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Abstract. We used strong inference with Akaike's Information Criterion (AIC) to assess 
the processes capable of explaining long-term (1984-1995) variation in the per capita rate 
of change of mottled sculpin (Cottus bairdi) populations in the Coweeta Creek drainage 
(USA). We sampled two fourth- and one fifth-order sites (BCA [uppermost], BCB, and CC 
[lowermost]) along a downstream gradient, and the study encompassed extensive flow 
variation. Physical habitat availability varied significantly both within and among the sites. 

Sculpin densities in all sites were highly stable (coefficients of variation = 0.23-0.41) 
and sampling variability was low (coefficients of variation = 0.1 1-0.15). Population sta- 
bility was positively associated with habitat stability, and the only significant correlations 
of population parameters among sites involved juveniles. Sculpin densities were signifi- 
cantly higher in BCB than in CC. The data suggest that, despite their proximity, the dynamics 
of populations within the sites are being determined by small-scale (i.e., 30-50 m) rather 
than broad-scale spatial processes. 

Both AIC and Dennis and Taper analyses indicated that simple density dependence had 
the greatest ability to explain variation in r for all life-history classes in all sites (AIC, 
seven of nine cases; Dennis and Taper, nine of nine cases). Multiprocess models had little 
explanatory power. When adults were removed from two sites, juvenile sculpin shifted into 
microhabitats formerly occupied by adults. No shifts occurred in control sites. Consequently, 
it is likely that the patterns of density dependence observed in all three sites were a 
consequence of intraspecific competition for space. Our findings argue for a multitiered 
approach to the study of population variation, one that encompasses long-term monitoring, 
spatial variation, and experimental testing of potential mechanisms. 
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INTRODUCTION Otten 2000), (3) the inability of traditional frequentist 

Quantifying the dynamics of natural populations has 
interested ecologists for centuries (McIntosh 1985); 
nonetheless, there remain few studies that document 
the processes responsible for fluctuating abundances in 
natural populations (Murdoch 1994). This dearth is due 
to many factors including: (1) the logistical difficulties 
of obtaining adequate time series of population data 
for meaningful statistical analyses, especially for ver- 
tebrates (Hixon et al. 2002), (2) statistical uncertainties 
inherent in the correlational analyses typically used to 
detect associations between population time series and 
potential causal factors (e.g., density, disturbance) 
(Dennis and Taper 1994, Shenk et al. 1998, Dennis and 

statistics to evaluate simultaneously the relative im- 
portance of potential causal factors (Burnham and An- 
derson 2002), and (4) difficulties in conducting pop- 
ulation-level experiments to evaluate the relative ef- 
fects of the potential causal processes identified in de- 
scriptive studies. 

In general, the processes capable of determining pop- 
ulation abundance can be classified as either density 
dependent or density independent. Density-dependent 
forces act through negative feedback (typically intra- 
specific competition or predation) between abundance 
and demographic traits such as growth, reproductive 
success, dispersal, or survivorship. Density-dependent 
processes appear to be the only forces capable of gen- 
erating populations with stable abundances (i.e., those 
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PLATE 1. (Upper) One of the sites in Shope Fork where 
the Cottus removal experiment was conducted, and (lower) 
an underwater shot of an adult Cottzrs bairdi. Photo credits: 
J. Todd Petty (upper) and Duncan Elkins (lower). 

only ones that density dependence can act on (Cap- 
puccino and Price 1995, Turchin and Hanski 2001). 

By contrast, density-independent processes typically 
affect populations either via mortality produced by en- 
vironmental disturbances (e.g., hurricanes, floods, 
droughts), or through high survivorship facilitated by 
unusually favorable environmental conditions (e.g., 
year-class phenomena [Danilowicz 19971). Conse- 
quently, long-term abundance values for these popu- 
lations can best be described as a statistical random 
walk, with the variance increasing with time (Murdoch 
1994). Recruitment limitation is a special case of den- 
sity independence in which population size is deter- 
mined by the abundance of new year classes entering 
the population (i.e., population size at time t + 1 is a 
positive function of the number of recruits at time t 
[Danilowicz 19971). Recruitment limitation typically is 
produced by variation in favorable and unfavorable en- 
vironmental conditions. The abundances of species af- 
fected by this process fluctuate in a manner similar to 
those of completely density-independent populations, 
except for the presence of serial correlations in annual 
abundance produced by strong year classes (Danilo- 
wicz 1997). A further implication of recruitment lim- 
itation and density independence in general is that pop- 
ulation size is not limited by local resource availability. 

Studies conducted over the last decade have shown 
that multiple processes (e.g., density dependence, den- 
sity independence, recruitment limitation) influence the 
abundance of populations, and these processes vary in 
both complexity and context (i.e., spatial and temporal 
characteristics of a population [Pulliam and Danielson 
199 1, Turchin and Hanski 200 1, Hixon et al. 20021). 
For example, density dependence alone can be mani- 
fested as a simple process (N, is a function of N,-,), a 
complex process (N, is a function of Nt-, of multiple 
life-history classes), or a delayed response (e.g., N, is 
a function of Nt-? [Hunter 1998, Turchin and Hanski 
2001, Hixon et al. 20021). 

Stream-dwelling organisms are good subjects for in- 
vestigations of population regulation because they 
commonly are subjected to substantial environmental 
variation in the form of both seasonal and annual 
changes in mean flows as well as extreme events such 
as floods and droughts (Grossman et al. 1982, 1998, 
Poff and Allen 1995, Lake 2000). Hence, stream or- 
ganisms may frequently experience density-indepen- 
dent sources of mortality, in addition to the density- 
dependent factors already operating within these pop- 
ulations. Streams also tend to exhibit high spatial and 
temporal patchiness in their physical and biological 
characteristics (Grossman et al. 1995a, Lake 2000, 
Thompson et al. 2001), which may contribute to small- 
scale population differentiation. 

In this study we employ a strong inference approach 
(Platt 1964) using Aikaike's Information Criterion 
(AIC [Burnham and Anderson 2002]), to evaluate a 
series of ecologically realistic, a priori models poten- 
tially capable of explaining long-term variation in per 
capita rate of increase data for mottled sculpin (Cottzrs 
bairdi). We monitored long-term trends in abundance 
(1984-1995, 3-4 mottled sculpin generations) in three 
sites along a longitudinal gradient in the Coweeta Creek 
drainage, to determine if these trends were consistent 
with the patterns produced by both separate and com- 
bined models of density dependence, density indepen- 
dence, and recruitment limitation. Finally, we directly 
evaluated the short-term effects of intraspecific com- 
petition for space between adults and juveniles (i.e., a 
density-dependent process) by conducting a field re- 
moval experiment. 

Mottled scuIpin as  a test system 

We chose the mottled sculpin (Cottus bairdi; see 
Plate 1) (henceforth sculpin) as a study organism be- 
cause it is the most abundant fish in the Coweeta Creek 
drainage (Freeman et al. 1988; G. D. Grossman, zrn- 
published data), as it is in many other North America 
streams (Grossman et al. 1995b, 2002). This species 
exhibits readily separable life-history classes, which 
facilitates identification of interactions among these 
classes (Appendix). Sculpin are small (maximum stan- 
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dard length <I50 mm) benthic invertivores (Stouder Population study sites 
1990) that reach a maximum age of 7+ years in the 
Coweeta drainage and have low fecundity (maximum 
= 166 eggs [Grossman et al. 20021). The species dis- 
plays highly restricted movements, and adults and ju- 
veniles exhibit mean signed movement rates ranging 
from 0.04 to 1.57 m over a 45-d period (data for three 
45-d periods per year, 1994-1 995 [Petty and Grossman 
20041). In addition, Petty and Grossman (2004) showed 
that most sculpin captured in spring remained within 
the 200-m study site until the end of autumn in a given 
year (mean annual rate = 65%). As sculpin grow, they 
shift from shallower microhabitats dominated by de- 
positional substrata (bedrock, sand, and gravel) to 
deeper areas dominated by erosional (cobble, boulder) 
substrata (Grossman and Ratajczak 1998). Although 
physical factors play a role in microhab?tat selection, 
the best predictor of patch use by sculpin is prey abun- 
dance within a microhabitat (Petty and Grossman 1996, 
Petty 1998). 

There is strong inferential evidence that the relative 
stability of sculpin populations in the Coweeta Creek 
drainage is maintained via density-dependent interac- 

We chose three 30 m long permanent sites (Ball 
Creek Above [BCA], Ball Creek Below [BCB], and 
Coweeta Creek [CC]) for population sampling, which 
should have contained the home ranges of most sculpin 
found within the sites (Petty and Grossman 2004). The 
three sites were located along a - 1.5 km downstream 
gradient on Ball and Coweeta Creeks (approximate lo- 
cation 35.35" N, 83.25" W) and ranged in elevation 
from -675 m (CC) to -695 m (BCA) (Appendix). We 
began our study in winter 1984 and terminated Sam- 
pling in autumn 1995. Our study period encompassed 
some of the highest stream levels on record over the 
last 60 years in the Coweeta Creek drainage, and also 
included one of the harshest droughts (1 985-1 988). 
Consequently we conducted analyses on up to three 
separate data sets representative of the hydrologic var- 
iation observed during the course of the study: (1) all 
collections pooled (pooled), (2) drought years only 
(1985-1988, drought) and (3) non-drought years (1984, 
1989-1 995, non-drought). 

Habitat availability 
tions, specifically intraspecific competitive interactions 
for food or foraging sites. First, there is little evidence We data On physical habitat 

that either interspecific competition or predation sig- (Grossman and Ratajczak 1998), concurrently with 
spring and autumn population samples, beginning in nificantly affect use of spatial and trophic resources or 

abundance of sculpin in our study sites (Barrett 1989, autumn 1987, excluding 199 1, and ending in 1995. We 
used a grid system and random number table to ran- Stouder 1990, Grossman et al. 1995b, 1998). Second, 
domly select 30 20 x 20 cm quadrats in each site (see mark-recapture studies suggest that immigration and 
Grossman and Ratajczak 1998). Sampling was strati- emigration processes play little role in the dynamics 
fied so that each 10 m of bank length contained 10 

of these populations and Grossman 2004). Third, randomly selected quadrats. Starting at the downstream 
adults numerically dominate sculpin populations at 

border of each site, in each random quadrat we mea- 
Coweeta and also occupy more exclusive and more sured: (1) depth (-+ 1 cm), (2) average velocity (50.1 
profitable (i.e., higher Prey abundance and Prey im- c&s, Marsh-McBimey [Frederick, Maryland, USA] 
migration rates) territories than juveniles (Petty 1998, Model 201 flow meter), and (3) a visual estimate of 
Petty and Grossman 2004). These characteristics trans- the percentage contribution to the total substratum of 
late into differences in fitness, because adults display seven ,.lasses based on maximum particle 

higher growth and survivor ship rates than juve- dimension (Grossman and Rataj czak 199 8). These clas- 
niles (Petty 1998, Petty and Grossman 2004)- Fourth, ses included: (1) bedrock (embedded substratum with 
when adults abandon a territory, the new territory has a ,,imUm dimension >30 cm), (2) boulder (unem- 
significantly higher prey densities than those present bedded with a maximum dimension >30 
in the abandoned territory, but this is not true for Ju- ,,), (3) cobble (2.5-30 cm), (4) gravel (0.2-2.5 cm), 
veniles (Petty 1998). Fifth, although ~ ~ ~ O v a n e n t  rates (5) sand <0.2 cm, (6) silt (material capable of suspen- 
are low overall, both adults and juveniles display higher sion in the water column), and (7) debris (organic ma- 
movement rates when adults are more abundant (Petty terial of any size). Average velocity for quadrats with 
and Grossman 2004). Sixth, the relative distribution of depths <75 cm was quantified with one measurement 
adults and juveniles across reaches in the Coweeta taken at 0.6 water column depth, whereas for quadrats 
drainage provides a good fit to the ideal-despotic model >75 cm in depth, average velocity was calculated as 
of habitat selection (Fretwell 1972), a model based on the mean of measurements made at 0.2 X and 0.8 X 
strong intraspecific competition (Petty 1998). Finally, depth (Grossman and Freeman 1987). 
previous studies demonstrate that sculpin populations To calculate sculpin density, beginning in 1987 we 
in the Coweeta drainage have very stable abundances also measured the wetted area of the sites for each 
(i.e., coefficients of variation for mean abundances sampling period using seven transect measurements per 
<0.34) (Freeman et al. 1988, Grossman et al. 1990) site. We calculated estimates of wetted area for pre- 
despite significant environmental variability, which 1987 samples, using regression analysis on mean daily 
suggests that density dependence may be present. flow (X )  and wetted area of a site (Y) for 1987-1995 
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data, and then inserted mean annualized daily flow 
measurements for 1984-1987 into this equation. The 
predictive ability of the equations for the three sites 
were: BCA,r  = 0.62, P<<0.01; BCB,r  = 0.84, P<< 
0.01; CC, r = 0.81, P<< 0.01. Mean wetted areas ( 2 s ~ )  
for the sites during spring samples were: BCA, 133.1 
? 8.9 m2; BCB, 151.1 ? 14.4 m2; and CC, 199.0 + 
30.2 m2. 

We quantified temporal changes in habitat avail- 
ability by subjecting data from the random habitat 
availability quadrats to a principal component analysis 
(PCA, SAS Institute 1985) using the methods of Gross- 
man et al. (1998). This analysis produced significant 
components (i.e., ecologically interpretable compo- 
nents with eigenvalues > 1.0), which were then sub- 
jected to a variety of a posteriori analyses depending 
upon the hypothesis examined. First, we tested the null 
hypothesis that habitat availability within a site did not 
differ significantly between drought and non-drought 
periods for pooled spring and autumn samples. Pre- 
vious work in this system has shown that null hypoth- 
esis testing (i.e., a test for no difference or effect) is 
ecologically appropriate for habitat availability, flow, 
and fish microhabitat use data (Grossman and Rata- 
jczak 1998). We evaluated null hypotheses by calcu- 
lating mean PC scores for the two periods (drought and 
non-drought) on all significant components and then 
testing for significant differences with a Wilcoxon test 
followed by nonparametric Tukey tests (Zar 1996, 
Grossman and Ratajczak 1998). We only report sub- 
stratum differences >2%, because values below this 
are within our estimated margin of observer error 
(Grossman and Ratajczak 1998). Finally, we evaluated 
the stability of physical habitat characteristics of the 
three sites by comparing the number of seasons with 
significant within-site differences in drought and non- 
drought habitat availability comparisons. 

In all analyses we set alpha to 0.1 to account for: 
( I)  the inherent variability of long-term field data sets, 
(2) the uncontrollably low sample sizes of partitioned 
data sets (e.g., n = 4 for drought samples), and (3) the 
fact that sculpin densities in Spring 1984-Spring 1987 
data sets were estimated using regression-derived val- 
ues for site area rather than actual measurements. Use 
of the 0.10 level for alpha is justified under certain 
limited circumstances (see Zar 1996, Grossman et al. 
1998), and given the limitation of the data, we are less 
concerned about rejecting a true null hypothesis than 
failing to reject a false one. 

Flow variation (density-independent processes) 

We assessed the effects of variation in stream flow 
(density-independent variation) on sculpin via flow 
measurements from stream gages in both Ball Creek 
(Weir 9) and Shope Fork (Weir 8; see Plate I), the two 
main tributaries of Coweeta Creek (Grossman et al. 
1998). We used information from both weirs because 
they collect different data, all of which were necessary 

for analyses. Weir 8 provided data for parameters 1- 
5, whereas Weir 9 provided data for parameters 6-1 1. 
Daily flows from the two weirs were highly correlated 
during the study (daily maximum flows, r = 0.94, P 
<< 0.01, N = 4212; daily minimum flows, r = 0.98, P 
<< 0.01, N = 4212). Weir data included: (1) highest 
maximum flow during the year (calendar year), (2) 
highest minimum flow during the year (calendar year), 
(3) mean monthly flow (calendar year), (4) mean 
monthly maximum flow (calendar year), (5) mean 
monthly minimum flow (calendar year), ( 6 )  maximum 
flow between spring and autumn for a given year, (7) 
maximum flow between autumn and the following 
spring, (8) maximum flow between spring and the fol- 
lowing spring, (9) the number of high flows between 
spring and autumn of a given year, (10) the number of 
high flows b&ween autumn and the following spring, 
and (1 1) the number of high flows between spring and 
the following spring. 

Because the timing of high flow events determines 
their biological impact, we analyzed flow data in con- 
cordance with the life cycle of sculpin. Hence, we con- 
sidered 1 April, the onset of the rep~oductive season 
of sculpin (DeHaven et al. 1992), to be the beginning 
of a water year, which then continued until collection 
of spring population samples the following year. We 
considered a flow event >0.7 1 m3/s to be "high flow." 
These events had a recurrence interval of > I  per year 
(e.g., mean = 33 high flow events [range 10-771 be- 
tween 1 April and the following year's spring popu- 
lation sample) and hence, represent density-indepen- 
dent environmental variation that was regularly expe- 
rienced by sculpin populations. Although the choice of 
a high flow level is somewhat arbitrary, 0.71 m3/s rep- 
resents a compromise between base flows and extreme 
events such as 100-year floods that sculpin may rarely 
experience. Finally, setting 0.71 m3/s as "high flow" 
provided data sufficient for rigorous statistical testing, 
unlike flow events with less frequent recurrence inter- 
vals. We tested for differences in high flow events using 
a one-tailed Wilcoxon test (Ha: fewer high flow events 
during the drought). This hypothesis was examined us- 
ing three data sets: (1) full year, i.e., 1 April-3 1 March, 
(2) 1 April-autumn population sample, and (3) 1 Oc- 
tober-spring population samples. 

We quantified the relationship between flow varia- 
tion and r of sculpin by first conducting a PCA on 
annual estimates of 9 of the 11 flow measures described 
above; we omitted both maximum flow and the number 
of high flows between spring and autumn for a given 
year, to reduce multiple colinearity. We then included 
sample scores of these components in competing re- 
gression models (see Model constr-uction and assess- 
ment). Principal component analysis was used because 
of correlations among flow variables used in the anal- 
ysis. We also evaluated the effects of average flow 
conditions on sculpin by performing regression anal- 
ysis on annualized mean daily flow values (Grossman 






























