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Abstract. Population declines are often caused by multiple factors, including anthro- 
pogenic ones that can be mitigated or reversed to enhance population recovery. We used 
a size-classified matrix population model to examine multiple anthropogenic effects on a 
population and determine which factors are most (or least) important to population dynam- 
ics. We modeled brook trout (Salvelinus fontinalis) in southern Appalachian mountain 
streams responding to multiple anthropogenic effects including the introduction of an exotic 
salmonid species (rainbow trout, Oncorhynchus mykiss), a decrease in pH (through acidic 
deposition), an increase in siltation (from roadbuilding and logging), and an increase in 
fishing pressure. 

Potential brook trout responses to rainbow trout include a decrease in survival rate of 
small fish, a change in density dependence in survival of small fish, and a decrease in growth 
rates of all sizes. When we included these responses in the population model, we found that 
population size tended to decrease with an increase in small-fish growth rate (producing a 
population with fewer, but larger, fish). In addition, changes in patterns of density-dependent 
survival also had a strong impact on both population size and size structure. Brook trout 
respond to decreases in pH with decreased growth rate in all size classes, decreased survival 
rates of small fish, and decreased egg-to-larva survival rates. This combination of effects, at 
magnitudes documented in laboratory experiments, had severe negative impacts on the mod- 
eled population. If siltation effects were severe, the extreme increase in egg-to-larva mortality 
could have strong negative effects on the population. However, even very strong increases 
in large fish mortality associated with sport harvesting were not likely to cause a local 
extinction. In all of these cases, the interaction of drastic changes in population size structure 
with randomly occurring floods or droughts may lead to even stronger negative impacts than 
those predicted from the deterministic model. 

Because these fish can reproduce at a small size, negative impacts on survival of the 
largest fish were not detrimental to the persistence of the population. Because survival of 
small juveniles is density dependent, even moderate decreases in survival in this stage had 
little effect on the ultimate population size. In general, a brook trout population will respond 
most negatively to factors that decrease survival of large juveniles and small adults, and 
growth rates of small juveniles. 

Key words: angler effect; anthropogenic effects; Appalachian mountain streams; brook trout; 
exotic species; local extinction; matrix population modeling; rainbow trout; size structure; stream 
acidijcation; stream salmonids. 

INTRODUCTION sider multiple anthropogenic effects on a population 


For many endangered and threatened species as well and determine which-factors (and factor interactions) 


as for species harvested recreationally or commercially, are most important to population size and size structure. 


population declines are caused by multiple factors. 
We provide an approach that allows us to eliminate 

Many of these effects are anthropogenic and often can 
some factors as relatively unimportant. 

We used a size-classified population model to trans- 
be mitigated or reversed (at some cost) to enhance pop- 

late the growth and survival responses of individuals 
ulation recovery. But often researchers and managers 

to environmental perturbations into population level 
address only one or a few particular factors deemed 

responses (Caswell and John 1992, Murdoch 1993).
important (on political, economic, or biological 

Models of populations structured by space, size, age, 

grounds) to the population in question. Here we con- or sex have been developed to translate changes in life 


history parameters into population and community re- 
' Manuscript received 9 August 1993; revised 20 January sponses in a variety of ecological systems (see, e.g,, 

1995; accepted 20 January 1995; final version received 6 
March 1995. Metz and Diekmann 1986, Ebenman and Persson 1988, 

Present address: Duke University Marine Laboratory, Caswell and John 1992). Matrix population models 
Beaufort, North Carolina 28516-9721 USA. have been particularly useful in projecting population 
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TABLE 1. Summary of potential growth and survival responses of individual brook trout to species introduction, habitat 
alteration, and harvesting. 

Model 
Anthropogenic parameters 

effect Stage Individual responses affected 

Species introduction Juvenile: decrease survival probability R 
decrease growth rate P 

Adult: 
change slope of density-dependent survival 
decrease growth rate 

C ,
P 

Harvesting increase Adult: decrease survival probability R 
Siltation increase Egg: decrease egg to larva survival W o 
Acidic deposition Egg: decrease egg to larva survival Wo 

Juvenile: decrease survival probability R 
decrease growth rate P 

Adult: decrease growth rate P 

responses to changes observed in life history param- 
eters (Bierzychudek 1982, Burns and Ogden 1985, Ca- 
swell 1989, Caswell and John 1992). These models 
have been used in a variety of ways, but they are par- 
ticularly valuable in identifying potential responses of 
populations to predicted changes in their environments 
or to planned mitigation by managers (Horst 1977, 
Evans and Dempson 1986, Crouse et  al. 1987). In this 
study, we have developed a matrix population model 
to project population consequences of changes in life 
history parameters brought on by changes in the en- 
vironment, specifically for headwater stream fish pop- 
ulations. 

Throughout the past century, southern Appalachian 
headwater streams inhabited by native populations of 
brook trout (Salvelinus fontinalis) have experienced a 
number of changes, most of them anthropogenic. The 
most important of these include the introduction of 
exotic salmonid species, a decrease in pH (through 
acidic deposition), an increase in siltation and a de- 
crease in shade (from timber harvesting), and an in- 
crease in fishing pressure. Brook trout have declined 
in abundance; their distribution within these streams 
has become limited to the uppermost headwaters (Kelly 
et al. 1980, Larson and Moore 1985). 

To understand either the decline of brook trout or 
the maintenance of their reduced distribution in the 
southern Appalachians, we must understand the pop- 
ulation consequences of each type of potential ecolog- 
ical pressure. We can group specific ecological pres- 
sures based on how they affect individual brook trout, 
and then characterize each group of like pressures as 
to the type and severity of its consequences to the pop- 
ulation as a whole. 

We begin by characterizing the potential growth and 
survival responses of individual brook trout to species 
introduction, habitat alteration, and harvesting. We 
then describe a general model of a southern Appala- 
chian brook trout population and assess the sensitivity 
of the modeled population to changes in growth and 
survival at different life stages. In this way, we can 
simulate the ecological effects of competition, preda- 
tion, habitat degradation, and harvesting. And finally, 

we  compare the potential population consequences of 
each of these phenomena. 

Species introduction 

During the early part of this century, rainbow trout 
(Oncorhynchus mykiss) were introduced into southern 
Appalachian mountain streams (King 1937, Kelly et al. 
1980). They have expanded their distribution within 
these streams and currently overlap brook trout distri- 
butions extensively (Larson and Moore 1985). Allo- 
patric populations of book trout occur in the headwaters 
of these mountain streams, allopatic populations of 
rainbow trout occur farther downstream, and a zone of 
sympatry occurs between (Larson and Moore 1985). 

Rainbow trout have potential for a variety of effects 
on brook trout. Although there are tendencies for some 
differences in habitat use by adults of the two species 
(Larson and Moore 1985), adult habitat use still over- 
laps greatly between the species (Cunjak and Green 
1983, Lohr and West 1992), and intraspecific differ- 
ences in habitat use between allopatric and sympatric 
populations indicate that these two species are inter- 
acting when together (Cunjak and Green 1983, Lohr 
and West 1992). Adults of these two species compete 
for feeding territories, and ability to hold a feeding 
territory is most strongly a function of body size (New- 
man 1956, Cunjak and Green 1984). We do not expect 
a direct mortality response of adult brook trout to com- 
petition with adult rainbow trout. Rather, we expect a 
more subtle response: a reduction in adult brook trout 
growth rate (Table 1). Because age-0 fish (i.e., fish in 
their first summer of growth) of the two species also 
overlap greatly in habitat use and diet (Larson and 
Moore 1985, Lohr and West 1992), we should see com- 
petitive effects similar to those proposed for adults. If 
age-0 brook trout and age-0 rainbow trout are com- 
peting, then we expect age-0 brook trout to respond 
with a reduction in growth rate (Table 1). 

The potential effects of large rainbow trout on small, 
age-0 brook trout are more complex than the effects of 
similar-sized fish. There are three important ways in 
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which large rainbow trout may affect these small brook 
trout. They may have a lethal predatory effect, resulting 
in a decrease in instantaneous survival rate while brook 
trout are small enough to be prey. They may have a 
nonlethal predatory effect that results in small brook 
trout changing habitat to avoid predation, but suffering 
a decrease in growth rate as a result. They may also 
have an indirect lethal effect by causing small brook 
trout to change habitats. Because survival in young 
stream salmonids is generally density-dependent (Hunt 
1965, LeCren 1972) and the actual density that can 
survive in a particular place is related to habitat char-
acteristics (Kalleberg 1958, Mason and Chapman 1965, 
Slaney and Northcote 1974, Mortensen 1977, Dill et 
al. 1981), a change in habitat use may result in a re-
duction in the number of small brook trout that can 
survive. These last two potential effects of large rain-
bow trout on small brook trout may be the result of 
small brook trout perceiving large rainbow trout either 
as predators or as superior competitors. Evidence for 
an effect of large rainbow trout on macrohabitat (Lar-
son and Moore 1985) and microhabitat (Lohr and West 
1992) use by age-0 brook trout and growth rate re-
sponse by age-0 brook trout to the presence of large 
rainbow trout (Marschall 1991) indicate the potential 
importance of these last two responses. 

We do not expect strong effects of rainbow trout on 
reproductive success of brook trout. Because brook 
trout spawning occurs in the fall and rainbow trout 
spawn in the spring, interspecific spawning interactions 
or competition for redd (nest) sites should not occur. 
There is also no evidence of rainbow trout preying on 
brook trout eggs (Needham 1961). 

Habitat alteration 

We consider alteration of two important habitat vari-
ables: siltation and acidity. Following the heavy log-
ging in the early part of this century, Powers (1929) 
found that distribution of brook trout in Great Smoky 
Mountains National Park corresponded to uncut areas 
of the forests. The fires that accompanied logging af-
fected stream habitats even more severely than logging, 
causing extensive siltation and loss of shade (King 
1937). Both road building and logging continue to be 
important causes of siltation. In addition, increased 
acid deposition has caused changes in the chemistry of 
these streams (Cosby et al. 1991), including decreases 
in pH and increases in aluminum in the water. 

The most prominent effects of siltation are on quality 
of redd sites. Because egg survival in salmonids is de-
pendent on substrate size (Witzel and MacCrimmon 
1983a) and water flow around the interstitial spaces 
housing the eggs, the effect of siltation should be ex-
pressed as a decrease in egg-to-larva survival (Table 1). 

There have been extensive studies of brook trout 
physiological responses to pH (and the associated 
changes in aluminum and calcium; see Bergman et al. 
1988, Bergman and Mattice 1990). In these softwater 

mountain streams, a decrease in pH results in an in-
crease in osmotic imbalance and ionoregulatory failure 
(Leivestad 1982, Wood and McDonald 1982). In gen-
eral, survival of eggs, fry, juvenile, and adult brook 
trout is decreased by a decrease in pH and calcium 
(Jordahl and Benson 1987, Ingersoll et al. 1990), 
though severity of this effect is greatest on youngest 
age classes. In systems stressed by acidic deposition, 
growth rates of juveniles and adults are positively cor-
related with pH and calcium concentration. Again, the 
effect is strongest on juveniles (Mount et al. 1988, 
Ingersoll et al. 1990, Marschall 1991). Neither fecun-
dity (per body mass) nor egg size is affected by pH 
and calcium concentration (Mount et al. 1988). 

Harvesting 

Although detailed records of sport harvest of brook 
trout on specific Appalachian mountain streams are 
rare, we do know that fishing in general has increased 
in popularity during recent decades. For example, the 
number of people 2 12 yr old who participated in fresh-
water fishing doubled between 1955 and 1980 (Anon-
ymous 1982), and in 1985, ~ 2 5 %of thq freshwater 
anglers in the southern Appalachian mountain states 
consisted of trout anglers (Anonymous 1985). Because 
most brook trout fishing regulations involve a minimum 
legal size, sport harvests will have the greatest direct 
impact on survival rate of large brook trout (Table 1). 

The population model is based on a simple size-
classified projection matrix. We have partitioned the 
brook trout population into 15 size classes based on 
total length. Fish between 20 and 100 mm were clas-
sified into 10-mm size classes; remaining fish were 
classified into 20-mm classes. We chose 10-mm inter-
vals because data are most frequently reported in this 
form. Using 10-mm classes (or multiples of 10 mm) 
allows comparison of model results to published 
length-frequency distributions. Finer divisions were 
used in the small sizes because changes in size here 
affect survival through the relation between size, num-
ber, and density-dependence. At larger sizes, coarser 
divisions are sufficient to differentiate among size-de-
pendent rates. The resulting size classes are character-
ized by their midpoints: 25, 35, 45, 55, 65, 75, 85, 95, 
110, 130, 150, 170, 190, 210, and 230 mm. Although 
we have not modeled fish >240 mm, fish in the final 
size class may remain in that class for several years 
(depending on the value of the survival rate parameter). 
We have grouped eggs, larvae, and fish <20 mm into 
one class that represents the portion of the life history 
spent in and around the nest through the winter. Fish 
in this class either die over the winter or survive and 
become part of the first size class at the beginning of 
the growing season. In addition, although the modeled 
population is classified by size rather than age, we also 
kept account of the age-0 cohort through the growing 



February 1996 ANTHROPOGENIC EFFE:CTS ON BROOK TROUT 155 

season because we were modeling their survival prob-
abilities as being dependent on the total number and 
sizes of fish in that cohort. 

We have modeled the annual cycle of a brook trout 
population as consisting of a 6-mo growth period (from 
spring to fall), fall spawning, overwintering without 
growth (from spawn until spring), and finally, emer-
gence of larvae and beginning of growth again in the 
spring. We used monthly time intervals to model the 
population during the growing season. We chose 
monthly time intervals because (1) published growth 
and survival data were frequently measured on this 
scale and (2) we want to follow changes in size dis-
tribution through the growing season. An annual time 
interval would be too coarse to model density- and size-
dependent processes affecting age-0 fish. Weekly time 
intervals would require too much interpolation of pub-
lished monthly and quarterly growth and survival rate 
estimates. 

During growing season y, N(t + 1, y), the size dis-
tribution at sample time (month) t + 1, is 

where N(t + 1, y) is a vector with elements n,(t + 1, 
y) representing the number of fish in size class i (i = 

1, . . . , 15) and Q(t, y) is a matrix of transition prob-
abilities calculated from survival and growth rates. Q(t, 
y) can be separated into two parts: (1) a diagonal matrix 
R(t, y) whose diagonal elements are per capita rates of 
survival, a function of density in age-0 fish, but density-
independent in older fish, and (2) a constant matrix P 
containing transition probabilities (given survival) cal-
culated from growth rates. Size distribution dynamics 
during growing season y are described by 

Ni t  + 1, Y) = PRit, y)Nit, y). (2) 

To more clearly illustrate this, we include some sample 
lines from this product of matrices. 

where n,(t, y) = the number of individuals in size class 
i at the beginning of month t, p , ,  = probability that an 
individual will be in size class i at the beginning of 
month t + 1 given that it was in size class j at the 
beginning of month t and that it survives over that 
month, r(t, y) = density-dependent per capita survival 
probability for age-0 fish (a function of size and number 
of age-0 fish), and R = density-independent per capita 
survival probability for all other fish. In the overwinter 
transition from the end of one growing season N(6, y) 
to the beginning of the next N(0, y + I), the population 
adds a new cohort of larvae, suffers some overwinter 
mortality, but otherwise does not change: 

where b' is a vector of size-dependent fecundities, w, 
is overwinter survival probability of eggs and larvae, 
and w is overwinter survival probability of all other 
individuals. Below, we detail the methods and justifi-

-cation for estimating P ,  w, w,, R, and b. Data used in 
estimating survival parameters were taken from studies 
of stream resident brook trout whenever they were 
available. Because of the similarity of processes that 
control mortality across species within stream salmo-
nids, we also used data from stream populations of 
brown trout when data on stream populations of brook 
trout were limited. 

Estimating growth rates (matrix P) 

Each element of P ,  P , , ~ ,gives the probability of an 
individual being in size class i at the beginning of a 
sample period (during the growing season) given that 
it was in class j at the beginning of the previous period 
and that it survives over that period. Ideally, these tran-
sition rates would be calculated from growth data on 
individually marked fish. In this way, growth rates 
could be completely separated from size-dependent 
survival rates. These data, however, are not available. 
Instead, we used changes in mean length of cohorts of 
fish measured throughout the year. Data were restricted 
to those for stream populations of native brook trout. 
Growth measurements required individual length mea-
surements on a single cohort of trout, repeated over 
time. We found five such data sets: three from Wis-
consin and Michigan populations (Cooper 1953, 
McFadden 1961, Miller 1970) and two from North Car-
olina and Tennessee populations (Whitworth and 
Strange 1983, Urwick 1986). From each of these stud-
ies, a monthly growth rate for each sample date for 
each cohort sampled was calculated, providing a total 
of 96 estimates of average growth rates. Fish sizes were 
represented by mean size of individuals within the co-
hort on each date, so growth rates were estimated as 
the change in mean length (in millimetres) of the cohort 
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A spring 
o summer 

autumn and winter 

Total Length (rnrn) 

per month. Data were classified by season (winter: Jan-
uary through March, spring: April through June, sum-
mer: July through September, autumn: October through 
December) and grouped into 20-mm length classes for 
analysis. 

Growth rates (in millimetres per month) during 
monthly intervals in spring and summer were signifi-
cantly >O (one-tailed t test, P < 0.05 for each month). 
Monthly growth rates in autumn and winter were not 
significantly >O (one-tailed t test, P > 0.2 for each 
month), so spring and summer were considered to com-
prise a 6-mo growing season. When the effect of season 
was removed, body size (total length) had no significant 
effect on growth rate (ANOVA, P = 0.38; Fig. I ) .  We 
estimated mean growth rate during spring to be 15.4 
mmlmo and during summer as 5.9 mmfmo for fish of 
all sizes. 

To translate growth rates into transition probabilities 
(given survival), we assumed a uniform distribution of 

TABLE2. Overwinter survival estimates for headwater 
stream salmonid eggs and fish. Estimates are for non-mi-
gratory brook trout unless otherwise indicated. The median 
value (right column) was used in the model. 

Survival 
estimate 

Stage (%I 
Eggs 79  

23 
1.3 
<79 

Others 35-75 age 0-1 
24-57 age 1-2 
55 
43 
73 
55 

Model 
Source value 

Brasch 1949 
Chapman 1966* 
Miller 1970 70% 
Witzel and MacCrimmon 

1983a, 1983bt 
Elliott 1984$ 

Hunt 1969 

Brasch et al. 1973 
Elliott 1987$§ 55% 

McFadden 1961 

* Estimated for coho salmon. 
t Near 79% at optimal gravel size. 
$ Estimated for brown trout. 
9 Assuming constant survival over the summer months. 

Ecolog~calApplications 
Vol. 6. No. 1 

FIG. 1. Monthly growth rate (data represent 
mean + 1 SE) in stream populations of native 
brook trout as a function of body size during 
spring (April through June, A- - -), summer 
(July through September, O........),and winter 
and autumn (October through March, a-). 
The horizontal lines reflect mean growth rate 
during each season and indicate the values used 
in the population model. 

brook trout across sizes within each size class. We have 
no information about how sizes are actually distributed 
within a size class, but by using small size intervals 
(10 and 20 mm), we decrease the impact of this as-
sumption. 

Estimating overwinter survival 
(w, and  w) 

Published estimates of survival from egg to emer-
gence (w,) over a winter vary widely. Using estimates 
from studies on headwater populations of brook trout, 
coho salmon, and brown trout, we found a median 70% 
survival from egg to emergence (Table 2). Published 
values of overwinter survival in other age groups (w) 
were slightly more consistent. Using estimates from 
studies of brook trout and brown trout, we found a 
median overwinter survival of 55% (Table 2). 

Estimating growing season survival 
rates (matrix R) 

We divided R(t, y), the matrix of transition rates due 
to survival, into two parts, a density-independent part 
for the general population and a density-dependent part 
for age-0 fish. In the following sections, we address 
each one separately. 

Density-independent survival.-To estimate density-
independent survival we gathered survival data from 
the literature for large stream resident salmonids, which 
generally do not exhibit density-dependence in their 
survival (Allen 1969, Power 1980, Elliott 1987). Sur-
vival data are scarce for non-migratory stream salmo-
nids >1  yr old, particularly data taken over time in-
tervals shorter than a year. We found two such data 
sets (Table 3; McFadden 1961, Elliott 1987, 1989). We 
also used data from a migratory population of brown 
trout (Elliott 1985), but only from pre-migratory ages. 
For a fourth data set, we assumed an overwinter sur-
vival probability of 0.55, and calculated a monthly 
summer survival rate from estimates of annual survival 
(McFadden et al. 1967). In these four data sets, we 
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TABLE 3. Density-independent survival estimated from in- 
dividual cohorts of stream salmonids. The number of co- 
horts used in each estimate and the source of data are given 
for each data set used. Estimates are for non-migratory 
brook trout unless otherwise indicated. 

No. 

Survival cohorts Source 


0.78 7 McFadden 1961 
0.77 4 McFadden et al. 1967* 
0.92 16 Elliott 1985t 
0.825 2 Elliott 1987, 1989t 

* Calculated from annual survival rates, assuming over-
winter survival of 0.55. 

t Pre-migratory ages of brown trout from a migratory pop- 
ulation. 

$ Age-1 fish from a non-migratory population of brown 
trout. 

calculated proportion surviving over each time interval 
for each of the 29 cohorts sampled (Table 3). Per capita 
monthly survival was calculated as (final densityfinitial 
density)lIt, where t is the time interval (in months) be- 
tween samples. From these, we calculated a mean 
monthly density-independent survival rate of 0.86. 

Density-dependent survival.-We have modeled sur- 
vival as being density dependent in age-0 brook trout 
during their first growing season. Although the mod- 
eled population is classified by size rather than age, in 
practice, we kept account of the age-0 cohort and only 

, applied density-dependent survival probabilities to that 
cohort. In first-year stream salmonids, density-depen- 
dent survival is frequently expressed through down- 
stream movement of individuals unable to feed (Chap- 
man 1962, LeCren 1972, Elliott 1984b, Titus and Mos- 
egaard 1991). This ultimately eliminates them from the 
population. Thus, we combined emigration and mor- 
tality into one general loss rate, which we refer to as 
mortality. 

The way in which we formulate density-dependence 
in a population model and the way in which we estimate 
parameters for this function will likely have important 
consequences in the output of the model (Goodyear 
1980). We have chosen to estimate survival as a func- 
tion of density and body sizes in age-0 fish, using an 
expression of "effective density," which is itself a 
function of fish size and number (Marschall and Crowd- 
er 1995). Effective density describes the potential of a 
particular cohort of fish in terms of food consumption 
rate. Clearly, this will be a function of both density 
and body size of the fish comprising the cohort. The 
effective density, D(t), of a cohort of brook trout at 
time t is 

where n,(t) is the number of age-0 fish in size class i 
per area of stream and am,p is potential consumption 
by an individual in size class i (m, is average mass of 
an individual in size class i). Converting mass to total 

length, and using consumption parameters (a ,  6) es-
timated from Elliott (1975), we find 

where 1, is the total length midpoint of size class i 
(derivation in Marschall and Crowder 1995). 

Estimation of per capita survival of age-0 fish as a 
function of effective density (D(t)) requires data that 
include numbers and sizes of individuals at a particular 
site in a natural stream at the beginning of the growing 
season and at some time later in the same growing 
season. The same data set must include measurements 
at different initial densities, either over space or over 
years. We found three such data sets: Elliott's long- 
term data set for brown trout in Black Brows Beck, 
England (Elliott 1984a, b, 1985), LeCren's data for 
brown trout stocked as eggs at different densities at 
sites in Black Brows Beck (LeCren 1972), and Miller's 
data for brook trout at 12 sites in Hunt Creek, Michigan 
(Miller 1970). Elliott's and LeCren's length measure- 
ments (fork lengths [FL]) were converted to total 
lengths (TL) using the relationship FL X 1.0326 = TL 

.	(Carlander 1969). From these data, per capita'monthly 
survival, r(t), was calculated as (final densitylinitial 
density)lIu, where u is the time interval (in months) 
between samples, and D(t) was calculated from Eq. 2 
for the start of each time interval for each cohort. All 
time intervals were between 0.9 and 1.15 mo. None of 
the data used to estimate density-dependence param- 
eters were serially correlated; there was only one point 
used from any year for each location. We estimated 
parameters using both an exponential and a power form 
of the survival equation. Although the exponential form 
is in some ways more biologically satisfying at extreme 
levels of cohort density, we chose the power form of 
the function because it gave more acceptable patterns 
in the residuals over the range of actual observations. 
Using a non-linear least squares method we estimated 
parameters for the power form of the survival equation: 

final density = initial density .cox D(t)clu. (7) 

Using the 36 measurements from three studies, we ar- 
rived at an expression for survival as a function of 
effective density: 

Simultaneous estimation of c, and c ,  led to (1) cor- 
relation between the estimates of c, and c ,  and (2) 
existence of other pairs of c, and c ,  that differed greatly 
in value from the best-fit estimates, but differed little 
in the quality of their fit to the data. To ensure that we 
incorporated this uncertainty in best-fit parameters into 
our model, we generated a set of five pairs of values 
of c, and c ,  to be used in the model. We calculated the 
sums of squares for combinations of values of (c,, c,) 
spanning the 95% confidence intervals for each of the 
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TABLE4. Reproductive measures used to estimate average 
number of eggs per fish in each size class. In the first seven 
classes, % mature = 0, so we have omitted these. Values 
of percentage female, percentage of females that are ma- 
ture, and fecundity (number of eggs per mature f~ma le )  for 
each size class are means of values from all data sets. Mean 
number of eggs per individual brook trout in each size class 
is calculated as (% females/100) X (% mature females/100) 
X fecundity. 

Fecun-
dity*t$§¶ 

Size class Fe- Mature (No. eggs 
midpoint malest$§jl females*t$jl per mature No. eggs 

(mm) (%) (%) female) per fish 

* Cooper 1953. 

t McFadden 196 1. 

$ Wydoski and Cooper 1966 

§ Lennon 1967. 

1 1  McFadden et al. 1967. 

¶ Gibson et al. 1976. 


two parameters. Our set of five pairs of values included 
the best-fit pair (16.9, -0.789), the extremes of the 
95% confidence intervals of the estimates (r3.6, -0.661 
and [30.3, -0.91]), and a pair in either direction along 
the axis perpendicular to the axis running through the 
extremes and with the same sum of squares ([IS, 
-0.771 and [15, -0.811). These pairs of values had 
sums of squares that ranged from 141 (best-fit) to  200, 
so clearly, they described the data comparably well. 
We repeated each population model run and output 
analysis using each of these five pairs of parameters to 
ensure we captured some portion of the uncertainty 
associated with estimates of this important aspect of 
the life history. 

Estimating fecundity (vector b) 

Average fecundity per individual of size i was es- 
timated as the product of number of eggs per mature 
female of size i, proportion of size i females that are 
sexually mature, and proportion of size i individuals 
that are female. To estimate each of these three sets of 
parameters, we used data from studies of stream resi- 
dent native brook trout (Table 4; Cooper 1953, Mc- 
Fadden 1961, Wydoski and Cooper 1966, Lennon 1967, 
McFadden et al. 1967, Gibson et al. 1976). Percentage- 
female estimates from the literature range from 20 to 
83%, having no consistent relationship with age, so we 
assumed a 50:50 sex ratio at all sizes. For each size 
class, we calculated an average value of percentage 
mature females from four data sets and number of eggs 
per mature female from five data sets (Table 4). Over- 
estimates of fecundity were avoided by only using egg 
counts taken immediately before spawning. To calcu- 

late the average number of eggs per fish in each size 
class, we first calculated the mean values of average 
eggs per mature female and average percentage mature 
females over all data sets for each size class used in 
the population model. The product of these two values 
and the average proportion female (sex ratio) gave an 
average number of eggs produced per individual brook 
trout in each size class per year (Table 4). 

Sensitivity 

We have assessed the sensitivity of this model to 
parameter perturbations in several ways. First, we mea- 
sured sensitivity to standard size-specific changes in 
growth and density-independent survival rates. Next, 
we assessed population response to a full factorial de- 
sign of parameter perturbations that would be associ- 
ated with interactions with rainbow trout. And finally, 
we asked what magnitude of perturbations of suites of 
parameters associated with each ecological pressure are 
necessary to cause local extinctions. In the Discussion, 
we compare the magnitude of perturbations used in the 
sensitivity analysis to the magnitude seen in actual 
studies of brook trout populations under. various en-
vironmental pressures. 

Each simulation was run until the population reached 
a relatively stable size distribution. Because of the den- 
sity dependence included in the model, the population 
came to a stationary size distribution (i.e., an equilib- 
rium population size and size distribution). We con- 
sidered the population to be at equilibrium when A,  the 
ratio of population sizes between two consecutive 
years, was <1.00001 but >0.99999. We explored a 
number of initial conditions to ensure the model pro- 
duced only one stationary state under biologically rea- 
sonable conditions. Given starting size distributions of 
(1) 5000 fish in the smallest size class in spring with 
no fish in other size classes, (2) 100 fish in each size 
class in spring, and (3) a distribution closer to those 
observed in nature, we found no tendency for the mod- 
eled population to settle at more than one stationary 
state under a given set of parameters. In addition, we 
found no evidence that the stationary state was any- 
thing other than a stationary point (e.g., we never ob- 
served any two-point cycles). 

Growth and  survival.-Because the different eco-
logical pressures (i.e., species introduction, habitat al- 
teration, and harvesting) affect growth and survival at 
different parts of the brook trout life history, we have 
assessed sensitivity of the modeled population to 
changes in growth and density-independent survival at 
different life stages. Growth rate (in millimetres per 
month) was increased and decreased by 10% indepen- 
dently in each of five groupings of size classes (20- 
59, 60-99, 100-139, 140-179, and 180-239 mm). For 
each perturbation of the growth parameters, we re-
corded three population responses: equilibrium popu- 
lation size, the number of large fish in the population, 
and the proportion of the population consisting of large 
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fish. We arbitrarily set the lower limit of large fish to 
be 140 mm, which is slightly smaller than the minimum 
legal size in a commonly used harvesting regulation. 
For each of the five size classes, sensitivity (S) of each 
of the three population responses (Y)to changes in 
growth rate (g,) of size class grouping j was calculated 
by: 

This measures the magnitude of the change in popu- 
lation response brought on by an increase and decrease 
in parameter value, as a proportion of the original pop- 
ulation response. A value of 0 in S(g,) indicates that 
this particular population response is insensitive to 
changes in this particular parameter. The larger the de- 
viation from 0 (in either direction), the higher the sen- 
sitivity of the response to changes in parameter values. 

This analysis was repeated for density-independent 
survival rates, again measuring sensitivity of the three 
population responses to 10% changes in survival rates 
at different size class groupings, including the egg-to- 
larval transition. In age-0 fish, which experience den- 

-
sity-dependent survival in the model, changing the den- 
sity-independent survival rate in this sensitivity anal- 
ysis meant changing their overall survival rather than 
changing the way density affected their survival. 

Rainbow trout effect.-Because the presence of an- 
other species, such as rainbow trout, has potential ef- 
fects on several very different aspects of the life history 
of brook trout (Table I), we assessed the relative im- 
portance of these effects and their interactions by a 
factorial design of model runs, varying four parameters 
at two levels each. Adult growth rate (size classes 9- 
15, i.e., fish 2 1 0 0  mm), small fish growth rate (size 
classes 1-4, i.e., fish <60 mm), small fish survival rate, 
and c,,  the slope of density dependence in age-0 sur- 
vival rate, were each varied at 0.9 and 1.1 times the 
original parameter. As in the growth and survival sen- 
sitivity analysis, three population responses to these 
changes in parameters were measured: equilibrium 
population size, number of large fish in the population, 
and proportion of large fish in the population. The po- 
tentially interacting effects of the four parameters were 
measured using Yates' algorithm (Box et al. 1978). We 
used an ANOVA to measure the statistical significance 
of the main effects and their interactions. This analysis 
differs from the previous growth and survival sensi- 
tivity analysis by (1) varying growth rate of all sizes 
of adults at once, (2) varying growth rate and density- 
independent survival rate (i.e., overall survival rate 
rather than the way in which density affects survival 
rate) of only the smallest brook trout, (3) varying den- 
sity-dependent survival, and (4) completing the full 
factorial of parameter perturbations to look at inter- 
actions of effects. 

Local extinctions.-Although some of the ecological 
pressures addressed in this study may be sublethal to 

an individual brook trout, as they cause changes in the 
size: structure of the population and the fecundity and 
proportion of reproducing individuals present they may 
cause local extinctions. We have taken the combina- 
tions of vital rate responses to each of the ecological 
pressures (Table 1) and asked how large the responses 
must be to cause a local extinction of the modeled 
brook trout population. 

To look at the effect of species introduction (rainbow 
trout) we varied, in concert, small-fish survival (classes 
1-4; 20-60 mm), growth rates of all fish, and slope of 
the density-dependent function of small-fish survival 
(see Table 1). We simulated siltation effects by varying 
egg-to-larva survival rate. To assess the effect of acid- 
ity, we simultaneously varied small-fish survival 
(classes 1-4; 20-60 mm), survival of eggs to larvae, 
and growth rates of all fish. Effect of harvesting was 
simulated by varying large-fish (classes 11-15; > I 4 0  
mm) survival rate. 

To assess levels of changes necessary to bring about 
local extinctions, we changed, by 10% increments, the 
values of the suite of parameters associated with each 
ecological pressure (Table 1) until the equilibrium pop- 
ulation size was zero. Because a decrease in the slope 
of density dependence (c,) would result in an increase 
in survival while decreases in the other parameters are 
generally associated with decreases in survival, we 
changed c ,  by the inverse of the factor we used for the 
other parameters. 

The population resulting from the original parame- 
ters, before sensitivity perturbations, did not differ 
markedly from size distributions of natural southern 
Appalachian brook trout populations (Fig. 2). In this 
comparison, we used only size distribution data that 
had not been used in estimating parameters in the mod- 
el. 

Growth and  survival 

The modeled population was most sensitive to 
changes in growth rates when these changes occurred 
in small fish (Fig. 3). Although equilibrium population 
size was relatively robust to changes in growth rates, 
it was most affected by those changes that involved 
small fish (Fig. 3a). When growth rates of the smallest 
fish were increased, the population size actually de- 
creased slightly. The size distribution of the population, 
however, was more sensitive to changes in growth rate. 
Numbers of large fish ( 2 1 4 0  mm) and proportion of 
large fish both were quite sensitive to changes in 
growth rate of age-0 fish ( 5 1 0 0  mm; Fig. 3b, c). As 
growth rates of age-0 fish were increased, the number 
and proportion of large fish in the equilibrium popu- 
lation increased. 

Population responses to changes in density-indepen- 
dent survival rates were strongest when these changes 
occurred in intermediate-to-large fish survival (Fig. 4). 
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FIG.2. Size frequency distribution of the modeled brook trout population and two natural populations during (left panels) 

late summer and (right panels) late fall. Data for the two natural populations came from (1) a survey of a North Carolina 
stream (Urwick 1986) and (2) a 1989 survey of White Rocks Branch, Giles County, Virginia (E. A. Marschall, unpublished 
data). Note that the relative widths of the bars on the graph reflect the relative widths of the modeled size classes. 

The modeled population was relatively insensitive to growth and density-dependent survival, they were also 
changes in survival of eggs to larvae and of the smallest significantly affected by large-fish growth rate. In ad- 
size classes. Although equilibrium population size was dition to the main effects, interactions between small- 

+ relatively robust to changes in survival rates of most fish growth and both small-fish survival and large-fish 
size classes, it was quite sensitive to changes in sur- growth significantly affected proportion of large fish, 
vival of fish in classes 5-8 (60-100 mm; Fig. 4a). This though the magnitude of these interactive effects was 
roughly corresponds to brook trout late in their first not great. 
growing season and early in their second growing sea- Although we found many significant effects, the vast 
son. An increase in survival of these fish resulted in majority of the variance was explained by only a few 
an increase in equilibrium population size. Both mea- of the factors. Using Yates' algorithm (Box et al. 1978), 
sures of size distribution (numbers and proportion of we ranked the factors according to the magnitude of 
large fish) were very sensitive to changes in large fish their effect on the population response variables and 
survival rates (Fig. 4b, c), with increases in large-fish identified those significant effects that had the greatest 
survival resulting in more large fish in the equilibrium impact. Mean population size and number of large fish 
population. both changed most dramatically when slope of the den- 

sity-dependent survival function was increased and de- 
Rainbow trout effect creased by 10%. The only other factor to cause a change 

In a factorial design of model runs, we treated the of at least 5% in these two responses was small-fish 
multiple possible effects of rainbow trout on growth growth rate. Small-fish growth rate also was the only 
and survival of brook trout at different life stages. factor to have an effect of at least 5% on proportion 
ANOVA results indicated that both small-fish growth of large fish. Although an increase in small-fish growth 
rate and the slope of the density-dependent survival rate caused a decrease in equilibrium population size, 
function had significant effects on all three population it resulted in greater numbers (and proportion) of large 
responses (population size, number of large fish, and fish in the population. 
proportion of large fish). In addition, small-fish sur- 
vival had a significant effect on population size and Local extinctions 

proportion of large fish, whereas large-fish growth rate Local extinctions in the modeled population oc-
had a significant effect on both measures of size struc- curred at relatively severe to moderate reductions in 
ture. Overall, population size was significantly affected those vital rates associated with responses to acidity 
by the three small-fish main effects (growth, survival, and species introduction (Table 1; ~ 0 . 3  of original pa- 
and density-dependent survival) but not by large-fish rameters; Fig. 5). In contrast, we simulated harvesting 
growth rate. Although the two measures of size struc- at a level that decreased large-fish survival to 0.01 of 
ture were also significantly affected by small-fish its original value, and the population still maintained 
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FIG.3. Sensitivity of three population responses to per- 

' 	 turbations of growth parameters in individual size class 
groupings (all other parameters held constant). (a) Sensitivity 
of equilibrium population size. (b) Sensitivity of number of 
fish 2 1 4 0  mm in equilibrium population. (c) Sensitivity of 
proportion of fish 2 1 4 0  mm in equilibrium population. For 
each length class, we have plotted a point for each of five 
pairs of values of c, and c,  (density-dependence parameters, 
see Methods). 

a positive equilibrium. Even with very high harvesting 
rates of large fish, the population size changed little, 
though the population size structure changed dramat- 
ically. The population was also maintained when we 
simulated siltation at levels that severely decreased egg 
survival; local extinction did not occur until egg sur- 
vival rates were <0.05 of their original value. The mod- 
eled population appeared relatively robust to egg loss. 

We looked more closely at the effect of acidity by 
plotting the three population measures (size, number 
of large fish, and proportion of large fish) against the 
size of the perturbations to the parameter values (Fig. 
5). We found that both number and proportion of large 
fish declined steadily with a decline in parameter val- 
ues, but population size actually increased at low levels 
of decrease in parameter values (Fig. 5 )  before de- 
creasing quickly to extinction. Consequently, we con- 
sider number and proportion of large fish to be a better 
early forecaster of local extinction than population size. 
Population size was relatively insensitive to changes 
in parameters associated with acidity over a wide range 
of parameter values until the values reached a low 

Proport ion o f  

Total  length class (rnrn) 
in which survival ra te  is varied 

FIG. 4. Sensitivity of three population responses to per- 
turbations of survival parameters in individual size class 
groupings (all other parameters held constant). (a) Sensitivity 
of equilibrium population size. (b) Sensitivity of number of 
fish 2 1 4 0  mm in equilibrium population. (c) Sensitivity of 
proportion of fish 2 1 4 0  mm in equilibrium population. For 
each length class, we have plotted a point for each of five 
pairs of values of c, and c, (density-dependence parameters, 
see Methods). 

enough level to cause the population to crash (Fig. 5a). 
In contrast, proportion of large fish decreased steadily 
as values of parameters decreased (Fig. 5c). Both pro- 
portion and number of large fish decreased to -50% 
of their original values when we decreased parameters 
to -0.6 of their original values. 

Density-dependent survival 

We ran each of the simulations using each of five 
sets of density-dependent survival parameters. Al-
though different sets of parameters often yielded dif- 
ferent results in terms of absolute population size or 
number of large fish, the results of sensitivity and local 
extinction analyses did not differ between different sets 
of these parameters. 

Because there have been a number of concurrent 
anthropogenic effects on southern Appalachian head- 
water populations of brook trout, we assessed how pop- 
ulations respond to each effect to understand the recent 
history and possible future course of these populations. 
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FIG.5 .  Response of the modeled brook trout population 
to perturbations in suites of parameters associated with the 
effect of acidity on vital rates. (a) Equilibrium population 
size. Local extinction occurs when equilibrium population 
size falls to zero. (b) Number of large fish in the equilibrium 
population. (c) Proportion large fish in the equilibrium pop- 
ulation. 

When the potential growth and survival responses to 
these anthropogenic effects were separated and the 
population response to these changes in vital rates pro- 
jected, we found that population size was not very sen- 
sitive to changes that affected growth rate, but was 
sensitive to changes that affected survival rate in large 
juvenile and sub-adult (60-100 mm) brook trout (Figs. 
3 and 4). These size classes of fish are too small to be 
affected by sport harvest and too large to be susceptible 
to the direct mortality effects of predation or acidity. 
So although population size is most sensitive to sur- 
vival of these size classes, these size classes are the 
least likely to respond to anthropogenic effects with a 
decrease in survival. 

This pattern of highest sensitivity to survival of in- 
termediate size or stage classes has been observed in 
other species. Hartshorn (1975) saw this result in a size- 
classified model of a tropical canopy tree (Pentaclethra 
macroloba). He found that the population growth rate 
was most sensitive to survival of the immediately pre- 
reproductive size class (Hartshorn 1975). Crouse et al. 
(1987) observed this pattern in a model of sea turtles 
(Caretta caretta). Although the sensitivity pattern was 
the same, the biological importance of it is much great- 

er in the sea turtle than in the brook trout because 
human impacts on the sea turtle involve mortality of 
these intermediate stages (via shrimp trawling; Crouse 
et al. 1987). Use of turtle excluder devices that reduce 
mortality rates of large juveniles, sub-adult and adult 
loggerhead sea turtles should have positive effects on 
population recovery (Crowder et al. 1994). Whereas 
density-dependent survival was an important part of 
the brook trout model, neither the canopy trees nor the 
sea turtles were modeled with density-dependent sur-
vival. In these previous studies without density depen- 
dence, investigators have measured changes in equi- 
librium population growth rate rather than changes in 
equilibrium population size. Clearly the link between 
population growth rate and population size makes these 
two measures analogous in these different systems. The 
similarity in pattern of sensitivity exists despite the 
differences underlying the models of these populations. 

The generality of the pattern of population sensitivity 
to size-specific (or age-specific) changes in survival 
among vastly different types of organisms may reflect 
the generality of patterns in reproductive value. In- 
creases in mortality rate should have the strongest im- 
pact on the population's ability to replace itself when 
those increases occur in stages with high relative re- 
productive value (Slobodkin 1968, Law and Grey 
1988). Traditionally, reproductive value is considered 
to peak near the age of first reproduction. Although we 
did not estimate reproductive value in this modeled 
brook trout population, if it follows the pattern gen- 
erally assumed in other organisms, then it may lead to 
sensitivity of the population to changes in survival of 
size classes 5-8 and 9-10, as seen here. Size-dependent 
reproductive value would be an appropriate population 
attribute to measure in concert with size structure of 
the population (Caswell 1982). Knowledge of repro- 
ductive value would allow predictions of which stages, 
when perturbed, will be most important in determining 
population dynamics or persistence. In addition, 
changes in size-dependent patterns of reproductive val- 
ue may reflect significant changes in life history pat- 
terns under different environmental conditions. 

Local extinctions 

In assessing the strength of response in vital rates 
necessary to bring about a local extinction of a pop- 
ulation, we found that rainbow trout and acidity had 
severe effects at relatively moderate perturbations of 
the vital rates. Before accepting that these are the an- 
thropogenic effects with the greatest potential for det- 
rimental impact, we must first ask how these levels of 
perturbations compare to the level of responses we ex- 
pect based on observed responses to these environ- 
mental factors (Dunham 1993). 

Acidity.-Results of laboratory experiments mea-
suring brook trout response to pH showed that egg-to- 
larva survival at pH 5.2 was 0.69 of survival at pH 6.5 
(Ingersoll et al. 1990). At pH near 5, survival of age- 
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0 fish was 0.88-1.0 and growth rate of age-0 fish was 
0.6-0.7 of the values at pH near 6.5 (Ingersoll et al. 
1990, Marschall 1991). For adult fish, this change in 
pH did not affect survival, though it caused growth 
rates to be 0.5-0.8 of the pH 6.5 growth rates (Mount 
et al. 1988, Marschall 1991). Although these vital rate 
responses are above the ~ 0 . 3response we suggest 
would be necessary for local extinction (Fig. 5), they 
encompass a range over which we predict 50% reduc- 
tions in number and proportion of large fish and a sud- 
den decline in total population size (Fig. 5). 

Rainbow trout.-Although much research has been 
done on brook trout behavior (Helfrich et al. 1982, 
Cunjak and Green 1984), diet (Johnson 1981, Larson 
and Moore 1985), and habitat use (Cunjak and Green 
1983, Rose 1986, Lohr and West 1992) in response to 
presence of rainbow trout, there is much less infor- 
mation about vital rate responses to this introduced 
species. In field enclosure experiments, we observed a 
growth rate response of large age-0 brook trout (>55 
mm) to presence of large rainbow trout, but no survival 
response over -4-wk experiments (Marschall 1991). 
Brook trout growth rates in the presence of large rain- 
bow trout were 0.8 times their growth rates in the ab- 
sence of rainbow trout. But, we have no estimates of 
growth rate effects for smaller or larger brook trout, 
nor do we have any estimates of density-dependent 
survival response. Again, this measured effect is not 
as severe as the ~ 0 . 3  response we suggest would be 
necessary for local extinction, but a response of this 
magnitude over all the relevant parameters would be 
sufficient to cause a 50% reduction in the modeled 
population size. 

Siltation.-Witzel and MacCrimmon (1983a) showed 
egg hatching success in small-grained substrate to be 
0.13 of hatching success in coarser grained substrate. 
According to our analysis, a value slightly lower than 
this could potentially lead to local extinction. Admit- 
tedly, less severe alterations of the substrate would 
have less severe impacts on hatching success (Witzel 
and MacCrimmon 1983a), but the data and model cer- 
tainly give cause for concern. 

Harvesting.-To compare model perturbations of 
adult mortality rate as affected by harvesting to esti- 
mates from natural populations would require some 
comparison of mortality rates from fished and unfished 
streams. No such data are available. 

The differences in impact of these different anthro- 
pogenic effects appear to be a result of their effects on 
different parts of the life history. Because these fish 
can reproduce at fairly small sizes, an appropriate min- 
imum size limit in the fishery should allow the model 
population to maintain itself. And, because age-0 brook 
trout survival is treated in the model as density-de-
pendent, decreasing density at the egg-to-larval stage 
should have a much reduced impact. Therefore, the 
ecological pressures (Table 1) that affect the life history 
at these stages should have relatively smaller impact. 

It is important to note that these results illustrate the 
way in which density dependence can drive both model 
results and population dynamics. Because of this, the 
way in which we represent density dependence in the 
model becomes very important (Goodyear 1980). This 
density-dependent relationship between numbers of 
adults and number of progeny produced is at the heart 
of an immense body of research in fisheries biology 
(Ricker 1954). We certainly have not exhausted the 
outcomes possible under different scenarios of density- 
dependence or different methods in estimating density- 
dependent parameters in our model. Given different 
formulation of these processes, the model may produce 
different predictions about local extinctions. 

In addition to anthropogenic effects affecting dif- 
ferentparts of the life history, they also affect different 
extents of the life history. The ability of a population 
to maintain itself in the face of each of many anthro- 
pogenic effects does not imply that it will be able to 
maintain itself in the face of a combination of these 
separate pressures. Some factors (e.g., harvesting and 
siltation) affect only one stage, whereas others (e.g., 
pH and rainbow trout) affect many stages. Even if ef-
fects at all stages were equally important, those factors 
that negatively affect brook trout at many stages of the 
life cycle have more potential for impact than those 
that affect them at only one stage. Combining effects 
on many stages with effects on key stages adds to the 
potential impact of pH and rainbow trout in relation to 
siltation and harvesting. 

Although the factorial design of model perturbations 
in this study allowed us to assess how changes in 
growth and survival at different stages interacted to 
produce population level responses, this modeling 
study does not allow examination of how combinations 
of anthropogenic effects might interact to affect growth 
and survival. The importance of this problem has been 
recognized and generally addressed through surveys of 
streams and stream communities. Surveys correlating 
species presencelabsence with a number of abiotic and 
biotic variables are a start toward understanding how 
ecological factors interrelate to affect trout populations 
(e.g., Burton and Odum 1945, Fausch 1989), but ma- 
nipulative experiments will be necessary to untangle 
the effects of correlated environmental conditions. For 
example, although we could use the model to predict 
the population responses to interactions of growth and 
survival effects for pH and rainbow trout, the model 
will not help in determining whether pH and rainbow 
trout themselves interact in their effect on growth and 
survival. Both pH and probability of spatial overlap 
with rainbow trout increase from upstream to down- 
stream. Ultimately, we need to know, for example, 
whether brook trout growth and survival responses to 
rainbow trout under low pH conditions differ from the 
response under other environmental conditions. Al-
though pH has a negative impact on brook trout, its 
impact is even greater on rainbow trout, so predicting 
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how pH and rainbow trout will interact to affect brook 
trout growth and survival will require experiments de- 
signed explicitly for this purpose. 

Although population size in this modeled brook trout 
population may be fairly insensitive to changes in sur- 
vival rate in many size classes, it appears to be the 
population size structure, rather than the population 
size per se, that determines a population's resiliency to 
perturbation. Population size is relatively robust to 
changes in vital rates because the population is dom- 
inated numerically by fish in the youngest age class, 
and this number is determined through density-depen- 
dent processes. Because of this, major effects on pop- 
ulation size will not be seen until the adults can no 
longer produce an excess of age-0 fish. Although the 
capacity of the reproducing adults to produce offspring 
will decline steadily as number of adults in the pop- 
ulation declines, it will not be reflected in the popu- 
lation size until the population becomes dangerously 
small. So the decrease in numbers of large fish that 
accompany many of these ecological pressures gives 
more information about the population's ability to with- 
stand future perturbations than does information about 
population size. Ultimately, the local extinction re-
sulting from acidity and rainbow trout effects on vital 
rates came through detrimental changes in size struc- 
ture by reducing the number of reproducing individuals 
(Fig. 5). 

It is important to recall that this is a deterministic 
model. With this model, we can ask how general 
changes in growth and survival at different stages will 
affect the population. We need to recognize, however, 
that in these stream systems, a poorly timed flood or 
drought can wipe out most of a year class. When we 
combine these randomly occurring disasters with brook 
trout populations having extreme size distributions (in 
response to some other anthropogenic effect), we may 
find a much higher risk of local extinction than that 
suggested by analysis of the strictly deterministic mod- 
el. Given that brook trout populations occur in systems 
in which annual environmental fluctuations make this 
loss of a year class a real possibility, one must take 
this into consideration when interpreting the results. 

We have assessed the potential brook trout responses 
to species introduction (rainbow trout), habitat alter- 
ation (sedimentation and increased acidity), and har- 
vesting. Of these, species introduction and acidity had 
the greatest negative impact on the modeled population. 
The magnitude of perturbations to life history param- 
eters necessary to cause drastic changes in population 
size and size structure were within the range of ob- 
served individual responses to acidity. In addition, silt- 
ation has a potentially strong negative impact on egg- 
to-larval survival; when this is the case, it can also 
have a strong negative impact on the population as a 
whole. But the population was able to maintain itself 

even in the face of fairly low egg-to-larva survival. 
,And finally, with an appropriate minimum size limit, 
the modeled population could be maintained even un- 
der severe fishing pressure. We must express caution, 
however, in interpreting these results without consid- 
ering effects of stochastic environmental variation. Par- 
ticularly with effects of siltation and harvesting, the 
population size structure may be changed drastically. 
Consequently, the population may have little buffer 
against even a short run of bad years (e.g., years of 
drought or poorly timed floods). 

We have done this quantitative local extinction anal- 
ysis to ask whether the growth and survival responses 
of the magnitude we actually observed in nature are in 
the range of those that might cause local extinction in 
the modeled population. We do not, however, believe 
we have predicted the precise level of response that 
will bring about local extinctions. Rather, this analysis 
should help assess relative impact of different anthro- 
pogenic pressures. 

Some general patterns arose from extinction and sen- 
sitivity analyses. Because these fish can reproduce at 
a small size, negative impacts on survival of the largest 
fish were not detrimental to the persistence of the pop- 
ulation. Because survival of small juveniles is density 
dependent, even moderately sized perturbations to sur- 
vival in this stage had little effect on the ultimate pop- 
ulation size. Because of this importance of density de- 
pendence, we need to further evaluate this process in 
the model. In general, a brook trout population will 
respond most negatively to factors that decrease sur- 
vival of large juveniles and small adults and to factors 
that decrease growth rates of small juveniles. These 
generalizations give us a starting point from which to 
assess potential impacts of other anthropogenic effects. 
We recognize that each stream and each population is 
different and that we could not possibly predict pop- 
ulation size in all streams from such a general model. 
However, we have chosen factors that have changed 
over a wide geographic region in many streams to help 
us understand a general, wide-ranging decline in brook 
trout distribution. We are not attempting to make quan- 
titative predictions of population sizes or size struc- 
tures. Instead, we are trying to predict which factors 
will cause the most important changes in population 
size and size structure. 

This case study demonstrates a multifactor approach 
to modeling population responses to multiple anthro- 
pogenic factors. Because society has limited resources 
to aid species recovery for species like brook trout that 
have declined in abundance and also in spatial distri- 
bution, we need an approach that will allow us to com- 
pare the relative effects of various factors on population 
growth rates. Some possible management scenarios 
may address relatively sensitive vital rates while the 
population may be unresponsive to other management 
approaches. Our approach should help identify which 
mechanisms contributed most to population declines 
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and which mitigation measures might contribute most 
to population recovery. 
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