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Abstract:

We examined the mathematical demography of northern spotted owls (Strix occidentalis caurina)

using simple deterministic population models. Our goals were to gain insights into the life history strategy,
to determine demographic attributes most affecting changes in population size, and to provide guidelines
for effective management of spotted owl populations. The spotted owl apparently has evolved high adult
survival rates associated with irregular and unpredictable reproduction. The finite rate of population change
() in this subspecies is most sensitive to variation in adult survival rate and relatively insensitive to variation
in fecundity and age at first reproduction. However, rates of population change are strongly affected by
reproductive senescence if it occurs before 15 years of age. Sound management practices should include
efforts to control factors that adversely affect the survival rate of adult females.
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Considerable interest has developed over the
harvesting of old-growth forests in the Pacific
Northwest and impacts on the long-term sur-
vival of the spotted owl. Current information
suggests that the northern subspecies (S. o. caur-
ina) is restricted to coniferous forests in mature
and old-growth age classes (Forsman et al. 1984,
see Gutiérrez and Carey 1985) and that contin-
ued loss and fragmentation of the remaining
old-growth forests may threaten the viability of
the subspecies. The possible endangerment of
the subspecies and the need to retain large areas
of suitable habitat have generated heated debate
because of perceived economic costs to the tim-
ber industry associated with setting aside large
areas of older forests for the spotted owl (Dixon
and Juelson 1987, Salwasser 1987, Simberloff
1987).

In a search for solutions to this dilemma, the
Forest Service (U.S. For. Serv. [USFS] 1986) and
the academic community (Dawson et al. 1986)
identified various aspects of the owl’s biology
and life history for further investigation and
proposed guidelines for spotted owl research.
An aspect of the owl’s biology that was ad-
dressed in detail by both groups was the species’
demographic life history. The apparent decline
of the northern subspecies may be exacerbated
by low preadult survivorship, low adult fecun-
dity, and delayed age at first reproduction. These
were features identified as primary parameters
that should be estimated more precisely. Nei-
ther report gave a high priority to the annual
adult survival rate even though adult survival
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rate significantly affects the rate of population
change of both the California condor (Gym-
nogyps californianus) (Mertz 1971, Verner 1978)
and the snail kite (formerly the Everglade kite
[Rostrhamus sociabilis]) (Nichols et al. 1980),
species with demographic characteristics similar
to those of the spotted owl. The conclusions by
Dawson et al. (1986) and the USFS (1986) con-
cerning the relative importance of various de-
mographic parameters of the spotted owl have
recently been criticized by Lande (1988).

Our goal was to characterize the life history
structure of the spotted owl and to determine
demographic parameters that most influence
rates of population change. Detailed, analytical
analyses of a species’ life history structure are
not only a necessary prerequisite to understand-
ing its population dynamics, but also suggest
direction for future research. We analyzed the
available demographic data of the northern
spotted owl using life history and demography
in an approach similar to Mertz (1971) and
Nichols et al. (1980). We also assessed the di-
rection of current spotted owl research and sug-
gest future priorities indicated by our demo-
graphic analyses.

The owl’s basic demographic life history in-
cludes several parameters; however, accurate and
precise estimates of all parameters are not avail-
able and these parameters might exhibit sub-
stantial geographic variation throughout the
range of the northern spotted owl. It is thus of
considerable interest to examine the effects of
parameter variation on projected population
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growth of the species and to infer which param-
eters may be most influenced by management
decisions.

We thank J. A. Baldwin, A. B. Franklin, D.
G. Hankin, B. G. Marcot, J. D. Nichols, J. Verner,
and an anonymous reviewer for critical com-
ments on the manuscript. The final product has
benefited greatly from their comments and sug-
gestions.

METHODS

Standard Lotka-Leslie methods were applied
to make inferences about the effects of variation
in certain life history parameters and different
management practices on population growth rate
(Keyfitz 1968, Mertz 1971, Nichols et al. 1980).
We examined the effect of changes in 1 de-
mographic character at a time with all others
held constant. We assumed (1) reproduction was
characteristic of a birth-pulse population
(Caughley 1977:6), (2) no density dependence,
and (3) a Lilsex ratio. Further, our analyses
were formulated exclusively in terms of females.
Parameter estimates and model structure were
based on existing information from studies of
the northern spotted owl. Despite the lack of
precise and accurate estimates of most demo-
graphic parameters, the models employed were
general enough to estimate the effects of param-
eter variation on various measures of population
growth rate.

DEMOGRAPHIC LIFE HISTORY

The basic demographic life history of the
spotted owl is presented in standard form (Table
1). The parameter b, denotes the expected num-
ber of female fledglings produced by a female
of age x. There is some discrepancy in the es-
timate of this parameter (Barrowclough and
Coats 1985, Franklin et al. 1986). However, fol-
lowing Lande (1988), we have used the recent
estimate of Marcot and Holthausen (1987) in
which b, = b = 024 (x = 2). Annual survival
probabilities were assumed distinct for 3 age
classes: juvenile (s,), subadult (s,), and adult (s).
The parameter [, represents the probability of
survival to age x (by definition [, = 1.0). For x
> 2, probability of survival to age x is given by
[, =8,8,872 (Table 1). We used s, = 0.11 (Marcot
and Holthausen 1987), s, = 0.71, and s = 0.94
(Franklin et al. 1986), except where otherwise
noted.
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Table 1. Spotted owl life history. Age at first reproduction is
2 years.
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4 x denotes age expressed in years.

b 1, denotes the probability that an individual aged 0 (a newly hatched
bird) will survive to enter age class %.

¢ b, denotes the expected number of female fledglings produced by
a surviving female aged x.

d l,b, denotes the net maternity function.

Adult refers to ages after the second year
of life. Within the adult age class, survival rate
was assumed to be constant. Preadult survival
rate (l,) represents the probability of survival
from fledging to age 2 and is given by the prod-
uct of s, and s;.

Variations in the Demographic
Life History

One area of uncertainty in the basic life his-
tory of the spotted owl is the frequency and
magnitude of reproduction at age 2. Barrow-
clough and Coats (1985) and Lande (1988) as-
sumed that individuals do not regularly breed
until age 3. However, Barrows (1985) and Miller
et al. (1985) documented breeding at age 2 years,
and we have recently discovered breeding at-
tempts by 2 2-year-old females (P. W. C. Paton,
US. For. Serv., unpubl. data). We examined the
effects of variation in age at first reproduction,
beginning at age 2, on population growth rate.
A number of previously published life tables
reflect the uncertainty of many aspects of the
species’ biology as well as the accumulation of
new information (Table 2). Our analyses en-
compass the range of variation in life history
parameters and examine the effects of param-
eter variation on estimates of growth rate.

MODELS AND RESULTS
Net Reproductive Rate

The sum of the [ b, column (Table 1), often
called the net maternity function (R,), measures
the net reproductive rate of the population, i.e.,
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Table 2. Comparison of parameters used in the demographic analyses of the northern spotted owl.
Barrowclough Marcot and
Param-  and Coats Draft EIS Final EIS Holthausen
eter? (1985) (USFS 1986) (USFS 1988) (1987) Lande (1988)  This study
So 0.19 0.20 0.60 0.11 0.34 0.11 0.11 0.11
$y 0.85 0.85 0.85 0.96 0.97 0.96 0.71 0.71
s 0.85 0.85 0.96 0.97 0.96 0.942 0.942
b 0.34 0.275 0.40 0.24 0.24 0.24 0.24 0.24
T 3 2 2 2 2 2 3 2 (3)
w 10 10 10 15 15 15 0 o (16, 21, 26)
Estimates
r -0.237 -0.249 0.008 -0.164 -0.011 -0.170 -0.040 -0.040
A 0.789 0.779 1.008 0.850 0.989 0.840 0.961 0.961

4 g = probability of survival to age 1 (first year survival rate); s) = probability of survival to age 2 (second year survival rate); S = annual survival

rate from age 2 onward (ad survival rate);

b = number of female fledglings produced by an adult femae, T =

age (yr) at first reproduction; w =

age (yr) at reproductive senescence; I = intrinsic rate of natural increase (= In |)

the overall expected lifetime production of fe-
males by a female fledgling. The individual [b,
terms of R, specify the number of fledglings
that a new fledgling is expected to produce upon
attaining age x. At a stable age distribution, R,
> 1.0 indicates that the population is increasing,
R, < 1.0 decreasing, and R, = 1.0 stable. The
net maternity function for the basic spotted owl
life history is computed by

R,= D Lb,

= b_sos;/(l

We plotted adult survival rate (s) versus
preadult survival rate (s.s,) (Fig. 1). Curves (iso-
pleths) represent combinations of adult and
preadult survival that yield constant values of
R, Current estimates of age-specific survival
rates of the spotted owl suggest that cases with
high s and low s,s, (upper left portion of Fig.
1) are of primary interest. In this region slight
changes in estimates of survival rates can pro-
duce dramatic changes in estimates of R, The
area below the heavy diagonal line represents
the condition of preadult survival exceeding
adult survival, an unlikely scenario for spotted
owls. As R, approaches 1.0, the isopleths become
more horizontal, reflecting the increasing im-
portance of annual adult survival rate to net
reproductive rate.

The R, = 0.32 isopleth is the estimate from
equation (1) based on the parameter estimates
used in our analysis (Table 2). This value sug-
gests that the population is declining. However,
the estimate of R, is extremely sensitive to the
value of adult survivorship used in equation (1)

s),0 <s <1 (1)

and provides no information on the rate of pop-
ulation change. Thus, we focus on the finite rate
of increase of the population to evaluate both
the direction and magnitude of population
change.

Finite Rate of Increase

The finite rate of increase (I ) of a population
represents the factor by which total population
size, as well as the size of each age class, changes
each year given constant |, and b, values and a
stable age distribution (Nichols et al. 1980:218).
Assuming a closed population, | can be com-
puted empirically as the ratio of population sizes
estimated from the same location at 2 different
time periods ( = N,/N,_,, where N, is popu-
lation size in year t). For the spotted owl, | can
be defined as the single, positive, real root of
the equation

1.0 4 Rg
2.0
—~ 0.8 1 15
v 1.0
@
s
T 06+
g 05
£
@ 044 0.4
3 0.32
< 0.2 1 0.3
0.0 —— T T T . 02
0.0 0.2 0.4 0.6 0.8 1.0
Preadult Survival Rate (S0S1)
Fig. 1. Net reproductive rate (R,) with age at first reproduction

at 2 years for various values of adult (s) and preadult (S,S,)
survival rates.
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1= i ALb,
= l’);‘;?l/()\z -1ls), 0 <s< 1, 1>5 (2
Equation (2) can be rewritten as (Appendix)
A -S|l - bss, =0 3)
and solved for | as
I =[s + (s2 +4ses,b)2l/2. @

The isopleths (Fig. 2) illustrate values of pre-
adult and adult survivorship that give constant
values of | assuming a stable age distribution.
Thus, inferences drawn from these and similar
analyses apply only to long-term trends.

The solution to equation (4) based on the pa-
rameter estimates we used (Table 2) yields the
estimate | = 0.96. This is equivalent to a 4.0%
annual decline in population size with a popu-
lation half-life (time for the population to de-
crease to % its current size) of 17 years. How-
ever, given the precision of the parameters used
to estimate |, this value may not be significantly
different from | = 1.0 (Lande 1988).

The relatively horizontal slope of the isopleths
indicates the much greater importance of adult
survivorship to | than preadult survivorship (Fig.
2). To illustrate, with no preadult mortality (s.s,
= 1.0), adult survivorship (s) must = 0.76 to
have | = 1.0. The current estimates for S (Table
2), ranging from 0.85 (USFS 1986) to 0.97 (USFS
1988), indicate that adult survivorship has little
opportunity for improvement relative to pre-
adult survivorship. In addition, the species has
only a moderate potential for population growth.
Even if the birds were immortal (s, = §,= § =
[.0), | equals only 1.2, yielding an annual rate
of population increase of 20% and a population
doubling time of 3.8 years.

Variation in Fecundity.-The estimate of b
= 0.24 (Marcot and Holthausen 1987) combines
2 important components: the number of females
fledged per nest and the proportion of females
>2 years of age that breed. Separate estimates
of these parameters are not currently available.
The low fecundity observed for spotted owls is
likely a function of both a low proportion of
>2-year-old females breeding and a large num-
ber of failed nesting attempts.

Both R, and | increase as functions of b, but
R, increases much more rapidly (Fig. 3). The |
isopleths are almost horizontal to the isopleth
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Fig. 2. Annual finite rate of increase (h) with age at first re-

production at 2 years (solid isopleths) and at 3 years (dashed
isopleths) for various values of adult (s) and preadult (S,Si)
survival rates.

for s = 0.94, lying very close to the line | = 1.0
for all values of b examined. In contrast, the |
isopleth for s = 085 isalways belowthe | = 1.0
line. Given s = 0.94, the lower limit for | (when
b = 0.0) is 0.94, which gives a population half-
life > 11 years. When s = 0.85, the lower limit
for | is 0.85, and the population half-life is >4
years. Thus, assuming s > 0.90, spotted owl
populations can probably persist through long
periods of low fecundity.

Distinct Adult Fecundity at
Age 2 Years

Two- year-old adult females may have a fe-
cundity value, a, distinct from that of females
>3 years of age (we assume a < b, Barrow-
clough and Coats 1985). Incorporating a sep-
arate age 2 fecundity parameter changes the
characteristic equation (3) to

A3 - sA a=0. (5

Setting a = 0.12 in equation (5) yields the es-
timate | = 0.96, which is equivalent to the es-
timate of | from equation (3) when expressed
to 2 significant digits. Thus, | is virtually unaf-
fected by a substantial decrease in the fecundity
of subadults.

Asgs,a - sesi8(b

Age at First Reproduction

Changes in the age at first reproduction affect
the form of the characteristic equation. Defining
T as the age of sexual maturity with T = 1,
equation (3) takes the general form
AT - SAT7' bsgs,sT2=0,T

2land0<s <1 (g

Defining the age at first reproduction as in equa-
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Fig. 3. Net reproductive rate (Ro) and finite rate of increase
(1) as functions of the annual number of female young per
female for 2 values of adult survival rate (s). The dashed line
indicates a constant | = 1.0.

tion (6) follows Nichols et al. (1980) by treating
changes in the age at sexual maturity indepen-
dently from changes in prereproductive mor-
tality; i.e., the probability of surviving to any
fixed age x is independent of the age at maturity.
We simulated a change in the age at first re-
production by either shifting the fecundity col-
umn of the life table (Table 1) forward for ear-
lier  reproduction, or backward for later
reproduction, without a corresponding shift in
the survivorship column. An important conse-
guence of treating age at first reproduction and
prereproductive annual survival rates indepen-
dently is that for either declining or increasing
populations, earlier ages of first reproduction
always cause the rate of population change to
become more positive (Hoogendyk and Esta-
brook 1984).

The effect of age at first reproduction of 3
years on | is most pronounced for low values of
s and high values of sgs, (Fig. 2). Under con-
ditions of low preadult and high adult survival,
the effects of delayed reproduction on | are very
small. For example, the estimate of | from equa-
tion (6) with T = 3 is 0.96, which is equivalent
to 2 significant digits to the value of | from
equation (3).

Senescence

The effects of a senescent decline in fecundity
were explored by incorporating a maximum age,
w - 1, beyond which no reproduction occurs
(i.e., b, =0, x = w) (Mertz 1971, Nichols et al.
1980). The equation for population growth in-
corporating senescence is

N — sh bsgs [l (s/AN*2] = o
w=2 0<s=l (7)

. Noon and Biles
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Fig. 4. Annual finite rate of increase (I ) with no senescence
(solid isopleths) and senescence at age 16 years (dashed iso-
pleths) for various values of adult (s) and preadult (s,S,)survival
rates.

With truncation of the life table, | may be less
than s.

The general characteristic equation for var-
ious ages of first reproduction (T ) and ages of
senescence (w - 1) is (Appendix)

AT = SAT-! = bsgs,sT1 - (s/N)*~T] = 0, (8)

where T>=1, w =2, 0 <s <1 The life span
of spotted owls, and whether or not fecundity
remains constant, are unknown. However, it is
unlikely that the high estimates of s would arise
if spotted owls lived <15 years. The effects of
a senescent decline in fecundity on | become
progressively more pronounced as w decreases.
The effects of senescence are most apparent for
high s and low s.s, and are pronounced at values
of | = 0.7 (Fig. 4). The effects of senescence at
ages <21 years for populations with values of |
near 1.0 are dramatic (Fig. 4). Failure to account
for senescent declines could result in a gross
overestimate of |. Conversely, incorporating se-

Lambda
o
(=]
1

0.0
0.0 0.2 0.4 0.6

Juvenile Survivorship {Sg)
Fig. 5. Annual finite rate of increase (1) as a function of the

first year survival rate (Sy). The dashed line indicates a constant
I =1.0.
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Fig. 6. Annual finite rate of increase (I ) as a function of the
annual adult survival rate (s). The dashed line indicates a con-
stant | = 1.0.

nescence when it does not occur can result in
gross underestimates of . For example, using
equation ( 7) and setting w = 16, yields the es-
timate | = 0.83, suggesting a 17% annual rate
of population decline with a half-life <4.0 years.
The dramatic effect of early senescence (Fig.
4), incorporated implicitly into several previous
analyses, explains much of the variation in pre-
vious estimates of | (Table 2).

Juvenile and Adult Survival Rates

Even extensive variation in juvenile survival
rate (s,) yields a nearly constant estimate for |
(Fig. 5). The | isopleth for s = 0.94 lies very

close to the line | = 1.0 for all values of s,
examined. The | isopleth for s = 0.85 also is
close to the line | = 1.0, but lies below it for all

values of s, examined.

The value of | is strongly dependent on adult
survivorship (Fig. 6), particularly in comparison
to its relationship with fecundity (Fig. 3) and
juvenile survival rate (Fig. 5). Given the param-
eter estimates used in our study (Table 2), | was
> 1.0 only at very high values of s and attained
a maximum value (at adult immortality s = 1.0)
of only | =1.02. Further, values of s < 0.85
suggest annual rates of decline exceeding 10%.
However, errors in the estimation of s could
yield quite different estimates of \. For example,
s = 0.98 suggests a stable population (A = 1.0),
whereas s =0.92 suggests a 6% annual rate of
population decline (I = 0.94).

Juvenile Survival Rate and

Senescence

We examined the relationship between vari-
ation in first year survival rate (s,) and the es-
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Fig. 7. Annual finite rate of increase (I ) as a function of first

year survival rate (Sp) with senescence at 11 and 16 years as
well as no senescence.

timate of | under conditions of no senescence
as well as senescence at ages 16 and 11 (w = 16
and 11 in equation [7]). The latter analyses rep-

resent truncation of the life table (Table 2) at
ages 15 and 10.

The effects of senescence are most pro-
nounced for low values of s, (Fig. 7). For ex-
ample, the estimate of | assuming no senescence
(equation [3]) is | = 0.96, and the estimate with
senescence at age 11 (w = 11, equation [7]) is |
= 0.74. The first estimate suggests a 4% annud
rate of population decline (population half -life
=~ 16 yr), whereas the latter suggests a 26% rate
of decline (population half-life = 2. 3 yr).

DISCUSSION

Inferences from the Deterministic
Analyses

The Forest Service (USFS 1986) and the Au-
dubon Panel (Dawson et al. 1986) suggested that
low preadult survivorship contributed most to
low estimates of population growth (1) with a
significant additional effect attributable to low
adult fecundity. Our analyses and Lande (1988)
provide additional clarification by demonstrat-
ing, when parameters are considered separately,
an extreme sensitivity of A to variation in adult
survival rate and a relative insensitivity to av-
erage fecundity or preadult survival rate. We
also considered the sensitivity of A\ to several
joint variations of parameters. However, we
found no further insights than those provided
by varying parameters separately. For example,
doubling b or s, separately increased the esti-
mate of | by only 0.02; jointly doubling both b
and $, increased | by 005.
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Lande’s (1988) and our demographic analyses
differ from the analyses of Barrowclough and
Coats (1985), the Forest Service (USFS 1986,
1988), Dawson et al. (1986), and Marcot and
Holthausen (1987) in that we did not truncate
the life table of the spotted owl. Truncation of
life table at x years is equivalent to a senescent
decline in fecundity occurring at age x + 1.
Presumably, the implicit incorporation of early
senescence into previous analyses (USFS 1986,
Marcot and Holthausen 1987) led to an incorrect
emphasis on the importance of first year survival
rate to rates of population change.

A frequent assumption is that birds do not
experience senescent declines in fecundity and
survival rates (Deevey 1947). However, an es-
timate of mean generation length (Caughley
1977: 124) without reproductive senescence sug-
gests the unlikely average age of mothers at the
birth pulse to be about 53 years. Invoking se-
nescence at age 26 or 16 years yields more rea-
sonable estimates of generation length of about
12 and 8 years, respectively. It is unlikely that
reproductive senescence occurs much before 16
years; strong natural selection against the evo-
lution of early senescence would be expected in
a species with life history characteristics like the
spotted owl.

In both Forest Service analyses first year sur-
vivorship was increased to obtain an estimate of
A = 10 (Table 2). The rationale for changing
parameter estimates, particularly s, was to
match model-based estimates of | (equation [3])
with empirical estimates of A based on statewide
inventories in Oregon (Forsman et al. 1984,
1987). It is not surprising that empirical esti-
mates deviate from model-based estimates. The
empirical estimate of | (i.e., | = N,/N,_,) based
on survey data does not directly account for the
number of additions (births) and losses (deaths)
a population may be experiencing. Thus, even
a population whose death rate far exceeded its
birth rate could remain relatively stable over
the short term due to outside recruitment. This
problem is highlighted because there are cur-
rently no reliable estimates of the size of discrete
spotted owl populations. Estimates of | from
demographic models, however, are functions of
turnover events (the survival rates) and thus are
capable of discriminating between the above
scenario and one in which a population is stable
due to a balance between birth and death rates.

Noon and Biles
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We believe it is inappropriate to judge the va-
lidity of model-based estimates of population
change according to how well they agree with
empirical estimates based on large-scale inven-
tory data that are insensitive to turnover events.

Limitations of the Current Analyses

Estimating the sensitivity of population
growth to variation in individual demographic
parameters, as we have done, can be misleading.
Demographic parameters do not vary indepen-
dently and thus should be considered simulta-
neously. Our analyses allowed us to identify the
relative importance of various parameters, but
we strongly encourage an integrative approach
when designing spotted owl research and mak-
ing management decisions. Decisions should be
based on a perspective that encompasses the
entire life history of the spotted owl and not just
1 or 2 life history attributes.

Further, 2 types of information are relevant
to a species’ population growth rate. One is the
sensitivity of | to variation in life history char-
acters as was explored in our paper. The other
concerns life history attributes showing the most
natural variation. Variations in growth rate (I)
might be associated more closely with attributes
showing extensive variation than to attributes
that are less variable but to which growth rate
is more sensitive in a mathematical sense. Re-
liable information on the natural variation in
demographic parameters of spotted owls is not
yet available.

All of the life history parameters used in our
analyses are subject to both estimation error and
sampling variation, but we did not consider these
sources of variation. Further, no natural popu-
lation is exposed to purely deterministic forces.
Thus, population dynamics of the spotted owl
should be examined relative to both demograph-
ic and environmental stochasticity.

RESEARCH  PRIORITIES

Knowledge of demographic parameters that
most significantly influence a species’ popula-
tion dynamics is useful to order research prior-
ities. From our demographic analyses, we be-
lieve that studies of the relationship between
habitat variation and variation in adult survival
rate are a high priority. It may turn out that
one of the major influences on adult survivorship
is energy expenditure and vulnerability to pre-
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dation during reproduction. In general, ques-
tions concerning the relation between demo-
graphic and habitat variation should be studied
at both local and landscape scales.

Secondly, several poorly understood aspects
of spotted owl life history need attention. For
example, it is important to know whether spot-
ted owls exhibit senescence in fecundity or sur-
vival. Our analyses show that estimates of | were
strongly influenced by the age at which we in-
voked reproductive senescence. Without de-
tailed information on the reproductive history
of marked individuals, such relationships may
go undetected.

Thirdly, factors contributing to the low and
variable reproductive rates of spotted owls also
need investigation. Whether the extensive an-
nual variation in reproductive success is due to
variable resource levels (prey base), variable en-
vironmental conditions, or some combination is
not known. Whether reproductive rates or adult
survival rates can be increased by direct man-
agement for prey populations is also an impor-
tant research question.

Finally, as suitable spotted owl habitat be-
comes more fragmented, it will become increas-
ingly important to estimate the dispersal capa-
bilities of spotted owls and to identify factors
that affect survival during dispersal. This in-
cludes influences on the survival of juvenile birds
dispersing from their natal territories as well as
adult birds displaced by habitat loss.

MANAGEMENT  IMPLICATIONS

The implications of these analyses to man-
agement concern the decisions that differen-
tially affect adult and preadult birds. The life
history pattern of the spotted owl suggests that
it must have evolved in an environment stable
with respect to adult survivorship. The much
greater sensitivity of | to variation in adult rath-
er than preadult survival rates suggests strong
selection pressures to maintain low adult mor-
tality rates. Further, a low fecundity rate sug-
gests that recruitment may always have been
variable, but given high adult survivorship, the
spotted owl has been capable of persisting
through long periods of low reproductive out-
put. Low fecundity, however, precludes a rapid
repopulation after a population decline. Thus,
we contend that any management policy that
lowers the survival rate of adults, particularly
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if coupled with reductions in population size,
may greatly increase the likelihood of local ex-
tinctions.

We found | to be relatively insensitive to
increases in s, and b; however, it would be in-
correct to infer that these attributes should not
be considered in management plans. Adult sur-
vival rate is already very high and may not be
amenable to further increases. Assuming no re-
duction in adult survival rate, increases in first
year survival or fecundity through direct man-
agement actions may be the most likely way to
increase the growth rate of spotted owls. For
example, silvicultural prescriptions that result
in increases in the owl’s preferred prey may be
1 way of ameliorating the effects of timber har-
vest.

Given the spotted owl’s life history structure,
an evaluation of management decisions in terms
of persistence likelihoods is only possible when
viewed over the long term (50-100 yr). With
its very high adult survival probability and ap-
parent longevity, the species may be able to
persist over the short term even in the face of
extensive reductions in the amount of suitable
habitat. Thus, there may be a significant time
lag in the response of spotted owl population
size to decreases in environmental carrying ca-
pacity.

Rapid rates of population decline in either
deterministic or stochastic analyses are not sur-
prising when | is < 1.0. In our deterministic
analyses, we have simply demonstrated expo-
nential rates of population change. Most natural
populations presumably demonstrate density-
dependence in 1 or more life history parameters.
As the subspecies’ preferred habitat continues
to decline and becomes more fragmented, we
believe northern spotted owls may actually ex-
perience a decline in survival and fecundity rates
at low population densities. As the northern
spotted owl increasingly takes on a metapopu-
lation structure (Levins 1970, Shaffer 1985) due
to habitat fragmentation, the uncertainty of suc-
cessful dispersal will become progressively more
relevant to the subspecies’ long-term population
dynamics and likelihood of persistence.
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APPENDIX

Let N,(t) denote the number of female fledg-
lings at time t Then, in terms of the parameters
introduced in Table 1,

N,(1) = bseNo(t - 1) + byses,\ Nt - 2)
+ bss()s LSNu(t - 3)
+ bss SNt - 4)
+..+ b, 585N
(t-w -,
where b, = 0 for x < Tand b, = b for x = T;
i.e,
w—1
N,(t) = bss, 2 S*2N(t  x). (9)
If we assume a stable age distribution,
N,(t) = ANt — 1) = NNt - 2)
= NNyt - 3) = ... = NNyt - x).
Therefore,
Nyt x) = A*N(t). (10)

Substituting (10) into (9),
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w—1

Ny(t) = bss, 2 s*TANTEN((t)

or
1= [(bses)/s%] E (/N
- [(bsys))/s7] Z (s/N*T
= (bsesy)/s2Ns/N)T E (s/N ()
x=0
Recdl, in generd
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ixkz(l—

k=0

xn+l)/(l - X).
Incorporating this relationship into (11),
1 = [(bses,)/s*Ns/N)T

=17 (/e

+[1 - ()] (12)

Expressing (12) in terms of | and setting it equal
to 0,

SAT=1 = bsgs,sT1 - (s/A)*"T] =0. (13)

Equation (13) is equivdent to equation (8). Let-
ting w be undefined and setting T = 2 gives
equation (7). Letting w = ocoand T = 2 in
equation (13) gives equation (3).



