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ARTICLE INFO ABSTRACT

Detecting the effectiveness of management actions intended to increase the abundance of threatened or
exploited species can help resolve uncertainties about cost-effective management tactics. However, the com-
plexity of ecological systems can make it difficult to identify important factors causing change in population
abundance. This difficulty extends from detecting naturally-caused ecosystem regime shifts to management-
induced regime shifts and the attendant change in population dynamics parameters. The adult abundance of
naturally-produced coho salmon (Oncorhynchus kisutch) on the Oregon Coast generally declined until these fish
were listed as threatened under the Endangered Species Act in 1998. The subsequent rebuilding of Oregon
coastal coho adult abundance is coincident with increased habitat restoration, reduced hatchery production, and
reduced harvest. Importantly, ocean survival also improved, thereby complicating the assessment of manage-
ment effectiveness at the adult life stage. Our objective was to assess change in the freshwater production of
juveniles (smolts) through time in order to determine if recent increases in adult abundance could be related to
management affecting the freshwater juvenile production. We combined 46 years of data associated with 18
populations of Oregon coastal coho. Spawner-to-smolt relationships were modeled with Bayesian hierarchical
state-space implementations of the logistic hockey stick recruitment function. We also develop a method of
estimating the relative reproductive success of hatchery spawners. We found more evidence for decline than
increase in productivity in the spawner-to-smolt life stage, suggesting that changes in physical oceanographic
conditions are responsible for recent increases in adult abundance. The reproductive success of hatchery-origin
fish relative to natural-origin fish was 0.51 with a 95% credible interval from 0.19 to 0.89. While some man-
agement effects may unfold on longer time-scales than we observed, we nonetheless contend that carefully
tailored models of non-stationary population dynamics are needed to understand and the effectiveness of
management actions intended to recover populations.
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1. Introduction parsimoniously describe a time series of observed abundances, but

cannot be true over relevant ecological time scales because of change in

The status of fish populations and associated fisheries is a para-
mount concern that extends from hearty academic debate to un-
certainty in management actions affecting the fate of species, local
economies, and food security (Szuwalski, 2016). The perceived decline
in abundance of fishes around the world has induced change in man-
agement actions intended to enhance sustainability (Worm et al., 2009;
King et al., 2015). The ability to detect the effects of these management
actions on population dynamics is constrained by the simultaneous
changes in complex ecological systems, and the models and data used to
understand those systems (Lonergan, 2014).

The common assumption that intrinsic population growth rate and
the density-dependent crowding effects that give rise to “carrying ca-
pacity” (Mallet, 2012) are fixed, stationary values may be useful to
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the abiotic (Kilduff et al., 2015) and biotic (Pinsky et al., 2013) com-
ponents of nature (Szuwalski et al., 2015). Thus there is a great deal of
interest in detecting nonstationary population dynamics caused by
these natural “regime shifts” (Vert-pre et al., 2013). We contend that
both natural regime shifts and the large-scale management efforts in-
tended to enhance sustainability- “management regime shifts”- can be
studied with similar analytical methods. Detecting management regime
shifts has received relatively little attention, but is nonetheless an im-
portant component of resolving uncertainty in management strategies
(Punt et al., 2016).

Oregon coastal coho salmon (Oncorhynchus kisutch) provide a good
opportunity to apply methods of detecting regime shifts on population
dynamics. The adult abundance of naturally produced Oregon coastal

Received 4 April 2017; Received in revised form 28 December 2017; Accepted 21 February 2018

0006-3207/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/00063207
https://www.elsevier.com/locate/biocon
https://doi.org/10.1016/j.biocon.2018.02.026
https://doi.org/10.1016/j.biocon.2018.02.026
mailto:matt.falcy@oregonstate.edu
https://doi.org/10.1016/j.biocon.2018.02.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2018.02.026&domain=pdf

M.R. Falcy, E. Suring Biological Conservation 221 (2018) 34-43
9 %106 Fig. 1. The abundance of natural-origin adult coho declined
oo p o T T T T T T T T . . . . . .
g 8 ( a) TS —— Pntll the late 1?903 (a), which is comc.ldent "/v1th Fhe pattern
S ap N | Preh ¢ Recruits in ocean survival rate (b), but multiple biologically con-
S Y 50 —=— Natural Preharves _ . . . : :
g 8| 5x10 servative actions also began in the late 1990s, including
o B reduction in hatchery production (c). Mean second winter
< % 0x 100' 1 1 stream flow from Nov-March in four sites were standardized
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015  (z-score) over 1961-2015 and averaged together (d).
S 02 T T T T T T T T
- (b) ~—@— Empirical
2 0.1 —— Modeled
o 5
<
5]
(2 p
O 0 1 1 1 Il 1 1 1 1
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
o 40000 \ . . . ‘ ‘ ‘ 1
§ .S (c) —— Hatchery-origin Spawners
&n
2 .E 20000 - 1
=]
g2
< % 0 1 1 1 1 1 1 1 1
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
% o] 5 T T T T T T T T
= N (d)
235 3 4
3
EN @ 25 1 1 1 I 1 1 1 1
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Spawn Year

coho (O. kisutch) salmon generally declined until they were listed as
threatened under the United States federal Endangered Species Act
(ESA) in the late 1990s. Following the ESA listing, adult abundance
began to increase (Fig. 1a) and reached a 30-year high in 2013. This
increase is coincident with two fundamentally different processes. First,
fishery-independent survival in the ocean improved (Fig. 1b). Second,
several large-scale management changes were implemented leading up
to and following the ESA listing. These management changes include:
(i) reduction in ocean and freshwater harvest that caused the harvest
rate to decline from a maximum of 91% in 1976 to a minimum of 3% in
2008 (Fig. 1a), (ii) reduction in hatchery production that caused the
abundance of hatchery-origin fish spawning in the wild to decline from
a maximum of 31,530 in 1986 (when the average spawning population
had 27% hatchery fish) to just 662 in 2015 (when the average spawning
population had 0.7% hatchery fish; Fig. 1b), and (iii) freshwater re-
storation investments that totaled over 100 million US dollars between
1997 and 2003 (Nicholas et al., 2005), and over 106 million US dollars
of state and federal funding for projects begun between 2000 and 2013
(OWEB, 2017).

Separating how much of the increase in adult abundance is attri-
butable to improvement in natural ocean conditions versus a shift in the
management regime will improve understanding of management ef-
fectiveness and long-term population viability. For example, ocean
conditions are largely beyond management control, so if ocean survival
rates return to the low values observed in the late 1990s (Fig. 1c), then
the direction and rate of change in adult abundance will depend, in
part, on how well management actions have improved spawner-to-
smolt production. If management actions have improved smolt pro-
duction, then populations will be more likely to persist through periods
of low ocean survival.

Here, we use 46 years of monitoring data from 18 populations of
Oregon coastal coho (Fig. 2) to determine whether a change in
spawner-to-smolt recruitment parameters (hereafter “smolt recruit-
ment”, which occurs in freshwater) coincides with a biologically con-
servative shift in the management regime. If ocean conditions, not
management, are responsible for changes in adult abundance, then we
expect to find no change in smolt recruitment across two periods
roughly corresponding to pre- and post-biological conservation man-
agement. In contrast, if management actions have meaningfully
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improved smolt recruitment, then this should be detectable in the
abundance time-series data after controlling for changing ocean con-
ditions and changing proportions of hatchery-origin spawners, which
may exhibit lower reproductive success than natural-origin fish. We
evaluated the evidence in data for these contrasting hypotheses by re-
constructing historical ocean survival and then fitting a density-de-
pendent life-cycle model using a hierarchical, state-space approach.

2. Methods
2.1. Abundance time-series

The abundance of coho salmon spawning in multiple populations on
the Oregon Coast has been monitored by the Oregon Department of Fish
and Wildlife for many decades using many methods. We use annual
spawner abundance estimates from 1970 through 2015. Although ear-
lier estimates exist, we chose 1970 as the beginning of the time series
for consistency with other authors who noted that earlier estimates are
relatively unreliable (Rupp et al., 2012a; Rupp et al., 2012b). Im-
provements to the abundance sampling design were made after 1970
(Jacobs and Nickelson, 1998, Lewis et al., 2009), so we created statis-
tical models that permit change in the magnitude of sampling error that
correspond with three different periods of sampling design: 1970 to
1990, 1991 to 1998, and 1999 to 2015. These three periods correspond
to the use of index site sampling, stratified random sampling, and
generalized random tessellation sampling, respectively.

The time series for the Beaver Creek population contains missing
values from 1975 to 1979 so we began that population's time series
1980. There are 15 missing values of spawner abundance scattered
throughout the remaining populations and years, which do not pose a
problem in our subsequent Bayesian analysis because these values can
be treated as unknown parameters to be estimated (Gelman and Hill,
2006). The proportion of hatchery-origin and naturally-produced
spawners is also known for each population and year through analysis
of carcass scales and visual inspection for adipose fin removal.

2.2. Harvest time-series

Ocean harvest rates of coho in the Oregon Production Index (OPI)
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Fig. 2. Eighteen populations of coho salmon on the west coast of Oregon, USA, are defined by drainage basins. Abundance has been estimated annually since 1970 (see text for
exceptions). Smolt-to-adult survival has been recorded since 1998 at sites located within Nehalem, Siletz, Yaquina, Alsea, Lower Umpqua, and Coos.

area from 1971 to 1994 were reported by the Pacific Fisheries
Management Council (Salmon Technical Team, 1995). The OPI harvest
estimates aggregate (i) harvest of both naturally-produced and
hatchery-reared fish, (ii) populations that enter the Columbia River,
which are not part of this study, with the focal populations in the
Oregon coastal range (Fig. 2), and (iii) ocean and freshwater harvest.
However, harvest rates of just naturally-produced Oregon coastal coho
in the ocean are needed for our analysis. Such harvest rates are avail-
able from 1986 to 2014 using the fishery regulatory assessment model
(FRAM) implemented for mixed stock management by the Oregon
Production Index Technical Team (MSM-OPITT) of the PFMC. By re-
gressing logit-transformed FRAM-derived harvest rates on OPI area
harvest rates (R2 = 0.90, P = 0.0002, df = 6), we estimated ocean
harvest of naturally-produced Oregon coast coho from 1985 back to
1973, which is the earliest year of smolt recruitment from the first
spawn year (1970). This procedure assumes that the relative composi-
tion of populations in the catch from 1986 through 1994 is re-
presentative of the period from 1973 through 1985. Changes to the
fishery began around 1994, which should not affect the projection back
in time as much as it would affect a forward projection.

Freshwater harvest rates from 1970 to 1993 are not known uniquely
for each population, so an aggregate freshwater harvest rate was ap-
plied to all populations (Melcher, 2005). Beginning in 1994, freshwater
harvest of Oregon coastal coho was prohibited, but we applied a 1%
incidental mortality rate to coho populations that overlap a Chinook
fishery (Melcher, 2005). Beginning in 2009, some coho populations
experienced direct freshwater harvest in a quota-based fishery, and
these harvest rates were applied to individual populations.

2.3. Ocean condition

Coho smolt-to-adult survival rates have been monitored at six sites
distributed along the Oregon Coast since 1998 (Suring et al., 2015,
Fig. 2). Coho smolt-to-adult survival rates were derived by dividing the
adjusted female spawner abundance in year t by half of the smolt
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production, assuming a 1:1 smolt sex ratio, in yeart™' at each site.
Spawner abundance was adjusted for harvest impacts by dividing
abundance by one minus the year specific naturally-produced Oregon
coastal coho harvest rate. The coast-wide smolt-to-adult survival rate
was calculated by averaging the marine survival rate from all sites
(ODFW Oregon Depatment of Fish and Wildlife, 2013). Amendment 13
to the Pacific Coast Salmon Management Plan currently uses these es-
timates in a predictor for Oregon coast coho ocean survival (ODFW
Oregon Department of Fish and Wildlife, 2007). This predictor cannot
be used to infer marine survival prior to 1998 because it uses datasets
not collected prior to that time, however, Rupp et al. (2012b) created a
predictor of Oregon coast coho salmon abundance using data available
from 1970 to present. Rupp et al. (2012b) related ocean abundance
(spawning escapement plus harvest-related mortality) to seven ocea-
nographic variables by model averaging six 3-variable generalized ad-
ditive models. Rupp et al. (2012b) took precaution to avoid spurious
correlations and demonstrated a good relationship between oceanic
variables and ocean abundance of coho. Their model has high forecast
ability (ordinary cross-validation = 0.74) of adult abundance back to
1970. We refit the six 3-variable generalized addive model after sub-
stituting logit-transformed smolt-to-adult survival for adult abundance
as the response variable (Table 1). The six fitted models were averaged
in logit space to produce a single inferred survival value annually back
to 1970.

2.4. Freshwater condition

High and low stream flow during juveniles' second winter (juveniles
are eggs during their first winter, Fig. 3a) is thought to negatively affect
survival (Lawson et al., 2004). Lawson et al. (2004) used U.S. Geolo-
gical Survey stream flow data recorded in the Nehalem, Wilson, Siletz,
Alsea and Coquille. We were unable to find Coquille stream flow data
with the temporal coverage described by Lawson et al. (2004) so we
substituted it with data from the Umpqua. As in Lawson et al. (2004),
mean stream flows from November through March were averaged
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Table 1

Six different three-variable generalized additive models were identified by Rupp et al.
(2012b) to predict coho ocean abundance. These models were refitted with smolt-to-adult
survival as the response variable. The annual smolt-to-adult survival prediction is an
average of the logit transformed values predicted by each of the six generalized additive
models. Variables used in the models are four-year moving average of Pacific decadal
oscillation index (PDO), date of spring transition between down-welling and upwelling
(SPR), upwelling index (UWI), sea surface height (SSH), spawner abundance (SPN),
Multivariate El Nifio-Southern Oscillation index (MEI), and sea surface temperature
(SST). The three letters following the dot give the three consecutive months over which
the variable was measured. The coefficient of determination (R?) and ordinary cross
validation (OCV) are given for individual models and the model averaged ensemble.

D Variables R? ocv
Model 1 PDO.MJJ4 SPR SPN 0.71 0.36
Model 2 PDO.MJJ4 MELOND UWLJAS 0.57 0.07
Model 3 PDO.MJJ4 SPR MEL.OND 0.68 0.45
Model 4 PDO.MJJ,4 UWLJAS SST.AMJ 0.61 0.24
Model 5 PDO.MJJ4 SSH.AMJ UWLJAS 0.77 0.50
Model 6 PDO.MJJ4 UWLSON SST.J 0.74 0.46
Models 1-6 ensemble 0.75 0.47

together within each location. Each location's annual values were then
standardized to a z-scale by subtracting the mean out of each value and
then dividing by the standard deviation. The z-transformed values were
then averaged across locations within each year (Fig. 1d).

2.5. Recruitment model

Coho salmon are semelparous, and density-dependence in popula-
tion dynamics can be conveniently modeled with a function relating the
abundance of spawning fish on a given year (S) to the abundance of
their progeny that recruit (R) into a given life stage. Barrowman and
Myers (2000) introduced the “logistic hockey-stick” recruitment model:

@

=
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The parameter a is the slope at the origin in a plot of recruits over
spawners, and is equivalent to the “intrinsic productivity” parameter in
the Ricker and Beverton-Holt recruitment models. The parameter 6
controls the smoothness of the transition to asymptotic recruitment and
the parameter vy is the inflection point of the curve. We will subse-
quently focus on changes in y across periods as an indication of change
in the production of smolts per spawners.

Barrowman and Myers (2000) provide theoretical and practical
justification for the logistic hockey-stick model, noting that researchers
“resort” to Ricker or ad hoc nonparametric approximations because
Beverton-Holt models often produce poor estimates. For the coastal
coho data analyzed here, the posterior probability distribution of the a
parameter in a Beverton-Holt model equaled or closely matched the
prior probability distribution in about one third of the populations. This
problem persisted across different prior parameterizations for a. This
suggests that parameters of the Beverton-Holt model cannot be reliably
estimated from these data. Although the Ricker model can yield reliable
parameter estimates, the overcompensation of the Ricker model does
not seem appropriate for coho salmon (Bradford et al., 1997,
Barrowman and Myers, 2000, but see also Buhle et al., 2009 for an
application of a Ricker model to coastal coho).

Spawning fish include both natural-origin (“wild”) fish and
hatchery-origin fish. However, hatchery-origin fish cannot be included
as recruits from a previous generation of spawners because hatchery
fish, in fact, come from hatcheries. Furthermore, hatchery-origin fish
that spawn in the wild may produce offspring that are relatively ma-
ladapted to the natural environment (Christie et al., 2014). Hatchery-
origin fish spawning in the wild may therefore produce fewer progeny
that survive to adulthood than natural-origin fish. To remove the effects

1+ eS-1/En

S
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Smoltsg ) = fF(W, + WHyeP1Ferz B2z

W3 = Smoltsggy (0Ss43)) (1 — OHg(ey3)) (1 — FHgi3))

Hips = Wiy ( e )
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Si+3™~ NWH3= (Wey3 + Heyg) e®proc

Note: Xg i that X is d with fish sp in year (t)

Data

S Observed spawner abundance

PH Proportion of hatchery fish spawning

F Freshwater streamflow

0S  Ocean survival

OH  Ocean harvest

FH  Freshwater harvest

Computed guantities

S True spawner abundance

w Natural-origin (“wild”) spawner abundance

H Hatchery-origin spawner abundance

Mathematical Functions

f Logistic hockey stick function. Includes parameters a, 6, and y. See Equation 1.

N Normal probability density function (mean, SD)

Parameters

Y Relative reproductive success of hatchery fish, ¥ (0,1)

B Coefficients for effects of streamflow

Oproc  Process error

Oyqps  Observationerrorin period T. T=1,2,3.

Fig. 3. Life cycle of Oregon coastal coho (a). Jacks are precocious males and not included in the data or models presented here. The state-space model (b) of coho population dynamics
decomposes spawner abundance into hatchery and natural-origin components using annual estimates of the proportion of hatchery fish. Hatchery and natural-origin fish produce smolts,
but reproductive success of hatchery fish is some fraction (W) of natural-origin fish that can be estimated empirically. The latent process generating spawner abundance is recursive, but
hatchery-origin fish are added to match the observed fraction of hatchery-origin spawners. Process error is logarithmic, reflecting the common assumption that recruitment is a
multiplicative survival process. Each year's estimate of spawner abundance is assumed to be normally distributed around the true abundances, reflecting unbiased sampling error. The
magnitude of the sampling error is allowed to vary across three time periods when different sampling designs were used. The parameter of the recruitment function controlling the
inflection point (y) was allowed to vary across two periods (before and after 1998) that reflect times of pre- and post-biological conservation management.
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of changing proportions of hatchery-origin fish on the spawning
grounds (Fig. 1c¢) on recruitment performance, we estimated the re-
lative reproductive success of hatchery-origin fish within the state-
space model of population dynamics (Fig. 3b).

2.6. State-space modeling

State-space modeling has been used to separate process variation
from observation error in several stock-recruitment analyses (Meyer
and Millar, 1999; Millar and Meyer, 2000a; Millar and Meyer, 2000b;
Rivot et al., 2004; Su and Peterman, 2012). These models treat the
spawner abundance data as a time-series, where a given year's abun-
dance generates subsequent spawner abundance through a nonlinear
function (i.e. the recruitment function). It is possible to write a model
for the true yet latent process giving rise to the abundance time-series,
and then treat abundance data as imperfect observations of that process
(Fig. 3b). Importantly, the true yet imperfectly observed abundances
are mechanistically connected through time by the recruitment func-
tion. Thus any deviation in true abundance on a focal year has im-
plications for the abundances in previous and subsequent generations.
In contrast, observation errors will not propagate through a time-series
because there is no mechanism linking observation errors through time.

Since most male coho salmon and nearly all female coho mature as
three year olds, we ignore precocious individuals and model population
dynamics with a strict three-year life-cycle (Fig. 3a). Each population
therefore consists of three time-series (beginning 1970, 1971, and 1972
and ending 2013, 2014, 2015, respectively). We initialized the joint
time-series of true abundances (S) by setting the first three values to the

observed abundances (S):

S = St=1970
—_t=1970

S = St=197m1
—_t=1971

St=1972 = St=1972

The true spawner abundance in year t can be decomposed into
hatchery-origin (H) and natural-origin (W) components using the ob-
served proportion of hatchery fish spawning (PH) in year t. We then
multiplied the number of hatchery-origin spawners by a Beta-dis-
tributed parameter (W, Fig. 3b). Using a Beta distribution ensures that
W is confined to a number between zero and one. If W =1 then
hatchery fish have identical reproductive success as natural-origin fish.
If W = 0 then hatchery fish do not produce any surviving offspring.
Thus the parameter W expresses the reproductive success of hatchery-
origin fish relative to natural-origin fish for all levels of spawning es-
capement. To estimate W from data, we introduce it into the recruit-
ment function (Eq. (1)) by making the following substitution for
spawner abundance:

S; = Si(1 — PHy) + W(S)(PHy).

The recruitment function, f, is multiplied by an exponential scale
quadratic function of freshwater flow (F) during juveniles' second
winter. It is customary to exponentiate covariates because survival is a
multiplicative processes that yields lognormal errors in recruitment
(Hilborn and Walters, 1992). Using an exponential scale for the fresh-
water flow covariate returns a number between zero and infinity. This
is convenient because the effects of flow are expressed as a multiplier
that is independent of population size. Effects of streamflow can
therefore be used for all populations, which vary in overall population
size, without having to uniquely estimate parameters for each popula-
tion. We call the result of this computation “smolts” (Fig. 3b). To
complete the life cycle, and hence mechanistically connect the time-
series of abundance, we multiply smolt abundance by the natural ocean
survival rate (OS) and the quantity1 less harvest rates in the ocean (OH)
and fresh water (FH) associated with spawners at t = 3. The result is the
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number of natural-origin spawners:
Weis =f(s ¥, a,0,7 )(eﬁlF‘”JrﬁZF‘Z‘fZ)(OSHz)(l — OHi;3)(1 — FHyy3)
—t

where f is the smolt recruitment function (Eq. (1)). To statistically relate
W, 3 to the observed spawner abundance in year t + 3, we must add
back hatchery-origin fish and include lognormal process variation
(0proc) in the life-cycle recruitment process:

PH
Str3~LogNormal| Wiy + Weys| ——2— |, 0prec |-
1— PHy,,

Note that the preceding three expressions link S to S . This is the
—t+3 —t
mechanistic model connecting the true spawner abundance time-series

together. The last step is to model the observation of spawner abun-
dance as the result of normally-distributed observational error centered
on the true but latent spawner abundance:

Si~Normal(S, or,obs)-

The subscript T indicates that there are different possible magni-
tudes of observation errors for the T =1, 2, 3 time periods when
abundance was estimated with different sampling designs.

2.7. Hierarchical modeling

Barrowman et al. (2003) advocate abandoning the pretense that
ecological parameters among populations are unrelated, and suggest
that such parameters should instead be treated as coming from a
common distribution. This gives rise to “hyperparameters” of statistical
distributions from which ecological (recruitment) parameters are de-
rived. Data sets from multiple populations can thus be combined to-
gether and analyzed in a single, meta-analytic framework. In a Bayesian
context, this can be accomplished with hierarchical modeling
(Liermann and Hilborn, 1997; Barrowman et al., 2003; Michielsens and
McAllister, 2004).

The three parameters of the logistic hockey stick model are treated
hierarchically. That is, they are assumed to come from a parameter-
generating distribution that itself is defined by hyperparameters. The
parameters of the logistic hockey-stick function for each population (p)
are assumed to come from the following distributions:

ap~Normal (i, ox)
8,~Normal (14, 0p)
Vp.i=1970:1008~Normal (u,, o)

Vp,=1999:2014~NOrmal (u, ., o).

Note that the parameter controlling the location of the recruitment
inflection point (y) is assumed to come from two distributions with
means that are potentially different during the period 1970 to 1998 and
1999 to 2015. This is what allows us to detect whether freshwater re-
cruitment has changed after the implementation of biologically con-
servative actions. The prior distributions for other parameters and hy-
perparameters are given in Table 2. Note that the difference in scale
between process variation and observation error reflects the fact that
process variation is lognormal whereas observation error is normally
distributed.

We fit three hierarchical state-space models to our data (Table 3).
All three models allowed change in the smolt recruitment functions up
to and after 1998. Models differ with respect to whether or not they
allow hatchery-origin spawning fish to have lower reproductive success
than their wild-origin counterparts (¥), and whether or not a quadratic
function of freshwater streamflow was included. The purpose of the
three models was to determine the sensitivity of estimates of change in
smolt recruitment to model specification. The JAGS code for Model A is
included in Supplement 1 and the corresponding data are included in
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Table 2
Prior distributions used in the most complex hierarchical state-space
model (Model A) of Oregon coastal coho population dynamics.

Parameter Distribution

[T Uniform(10, 250)
Oy Uniform(20, 100)
Lo Uniform(0, 5)

o7 Uniform(0, 2)

[T Uniform(200, 2000)
Hy2 Uniform(200, 2000)
oy Uniform(100, 1000)
Oproc Uniform(0, 2)

Uniform(1, 1000)
Uniform(1, 1000)
Uniform(1, 1000)

Oobs,t=1974:1990
Oobs,t=1991:1998
Oobs,t=1999:2015

B Uniform(—5, 5)
B2 Uniform(—5, 5)
w Beta(1, 1)

Table 3

Three models of Oregon coastal coho population dynamics (columns) are distinguished
from one another by whether or not (i) the relative reproductive success (RRS) of
hatchery-origin fish is estimated, and (ii) a quadratic function of freshwater stream flow is
used as a covariate in smolt recruitment. All three models permitted change in the mean,
across-population inflection point in coastal coho smolt recruitment before (#,,) and after
(F,2) 1998. The probability (Pr) that smolt recruitment declined was found by conducting
random permutations of the posterior distributions. The odds ratio for improved re-
cruitment is computed directly from the associated probabilities.

Model ID A B C
Change recruitment? Yes Yes Yes
Estimate RRS? Yes No No
Include Flow? Yes Yes No
P 623 657 656
Ry 407 434 434
Pr(f,, > ] 0.87 0.86 0.86

Oddsratio i, > [i,4 1in 6.8 1in 6.1

Supplement 2.
2.8. Model fitting and diagnostics

We ran 4 Markov chain Monte Carlo (MCMC) simulations per model
using JAGS software (Plummer, 2003). The JAGS software ran the four
MCMC simulations in a parallel process that was implemented within
MATLAB (MATLAB, 2015) using “Matjags.m”. All chains were allowed
to burn-in for 150,000 iterations. We thinned to 1:13 samples, and
retained a total of 125,000 samples per chain. The autocorrelation
function of the (thinned) samples showed insignificant correlations at
the fifth lag. We looked at the estimated potential scale reduction va-
lues computed by JAGS to diagnose model convergence (Gelman and
Rubin, 1992). We also visually inspected trace plots of the MCMC
output for signs of good mixing and convergence (Link and Barker,
2010). We computed MCMC error for parameters using a “batch means”
approach (Roberts, 1996). To do this, each MCMC chain, {X;}, of length
I = 125,000, was broken into K batches of length b = /T, and then for
each batch we computed the sample mean.

kb
2i:(k—1)b+1Xi
o= —"77"7
b
We then computed the K batches.
[ b ~
oSk (Y = 2)?
Semcme = \/ Ty

where /I is the sample mean of the entire MCMC simulation. We took
the mean of standard errors associated with each parameter's four
MCMC simulations after noting that they were extremely similar.
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We assessed model goodness of fit using a Bayesian posterior pre-
dictive check (Gelman et al., 1996). For all years (t) and populations (p)
a chi-square discrepancy test statistic was computed for Model A:

(Stp—S )?
2 _ —t,p
Xip = S
—-t,p -tp
created within the MCMC and used to compute simulated chi-square
(7.simgp—S )2
=®_ An omnibus statistic for goodness of

. Simulated values y. sim[,p~Normal(S ,GT,ObS), were

statistics: x. sim{, = S

-t,p
fit was created by summing ¥, ,”and y. sim,, , across time (t) and then
comparing the frequency with which y. sim,?> > x,% This is also
known as a Bayesian p-value (Kéry and Royle, 2016).

3. Results

The estimated potential scale reduction values for all parameter
within all models were good (1 *+ 0.01), and almost all were excellent
(1 = 0.001). The goodness of fit statistic for Model A was 0.52, sug-
gesting that there was no evidence for lack-of-fit. Visual inspection of
trace plots revealed that the MCMC samples were well mixed and stable
across iterations. We monitored the node S  within the MCMC and

—tp
then verified that none of our distributional assumptions allowed S to

—tp
become negative.

All three models allow smolt recruitment dynamics to change before
and after 1998, which broadly correspond to pre and post-recovery-
action periods. For Model A, the mean of the across-population re-
cruitment inflection point prior to 1998 (u,,) is 623, but after 1998 the
value (i) is 407 (Table 3). This means that the spawner abundance at
which adult recruitment begins to asymptote is lower in the latter
period than the earlier period. Random draws from the posterior dis-
tributions of 1, and p,, (Fig. 4a) show that there is a 0.87 probability
that recruitment was worse after 1998 than before 1998. This is
equivalent to an odds ratio of 1 in 6.8 that there was improvement in
recruitment between these periods. Models B and C yielded estimates of
uy1 and p,, that are similar to Model A (Table 3), indicating that model
choice about including streamflow or estimating the relative re-
productive success of hatchery fish did not affect the main result. At the
scale of individual populations, point estimates for the smolt recruit-
ment inflection point were lower in all 18 populations prior to 1998
than after 1998, though none of the differences in point estimates
within populations was statistically significant (Fig. 4b).

The relative reproductive success of hatchery-origin fish in Model A
was 0.51, with 95% highest probability density intervals extending
from 0.19 to 0.89 (Fig. 5). The point estimate of relative reproductive
success is very similar to the mean of the prior distribution (0.5), so we
re-estimated this parameter using a Beta (a = 2, b = 1) prior distribu-
tion, which has mean equal toa / (a + b) = 0.66. This informative prior
caused the point estimate of the relative reproductive success to in-
crease to 0.57.

There were several relatively high and low stream flow events ex-
perienced by brood years 1970-1976, and then again in the late 1990s
(Fig. 1d). Stream flow was near average for brood years 1983-1993,
and again in the 2000s (Fig. 1d). We did not find statistically significant
effects of stream flow on smolt production in any of the models (Sup-
plement 3). Observation error (0,ps) Was similar from 1991 to 1998,
and 1999-2014. However, observation error during the earliest period,
1974-1990, was 195% greater than the average of the latter two per-
iods, with variation across models (Supplement 3).

4. Discussion

After accounting for harvest, variable ocean survival, and poor re-
productive success of hatchery-origin fish spawning in the wild, we
found no evidence for improvement in the production of coastal coho
smolts per spawner after 1998. Thus, recent increases in adult
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abundance can be attributed to improved ocean survival, not improved
fresh water conditions. Although our results suggest that there has not
been a positive change in the production of smolts per spawner, many
of the conservation efforts enacted since the late 1990s are not strictly
expected to have direct and immediate effects on smolts per spawner.
For example, an obvious effect of reducing harvest is that more adults
escape the fishery and reproduce. This could improve smolts per
spawner at low spawner abundances by reducing the frequency of

negative density-dependent “Allee” effects (Courchamp et al., 1999).
Our recruitment models were designed to detect such depensation
(Liermann and Hilborn, 1997; Barrowman et al., 2003). Reducing
harvest may also generally increase the genetic and life-history di-
versity of a population (Thériault et al., 2008; Hard et al., 2008),
thereby increasing density-dependent smolt production through evo-
lutionary niche expansion (Holt et al., 2004; Faulks et al., 2015). The
time required for evolutionary effects to unfold, which includes not
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Fig. 5. Posterior probability density of hatchery fish reproductive success relative to natural-origin fish (solid line). Shaded area is the 95% highest probability density interval [0.19,
0.89]. The prior distribution used in the analysis is equi-probable over the entire range of possible values for hatchery fish relative reproductive success (dashed line).
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only the effects of fishing moratoria on population growth rate (Dunlop
et al., 2015), but also reversing the fitness effects of domestication se-
lection caused by gene flow from hatchery-reared fish into the naturally
reproducing population (Ford, 2002), is generally longer than the
length of time analyzed here (Anderson and Brander, 2009). However,
there is growing evidence for rapid evolution (Carroll et al., 2007;
Schoener, 2011; Kuparinen et al., 2016), so further study is needed to
understand the rate of change in adaptive genetic variation (Steiner
et al., 2013) of coastal coho.

Our primary finding, that coastal coho smolts per spawner has not
increased, is sensitive to the modeled estimates of ocean survival before
1998. If the estimates of ocean survival prior to 1998 are biased low,
then there could be an improvement in freshwater recruitment that
went undetected. The GAM model relating ocean survival from 1998 to
2015 to oceanographic variables produces a good fit, and variables
were selected based on the predictive performance of adult abundance
dating back to 1970 (Rupp et al., 2012b). Although the variables were
selected from a large collection of potential predictor variables, the
methods used by Rupp et al. (2012b) to perform variable selection
should reduce spuriousness. Nonetheless, it is possible that the GAM
curvatures relating oceanographic variables to survival change through
time as the values of other, unmeasured oceanographic variables
change (Yasunaka et al., 2016). This kind of ecological complexity sets
an upper limit to what can be usefully known (Ward et al., 2014;
Schindler and Hilborn, 2015), but improvements are certainly possible
(Petchy et al., 2015). Additional model checking is needed as more data
become available (Myers, 1998).

Increasing proportions of hatchery-origin coho salmon on spawning
grounds have been associated with reduced density-dependent pro-
duction of adults (Buhle et al., 2009) and population intrinsic pro-
ductivity (Chilcote et al., 2011). If hatchery-origin spawners have poor
reproductive success in the wild (Fleming and Gross, 1993; Araki et al.,
2007; Christie et al., 2012), then we should expect the spawner-recruit
relationship of a mixed-origin population (hatchery and natural) to be
lower than an equivalent all-natural population. Here, we used a novel
demographic method to estimate the relative reproductive success of
hatchery-origin spawners so that we could remove the effects of tem-
poral variation in the proportion of hatchery-origin spawners on re-
cruitment performance. Our point estimate of the relative reproductive
success of hatchery-origin fish (0.51) is similar to findings from genetic
analyses (Christie et al., 2014). Uncertainty in our demographically-
derived estimate of relative reproductive success may be partially at-
tributable to differences in the relative frequency of hatchery-X-natural
and hatchery-X-hatchery mating that occurs over years and populations
because of different hatchery-fish rearing and release strategies.

It is possible that any improvement in smolt production from the
reductions in hatchery origin fish on the spawning grounds and relief
from fishing-induced evolution has been offset by freshwater habitat
degradation. However, salmonid freshwater habitat metrics on the
Oregon coast show mixed trends (increasing, decreasing, no change)
over 1998-2007, depending the specific habitat features and latitudinal
position on the Oregon coast (Anlauf et al., 2011). Similar analyses
using more recent data produce similar results (Anlauf-Dunn, personal
communication). There is uncertainty about how these freshwater ha-
bitat metrics are related to fish fitness, but our finding that coastal coho
smolt production has not increased seems broadly consistent with
trends described by Anlauf et al. (2011). Habitat management activities
have only recently focused on restoring watershed processes that create
high-quality freshwater habitat (ODFW, 2007). The time required to
reverse decades of habitat destruction that at times affected geological
processes (e.g. “splash dams” were used to raise water levels and then
drive logs downstream in events that would scour streams to bedrock)
likely extends well beyond the time frame analyzed here. Future work
should examine which freshwater habitat factors continue to decline,
how freshwater habitat features interactively relate to fish fitness, and
what further management actions might be needed to improve
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freshwater productivity for coho salmon.

Although coho spawner abundances on the Oregon Coast have been
estimated with sophisticated probabilistic sampling designs since the
late 1990s, uncertainty in the estimates of spawner population abun-
dance is not negligible. State-space models are particularly well suited
for these data because they explicitly partition process and observation
error. The models used here allow different magnitudes of observa-
tional error throughout three periods when different sampling designs
were used. Our results are consistent with the expectation that more
recent sampling methods are more precise. This is expected because
index sites (Falcy et al., 2016) used to estimate abundance in the early
part of these time series should have low precision when density-de-
pendent habitat selection occurs (Falcy, 2015). Separating observation
error from process noise could be useful when performing population
viability analysis because a population simulation should include pro-
cess variation but not the observational error associated with parameter
estimation. State-space modeling can thus improve viability analysis by
yielding estimates of uncertainty that pertain only to the biological
process (White, 2000; Hinrichsen, 2009; Dennis and Ponciano, 2014).
Our fitted model could be used to simulate extinction probabilities
when ocean conditions that are beyond management control return to
low values observed during the mid-1990s.

There is uncertainty about the details of compensatory density-de-
pendence processes that influence coho recruitment to the smolt stage.
A large part of that uncertainty is due to the interaction of some of the
underlying mechanisms that drive the rate and direction of these pro-
cesses. Compensation rates and positive time trends in population
productivity are affected by both the magnitude of management effects
and the time scales over which responses occur. These processes occur
along with uncontrollable environmental variability. Despite this un-
certainty, the management strategy to improve Oregon coastal coho
productivity has been prudent and multipronged. For example, (i) vir-
tually eliminating harvest has ensured the maximum number of fish
escape to spawn, (ii) drastically reducing the number of hatchery fish
on the spawning grounds minimizes the risks of hatchery fish inter-
acting with wild fish, and (iii) efforts to restore freshwater habitat
conditions have been consistent with an understanding of life-cycle
habitat requirements for coho (ODFW, 2007). Fish managers will need
to remain vigilant, collaborative, and adaptive if monitoring data sug-
gest that modified or additional strategies should be implemented.

Concern about climate change, ecosystem regime shifts, and the
status of global fisheries begs questions about how managers should
respond. Measuring the effectiveness of management actions is chal-
lenging because potentially confounding factors usually cannot be
controlled, and the mechanisms linking actions to outcomes may be
poorly understood. However, understanding management effectiveness
can alleviate reliance on the precautionary principle as a hedge against
uncertainty (Falcy, 2016), and will hopefully lead to cost-effective
management actions that achieves society's goals. Thus understanding
management regime shifts on population dynamics is no less important
than understanding naturally-caused ecosystem regime shifts. Tools for
detecting nonstationary population dynamics can be applied to both
kinds of regime shifts.

We developed a novel and relatively complex model to integrate
numerous sources of data that span many decades and many geo-
graphically distributed populations. We did this in a way that enabled
us to tease apart potentially confounding factors affecting Oregon coast
coho. Researchers and conservation managers of other systems will
need to think creatively and critically about how to tailor models to
their data and questions. Difficult problems are not likely to have
simple answers. Custom modeling, not the rote application of existing
statistical routines or packages, must be pared with careful interpreta-
tion in order to advance our understanding of complex conservation
problems.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.biocon.2018.02.026.
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