelling marble trout that total population

density better predicted growth patterns than cohort

density for both yearlings and older age classes of fish,

a result that holds at different spatial scales. The

relationship between total population density and fish

body growth can have alternative explanations, as it

can be either a direct effect of total population density

in the newly recruited cohort (i.e. inter-cohort com-

petition) or, if density were proportional to the

spawning stock, the effect of intra-cohort competition

for resources among underyearlings. In the latter case,

the negative relation between body size growth of the

newly recruited cohort and population densities of

older cohorts should be through overall egg produc-

tion. Moreover, the occurrence of density-dependent

inter-cohort competition in brown trout causing a

reduction in growth rates were confirmed by Nordwall

et al. (2001) and Kaspersson and Höjesjö (2009).

The persistence through the lifetime of within- and

among-cohorts differences in size and growth expe-

rienced at early life-stages may have important

implications for population dynamics. It is well known

that environmental factors affecting an entire cohort

(i.e., individuals born in the same year) early in life can

influence subsequent individual performances (i.e.,

carry-over effects) and may have delayed conse-

quences on population dynamics (e.g., Albon et al.

1983). The implications of the influence of early

conditions (e.g., density, food, experience etc.) on the

demographic and behavioral characteristics of fish are

potentially both ecological and evolutionary and range

from the evolution of life-histories to population

dynamics and regulation. In many vertebrate taxa the

environmental conditions experienced early in life

affect growth of individuals and several related

properties, such as metabolism and immunocompe-

tence (Lindstrom 1999). Hence, presently observed

phenotypic traits may have developed through onto-

genic trajectories influenced by a previous environ-

ment (Schlichting and Pigliucci 1998).

Elliott (1994) found that fry weight and water

temperature were the chief factors affecting trout

growth in freshwater and that within-cohort variation

(expressed as coefficient of variation in mass)

remained constant through cohort life. No year-to-

year variation in growth was observed (individuals

were growing very close to the predicted maximum at

maximum ration according to a bioenergetic model),

so that smaller fry were likely to be small at

subsequent life-stages. Also in brown trout, Lobón-

Cerviá (2005) found a negative power relationship

between initial cohort size and lifetime growth in

weight of the same cohort (Rio Chaballos, Spain). In

marble trout, Vincenzi et al. (2007a, 2008b, 2010a)

found long-term consequences of early density (i.e.,

during the first year of life) on life-time growth

trajectories.

Growth performance through the lifetime can thus

vary in response to early conditions, and may impact

lifetime reproductive success. Jonsson et al. (1996)

reported that in Atlantic Salmon juvenile growth

explained part of the variation in the number of eggs

produced by females. Lobón-Cerviá et al. (1997)

found that the number of eggs produced by brown

trout age-1 females was determined when trout were

still age-0 (Esva River, Spain). However, the effect of

early conditions on subsequent reproduction can be

mediated by conditions later in life (Lindstrom 1999;

Metcalfe and Monaghan 2001; Beckerman et al.

2003). For example, the environment experienced by

adults may exert a stronger influence on performance

than early environment. Habitat requirements of fish

change over ontogeny and patterns of competition

may change as a result, but density-dependent effects

on body growth during the post-recruit phase have

rarely been investigated in salmonids. Utz and Hart-

man (2009) found that adult growth and excess energy

acquisition was density-dependent in brook trout

Salvelinus fontinalis, but only during periods when

temperature was warm and energy intake was low. In

marble trout, density-dependent individual growth in

sub-adults and adults in the wild may occur depending

on variations in population density (Vincenzi et al.

2007a). By examining nine contrasting brown trout

populations living in the North of Spain, Parra et al.

(2011) observed that the main effects of within-cohort
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competition on body growth were detected in the size

attained at the second year of life and resulted from

different levels of competition at multiple occasions

through the period prior to that time. In some of the

studied rivers, competition was sufficiently intense to

cause a growth reduction since the first year of life,

while in others the highest influence on growth was

observed during the second year of life.

There is increasing evidence across taxa showing

potential for compensatory growth (Ali et al. 2003;

Jespersen and Toft 2003). This indicates that rapid

growth can be costly, because growth rates are usually

below the physiological maximum (Arendt 1997).

Most experiments in the wild have been carried out on

juveniles and thus we generally lack evidence of

compensatory growth in sub-adults and adults. In

yearling brown trout, structural body growth compen-

sation in the wild led to increased winter mortality

(Johnsson and Bohlin 2006). In contrast, Alvarez and

Nicieza (2005) found that food-deprived brown were

able to restore mass and energy levels after normal

feeding was restored, but no structural compensation

was observed.

In summary, increased intra- or inter-cohort com-

petition lowers growth rates of juveniles and there is

strong evidence indicating that both within- and

among-cohort differences in early growth are main-

tained though the lifetime. Growth can be mediated by

conditions experienced later in life, but early environ-

ment conditions during early phases of life seem to

largely shape lifetime growth trajectories with clear

implications for individual fitness of fish.

Spatial scale

Density-dependent processes may operate on spatial

scales smaller than that of whole populations even in

continuous habitats, and their detection may depend

on the spatial scale at which the pattern is investigated.

The appropriate spatial scale is likely to depend on the

species and its ecology (e.g., territoriality, movement,

ontogenetic shifts in diet), physical features of the

stream and discontinuities in habitat quality.

Jenkins et al. (1999) investigated the occurrence of

density-dependent growth in brown trout underyear-

lings at different spatial scales and concluded that a

sampling area needs to be at least 100 m2 to capture

the trout density experienced by the average individual

over the preceding growth period. Einum et al. (in

press) investigated the spatial scale at which high

underyearling density can decrease parr (overyear-

lings) growth in Atlantic salmon. They created

realistic spatial variation in recruitment in a natural

stream and tested models integrating multiple spatial

scales. Results showed that underyearling density

within 16 m had the strongest influence on overyear-

ling growth. The selected model suggested parr daily

mass increase to be reduced by about 40% when

increasing underyearling density from 0.0 to 1.0 m-2.

The spatial scale estimated in Einum et al. (in press)

are similar to those obtained for effects of underye-

arling densities on their own growth in streams located

in the River Conon catchment (Einum et al. 2011).

Another layer of complexity is provided by the

estimation of food available, such as invertebrate drift,

which may be affected by individuals living upstream.

It follows that local abundance of food, a potential

major driver of density-dependent growth, may

depend on population abundance over a much larger

area than that directly experienced by an individual

trout. Here, trout density is not only the density of the

focal species, but the density of the focal species and

its competitors for resources and space.

The mobility of an organism influences the scale at

which density-dependent growth may be detected.

Trout may move over considerable distances (Gowan

et al. 1994) both within- and among life-stages

(Morales et al. 2004). Movement is also highly

heterogeneous among-individuals (Rodriguez 2002).

This possibility reconciles observations of generally

sedentary behavior in stream-dwelling salmonids

(e.g., Gerking 1959) with observations of long

distance movements (Gowan et al. 1994). Down-

stream movement is commonly observed for alevins

of stream-dwelling salmonids (e.g., Elliott 1987;

Ottaway and Forrest 1983) and during ontogeny fish

move typically from fast riffles to deeper pools

(Nakano 1995, but see Gibson et al. 2008). In a recent

study on stream-dwelling brook trout, Morrissey and

Ferguson (2011) found that the mean dispersal during

the alevin stage was comparable to the distances

dispersed by individuals over large portions of the rest

of their lives. The upstream movement that was

observed in brook trout throughout the majority of the

life cycle (i.e., after the alevin stage) may thus be

compensatory for downstream movement during the

alevin stage.
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Lobón-Cerviá (2005) found for stream-living

brown trout in Rio Chaballos (Spain) that the inter-

actions between body size and density occurred at the

spatial scale of 60–80 m. The relationship varied in

nature among sites to the extent that the density-

dependent patterns were site-specific (as also found by

Vollestad et al. 2002 and Vincenzi et al. 2010b), and

thus revealed a different effect of density depending

on habitat quality. Fish can move from areas with high

population densities and reduce the effects of initial

patchiness in fish distribution on overall population

dynamics by relaxing local density-dependent pres-

sure on body growth and survival (Einum et al. 2006).

However, dispersal is costly for the individual across

taxa (Rankin and Burchsted 1992; Larsen and Boutin

1994; Aars et al. 1999) and this might prevent

movement among local patches (as assumed by site-

quality model) and thus cause the emergence of

density-dependent responses in mortality and growth.

Individual variation around the mean size of an age-

class increased with age-class density in some stream

salmonid populations (Newman 1993; Jenkins et al.

1999; Keeley 2001 for confined populations; Einum

et al. 2006; Lobón-Cerviá 2010; Kvingedal and Einum

2011), but exceptions were noted, from inverse

density-dependence (i.e., decreased variability with

increasing densities, Elliott 1994 for the Black Brows

Beck population) to no effect detected (Fraser 1969;

Gee et al. 1978; Elliott 1994 for the Wilfin Beck

population; Harvey and Nakamoto 1996; Keeley 2001

for unconfined populations). An increase in the

variability of size with increasing densities suggests

that fish distribute according to habitat quality and

consequent differential monopolization of resources

driven by competitive abilities. Bigger individuals are

those that acquired higher quality sites and smaller

individuals those negatively affected by density-

dependent interactions at lower quality sites (Keeley

2001). Martinussen et al. (2010) found an increase in

diet breadth with increasing densities in young-of-the-

year Atlantic Salmon (ca. 2 months after their emer-

gence from nests), as predicted by optimal foraging

theory. However, since spatial variation in prey

availability was not estimated, either exploitative

and interference competition were proposed as

potential explanations of the wider range of prey size

with increasing densities. In any case, the elucidation

of competitive mechanisms from patterns in data (see

Ward et al. 2007) must be approached with caution,

since an increase in size or growth variation with

deteriorating environmental conditions, including an

increase in population density, is widely observed in a

variety of taxa, which probably differ in competition

patterns (Łomnicki 1988).

In summary, the emerging picture is that the spatial

and temporal variation in movement and the patchy

distribution of resources make fish likely to experience

density-dependence across location, life-stage and

season. Limited movement or dispersal can provide

the conditions for the subdivision of a population into

several local populations with independent dynamics.

Whether intra-cohort variations in body size and

growth rates are related to density is still unclear.

Implications of density-dependent body growth

for recruitment and population dynamics

A central and inevitable challenge when investigating

regulatory factors involves the actual magnitude of

compensatory responses such as density-dependent

survival, body growth, reproduction and migration

(e.g., Fogarty et al. 1992; Rose et al. 2001) and

variation in both their occurrence and strength in

response to density-independent factors (e.g., Cian-

nelli et al. 2004; Stenseth et al. 2004).

In the study of fish population dynamics, the

common view is that when the number of eggs

produced is sufficient, the early life stage abundances

are subject to both density-independent environmental

factors that generate variability in recruitment, and

density-dependent regulation that stabilizes recruit-

ment (Cushing 1974; Rothschild 1986; Houde 1994).

However, early life-stage abundances in fish popula-

tions appear to vary strongly and show a weak

correlation to either spawning stock, population size

or egg deposition (e.g., Walters and Juanes, 1993;

Lorenzen 2005). Strong (1986) argued that for many

species vital rates are clearly affected by density only

at high population densities; while over medial

densities, where populations spend most of the time,

there is a lack of trend in vital rates, given their high

variance (‘‘density-vagueness’’).

Lorenzen (2005) presented a clear and general

pattern that gives rise to variable and often density-

dependent stock-recruitment relationships in fish

populations. The pattern is adaptable to stream-

dwelling salmonids and also introduces the role of

Rev Fish Biol Fisheries (2012) 22:813–825 817
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density-dependent body growth as presented in the

previous sections. According to Lorenzen (2005), vital

rates of eggs and larvae tend to be highly variable and

generally density-independent (Myers and Cadigan

1993; Leggett and DeBlois 1994), although density-

dependent processes can be observed at those stages

(e.g., redd superimposition). Small variation in the

very high mortality rates experienced in those early

stages cause major changes in the number of fish

surviving, and potentially account for a large part of

variability in the early stages (Rothschild 2000). On

the contrary, mortality after the very early stages of

life are density-dependent and tend to dampen the

variability previously created (e.g., Elliott 1994).

Density-dependent survival may arise directly from

density effects on the mortality rate (Elliott 1994), or

indirectly from the interaction of size-dependent

mortality with density-dependent growth (Shepherd

and Cushing 1990; Post et al. 1999). Density-depen-

dent mortality is then replaced by density-dependent

body growth as the dominant regulatory mechanism

(Walters and Post 1993; Post et al. 1999; Lorenzen and

Enberg 2002; Einum et al. 2006), with a parallel

transition from intra-cohort to inter-cohort density-

dependence. Local competition may also increasingly

cause dispersal away from areas of high density,

suggesting an ontogenetic increase in dispersal abil-

ities (Einum et al. 2006) (Fig. 1).

The life-stage at which density-dependence has

probably received the least attention is the egg

(Vandenbos et al. 2006). Mechanisms occurring

during the egg stage will affect juveniles and can

often be linked to characteristics of the subsequent

life-stages. Egg number and quality are affected by

body size of sub-adults and adults, since both sexual

maturation and fecundity are related to body size.

Thus, a negative correlation between abundance and

body growth that persists from the juvenile to the adult

stage combined with constant size at maturity implies

strong regulation of reproductive output (Jenkins et al.

1999; Lorenzen 2005). However, quantifying the

number and fate of eggs in the wild is often difficult,

and usually only one of either egg production or

survival are estimated (Fox 1994; Post et al. 1998),

even though egg production and egg survival are

rarely correlated (e.g., Cole and Sadovy 1995).

Modeling investigations on the role of density-

dependent body growth in the dynamics of populations

are limited. For instance, a recent comprehensive

review of population dynamics models for brown trout

reported that density-dependent body growth is

seldom included (Frank et al. 2011). Vincenzi et al.

(2008a) provided insights on the effects of density-

dependent body growth on population regulation in

stream-dwelling salmonids through a simulation study

using a simple data-driven individual-based model of
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Fig. 1 The main regulatory (endogenous) factors in an ideal

stream-living salmonid. Egg production can be constrained by

lack of spawners or unsuitable spawning substratum and

influenced by body size of spawners. The most critical period

for survival (early bottleneck) is immediately after the start of

external feeding and the establishment of territories in suitable

micro-habitats. Small variations in the very high rates of

mortality experienced in those early stages cause major changes

in the number of fish surviving. In general, large size increases

the survival probability of alevins. Mortality after the very early

stages of life is density-dependent (intra-cohort) and tends to

dampen the variability previously created, except in streams

with low population density or influenced by extreme environ-

mental conditions. Density-dependent mortality is then replaced

by density-dependent body growth (inter-cohort) as the domi-

nant regulating factor. Mean weight of cohorts decreases with

increasing densities following a negative power curve (a), while

intra-cohort variability (CV of weight) may increase (solid line),

decrease (dashed line) or remain constant (dotted line) with

increasing densities (b). Although growth may be influenced by

conditions later in life, intra- and inter-cohort differences in

body size established in the first stages of life are likely to be

maintained through the lifetime. Additional details on the life-

cycle of stream-dwelling salmonids can be found in Jonsson and

Jonsson (2011)
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population dynamics of marble trout populations

living in Slovenian streams. Both density-dependent

early survival and body growth were modeled, along

with the effects of autumnal severe flood events like

those frequently occurring in the study area (Slovenia,

Vincenzi et al. 2008a). At carrying-capacity, marble

trout females reach sexual maturation at age-3 or age-

4, while at very low densities, following a massive

mortality event, increased growth rates may allow

maturation at age-2 assuming constant size at sexual

maturity. The simulations confirmed that density-

dependent body growth (with purely stochastic and

density-independent within-cohort variability in body

size) may increase the chances of recovery of small

populations of resident salmonids at low spawner

densities, such as after the occurrence of heavy

perturbations inducing a considerable reduction in

population size. Density-dependent body growth may

allow a faster recovery after population collapses due

to severe disturbance events through a cascade of

direct and indirect impacts, as described hereafter with

reference to catastrophic floods.

Severe floods, flash-floods or debris-flows dramat-

ically reduce population abundance by ‘‘washing-out’’

or killing fish. Although some within-population

variation in morphological and behavioural adapta-

tions to floods may exist (Ward et al. 2003; Lytle and

Poff 2004), random death of fish is a reasonable

assumption in the case of catastrophic events. Body

growth of surviving individuals and of the emerging

cohort then increases due to the relaxation of density-

dependent pressure, potentially reaching the maxi-

mum growth allowed by water temperature and stream

productivity. As previously described, there might be

a costly structural compensatory response for sub-

adults and adults, depending on early restrictions and

post-disturbance availability of resources. In addition,

the reduced availability of prey following the distur-

bance event may limit body growth in piscivorous fish.

With increased body growth rates, females may

mature faster (Wilson et al. 2003; Vincenzi et al.

2008a) and produce more eggs, since both sexual

maturity and egg production are size- and growth rate-

dependent. In the case of marble trout, female length

was peculiarly linked to egg production via a linear

relationship. Further simulations showed a greater

increase of per-capita egg production at very low

densities when the relationship was modelled through

a power curve (Vincenzi et al. 2010a). In addition,

bigger females are likely to produce bigger eggs with

increased probability of early survival (e.g., Ojangu-

ren et al. 1996), although with a trade-off between egg

number and size (Lobón-Cerviá et al. 1997). The

decreased density-dependent pressure on body growth

can have both immediate (through increased growth of

sub-adults and adults) and delayed (through carry-over

effects of early growth) effects on egg production. The

increased per-capita egg production and the relaxation

of density-dependent first-year survival (Vincenzi

et al. 2007b) allow the surviving population to return

faster to pre-event population size, thus reducing the

years at low densities and consequently the risk of

after-flood extinction. This picture holds for system in

which immigration of fish living in neighbouring

populations is either prevented or particularly difficult,

either due to characteristics of the species (i.e., highly

sedentary) or because of habitat fragmentation.

Otherwise, neighbouring populations are likely to

rapidly recolonize the stream affected by the flood

event.

Vincenzi et al. (2008a, 2010a) showed that density-

dependent individual growth was less important in

determining population size and persistence when the

population was not heavily affected by heavy pertur-

bations with respect to a scenario with density-

independent body growth (i.e., fish growing according

to a density-independent Von Bertalanffy growth

curve). This is a consequence of the negative power

law relationship between growth and density often

observed in salmonids; at persistently high population

densities close to stream carrying capacity, year-to-

year variations in growth rates are too low to provide

substantial variations in per-capita egg production.

The importance of density-dependent growth for

recovery after massive mortalities was proposed, but

not quantitatively investigated, in other studies. Jen-

kins et al. (1999) pointed out that high individual

growth rates at low densities may theoretically enable

stream-dwelling salmonid populations to rebound

quickly after high-amplitude stochasticity, such as

extreme floods caused by snow-melt peaks or ice dams

dewatering stream reaches. A localized massive flood

event provided greater growth opportunities for the

surviving individuals by drastically reducing compet-

itors in an Atlantic salmon population living in the

Sawmill River (Letcher and Terrick 1998). Cannibal-

istic pressure is widespread across salmonids (Aymes

et al. 2010) and may be reduced after massive
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mortalities. This might in part explain the spike of

juveniles often observed after heavy perturbations. In

addition, relaxed intra-specific pressure induces

higher maturation rates which seem to contribute to

a faster population recovery. Roghair et al. (2002)

suggested that an increase in juvenile growth, such as

that observed immediately following a flood event

reducing population density, can decrease age-at-

maturity due to faster growth rates and/or an increase

in fecundity when body size of females at sexual

maturation is bigger.

Stream-dwelling salmonids present strikingly dif-

ferent life-histories both within- and among-popula-

tions and species (e.g., Hendry and Stearns 2004;

Jonsson and Jonsson 2011). This can have profound

implications for the relevance of density-dependent

body growth for population and recruitment dynamics

and resilience to heavy perturbations. A diversity of

life histories thus urges species- and population-

specific explorations. Among largely variable life-

histories within- and between-species there are differ-

ences in age and size at maturity, semelparity versus

iteroparity, body growth trajectories after sexual

maturation, trade-off of egg size and number, and

breeding tactics (e.g., Klemetsen et al. 2003; Hendry

and Stearns 2004; Jonsson and Jonsson 2011). For

instance, body growth and size in brown trout vary

considerably within and among-populations, where

older fish may vary in size from about 20 g in slow

growing fish in small streams up to 1 kg in piscivorous

and anadromous populations with optimal feeding and

temperatures (Klemetsen et al. 2003). Ferox trout, a

phenotypic morph of brown trout, is exceptionally

large (up to 100 cm in length) and long-lived (some-

times more than 20 years). Brown trout crossing a

threshold in size can become piscivorous and then

follow a different growth trajectory (and are thus

identified as ferox trout). Their larger size makes them

immune from cannibalism, thus causing the greater

longevity (Mangel and Abrahams 2001). Freshwater

resident populations of brown trout mature sexually at

an age between 1 and 10 years, with fish maturing

older in colder localities. Lobón-Cervia (2000)

reported that slow growing adults spawned fewer but

larger eggs that result in larger offspring, which may

also contribute to size variation among populations.

However, while the trade-off between egg size and

number is widespread among salmonid species, there

are numerous exceptions (Carlson and Seamons 2008).

The implications of density-dependent individual

growth for compensatory recruitment seem to be

strongly context- and species-dependent. Lobón-Cer-

viá (2009) investigated the mechanisms allowing

brown trout living in Rio Chaballos (Spain) to recover

after years of dramatic and persistent low population

densities. He suggested that the recovery trajectories

can be fully explained in terms of parabolic recruit-

ment-stream discharge relationships, year-to-year

variations in stream discharge, and high fecundity

relatively to juvenile carrying-capacity. He also noted

that enough eggs to produce the observed recruits in

the 2 years leading to recovery could be produced by

one mid-sized female or a few smaller females, but did

not account for the density-independent and often very

high egg mortality. According to Lobón-Cerviá

(2009), when the discharge conditions are optimized

(i.e., peak of the parabolic recruitment-discharge

relationship) the ‘‘normal’’ egg production should

allow the population to recover from collapses without

a prominent role of density-dependent body growth.

While the analysis is interesting, the peculiarity of

the monitored brown trout population in Rio Chabal-

los showing the boom-and-bust dynamics (more than

80% of population between age-0 and age-1, short life

span, strong relationship between recruitment and

stream discharge) limits the ability to generalize to

other salmonid populations and species. For instance,

suitable habitat for juveniles and spawning grounds

may be altered by disturbances. This may influence

both the overall reproductive output and recruitment

dynamics and potentially modify the relative role of

regulatory factors for recovery. Moreover, as also

reported by Lorenzen (2005), egg survival is highly

variable and a simple egg-to-recruit proportion may be

too optimistic. In the context of the potential for

recovery, the question concerning density-dependent

body growth is not whether depressed populations are

able to rebound to pre-event levels without growth-

mediated increases in per-capita egg production, but

how the intensity and variation in density-dependent

body growth will influence the probability of recovery.

Natural selection for maximal lifetime reproductive

success shapes the life-histories of a given species in a

given environment (Kozlowski 2006). Life-histories

include age and size at maturity, reproductive output

and also the timing of the expression of these traits

through the lifetime (Hutchings 2003). Like any

heritable feature of an organism affecting its fitness,
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body growth will be under some type of selection for

increasing lifetime reproductive success. Plastic

effects of poor diets and high densities of individuals

can be consequences of low resources without any

clear adaptive value. However, there is some evidence

that size is more plastic in species adapted to

fluctuating resources (Nylin and Gotthard 1998). We

thus hypothesize that where fluctuating resources over

time are related to variation in density, the adaptive

value of a stronger body growth response to density is

greater. The simultaneous maximization of all life-

history traits influencing reproductive success and thus

fitness is not possible, thus leading to an allocation

compromise between conflicting traits (Roff 1992;

Stearns 1992). For instance, increased growth rates in

genetically-modified coho salmon lowered survival

with respect to wild genotypes in the presence of

predators and did not increase survival in the absence

of predators (Sundström et al. 2005). Therefore, the

existence of selection of stronger body growth

responses in environments when variations in density

are closely related to variations in resources needs to

be carefully tested by taking into consideration

heritability of body growth traits (e.g., Carlson and

Seamons 2008) and trade-offs with other traits (Roff

1992; Kingsolver et al. 2001; Carlson and Seamons

2008).

Implications of density-dependent body growth

for management of salmonid populations

In order to develop a proper focus for management

efforts, the picture emerging from this work highlights

the importance of understanding those stages that are

under density-dependent regulation and how different

regulatory pathways interact. For many years, the

management of threatened salmonids focused primar-

ily on the stock-recruitment relationship, but this

greatly limited the advancement of knowledge in the

regulation of populations and often led to the appli-

cation of erroneous management actions (Einum et al.

2008). Density-dependent body growth has important

implications for the development and application of

models of population dynamics and Population Via-

bility Assessments (PVAs), in particular given the

increasing impact of floods, droughts, landslides on

stream-dwelling salmonids expected with climate

change.

Populations change through time according to

processes that are rarely captured with reasonable

accuracy by population viability models, such as

variable environmental conditions (e.g., Ludwig 1979;

Beissinger 1995), differences in individual perfor-

mance (e.g., Kendall and Fox 2002) and regulation

through density-dependent patterns. The implications

of density-dependent body growth for population

regulation and/or resilience to drops in population

size might be non-trivial. Therefore, management and

conservation plans based primarily on matrix model

projections and elasticity analyses should be

approached with caution and the possibility of devel-

oping individual-based models should be explored.

Large fluctuations in population densities may affect

both individual growth and age at maturity and lead to

compensatory changes in life-histories through phe-

notypic plasticity or evolutionary adaptation (Thorpe

et al. 1998). Life history responses to altered fresh-

water growth could extend to age at smolting in

anadromous fish (Satterthwaite et al. 2009) or even an

altered balance between residency and anadromy in

facultatively anadromous fish (Satterthwaite et al.

2010), with considerable impacts on population

dynamics. Therefore, the results and perspective

provided by models of population dynamics in matrix

form may not reflect the outcomes of management

actions and thus put conservation efforts at risk. On the

one hand, when density-dependent growth is expected

to enhance the resilience of fish populations to

disturbances, leaving out this compensatory response

makes the conservation strategy more conservative.

On the other hand, higher risk of extinctions predicted

by models not including density-dependent body

growth may call for unnecessary conservation actions

(e.g., translocations of fish, habitat modifications),

waste of financial resources and selection of particular

life-histories by multiple restocking (i.e., selection of

better competitors at high population densities).

Finally, the inclusion of density-dependent growth in

models of population dynamics may lead to better

predictions of PVAs of salmonid populations, which

may otherwise underestimate their recovery potential

when they ‘‘naturally’’ (i.e., no size-selective exploi-

tation) collapse at low densities.

Density-dependent body growth has clear implica-

tions for reintroduction and restocking of salmonids.

The general objective of stocking programs is to

maximize recruitment without wasting resources by
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risking density-dependent mortality or growth in

either the stocked or the native fish populations.

Similarly, restoration plans typically target the limit-

ing habitat type for the limiting life stage (Dodson

et al. 1998). Models of population dynamics, where

the main life-history and demographic traits have been

estimated for the species and system in question (e.g.

McCallum 1994; Towns and Ferreira 2001), usually

confirm that compensatory responses are likely to

regulate population size around the stream carrying

capacity in a few years after the initiation of the

population.

It is worth noting that since low numbers are

generally released when the chances of success of the

reintroduction are deemed to be poor, there is a bias in

the literature in favour of larger release groups.

However, reducing monetary expenses by releasing

fewer individuals whenever possible can make further

conservation efforts achievable. For instance, a greater

number of populations can be obtained with the same

total stocking material and money investment. This

would reduce the risk of rapid extinction due to high-

amplitude stochastic events through a portfolio effect

(Moore et al. 2010; Carlson and Satterthwaite 2011). In

simulations using models of population dynamics for

marble trout, Vincenzi et al. (2008c, in press) found

that given the observed compensatory responses

(density-dependent early survival and growth), the

same risk of quasi-extinction of newly created popu-

lation would be expected by introducing about one-

fifth of the numbers of marble trout originally stocked

for the initiation of populations. Increased growth rates

at low densities following small introductions may

prove particularly advantageous for anadromous fish

reintroductions, if rapid growth facilitates large smolts

with increased marine survival probability (Ward and

Slaney 1988; Mangel 1996; McGurk 1996).
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