DEEP-SEA RESEARCH
Part 11

422 ﬁ\i
ELSEVIER Deep-Sea Research 11 52 (2005) 331-345
www.elsevier.com/locate/dsr2

Differences in dynamic response of California Current
salmon species to changes in ocean conditions

Louis W. Botsford®*, Cathryn A. Lawrence®, M. Forrest Hill"

&Department of Wildlife, Fish, and Conservation Biology, University of California, Davis, CA 95616, USA
®Institute of Theoretical Dynamics, University of California, Davis, CA 95616, USA

Accepted 19 September 2004
Available online 29 January 2005

Abstract

While changes in the northeast Pacific Ocean in the mid-1970s apparently caused changes in salmon population
growth in the Gulf of Alaska and the California Current, the responses of California Current salmon species, coho
salmon (Oncorhynchus kisutch) and chinook salmon (O. tshawytscha) differed. Coho salmon catches declined
dramatically along the coasts of California, Oregon and Washington, while chinook salmon catches did not. This
provides an opportunity for comparative analysis, a rarity in the study of long-term changes in the ocean. Here we test
one possible explanation for that difference, that chinook salmon populations are inherently more persistent because
chinook salmon populations spawn over a range of ages, while coho salmon spawn predominantly at age 3yr. We
extended a previous theoretical approach that had been used to assess the long-term response of salmon populations
with various spawning age structures to different means and variances in environmental variability. New results indicate
that populations with environmental variability at the age of return to freshwater have the same characteristic identified
earlier for populations with variability in the age of entry: populations spawning at multiple ages are more persistent,
but that increased persistence is gained in the first few percent of departure from all spawning at a single age. Thus, in
both cases the results are too sensitive to values of uncertain parameters to depend on as an explanation of the
differences in response. We also approached this question by subjecting model populations with coho and chinook
salmon spawning age structures to an empirical estimate of actual marine survival of coho salmon over the years
1970-2002, asking the question, if chinook salmon had been subjected to the same ocean survivals would they have
experienced the same decline. The differences in spawning age structure made little difference in population responses.
The dominant factor influencing the response of these species to a decline in ocean survival was the behavior of the
freshwater spawner/smolt relationship at low abundance, a factor that has recently been intensively studied for coho
salmon, but is poorly known for chinook salmon. These results suggest that the GLOBEC NEP should focus attention
on the ocean phase of salmon life, to explain the observed difference in population response to changes in physical
conditions.
© 2004 Elsevier Ltd. All rights reserved.

*Corresponding author.
E-mail address: lwbotsford@ucdavis.edu (L.W. Botsford).

0967-0645/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.dsr2.2004.09.031


www.elsevier.com/locate/dsr2

332 L.W. Botsford et al. | Deep-Sea Research II 52 (2005) 331-345

1. Introduction

Over the past decade there has been intense
interest in the oceanographic basis for decadal
scale changes in Pacific salmon populations, but
the nature of the physical forcing and the
biological effects on salmon are still poorly
understood. This interest was originally motivated
by conclusions that changes in the atmosphere and
the ocean in the mid-1970s caused salmon species
in the Gulf of Alaska (GOA) to begin to increase
in abundance and salmon species in the California
Current System (CCS) to begin to decline (Beam-
ish and Bouillon, 1993; Francis and Hare, 1994;
Francis et al.,, 1998). The potential physical
mechanism underlying these changes was a change
in the relative distribution of the West Wind Drift
between the two boundary currents, brought
about by a strengthening and a change in the
position of the Aleutian Low (Francis et al., 1998).

As research efforts such as the GLOBEC North
East Pacific program have focused on determining
the causal links between the atmosphere, ocean
physics, biological productivity, and salmon abun-
dance, the description of these changes has become
more complex. For example, change in the West
Wind Drift was originally proposed as a mechan-
ism for providing a source of low-salinity water to
the CCS during cool years (Chelton et al., 1982),
but Strub and James (2000) have noted other
potential sources, and there does not seem to have
been a decline in transport of northern waters to
southern California in the mid-1970s (McGowan
et al., 1998). Also, the intensification of the
Aleutian Low in the mid-1970s appears to have
led to a weakening, rather than a strengthening of
the Alaska Gyre (Lagerloef, 1995).

With regard to salmon, in the early analyses,
changes were demonstrated for only some salmon
species, and evidence for inverse covariability of
the two CCS salmon species, coho salmon
(Oncorhynchus kisutch) and chinook salmon (O.
tshawytscha), was based primarily on visual
comparison of coho salmon catch trends (Francis
and Hare, 1994). The only statistical analysis was
visual interpretation of the loadings of a spatial
Empirical Orthogonal Function (EOF) of catch
records in which the differences for chinook

salmon were not very distinct (Hare et al., 1999;
see Botsford and Lawrence (2002) for further
details). A comparison of catch records over space
indicated that rather than a simple inversely
correlated change in «all salmon species in these
two locations, CCS species differed in their
response to the changes in the mid-1970s, with
coho salmon declining dramatically while chinook
salmon did not (Botsford and Lawrence, 2002).
These two species also appear to differ in their
spatial scales of variability, with coho salmon
being uniform throughout their range in the CCS
and chinook salmon varying on 100km spatial
scales. Examination of salmon catch in the GOA
by species showed an increase in catch of coho
salmon in the mid-1970s, but no evidence for an
increase in catch of chinook salmon.

This difference in response of these two con-
geners to a change in ocean conditions presents a
valuable opportunity for comparative analysis.
The study of climate change is commonly limited
by having to seek explanation of single realizations
of complex, random phenomena changing on slow
temporal scales. Differing responses of similar
species is rare, and it provides the opportunity to
apply the comparative approach commonly
exploited in the more experimental sciences. In
such cases, climate research can focus on the few
differences between the similar species, rather than
having to explore all aspects of their biology and
interactions with physical conditions.

There are a number of differences between coho
and chinook salmon, including differences in the
duration of freshwater and estuary residence
(Healey, 1991; Sandercock, 1991; Pearcy, 1992),
differences in habitat in early ocean life (Brodeur
et al., 2004) and differences in migration paths
(Pearcy, 1992). Probably the most obvious differ-
ence between these species is the life history
difference in the distribution of ages over which
spawning occurs. Coho salmon tend to spawn at a
single age, while spawning in specific populations
of chinook salmon is distributed over several ages.
General ecological theory (e.g., Murphy, 1967,
1968; Stearns, 1976; Phillipi, 1993) suggests that
species distributing spawning over a larger number
of age classes should be more persistent in a
variable environment. Thus, chinook salmon
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populations would be expected to be more
persistent than coho salmon in the face of
environmental variability.

Hill et al. (2003) tested this possibility by
computing the stochastic population growth rate
for a range of means and variances of environ-
mental variability, for a population that was
obligate semelparous (i.e. all individuals spawn at
one age then die) at age 3yr, and several other
spawning age distributions that were indeterminate
semelparous (i.e. individuals spawn at one of a
number of ages, then they die), with a certain
fraction spawning at ages 2 and 4yr. The obligate
semelparous case represented the nominal spawn-
ing age structure of female CCS coho salmon,
while the indeterminate semelparous cases repre-
sented the effects of spawning at more than one
age, as chinook salmon do. Their results indicated
that the mean and variance in ocean survival at
which populations shifted from an increasing to a
declining population depended on the spawning
age structure, with populations spawning over
several ages being more persistent than obligate
semelparous populations. However, the differences
between population with different spawning age
structures occurred in the first small change from
obligate semelparous populations to indeterminate
semelparous. Since small changes in spawning age
structure caused large changes in persistence, and
there may actually be small amounts of variability
in spawning age structure even in coho salmon,
Hill et al. (2003) concluded that there was not
sufficient basis for explaining the differences in
response to environmental change between coho
and chinook salmon. The factors cited as being
responsible for divergence of coho salmon spawn-
ing age structure from obligate semelparity at age
3 yr were: (1) the tendency for precocious spawning
of male coho salmon at age 2yr, and (2) the
tendency for an increasing number of females and
males to spawn at age 4 yr with increasing latitude.

Here we test this same possibility further via two
approaches: (1) a theoretical investigation similar
to that of Hill et al. (2003), of the effects of the
mean and variance of ocean survival on long-term
persistence of species with different distributions
of spawning ages, and (2) a direct comparison of
the response of specific observed age distributions

of various salmon runs to an actual time series of
ocean survival estimated from a dominant portion
of the CCS coho salmon population. The results
from the theoretical approach augment those of
Hill et al. (2003) by examining the case in which
the ocean environment at the age of return from
the ocean to spawn affects ocean survival, rather
than the ocean environment at the age of ocean
entry driving marine survival, as they had
assumed. The strategy in our second approach is
to assess whether the survival series that is
generally thought to have caused the decline of
coho salmon in the mid-1970s would cause a
similar decline when applied to species with
different spawning age distributions.

2. Population model

The population model used in both the theore-
tical and specific time series approaches consists
of: (1) a description of the relationship between the
number of spawners returning to a spawning
stream and the number of smolts they produce
that enter the ocean, and (2) a description of the
age structure of the spawners. The spawner/smolt
relationship is the Beverton—Holt relationship
(Beverton and Holt, 1957),

N,
Re=mrgp

where R, is the number of smolts leaving the stream
as a result of the spawner abundance, N,, that entered
the stream in year ¢. The constant ¢ is the number of
smolts produced per spawner at low density (i.e. the
slope at the origin), and f§ is the number of smolts
produced at high spawning abundance (i.e. the
asymptotic carrying capacity). The age structure of
the spawners in year ¢ is represented as

Ni=(e;2f R+ e 3f 3R 3+ eraf 4R
+e5fsRi—s + e,_gf ¢Ri—e) (2a)
for the case in which environmental variability
influences individual salmon at the time of ocean
entry (as in Hill et al., 2003), and
Ni=e(frR—2+f3R—3+f4Ri—4
+fsRi—s +fsRi—6) (2b)

(M
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for the case in which environmental conditions
influence individual salmon at the time they return
to spawn. In these expressions, e, is the variable ocean
survival in year ¢ and f, is the fractional contribution
to spawning of individuals of age a (i.e. the sum of all
f., for any specific population equals 1.0). Both the
fraction that return to spawn, and the fecundity at
each age are included in this parameter. We note
however, that the dependence of fecundity on age for
coho and chinook salmon is less than commonly
expected in fish. For chinook salmon, fecundity
depends on size with an allometric exponent near 2,
rather than the more common value of 3, and
variability about that relationship is high (Healey,
1991; Healey and Heard, 1984). There are few
determinations of the size dependence of fecundity
in coho salmon (Sandercock, 1991), probably because
of the low variation in size of coho salmon due to
their spawning predominately at one age, and the
high variability in fecundity.

The consequences of these relationships for
population dynamics depend on the values of
their parameters, and the associated uncertainty.
For coho salmon there are enough data to allow
determination of o for a number of spawning
streams (Bradford et al., 2000; Barrowman et al.,
2003). The distribution of o has been estimated
from the data from those streams using a mixed
effects model (i.e. a model with both randomness
and fixed distributions of biological parameters, in
this case o) (Barrowman et al., 2003) (Fig. 1).
Mean coho salmon smolt production, which
would be a rough indication of f, for 86 streams
varied between 150 and 450,000, and it depended
on the length of the spawning stream (Bradford et
al., 1997). Because f has little influence on
dynamic behavior of the population, we do not
show the distribution here. There are not as many
data on the smolt—adult relationship for chinook
salmon, possibly because they generally spawn in
larger rivers where data collection is more difficult.

As was the case for smolt-spawner data, there
are more survival data available for coho salmon
than chinook salmon. Values of ocean survival
range from 1% to 10% for coho salmon (Sander-
cock, 1991), and they are less well known for
chinook salmon (Healey, 1991). There are two
major sources of data for coho salmon survival:
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Fig. 1. The estimated distribution, over many coho salmon
stream populations, of the values of the initial slope () of the
Beverton—-Holt function describing the relationship between
smolts produced in each stream, and the adult abundance that
produced them (from Barrowman et al., 2003).

one based on comparison of total catches and
returns to numbers entering the ocean, and one
based on returns of coded wire tags, primarily
from hatchery fish. Extensive coded wire tagging
began in the mid-1970s, hence series are shorter,
and do not capture the decline in the mid-1970s.
Here we use the longest available time series, the
OPI survival data, which include survival from
1970 to 2003 for coho salmon from southern
Washington through California (Fig. 2).

The nature of the impact of the environment on
CCS salmon populations, in particular the relative
amount of variability in survival at the age of entry
versus the age of return (Eq. (2a) vs. (2b)) can be
assessed by examining past statistical analyses of
the covariability between environmental data and
population data at various lags. Early efforts
identified a dependence of survival on conditions
associated with high productivity in the CCS (e.g.,
high upwelling, low ocean temperature, low sea
level). For example, a positive correlation was
identified between the upwelling index in the year
of ocean entry and hatchery survival of coho
salmon in Oregon (Nickelson, 1986) (see Botsford
et al. (1989) for a review of other similar early
results for coho salmon). However, while high
productivity always appeared to be associated with
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Fig. 2. Estimated survival of hatchery coho salmon in the
Oregon Production Index (OPI) area. This estimate is
computed from hatchery releases and adult returns south of
Leadbetter Point (46.5- N) (Peter Lawson, pers. comm.).

high salmon abundance, different oceanographic
variables were related to the biological variables at
different times. In response researchers employed
principal components analysis (PCA, which is
essentially the same as EOF) (e.g, Kope and
Botsford, 1990; Botsford and Lawrence, 2002;
Koslow et al., 2002). In the former two cases, the
dominant principal component had equal loadings
on low sea level, high upwelling index, and low
ocean temperature, indicating cooler, more pro-
ductive years in the CCS, as well as different
predator distributions (Pearcy, 1992).

While it is widely believed that the dominant
influence of the environment on CCS salmon is at
the age of ocean entry, effects of conditions just
prior to spawning return also have been recog-
nized (Johnson, 1988; Kope and Botsford, 1990;
Lawson, 1997). Botsford and Lawrence (2002)
found a coast-wide influence of cool conditions on
coho salmon catch both at the age of entry and the
age of return, but for chinook salmon cool
conditions were correlated only at the age of
return. However, we note that with catch data,
correlations with ocean conditions at the age of
entry would be much more difficult to detect
because of the variable ages of spawning. Several
recent analyses of the effects of ocean conditions
on OPI survival have included ocean conditions

from the age of entry through the age of return
(Koslow et al., 2002; Loggerwell et al., 2003).
Hobday and Boehlert (2001) also detected envir-
onmental effects at stages other than the stage of
ocean entry.

Another feature of interest in these analyses is
whether they reflect the change in ocean conditions
in the mid-1970s. The positive relationship be-
tween upwelling and coho survival identified by
Nickelson (1986) changed to become negative and
insignificant following the mid-1970s (Pearcy,
1997), but Lawson (1997) noted that adding ocean
temperature for the following winter lessened that
disparity. Ryding and Skalski (1999) concluded
that CWT survivals in Washington hatcheries
showed no change, while Coronado and Hilborn
(1998) concluded there were insufficient CWT data
prior to the mid-1970s to determine whether there
was a difference. The regression relationships
determined by both Koslow et al. (2002) and
Loggerwell et al. (2003) both depict the shift in
survival, beginning in the mid-1970s, and Koslow
et al. (2002) attributed that to inclusion of ocean
conditions at both the age of entry and the age of
return.

Some of the implications of these values of coho
salmon survival and spawner—smolt parameters
for population persistence can be seen in a plot of
equilibrium values. Because the sum over age of all
fa for a population is by definition equal to 1.0,
population equilibria will be at the points where
lines with slope 1/(ocean survival) intersect the
spawner/smolt relationship (Fig. 3). The popula-
tion would move toward those points if the
survival remained constant. Fig. 3 indicates that
populations in the early 1970s, with survivals just
below 10% (Fig. 2) would be at fairly high
equilibria with some on the flat part of the curve.
However, by the mid-1990s, when survivals are
1% or less, a large fraction (i.e., those with a <100
smolts/spawner) would have gone extinct if
survivals had remained that low.

We base the parameter values for fractional
contribution to spawning on spawning numbers,
without attempting to explicitly account for a
dependence of fecundity on age or size. We have
data on numbers spawning at age for various
populations, but few data on specific fecundity
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Fig. 3. Plots of the Beverton—-Holt relationship with values of o
spanning the range shown in Fig. 1, along with straight lines
through the origin with slopes equal to the inverse of 10%, 5%
and 1%, representing the approximate OPI survival in the early
1970s, the late 1970s to the early 1990s, and the mid-1990s (Fig.
2), respectively. The intersections of the straight lines with the
curves indicate the equilibrium population values for combina-
tions of stream productivity at low abundance, o, and survival.
Note that for some combinations the indicated equilibrium is at
(0,0).

relationships. For coho salmon in the CCS, in a
typical population, virtually all females spawn at
age 3yr. However, up to 40% of the males in a
spawning run may be precocious 2yr-olds (San-
dercock, 1991), and the relative contribution to
total annual reproduction is unknown. Also, with
increasing latitude, there is a tendency for a certain
fraction of females to spawn at age 4. For chinook
salmon, the age distribution of spawning is more
variable, with individuals in a single population
spawning at age 3 or more, and a distinct
latitudinal trend toward older modal spawning
ages with increasing latitude. To represent that
variability, we used the spawning age distribution
of populations shown in Fig. 4, taken from Myers
et al. (1998).

3. Results from a theoretical approach
The theoretical approach to the question of the

dependence of persistence on spawning age dis-
tribution is to examine the general differences in

46°N

38°N -

Fig. 4. Examples of spawning distributions of CCS chinook
salmon populations at various latitudes. Data are plotted with
each population normalized to the dominant spawning age for
that population Northern (N), central (C), and southern (S)
populations used as example populations for these regions are
also indicated (Data from Myers et al., 1998).

stochastic population growth rates of populations
with different spawning age distributions when
subjected to different means and variances of
environmental variability (Hill et al., 2003).
Relative persistence of a model population is
indicated by the point at which it shifts from
having a growth rate A>1 to a growth rate A<1.
Some analytical results are available for linear
versions of these models (Tuljapurkar, 1990), but
they assume non-semelparous populations, and
hence cannot be used for Pacific salmon since they
are semelparous (i.e. they die immediately after
spawning). We therefore calculated the growth
rate of these stochastic populations from

log(N7) — log(No)

T )
where T is a large number of iterations of the
model in Egs. (1) and (2).

For each spawning age distribution, this growth
rate 4 was computed for a number of values of
stationary mean and variance of the survival
reflected in Fig. 2. Note that the ocean survival
in Fig. 2 appears to shift in mean and variance
between 1976 and 1977, and between 1992 and
1993. The value of o used in the computations was
50 smolts/spawner (Fig. 3).

log(4) =

A3)
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The results for the case in which the influence of
varying ocean survival depends on conditions at
the age at which individuals are returning to spawn
differed from the results of Hill et al. (2003) for the
case in which ocean variability in survival occurs
at the age of ocean entry. When variability in
ocean survival occurs at the age of return to
freshwater, the effects of initial small changes in
spawning age structure (Fig. 5b) are less dramatic
but the effects of further changes are larger than
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Fig. 5. Persistence of populations with various spawning age
distributions. Plots of the values of mean and variance of
environmental variability at which populations switch from
increasing to decreasing long-term population growth rate for
various variations from obligate semelparity, for populations
with environmental variability in survival at the age of ocean
entry (A) and the age of return spawning return (B). The
numbers along the upper right hand border of each plot
indicate the fraction not spawning at age 3 yr, but rather equally
distributed between ages 2 and 4 yr.

when the variability occurs at the age of entry
(repeated here in Fig. 5a). However, while the
results differ, in both cases they are quite sensitive
to the initial small digressions from obligate
semelparity, and the strong possibility of coho
salmon not being strictly obligate semelparous.
Hence, it would still not be prudent to conclude
that a difference in spawning age structure is
responsible for the differences between coho
salmon and chinook salmon response to changes
in ocean conditions in the mid-1970s.

4. Results from a specific time series

Results from the theoretical approach are
valuable because of their generality, however they
are essentially asymptotic results (i.e. apply to long
time periods), and they assume stationary varia-
bility (i.e. constant mean and variance over time).
A lingering question remains therefore, of how
populations with various spawning age distribu-
tions would vary in response to the actual non-
stationary changes in ocean survival that we
believe have occurred during the past 35 years.
To address that issue, we examined the response of
population models with the various likely spawn-
ing age distributions for coho and chinook
salmon, to the survival time series in Fig. 2. Thus,
we asked the specific question: “Could chinook
salmon have experienced the same survival pattern
as coho salmon yet not have declined as drama-
tically simply because of differences in spawning
age structure?”’

The freshwater phase in these simulations was
represented by a Beverton—Holt relationship
(Eq. (1)). For the slope parameter, o, we chose
two values that both: (1) represented the low
(¢ =20) and the high end (x = 100) of the
estimated distribution for coho salmon (Fig. 1),
and (2) represented an example in which the
equilibrium was on the flat part of the smolt—
spawner curve, as well as an example where the
equilibrium was on the increasing part of the curve
(Fig. 3). The latter rationale was followed to
account for the fact that we do not have extensive
information on the smolt-spawner relationship for
chinook salmon and wanted to span a wide but
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reasonable range of potential smolt-spawner
relationships. Thus, even though we cannot depict
the freshwater relationship for chinook salmon, we
will examine the two basic types of possible
behavior (Fig. 3). The values chosen were
o = 20 smolts/spawner to represent the example
where the equilibrium is on the increasing part of
the smolt-spawner curve and o = 100smolts/
spawner to represent the example where the
equilibrium is on the flat part of the smolt-spaw-
ner curve. The choice of the parameter f is
somewhat arbitrary as its primary effect on
dynamics is to scale smolt abundance at high
densities. We use a value of 1000 smolts, but for
purposes of comparison, all of the results are
plotted as fractions of the equilibrium values.

The simulations using the OPI survival time
series were configured to maximize the useful
length of the time series. For each time series we
started the population at the equilibrium corre-
sponding to the first (i.e. 1970) OPI survival value.
At the end of the survival series, we assumed that
the last survival value continued for several years
so that we could get some sense of how the
populations would respond to the apparent
increase in survival rate in the late 1990s. The
model rounded the number of smolts and spaw-
ners to the nearest whole at every time step so that
there could be some form of extinction at very low
abundance.

4.1. Coho salmon

We assessed the responses of various possible
coho salmon spawning age patterns by computing
responses for the following variants of obligate
semelparous spawning at age 3: (1) various levels
of contributions by 2-yr olds (representing pre-
cocious spawning), (2) various levels of contribu-
tions by 4-yr olds (representing trends to later
spawning at higher latitudes), and (3) the combi-
nation of these two. We computed these for the
case with survival variability at the age of entry
(Fig. 6), and the age of return (Fig. 7).

When variable survival acts at the age of ocean
entry population behavior displays a number of
important results. First, over the time period
modeled, the case for o = 100smolts/spawner

declines only slightly faster than the decrease in
ocean survivals while the case for o = 20 smolts/
spawner declines much faster than the decrease in
ocean survival. The case for o = 20 smolts/spaw-
ner declines to 10% of its value in the mid-1970s
by the mid-1980s, and in the late 1990s decreases
to values indistinguishable from 0. The increase in
survival in the late 1990s results in no discernable
upturn for that case. Second, there are no
substantial differences between the cases with
different amounts of spawning at age 2yr, age
4yr and both ages. Third, in all three of these
cases, the most obvious effect of a broader
spawning age structure is the reduction in varia-
bility about the trend, but even that is obvious
only in the extreme case of equal spawning at both,
or all three ages.

For the case with variability in ocean survival
affecting individuals at the age of return (Fig. 7),
the differences due to varying spawning age
distribution are less distinct. For o = 100 smolts/
spawner there is virtually no effect of variability in
spawning age structure, while for o = 20 smolts/
spawner, there is a minimal effect. For this case, as
in the case with variability in the age of entry, runs
for o = 20 smolts/spawner decline more rapidly
than those for o« = 100 smolts/spawner. However,
there are less apparent differences in population
growth rate due to spawning age structure.

4.2. Chinook salmon

For chinook salmon, because we have more
information on the actual spawning age distribu-
tions (Fig. 4), we simulated those distributions
(Figs. 8 and 9). To illustrate the results, we plotted
the envelope of all spawning age distributions,
with results from four specific populations each
from the southern end of the range, the central
part of the range in the contiguous US, then the
northern end of that range. These represent
populations with modal ages of spawning at 3, 4
and 5 yr, respectively, and the specific distributions
used are indicated in Fig. 4.

For the case with variability at the age of entry
for chinook salmon (Fig. 8), the trends were
similar to those for coho salmon under the same
conditions (Fig. 6). Spawner abundance for
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Fig. 6. Coho salmon spawner abundance for populations with survival at the age of ocean entry given by the OPI survival index. The
decline in spawners for obligate semelparity and deviations from obligate semelparity that might occur in coho salmon is shown. The
left column is for o = 20 smolts/spawner, and the right column is for « = 100 smolts/spawner. The top panels show populations with
precocious spawning at age 2, the middle panels show delayed maturation at age 4, and the bottom panels show both precocious and
delayed maturation. The dotted line is OPI survival for comparison (Fig. 2).

o = 20 smolts/spawner declines faster than for
o = 100 smolts/spawner, which declines only
slightly faster than the decrease in ocean survival.
The only salient difference between the results for
chinook salmon and the results for coho salmon is
that the populations with older modal ages of
spawning decline more slowly in the case with
o = 20 smolts/spawner. As such, northern popula-
tions have greater abundance in the 1990s than do
the central and southern populations.

Chinook salmon spawner abundance for the
case with variability in the age of return (Fig. 9)
manifests less difference between different spawn-
ing age distributions than in the previous case This
effect is more pronounced for o = 100smolts/

spawner. Again in this case, the northern popula-
tions with older modal spawning ages decline more
slowly for the case with o = 20 smolts/spawner, as
can be seen from abundances in the 1990s.

5. Discussion

The most important aspect of these results with
regard to the GLOBEC NEP program is that both
approaches we used—theoretical and specific time
series—indicated that differences in spawning age
structure make little difference in the pattern of
salmon population decline. From the theoretical
approach the results with variability at the age of
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Fig. 7. Coho salmon spawner abundance for populations with survival at the age of spawning return given by the OPI survival index.
The decline in spawners for obligate semelparity and deviations from obligate semelparity that might occur in coho salmon is shown.
The left column is for o = 20 smolts/spawner and the right column is for o = 100 smolts/spawner. The top panels show populations
with precocious spawning at age 2, the middle panels show delayed maturation at age 4 and the bottom panels show both precocious
and delayed maturation. The dotted line is OPI survival for comparison (Fig. 2).

return differed from earlier results with variability
in the age of entry, but they showed the same
sensitivity to slight variation from obligate semel-
parity. Thus, since coho salmon are not likely to be
strictly semelparous, we would expect little differ-
ence between their behavior and that of chinook
salmon. The decline of the populations simulated
with a specific survival time series also showed
little difference between populations with a variety
of spawning age distributions. This implies that
the difference in responses of coho and chinook

salmon to the change in ocean conditions in the
mid-1970s was not due to life history differences in
the distribution of spawning ages. This in turn
suggests that attention should be focused on
possible differences in the effects of ocean condi-
tions on marine survival of the two species, an
issue that should be addressed in the analysis of
the GLOBEC NEP field observations.

Because the value of o seemed to have a
substantial effect on results and the values of
o and ocean survival are both variable and
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uncertain, it is important to understand how
population response to changing survival depends
on a. When ae,,> 1, where ¢,, is the mean value of
ocean survival, ¢;, the population equilibrium will
be on the flat part of the Beverton—Holt curve
(Fig. 3). Because smolt numbers will be constant,
pre-spawning abundance will vary directly with
marine survival. Spawning age structure will make
no difference if environmental variability acts at
the age of return, but greater spread in the
spawning age distribution will smooth the effect
of the spawning age distribution if the survival
variability occurs at the age of entry. The
difference in the amount of “smoothing” of the

spawner time series caused by broadening the
spawning age structure between populations with
variability at the age of entry and those with
variability at the age of return is an effect of the
Law of Large Numbers. That is, when the ocean
environment at the age of entry causes the
variability in survival, part of the effect of varying
survival on the population is “averaged out” by
the summing of several random environments (i.e,
the summation in Eq. (2a) as compared to that in
Eq. (2b)).

When we,, is near 1.0 or less than 1.0, as survival
declines, growth of the population is affected both
by the level of environmental variability, and by
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Fig. 9. Chinook salmon spawner abundance for populations with survival at the age of spawning return given by the OPI survival
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the width of the spawning age distribution.
Greater variability in spawner abundance leads
to higher rate of population decline, and that
variability in spawner abundance is subject to the
same averaging effect as in the previous case. As a
consequence, we see that: (1) in the survival time
series approach (Figs. 6-9), a broader spawning
age distribution actually makes a perceptible
difference in the population growth rate when
variability is at the age of entry, but does not when
variability is at the age of return (compare
abundance in the 1990s for cases with « = 20 in
Figs. 6 vs. 7, and Figs. 8 vs. 9), and (2) in the
theoretical approach, increasing the spread of the

spawning age structure makes a population more
persistent in the case of variability at the age of
entry (i.e. indeterminate semelparous cases can
tolerate lower mean survivals and higher variances
in Fig. 5a than in Fig. 5b).

In the simulations using the OPI survival time
series, those assuming o = 100smolts/spawner
showed behavior consistent with the population
being on the constant smolt (i.e. flat) part of the
smolt—spawner curve. The variation in spawners
directly reflects the variation in survival, except
when variability is at the age of entry, when the
series is increasingly smoothed as the breadth of
the age distribution increases. Cases in which
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o = 20 smolts/spawner showed a mixture of the
population behaviors expected of a population
that is on the sloping limb of the smolt-spawner
curve and of a population that is on the constant
smolt part of the smolt—spawner curve. The same
features as the a =20 case are seen, with the
addition of a slightly lower rate of decline when
variability is reduced by smoothing (i.e. the red
line in the lower left plot of Fig. 6 is predominantly
greater than the others, while in the lower left plot
of Fig. 7 it is at about the same values). These
differences are barely discernable here, but would
be of greater importance over longer time periods.

From the distribution of « estimated by Barrow-
man et al. (2003) (Fig. 1), we can see that for
roughly half of the coho salmon populations, i.e.
those with o> 100 smolts/spawner, we would ex-
pect the variation in spawner abundance to merely
follow variability in ocean survival, as long as
survival stayed above 0.01 yr~'. Increased spawn-
ing at ages other than 3 yr would merely smooth
them, but only in the case where environmental
conditions affected survival at the age of entry.
For the rest of the populations, those with lower
values of «, higher variability in ocean survival
could cause the population to decline more
rapidly, and the breadth of spawning age structure
would affect how rapidly it declined, with it being
ultimately less for variability in the age of entry.
The over-riding conclusion here though, is that
while we can see these effects in Fig. 5, they are just
barely discernible over the time scales of interest
here (i.e. in Figs. 6 and 7).

We would expect chinook salmon populations
to behave similarly, with the additional effect that
older spawning modes in the population would
cause it to decline proportionally slower because
they change the time scale of the dynamics, e.g., a
population with a model spawning age of 5 yr will
decline at a rate 3/5 of that of a population with a
modal spawning age of 3. Again, however, the
differences are not substantial on the time scale of
interest here. These analyses are less informative
for chinook salmon than for coho salmon,
however, since we do not know the distribution
of « for chinook salmon.

The value of the theoretical approach is to
indicate how the spawning age distribution would

affect long-term population growth when the
population is approximately a linear system, i.e.
when ae,, <1 and the density dependence in
freshwater is no longer affecting the population
(recall, Fig. 5 is based on a = 50 smolts/spawner).
The value of the new result presented here, the
analysis of the case with environmental variability
at the age of return, is to indicate how it will differ
from the case with variability in the age of entry.
In Fig. 5, one can see that populations with the
variability in the age of return cannot tolerate the
low values of mean ocean survival that can be
tolerated by the populations with variability in the
age of entry. This is due to the fact that
environmental variability, which reduces persis-
tence (Tuljapurkar, 1990), is reduced because it is
“averaged out” when variability is in the age of
entry.

These results illustrate the value of having the
smolt and spawner data that make it possible to
characterize freshwater dynamics (Barrowman et
al., 2003). These data and the associated meta-
analysis make it possible to gain some idea of the
dynamic region in which these nonlinear popula-
tions are operating so that we can interpret trends
with some confidence. Coho salmon appear to
range from the constant-smolt case represented
here by the simulations in which o = 100 smolts/
spawner which simply follows ocean survival to
the case with the population declining more
rapidly than survival (i.e. the o = 20 smolts/spaw-
ner case).

For chinook salmon we are not as fortunate to
have many data on survival and the spawner—
smolt relationship with which to compare the
model results. However, we can still assert with
confidence that the lack of dramatic decline in
chinook salmon in the mid-1970s is evidence that
chinook salmon did not experience the decrease in
survival that affected coho salmon. If chinook
salmon had ae,,> 1, we should have seen a decline
in spawning runs, if ae,, was less, we should have
seen a greater decline. Not seeing a decline in
spawning abundance indicates there was not a
decline in survival.

The general importance of these results to
oceanographers concerned with assessing the
effects of climate change on ocean productivity is
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to underscore the fact that similar species can
respond differently to changes in physical condi-
tions, and that can provide a valuable opportunity
for comparative analysis. The differences in
response may be due to differences in internal
population dynamics, such as spawning age
structure, though they were not in this case (see
McCann et al., 2003 for a recent explanation of
how population structure affects time scales of
variability). Ecological theory can provide valu-
able intuition, but actual assessment of effects
should include specific calculations.

Discounting the spawning age hypothesis leads
naturally to assessment of alternative explanations
for the differences. The alternative of greatest
interest to the GLOBEC NEP is that they are due
to differences in the direct physical/biological
interactions of individuals with the ocean environ-
ment that affect early ocean life survival or
growth. Analyses thus far of GLOBEC NEP field
observations indicate juvenile chinook salmon
remain closer to shore than coho salmon, which
could lead to a different ocean influence (Brodeur
et al., 2004). However, other possible explanations
include: (1) different migration patterns and (2)
difference in residence time in freshwater and
estuaries, and (3) the fact that a greater fraction of
coho salmon is from hatcheries. As understanding
progresses and our descriptions are refined,
perhaps it is time to recognize that the view of a
shift in the mid-1970s of productivity of all salmon
in two inverse production regimes in the Gulf of
Alaska and the CCS is overly simplified, and to
focus on determination of the differences between
species within regions, and over smaller spatial
scales.
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