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Density-dependent mortality in Pacific salmon: 
the ghost of impacts past? 

Abstract 
Conservatio n biologists often ignore dens ity dependence because at-risk populations are 

typically small relative to historical levels. However, if po pulations are reduced as a result 

of impacts that lower carrying capacity, then density-dependent mortality may exist at 

low po pulation abundances . H ere, we explore thi s issue in threatened populatio ns of 

juvenile chinook salmon (Oncorhynch11s tsha1vytscha). We followed the fate of more than 

50 000 juvenile chinook in the Snake Ri ver Basin, USA to test the hypothesis that their 

survival was inversely associated with juvenile density. We also tested the hypotheses that 

non-indigeno us brook trout and habitat quality affect the presence or strength of density 

dependence. Our results indicate that juvenile chinook suffer density-dependent 

mortality and the strength of density dependence was greater in streams in which 

brook trout were absent. We were unable to detect an effect of habitat quality o n the 

strength o f density dependence. Histo rical impacts o f humans have greatly reduced 

population sizes of salmo n, and the density dependence we report may stem from a 

shortage o f nutri ents no rmally derived from decomposing salmon carcasses. Cohorts of 

juvenile salmo n may experi ence density-dependent mo rtality at population sizes far 

below hi sto rical levels and recovery of imperiled populations may be much slower than 

currently expected. 
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One of the most contentious issues in ecology is the degree 
to which density-dependent processes determine the size or 
allow persistence of popul ations (furchin 1999). After 
decades of debate, most researchers now agree that most 
(but not all) populations are regulated and thus persist in the 
face of environmental variability (Hixon & Webster 2002). 
\'{!hil e some controversy abo ut the importance of density 
dependence as an agent of regulation certa inl y remains (Sale 
& Tolimieri 2000), it is clear that the scientific basis o f 
conservation and natural resource management depends, in 
part, in understanding the density-dependent mechani sms 
that regulate populations (e.g. Fagan et al. 2001; Gundersen 
et al. 2002). 

mortali ty associated with competition or density-dependent 
predation . Many recent population risk analyses based on 
either diffusion models (e.g. D ennis et al. 1991) or matri x 
projection models (Doak el aL 1994; Menges 1992; Kareiva 
et al. 2000; Hinrichsen 2002) have not included density 
dependence. However, if populations are reduced as a res ult 
of habitat loss or degradation, introduction of exotic 
competitors, or other impacts that lower carrying capacity, 
then density-dependent mortality may exist at low popula­
tion abundances and will have important effects on 
es timates o f population growth, risk of extinction, probab­
ili ty o f recovery or other parameters of conservation 
concern. 

Populations of salmon may experience density depend­
ence at low population abundance because of their unique 
life hi stori es. Many salmon populations utilize nutrient-poor 
streams as spawning/rearing areas. ln these systems, the 
delivery of nutrients deri ved from decomposing salmon 

Conservation biologists often ignore density dependence 
because at- ri sk populations are typically small relative to 
historical levels and are ass umed immune to compensatory 
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carcasses appears to be crucial to the growth of juvenile 
salmon (Larkin & Slaney 1997). Thus, the abundance of 
returning adults may determine carrying capacity during the 
freshwater rearing phase. If this feedback between 
abundance of adults and population regulation of juveniles 
exist, it may have important consequences for restoring the 

many at-risk salmon populations worldwide. 
Here, we explore this issue in threatened populations of 

juvenile chinook salmon (011corhynch11s tshmvytscha) from the 

Snake River, a major tributary of the Columbia River. Over 
the last 100 years, these populations have suffered from two 
major impacts : heavy fishing in the early part of the 1900s 
(Levin & Schjewe 2001) and dam construction during the 
1960s and 1970s (Levin & Tolimieri 2001 ). These two 
impacts in concert with a natural downturn in ocean 

productivity (Beamish et al. 1999) have landed chi nook from 
the upper portions of the Columbia River Basin on the US 
endangered species li st. Previous analyses of time series 
using data from the last 20 years show little evidence 

supporting density dependence in Snake River chinook 
(Kareiva el al. 2000; Zabel & Levin 2002) - the expected 
result in a system where population declines are the result of 
harvesting by humans or hydropower systems. However, 
based on the mechanisms described above, there is cause for 
a more detailed examination of density dependence, 
particularly during the freshwater phase. The extreme 
reduction in salmon abundance caused by harvest and dams 

may have produced a nutrient deficit that would lower 
carrying capacity and result in compensatory mortality of 
fish even when densities are depressed (cf. Bilby et al 1998; 
Gresh el al. 2000) . 

We fo ll owed the fate of more than 50 000 individually 
tagged juvenile chinook salmon in tributaries of the Snake 
River to test the hypothesis that their survival was inversely 
associated with juvenile density. Additionally, because 
densities of fish and habitat quality can co-vary and thus 
mask the strength of density dependence (Shima & 

Osen berg in press), we examined the consistency of patterns 
of covariation between survival, density and habitat quality. 
Finally, the presence of non-indigenous brook trout may 
influence the importance of density dependence by 
competing with or preying on juvenile chinook. Accord­
ingly, we examined the consistency of patterns of 
association between survival and juvenile density in sites 
with and without exotic brook trout. 

METHODS 

Our study sites were located in the 36 000 km2 Salmon 
River basin. The Salmon river drains into the Snake River 
303 km above the mouth of the Snake River. Human 
population density in this region is low and timber 
harvesting, mining and agriculture are the dominant land 
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use practices. The US Forest Service and the Bureau of 
Land Management manage 89% of the Salmon River basin 
with 27% of the basin designated and managed as 
wilderness area. Detailed descriptions of these study sites 
can be found in Levin et al (2002) and Schaller el al. (1999). 
Non-indigenous brook trout are ubiquitous throughout the 
Salmon River basin and are associated with significantly 
lower survival of juvenile chinook (Levin et al 2002). We 
selected eight study sites in which at least 5 years of data 
were available between 1992 and 2000. Streams were only 
sampled in years when chinook abundance was relatively 
high (collection permits are not granted when fish abun­
dance is low). Additionally, only a subset of streams were 
sampled in 2000 because of forest fires near our study sites. 

Beginning in 1988, the National Marine Fisheries Service 
(NMFS) began a programme to individually tag wild 
chinook parr (actively feeding juvenile salmon residing 
freshwater) in the Salmon River Basin with passive 
integrated transponder (PIT) tags. An expansion of this 
programme in 1992 provided data that allowed us to 
estimate rates of juverule survival of salmon (Achord et a!. 
1994). During July and August of each year (when chinook 
are 2-5 months post-emergence), NMFS electrofished with 
supplemental seirung in an effort to collect chinook salmon 
for tagging with minimal impact on the fishes (Achord et al. 
1996). Modified syringes and needles were used for PIT 
tagging (Prentice et al. 1990), and they, along with PIT tags 
were disinfected for a minimum of 10 min with ethanol 
before tagging. PIT tags (12 mm in length) each contain a 
unique code, and are inserted into the body cavities of 
juvenile chinook (> 54 mm FL), where they remain for the 
lifetime of the fish . Details of tagging and fish release are 
described elsewhere (Achord et al. 1996). 

\':vhen fish migrate downstream the spring after they are 
tagged, they pass through darn bypass systems equipped to 

automatically detect each tag. \\7e were interested in survival 
from the point of release in streams to the Lower Granite 

Dam, the first dam they encounter on the seaward 
migration. As PIT tags are detected at Lower Granite 
Dam and darns downstream, survival can be calculated using 
the Cormack-Jolly-Seber procedure (Cormack 1964; Jolly 
1965; Seber 1965). Survival from point of release to Lower 
Granite Dam was estimated as 

.I'= n/p 
R 

where 11 is the number of fish detected at Lower Granite 
Dam, p is the probability of detection at Lower Granite 

Dam, and R is the release number. Probability p was based 
on the number of fish not detected at Lower Granite Dam 
but detected at downstream dams, and the numbers 
detected at both Lower Granite and downstream dams 
(Burnham et al. 1987). Further detail of procedures to 



estimate survival for these populations are provided by 
Smi th el al. (2002). 

Rigorou s es timates of the density of chi nook parr are not 
available fo r our study si tes; however, when collecting fish for 
tagging, the distance in ki lometres covered in each stream and 
the number of chinook captured were recorded (e.g. Achord 
el al. 1997) . As three experienced personnel did over 90% o f 
the electrofi shing fo ll owing standardized protocols, the 
number of fish captured per kilometre provides a reasonable 
estimate of relative parr density. ln addition to chinook, the 
number of non-indigenous brook trout captured was also 
enumerated. Levin et al. (2002) concluded that estimates of 
brook trout densities were unreliable, but that sites could be 
reli ably separated into those where brook trout were common 
vs. th ose in which th ey were rare. 

To explore th e hypothesis th at survival o f chinook parr 
was associated wi th parr density we used linear mi xed 
models that all owed us to consider complex autoregressive 
error structures. \'(/e used survival o f parr as the response 
variable, year as a main effect and parr density as a covariate. 
Secondly, we examined survival of parr as a function of 
brook trout (common vs. rare) and parr density. In both 
cases, we fi rst fit the full y saturated model and subsequently 
removed non-significant interactions from the model. \'(/e 
used Akaike's Information Criterion (AIC) to compare 
models in which we considered autoregressive error 
structures to those in which we d id not. As standard 

auto regressive error structures assume equal spacing of 
samples, and our data did not conform to thi s requirement 

(as not all years were sampled), we modelled the autocor­
relation using the spatial power law (Littell et al. 1996). This 
procedu re produces a covariance structu re in which 
correlations decline as a function of time in a manner 
directl y analogous to a first-o rder autoregress ive process . 
When AlC indicated that inclusion of correlated errors did 
not improve the fit o f th e model, we did not include th e 
complex error structures. 

To determine if habitat quality might mask the strength of 

density dependence (Shima & O senberg, in press) we used a 
genera l Linear model in wh ich chinook survival was the 
response variable, and parr density, habi tat and the 
interaction of parr density and habitat were independent 
variables . A significant interaction between habitat and parr 
density indicates that the relations hip between density and 
survival varies among habitats. Levine's test (Wilkinson et al. 

1996) indicated that vanances were homogeneous 
(F = 0.312; P = 0.58). To characterize habitat, we used 
an index of habitat developed by Levin el a/. (2002) that 
explained differences in survival of chinook parr in the 
Salmon River Basin. This habitat index is the first principal 
component of seven diverse meas ures o f hab itat that appear 
to be important to chinook. These are the percentage of 
non-forested riparian wetlands, maximum air temperature, 
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th e number of water diversions, percentage of rangeland , 
mil limetres of precipitation, percentage of granite bedrock 
and hill slope. As our measure o f habitat was time invariant 
(Lev in et al. 2002) we used average su rvival and density from 
indi vidual sites as variables in thi s analys is. 

RESULTS 

The density of chinook parr varied significantly among ou r 
study sites (F7 _36 = 4.09; P = 0.002; Fig. 1). Our estimates 
of parr density, averaged across years, ranged from a low of 
11 5 (SE 26.2) per km in Lower Big Creek to a high of 704.2 
(SE 130.9) in the South Fork of the Salmon Ri ver. 

During the study period a to tal of 52 239 juvenile 
chinook salmon were tagged in ou r eight study sites. 
Estimates of survival varied greatly among sites (F7,34 = 11.67; 
P < 0.0001; Fig. 2). A vcragc survi val ranged from 12.6% 
(SE 1.8%) in Valley Creek to a high of 36% (SE 2.9%) in 
Lower Big Creek. Survival also varied among tagging years 

with a high of 25% (SE 3.8%) in 1998 and a low o f 14.5% 
(SE 2.8%) in 1994 (Fig. 2). Overall, juvenile survival of 
chinook averaged 19.7% (SE 1.3%). 

Survival of chinook parr showed a strong negati ve 
relationship with their initial density (Table 1; Fig. 3). The 
interaction of parr densi ty and year was no t significant in 
our ANCOVA model (Table 1), indicating that the negative 
association of parr density and survi val was consistent over 
the time frame of our study. The average proportion of fi sh 
survi ving at high densi ties (> 700 chi nook km - I) was about 
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Figure 1 Mean density of chinook salmo n parr per ki lometre of 

stream in several sites in the Snake Ri ve r Basin, USA. 
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Figure 2 Estimates of juvenile chinook survival in the Snake River Basin from the summer of thei r first year when they were tagged to the 

foUowing spring. Error bars are 1 SE. The designated years are tagging yea rs. 

Table 1 Results of analys is of covariance testing the null hypo­

thesis of no difference in the association of juvenile chinook 
survival with the density of juvenile ch.inook (covariate) o r yea r 

(main effect) 

Source ss d.f. MS F P-value 

Year 0.031 0.031 13.77 0.001 

Site 0.186 7 0.027 11.67 <0.001 
Parr density 0.027 1 0.027 11.76 0.002 
E rror 0.078 34 0.002 

Interactio n terms were not significant (P > 0.70) and were 
removed from the model. AJC indicated that the inclusion of an 

autoregress ive error structure did not improve the fit of the model, 

and thus we used a simple va riance-covari ance matrix of errors. 

half that at low (< 150 chinook km- 1
) densities (Fig. 3) . 

Survival at low densities appeared more variable than 

survival at high densities with survival estimates at low 

densities ranging from below 0.1 to nearly 0.5. 
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Som e of the variability about the relationship between 

chinook survival and density may be the res ult o f 

interactio ns with non-i ndigenous brook trout. Survival of 

chinook parr in streams with brook trout was significantl y 

lower than in streams without brook trout (23.8% vs . 

15.7% ; Fig. 4). The strength of density-dependent survival 

differed among streams with brook trout vs . th ose witho ut 

broo k trout (fable 2, Fig. 4) . ln streams in which brook 

trout were absent, the relationship between survival and 

density was stro ng and highly significant (/ = 0.38; 

P = 0.002; Table 3). Survival in high-density streams was 

less than half that o f low-density streams (Fig. 4). ln 

contrast, when brook trout were present, the association of 

chinook survival and density disappeared (/ = 0.1 3; 

P = 0. 1; Table 3) . 

We were unable to detect a direct effect of habitat o n 

average survival of chinook parr (t = 0.60; P = 0.58). The 

interactio n of parr density and habitat was also no t 

significant (t = 0.59; P = 0.58), and thus we were unable 
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Figure 3 Survival of juvenile chi nook salmon (from the summer of 
their fi rst year until the foUowing spri ng) as a function of the 
density of juveni le chinook (per km of stream) in 6 years. Each 
data point represents survival in a site. 

to detec t any evidence th at th e negative association between 

parr density and survival varied as a functio n o f habitat. 

DISCUSSION 

D ensity-dependent populatio n growth forms the basis of 
resource management in both te rrestrial (e.g. Kokko 2001; 

Jo nzen et al. 2002) and marine systems (e.g. Stenseth et al. 
1999; Fromentin et al. 2001 ). Indeed, the bas is fo r setting 

sustainable harves t rates relies o n the notion that at lower 

densiti es , popu lation growth is greater than at higher 

densities (Rose et al. 2001). At populatio n sizes th at are 

Figure 4 Su rvival of juvenile chinook sal­
mon (from the summer of thei r first year 
until the fol lowing spring) as a function of 
the density of juvenile chinook (per km of 
stream) in si tes in which non-indigenous 
brook trout were present or absent. 
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low relative to histo ri cal levels, we expect po pulation 
dynami cs to be a fu nction of the maxim um ann ual 

rep roductive ra te (Myers 2001). However, fo r the popula­
tio ns we examined, this does not seem to be th e case. 

During the time period of o ur study, populations (for whi ch 
lo ng- term data are ava il able) in the Salmo n Ri ver Bas in had 

declined mo re than 90% fro m the 1960s. lf carrying capacity 
of streams is set by availabili ty o f rearing habita t (Nickelson 

el al. 1992; Brad ford et al. 1997), which has no t changed 

apprec iably at o ur study sites (Petrosky et al. 2001), then fi sh 
sho uld be released from competitio n and not show evidence 

o f density-dependent mortali ty. Instead, our res ults ind icate 
that juveni le chinook suffe r density-depend ent mortality 

despite their depleted state. 
We hypo th esize tha t the evidence o f density dependence 

we repo rt stems fro m a shortage of nu trients derived fro m 

decomposing salmon carcasses. As mo re than 95% of th e 
body mass of salmo n is accumulated while fis h are in the sea 

(Pearcy 1992), the return of ad ult salmo n res ul ts in a transfer 

of nutrients fro m marine to fres hwater habitats. These 
marine-derived nutrients are now recogni zed to play an 

important role in the ecology of ripari an habitats in the 

Pacific north-west (Gresh et al. 2000). T he extreme red uc­

ti o n in salmo n abundance caused by hi stori cal over-harves t 
and hyd ropower systems ostensibl y has res ulted in a 

nu trient deficit in the spawning and rearing streams we 

in vestigated (cf. Bilby et al. 1998) . T hus, while the number 

of salmo n per unit area decli ned, the number of salmo n per 

unit resource has no t. As a consequence, juvenile chinook 

sho uld ex hibit density-dependent mortali ty even at low 

po pu lation sizes because carrying capacity is a fun ctio n of 

popu lation size. 

l f o ur hypo thesis is co rrect, then ou r views of recovery 
o f decimated chinook populations must be modi fied. 

Harves t ra tes have long been reduced, impacts from 

hydropower were largely mi tigated in the las t 20 years 
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• 
• 
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N umerator 
Effect d.f. 

(A) Tests o f fixed effects 

Brook trout 1 
Year 4 

Density 
Brook trou t* D ensity 

Co vari ance paratne ter Subject 

(B) Covari ance parameter estimates 
Autocorrelation Site 

(spatial power) 
Residual 

Denominator 

d.f. r 

6 8.57 
8 2.44 

8 2.71 

8 6.09 

Es timate SE 

0.87 0.089 

0.004 0.002 

/-'-va lue 

0.026 

0.1 31 

0. 138 
0.039 

z 

9.69 

2.1 2 

/-'-value 

0.001 

0.02 

Table 2 Resul ts o f linear mixed model 

testing the null hypothesis of no d ifference 

in the association of juven ile chinook 
survival with the density of ju ven il e chinook, 
and the presence o r absence of brook trout 

and year 

/\n auto regress ive error structure using the spatial power law was included in the fi nal model. 
The interaction juvenile chinook and yea r was not signifi cant (P = 0.98) and was removed 

from the model. 

Table 3 Resul ts o f regress ion analyses testing the association o f 

juvenile chinook surviva l as a functi on the density o f juven ile 
chinook with and witho ut broo k. These res ul ts describe the effects 
of brook tro ut on the survival-density relatio nship, but statistical 

concl usions were drawn fro m the full linear mixed model (sec 

methods) 

Effect Coefficient SE P-value 

Brook trout present 

Constant 0.1 86 0.021 9.086 <0.001 

Density -0.001 0.00006 1.727 0.10 

Brook trout absent 

Constant 0.316 0.028 11 .206 < 0.001 

Density - 0.002 0.00005 3.48 0.002 

(Lev in & Tolimieri 2001 ), and ocean productivity has 
recently shifted to favo ur survival o f Snake River chinook 

salmo n (Mcfarlane el al 2000) . If one assumes a carrying 

capacity that is determined by the ph ys ical habitat (Beechi e 
et al 1994) , then a fairl y rapid return to hi storical levels 

may occur. ln contrast, if marine-deri ved nutrients limit 
population size, then cohorts of juvenil e salmon will 

experience density-dependent mortality at populatio n sizes 
far below hi storical levels and recovery would be much 

slower than in the form er case. 

We have sugges ted elsewhere th at non-indigeno us 

broo k trout are an important in fl uence on chinook 

populations in the Salmo n River Basin (Levin et al 

2002), and o ur res ul ts here furth er emphasize the 
importance o f brook trout in this system. The density o f 

chinook parr was abo ut 30% lower in streams with brook 

trout vs. th ose withou t brook trout (Fig. 4). While we do 
not know th e mechani sms by whi ch brook trout affect 
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juveni le chinook, our data are consistent with th e no tion 

that b rook trout prey upon chinook eggs o r juveniles, and 
this reduction in density was suffic ient to reduce the 

effects of density-dependent mortali ty. Thus, brook trou t 
no t only reduce survival o f chinook, th ey may also 

fund amentally alter th e mechanisms that determine chi ­

nook populati on size. 

Recen t modelling efforts have suggested that modest 

reductio ns in juvenile mortality o f chinook co uld reverse the 

recent declines o f the stocks we investigated (Kareiva el al 
2000). These populations, however, occur in areas where the 

ph ys ical habitat has no t been signifi ca ntl y degraded, and 

thus some have suggested there is li ttl e scope for improvi ng 
the survival o f juvenile chinook while they rear in freshwater 

(Collie el al 2000) . O ur results sugges t that such conclus ions 

may be incorrect. If nutrients limit population si7.e, a 

programme of nutrient o r salmon-carcass supplementa tion 

(WipAi el al 1999) would reduce the compensatory morta li ty 
we observed and increase ra tes of su rvival as populations of 

juvenil e chinook grow towards their hi storical levels. The 

mass ive tagging effo rt o f which we took advantage o f in thi s 

paper was no t designed to tes t for density dependence, but 
there is clearly a need to employ manipulati ve experiments 

to more rigorously test th e patte rns we repo rt here. 
Nonetheless, our results sugges t that recovery o f salmon 

populations may be hindered by decades o f hi storical human 
impacts. 
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