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ABSTRACT

Fisheries management agencies and conservation organizations use
various criteria to determine whether fish populations are a conservation
concern. By conducting retrospective analyses using historical data for 18
Fraser River (B.C.) sockeye salmon conservation units (CUs), we evaluated the
effectiveness of 20 criteria that measure time trends in spawner abundance to
determine how likely they are to correctly categorize conservation status of
salmon populations. We used a Receiver Operating Characteristic (ROC)
approach to quantify the probability of each criterion correctly distinguishing
between a declining and non-declining CU. Those criteria that measured the
extent of decline from an estimated historical baseline were most reliable and
consistently outperformed the widely used International Union for the
Conservation of Nature (IUCN) criterion of percent decline in abundance over the
most recent three generations. We therefore urge scientists to evaluate the
statistical performance of their criteria for classifying conservation status before

applying them in decision making.
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INTRODUCTION

Numerous organizations worldwide determine the biological status of
species for conservation, management, or socio-economic purposes. These
organizations include the International Union for the Conservation of Nature

(IUCN), the Convention on International Trade in Endangered Species of Wild



Canadians. The goal of Canada’s policy for conservation of wild Pacific salmon
(“Wild Salmon Policy”, or WSP), developed by the DFO, is to “restore and
maintain healthy and diverse salmon populations and their habitats for the benefit
and enjoyment of the people of Canada in perpetuity” (DFO 2005). This
overarching goal has three specific objectives: (1) safeguard the genetic diversity
of wild Pacific salmon, (2) maintain habitat and ecosystem integrity, and (3)
manage fisheries for sustainable benefits (DFO 2005).

The implementation of the WSP will occur through the adoption of six
strategies, and the first strategy is standardized monitoring of wild salmon status
(DFO 2005). The first action step of this strategy is to identify conservation units
(CUs), which are biological groupings described by areal extent of freshwater
distribution, for all species of wild Pacific salmon (DFO 2005). These CUs have
now been identified (Holtby and Ciruna 2007). A CU is “a group of wild salmon
sufficiently isolated from other groups that, if extirpated, is very unlikely to
recolonize naturally within an acceptable time frame, such as a human lifetime”
(DFO 2005). DFO is in the process of shifting its management and assessment
of wild salmon to be based on these CUs in order to maintain the geographic and
genetic diversity of the species.

The second action step of the first strategy of the WSP is to develop
criteria to assess (i.e., estimate the status of) CUs and identify benchmarks to

indicate biological status in terms of



distribution (e.g., distribution of spawners across spawning sites and habitat
types), and (4) fishing mortality (Holt et al. 2008). The criteria will consist of
quantifiable measures of these indicators of biological status, with benchmark
levels of those criteria used to describe CU status. Each criterion will have an
upper and a lower benchmark. The upper benchmark is where “there would not
be a high probability of losing (i.e., extirpation of) the CU”, and the lower
benchmark is “at a level of abundance high enough to ensure there is a
substantial buffer between it and any level of abundance that could lead to a CU

being considered at risk of extinction by COSEWIC" (DFO 2005).

COSEWIC

COSEWIC is an independent committee that uses scientific decision-
making criteria and expert opinions to classify Canadian species into categories
of threat (COSEWIC 2006). The basis for these criteria is the revised IUCN Red
List and Categories, which is a widely recognized system for determining the
threat status of populations and species (Mace et al. 2008). The IUCN has three
categories of increasing threat into which it classifies species (Vulnerable,
Endangered, and Critically Endangered) (IUCN 2001). COSEWIC’s analogous
categories of increasing threat are Special Concern, Threatened, and
Endangered (COSEWIC 2006).

COSEWIC acts as an advisory organization that undertakes biological
assessments to recommend which populations and species are a sufficient
conservation concern that they should be considered for protection under

Canada’s Species at Risk Act (SARA), which was proclaimed in 2003. On the



basis of COSEWIC’s recommendations and a consideration of “socioeconomic
implications”, the Federal Cabinet decides which species to add to the legal list of
species at risk. Such a listing subsequently mandates legal protection, and
recovery planning and implementation (Irvine et al. 2005). At present, COSEWIC
considers four populations of Canadian Pacific salmon to be “at risk of extinction”
(COSEWIC 2008), although none of these populations are on the legal list of
species at risk under SARA. The Okanagan population of chinook salmon (O.
tshawytscha) is categorized as threatened, and the Sakinaw Lake population of
sockeye salmon, the Cultus Lake population of sockeye salmon, and the Interior
Fraser population of coho salmon (O. kisutch) are all categorized as endangered
by COSEWIC (the highest level of concern).

To determine which category of conservation status should be assigned to
a species or population unit, COSEWIC uses five criteria to infer chance of
extinction. When the conditions for any one of the five criteria have been met,
this can result in the classification of the population or species as a conservation
concern. These criteria include criterion A, “Declining Total Population”, which
measures the change in adult population size over the past 10 years or three
generations, whichever is longer (COSEWIC 2006). COSEWIC'’s other four
criteria consider absolute abundance and spatial distribution (COSEWIC 2006).
COSEWIC and the IUCN often use criterion A when assessing the threat status
of marine and anadromous fish species (e.g., COSEWIC 2003a, COSEWIC
2003b, Rand 2008). This frequency of use may be because criterion A is

applicable in the all-too-frequent cases where the absolute abundance and/or



distribution of the species are unknown. Absolute abundance is unknown for
many CUs of Pacific salmon because some methods used to estimate number of
spawners provide only indices of relative abundance (Tracy Cone, DFO, 100

Annacis Parkway, Unit 3, Delta, B.C., V3M 6A2, pers. comm.)

Categorising threat

Despite the frequency of its use, there is debate surrounding the validity of
the decline criterion, COSEWIC and IUCN criterion A, for assessing the
“extinction-risk” of marine fishes and other species. Two studies maintain that
the decline criteria may be overly conservative biologically and incorrectly
classify sustainably exploited species as being of conservation concern (Matsuda
et al. 1998, Punt 2000). One of these studies used southern bluefin tuna data
(Matsuda et al. 1998), while the other used a simulation model for six marine fish
species (Punt 2000). In contrast, other analyses using empirical and meta-
analytical approaches support the validity of these decline criteria in representing
marine fish status (Hutchings 2001, Dulvy et al. 2005). More generally,
controversy surrounds the entire process of estimating and classifying organisms
into categories based on their chance of extinction, in part due to considerable
variation in the precision and defensibility of available risk assessment methods
(Dulvy et al. 2004). For instance, there can be slight variations among scientists

in the application of the same conservation criterion, and controversy can arise



(Powles et al. 2000). Therefore, doubt exists as to whether criteria developed for
assessing the chance of quasi-extinction for terrestrial species are applicable to
marine species (Powles et al. 2000).

There is a common perception, although not supported by empirical
evidence, that marine fishes have low vulnerability to quasi-extinction due to their
life-history strategies, and thus there is little need to assess their chance of
guasi-extinction. The perception is that marine fishes have a high potential for
recovery from low abundance due to their high productivity and highly variable
populations. However, there is little empirical or theoretical evidence
demonstrating that highly fecund species have a chance of extinction any lower
than those of low fecundity due in part to the different life-history strategies (e.g.,
egg-survival rates) that are exhibited by these two groups of species (Sadovy
2001). Thus, fecundity alone is not an appropriate indicator of vulnerability
(Sadovy 2001). Empirical evidence also suggests that fish populations do not

fluctuate more than populations of other species such as mammals, birds, and






European exploited stocks (Dulvy et al. 2005). They found that the AFS criteria
have a higher probability than IUCN decline criteria of overlooking species that
are exploited unsustainably based on limit reference points. Such examples are
referred to as being false negatives or type Il errors because the null hypothesis
of no decrease in abundance is incorrectly not rejected.

The DFO is considering using temporal trends in spawner abundances as
one possible indicator of the biological status of Pacific salmon populations (Holt
et al. 2008). The most frequently used method to examine these trends is to
measure the rate of change in spawner abundance over the most recent three

generations (COSEWIC 2003a, COSEWIC 2003b, Rand 2008). For instance,



predators, food, etc. (COSEWIC 2003b). COSEWIC uses this method to
facilitate comparison with the threshold rates of decline (30%, 50%, and 80%)
that trigger designation into one of their three categories of threat -- special
concern, threatened, or endangered (COSEWIC 2003b).

The authors (COSEWIC 2003b) also examined an alternative procedure
that is based on the reduction in abundance between only the first and last year
of the three-generation period, as opposed to the annual rate of decline
estimated by slope of the regression line fit to the data over the period. However,
the authors concluded that limiting the measure of decline over the period to only
the percentage decrease between the single data point abundances at the start
and end of the period would cause estimates of decline to be greatly affected by
annual fluctuations in individual year class strength, and thus sensitive to the
particular two years chosen for comparison.

To estimate the three-generation (12-year) change in abundance at
monitoring sites within subpopulations of sockeye salmon, the recent IUCN Red
List Assessment for Sockeye Salmon used the same method as the COSEWIC
assessments (Rand 2008). That assessment used loge-transformed number of
spawners (escapement) data smoothed with 4-year running means, and
estimated the annual rate of change over the most recent three generations
using the slope of the best-fit line.

To rank methods for assessing the conservation status of Fraser River



but also comparing the most recent abundance (mean spawner abundance over
last 4 years) to various benchmarks. These benchmarks consist of the long-term
average abundance (overall geometric mean of spawner abundance), the largest
observed abundance (highest geometric mean of any 10-year period), the
current capacity (estimate of spawner abundance that maximizes sockeye smolt
abundance, i.e., juvenile salmon at the time of migration to sea), the potential
capacity (yet to be defined by the authors), and capacity indicated by traditional
ecological knowledge (yet to be defined).

Another status criterion used is the historical extent of decline, which has
been recommended as the ultimate criterion for triggering concern about the
long-term viability of a species, with the historical extent of decline examined
over as long of a period as possible to enable a meaningful baseline (Mace et al.
2002). These authors also suggested that recent rates of decrease be used in
conjunction with historical extents of decline because either indicator alone does
not provide enough information about the status of the population (Mace et al.
2002).

The methods to assess status suggested by Mace et al. (2002), and
Pestal and Cass (2009) both consider some form of extent of historical decline.
Using this extent of decrease from some historical baseline, as opposed to the
rate of decrease over the most recent three generations, is advantageous
because it minimizes the influence of natural variability and avoids bias

introduced by shifting baselines (Pauly 1995) that occur during the survey period
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(Dulvy et al. 2006). However, exactly which criteria are the most reliable

indicators of biological status for
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(Dulvy et al. 2005). For North-East Atlantic marine populations, the authors
evaluated threat status by comparing estimated rates of decline in abundance
(IUCN and AFS criteria) with exploitation status, which is based on whether

fished species are within or outside “safe biological limits”. Their results showed
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where the threshold is the level that results in a change of classification. For
instance, when evaluating IUCN's criterion A, which measures the rate of decline
over the most recent three generations, the threshold would be the percent
decline that results in a classification of vulnerable, endangered, or critically
endangered (i.e., a decline greater than 50%, 70%, or 90%, respectively, over
the three generations, assuming the causes of the decline are reversible,
understood and have ceased). In contrast, ROC analysis estimates the true and

false positive rates of a conservation criterion over a wide range of thresholds,
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identifying subjects who do not have the disorder (true negative rate or 1-false
positive rate) (Hibberd and Cooper 2008). An ROC curve is composed of points
that are the true positive rate (power, 1-b; Y-axis) and the false positive rate (U;
X-axis) values for a given criterion at each possible threshold, i.e., level of the
given criterion that results in a change of classification category. For instance, a
threshold of 20% could be evaluated as the percentage change in abundance
over a period that results in the classification of a population as a conservation
concern. Other thresholds of 5%, 10%, 30%, 40%, 50%, etc. would also be
used, with each case generating a point on the ROC curve.

The area under the resulting ROC curve (AUC) provides a single measure
that summarizes performance across the full range of thresholds (Pearson 2007).
If the evaluation of a criterion is limited to only one threshold that results in a
change of classification, this assessment does not take into account all of the
information provided by that criterion because the true positive rate and false
positive rate of the criterion will vary among thresholds. For instance, ecologists
know very well that if a threshold for an estimated effect size of concern is set too
low, the false positive rate will be too high. In contrast, the ROC curve approach,
and the AUC measure in particular, reflect the performance of a criterion of
conservation concern across all thresholds that might be used by someone. The
AUC can vary between 0 and 1. A criterion that perfectly indicates the true
status of a population generates an ROC curve that falls along the left axis and
across the top of the plot (AUC=1), whereas a criterion that is no better than a

random coin toss at correctly categorizing the status of a population generates
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Case study: Fraser River sockeye salmon

To demonstrate the applicability of the ROC method, we used data on 18
conservation units identified by DFO for Fraser River, B.C. sockeye salmon. The
Fraser River watershed includes both a highly urbanized region in southwestern
B.C., and a less disturbed section in central and eastern B.C. The Fraser River
has generally been the largest and most productive salmon-producing watershed
in B.C. and supports the largest salmon fishery in Canada (Northcote and Larkin
1989). Fraser River sockeye pass through marine, estuarine, and freshwater
environments during their return migration to spawning grounds, and fisheries
take place on these migratory adults as they return (English et al. 2005).
Sockeye salmon enter the Fraser River to spawn from June through October and
each stock has adapted to normally enter the river at a particular time (English et
al. 2005). For management purposes, Fraser sockeye are categorized into four
groups based on their adult migratory timing patterns or runs (1) Early Stuart
River (late June to late July), (2) Early Summer (mid-July to mid-August), (3)
Summer (mid-July to early September), and (4) Late Summer (early September
to mid-October) (English et al. 2005).

Sockeye salmon exhibit substantial life history variations. Lake-type
sockeye typically spawn in lakes, or in tributaries associated with lakes, with the
offspring rearing in these nursery lakes for at least 1 year before migrating to the
ocean (Burgner 1991). This is generally the most widespread and abundant life-
history type in B.C. (Beacham et al. 2004), and there are approximately 30 CUs

of lake-type sockeye salmon found in the Fraser River watershed (DFO 2008).
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Sockeye salmon in the Fraser River also exhibit a river-type life history, where
they spawn in tributaries and mainstem side channels, and juveniles rear in rivers
rather than lakes before migrating to the ocean (Beacham et al. 2004). There
are approximately seven CUs of river-type sockeye salmon found in the Fraser
River watershed (DFO 2008).

The vast majority of Fraser River sockeye (~ 94%) mature and die at age
4 years (Schnute et al. 2000). This 4-year life cycle results in the stocks having
four distinct cycle lines (brood lines) associated with particular years of return,
with little gene exchange among them (Schnute et al. 2000, Ricker 1997). Many
Fraser sockeye stocks exhibit cyclic dominance, in which the stock abundance in
one cycle often substantially dominates the abundance in other cycles, with the
persistently high-abundance cycle line referred to as the “dominant” cycle for the
stock (Schnute et al. 2000). In such populations, a “sub-dominant” line and two
weak lines (“off-cycle”) are often present, with the sub-dominant line being 10-
25% as large as the dominant one, and the weak lines less than 1% as large as
the dominant line (Ricker 1997).

The methods used to estimate sockeye salmon spawner abundance
within the Fraser River watershed vary depending on the anticipated size of the
run (Eggers and Irvine 2007). For most of the Fraser River sockeye populations,
visual surveys usually generate estimates when anticipated spawner
abundances are less than 25,000, and counting fences (weirs) and mark-
recapture generate estimates when anticipated spawner abundances exceed

25,000 (Eggers and Irvine 2007). In general, fence counts or mark-recapture
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METHODS

We conducted retrospective analyses to evaluate 20 criteria that estimate
time trends in spawner abundance to assess the conservation status of Fraser
River sockeye. We did this by using the criteria to estimate the decline status of
18 CUs in each year of historical data and comparing that estimated status to the
true status of the CUs, which was based on the trajectory of spawner abundance
that was observed subsequent to when the status was determined. These
retrospective analyses used conservation criteria to determine the status that
would have been estimated for a given CU in each year included in the historical
dataset and compared that status to the true status in the same year. The 20
conservation criteria evaluated here resulted from a combination of possible
spawner abundance estimates, periods of decline, and historical baselines, as
elaborated below. Receiver Operating Characteristic (ROC) curves combined
the true positive rate and the false positive rate of each conservation criterion
across a range of thresholds, and the area under the ROC curve is the
probability that a criterion will correctly distinguish between CUs in which
abundance is declining from those that are not declining.

We empirically compared the performance of various decline criteria by
analyzing spawner abundance data (starting as early as 1938 for some CUs

through to 2007) for 18 CUs of sockeye salmon, which cover all four run-timing
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groups that occur in the Fraser River watershed (Table 2). All spawner
abundances (S) were transformed with loge(S+1.01) prior to analysis, except for
calculating the geometric mean of a generation or the few cases where we

compared raw spawner abundances to a geometric mean (Gotelli and Ellison
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(Venables and Ripley 2002). Least squares regression assumes that errors
follow a normal distribution and minimizes the squared residuals. In contrast,
robust regression is useful when the assumption of normality of residuals is not
met, say for cases with highly variable data and outliers, because it minimizes
the absolute value of residuals (Gotelli and Ellison 2004). Regressions were
performed over periods with at least ten data points.

Several CUs have years with missing data because it is difficult to survey
every site every year. This is most problematic when smoothing the data across
each non-overlapping 4-year period, because a missing data point for a dominant
cycle year could dramatically reduce the generational mean (i.e., smoothed
estimate) that includes that year, and a missing data point for a small-run, off-
cycle year would have the opposite effect. Therefore, for all criteria that used
data smoothed with a running mean, we inserted abundance estimates for any
missing years by interpolating a value from the mean of the same cycle year from
the immediately previous and subsequent generations (i.e., only the single
generation before and the single generation after the missing point). For
example, if abundance was missing for a CU in 1990, we interpolated the
missing value with the mean of abundances in 1986 and 1994. We inserted an
interpolated value for no more than one year per generation cycle (i.e., specific 4-

year period), and if the corresponding cycle year of either of the closest two
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calculate the mean used in the interpolation. The analysis excluded years where
a CU had insufficient data to allow for such interpolations.

The change in spawner abundance was estimated over two time periods.
Over the short term, it was estimated as the recent rate of decline over the last
three generations. Over the long term, the change in abundance was estimated
as either the annual rate of change over all available years, or as the extent of
decline from an estimated historical baseline. Both rates of decline and extent of
decline were expressed as annual rate (%) of change per year. Historical
baselines were identified for each CU. However, for cases where the current
abundance was not compared to a historical baseline, we calculated the change
in abundance between spawner abundance estimates in the same category of
brood year (i.e., dominant, sub-dominant, or off cycle years), to account for the
CUs’ four distinct cycle lines.

There are several ways to define a historic baseline of spawner
abundance. We considered five definitions, and specific values of these
baselines varied among CUs (depending on historical spawner abundance
levels): (1) the first abundance data point in the time series, (2) the maximum
abundance of the first five points in the time series (regardless of cycle year) (3)
the geometric mean abundance of the first generation, (4) the maximum
abundance of all points in the time series (regardless of cycle year), and (5) the
maximum geometric mean abundance of any three-generation (12-year) period.
The extent of decline was measured between each of these historical baseline

abundances and abundance in subsequent years. For baselines based on
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maximum abundance (maximum of all points and maximum three-generation
period), the extent of decline was calculated fewer times because for some CUs,
the maximum abundance fell in the mid-to-late years of the time series.

All combinations of these types of spawner abundance estimates, periods
of decline, historical baselines, and measures of decline created 20
conservation-status criteria for our initial evaluation of their effectiveness as
indicators of declining CUs (i.e., CUs with decreasing abundance of sockeye
salmon spawners) (Table 3). The Appendix provides a detailed description of
each of these 20 criteria evaluated in the analysis.

Some of the 20 conservation-status criteria are only slight variations of
other criteria. For instance, some criteria (criteria 10, 11, 15, and 16) correspond
closely with other criteria (criteria 12, 13, 17, and 18, respectively); the only
difference is that the former criteria compare a sliding window of generations to
the historical baseline, whereas the latter criteria compare non-overlapping 4-
year generational blocks to the historical baseline. The former method allows for
an assessment of status every year, whereas the latter method only does so

every 4 years.

Estimated and true conservation status of CUs

For each year and CU, we compared the status that was estimated by
each conservation criterion to the true status; the latter was based on the future
trajectory of spawner abundance in that CU using the data subsequent to each
year when status was estimated. For each of the 20 decline criteria, we

estimated the number of triggering events (criterion conditions met, as defined
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below) that would have occurred in the past for each of the 18 CUs. A triggering
event occurred when the particular criterion estimated the status of the CU to be
declining, and a non-triggering event occurred when the criterion estimated the
status of the CU to be not declining.

To determine how well a particular criterion works at identifying the actual
subsequent time trend in abundance of a conservation unit, we examined the
data to determine the true status in each year, which was based on abundance in
years subsequent to the criterion’s categorization. Specifically, for each year we
defined the true status of CUs by using one of two metrics that describe the
change in spawner abundance over a future period; “future” was either the
subsequent three generations or all remaining years in the time series (with a
minimum of 10 years remaining). For both metrics, the decline status was based
on the spawner-to-spawner (SS) ratio, which is the ratio of the estimated number
of spawners at the end of the future period to the estimated number of spawners
in the year of analysis. We calculated this SS ratio as the change in abundance
between best-fit estimates of spawner abundance from the robust regression of
abundance on years. In a given year, we categorised the true status of a CU as
“declining” if the SS ratio was less than or equal to the ratio that corresponds to a
given threshold of percent decline (e.g., a 30% decline would be equivalent to a
SS ratio of 0.7, or (100-threshold) / 100). Such cases would indicate a percent
decrease in abundance greater than or equal to the threshold level over the
future period. The true observed amount of decrease in the future period was

compared to thresholds of 30%, 50%, 70% or 90% decline. The percent decline
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over the future period is equivalent to an effect size in statistical power analysis,
where the effect size is the magnitude of the true effect that you are trying to
detect (Peterman 1990). Here, we are evaluating the ability of various
conservation criteria to detect a future decline in abundance of a given

percentage (i.e., effect size). Table 4
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conservation-status criteria. The true positive rate of a criterion is its
effectiveness at (i.e., probability of) correctly identifying years when a CU is truly
going to decline subsequently. We calculated the true positive rate as the
number of true positives out of all years in which the CUs have a true status of

declining (Vida 1993):

(1) True Positive Rate = True Positives / (True Positives + False Negatives).

We calculated the false positive rate or the probability of a type 1 error, as the
number of false positives out of all years in which the CUs have a true status of

not declining (Vida 1993):

(2) False Positive Rate = False Positives / (False Positives + True Negatives).

At each threshold (e.g., the percent change in abundance over a period that
results in the classification of a population as declining), we calculated one true
positive rate and one false positive rate for each criterion across all 18 CUs and
all years based on the number of true positives, true negatives, false positives,
and false negatives.

Recall that the area under ROC curves (AUC) concisely describes the
combination of true positive rates and false positive rates for each criterion of
conservation status. The ROC curves were derived by calculating the true and
false positive rates for a given criterion over a wide range of quantitative
thresholds of change in abundance that trigger a change in classification status

from not declining to declining. For instance, the thresholds ranged from a 100%
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reduction in abundance required before resulting in a triggering event, all the way
to the maximum increase in abundance that occurred over any period for any CU
resulting in a triggering event. When the threshold resulting in a triggering event
was a 100% decrease in abundance, both the false positive rate (U) and the true
positive rate (power) will equal zero because there are no triggering events at all
(no true or false positives). When the threshold resulting in a triggering event
was the maximum increase in abundance over any given period, both the false
positive rate and the true positive rate will equal one because every single year is
a triggering event (no false or true negatives).

We estimated the AUCs of the ROC curves using the trapezoidal method,
which involves connecting the points on the ROC curve with straight lines and
summing the areas of the resulting triangles and trapezoids (Vida 1993). The
AUC of each criterion can range from zero to one.

Higher ranks were given to conservation criteria with higher AUC values.
A higher AUC value indicates that a criterion has a greater chance of correctly

identifying a declining CU than a criterion with a lower AUC value.

Sensitivity analyses

We also performed several sensitivity analyses, including one that

examined the effect of the way in which true status was defined on rankings of
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definitions of a declining CU (cases E-H in Table 4), we calculated AUC values
for the 20 decline criteria and ranked them accordingly, as well as calculating the
median AUC value of each criterion across all four scenarios. We used median
instead of mean AUC to reduce the chance of having situations in which an
outlier AUC value for a criterion in a given scenario strongly affects the criterion’s
ranking.

We also examined the effect that the quality of data had on the ranking of
the criteria. We explored two categories of spawner abundance data, either all
18 CUs or only the best-quality data (sites within the various CUs in which
spawner abundance was estimated by either fence counts or mark-recapture

methods, Table 5, Tracy Cone, DFO, pers. comm.).
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CU aggregations

Two final sensitivity analyses examined the effect of the degree of spatial
aggregation on results. Despite the goals of the Wild Salmon Policy, Fraser
River sockeye CUs may remain aggregated into the four major run-timing groups
for management purposes (Irvine and Fraser 2008). Itis unknown how this will
affect the status of individual CUs within the management aggregations because
past management actions have not consistently reflected conservation concerns
of individual components of run-timing groups (COSEWIC 2003a, COSEWIC

2003b). In addition, the recent IUCN status assessment of sockeye salmon did
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just individual spawning sites but instead used the data from the 11 CUs that fell
within the geographic range defined by IUCN subpopulation #68 (Table 5).

After the baseline analyses ranked the criteria based on their AUC values,
we then assessed how often across all past years one of the top-ranked criteria
would have identified a rate of decline in each run-timing group, [IUCN
subpopulation #68, and individual CUs within the aggregates that was large
enough to result in a classification of threatened or endangered based on
COSEWIC's thresholds of decline. A rating of threatened or endangered occurs
if the decrease in abundance over the period measured by the criterion is greater
than or equal to 30% or 50%, respectively, assuming that the causes of the
decrease in abundance may not have ceased, may not be understood, or may

not be reversible.
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RESULTS

When the methods were applied to historical data for the 18 Fraser River
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We compared the performance of all criteria to a frequently used version
of COSEWIC'’s criterion A, which measures the change in abundance over three
generations of smoothed data (criterion 2 in Figure 4). The performance of this
standard COSEWIC decline criterion was moderately good, but nine criteria were
better and 10 were worse at distinguishing between declining and non-declining
CUs. The conservation criteria with the highest five median probabilities had an
8-10% greater chance of correctly categorizing a CU as declining or not than the
standard COSEWIC decline criterion (criterion 2 here). However, this criterion 2
had an 8-38% greater chance of correctly classifying decline status than criteria
that measured extent of decline from the maximum abundance that occurred
anywhere in the time series.

The most reliable criteria (highest probabilities of correctly classifying
decline status, measured by AUC values) depended on the definition of a true
declining CU, as shown by the proportion of the four scenarios in which criteria
ranked either in the top three or top five criteria based on the largest AUC value
(Figure 4b). Nevertheless, all criteria that were ever ranked in the top three or
top five are criteria that measure the extent of decline from a historical baseline
anchored at the beginning of the time series. Once again, criterion 13 ranked
highly, with 100% of the scenarios ranking it in the top five, and 75% of the
scenarios ranking it in the top three (Figure 4b). Criteria that measure the rate of
decline over three generations (criteria 1 and 2) or the extent of decline from the
maximum abundance in the time series (criteria 5, 6, and 14 to 18) never ranked

in the top three or five of any scenario.
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Criteria that measure change in abundance using smoothed data

generally performed better than those criteria that measure change in abundance
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correctly identifying a declining CU when the analysis was limited to pre-1995
years.

The rank order of the criteria based on their median probabilities of
correctly classifying decline status also generally stayed the same whether the
analysis used all years of data or was limited to pre-1995 data (Figure 5a). The
two best-performing criteria (11 and 13) were still ones that measure the extent
of decline from a historical baseline anchored at the beginning of the time series,
however, this change in data period caused an improved performance of criteria
16 and 18 compared to the baseline case; they became ranked 7" and 3,
respectively (Figure 5a). All criteria that were ranked in the top three or top five,
using either all years of data or only pre-1995 years, measure the extent of
decline from a historical baseline anchored at the beginning of the time series,
except for criteria 16 and 18, which appeared in the top five criteria when the
analysis was limited to pre-1995 years (Figure 5b). These two criteria measure
the extent of decline between the geometric mean of each generation and the
geometric mean of the maximum three-generation period in the time series,
using smoothed data. Generations move in a sliding window one year at a time
for criterion 16 and in non-overlapping 4-year blocks for criterion 18.

Another indication of reliability of criteria for conservation concern is that
their probability of correctly categorizing status should increase for analyses that
are limited to only the best-quality data, as opposed to all available data. Our
analysis of the best-quality data resulted in most criteria exhibiting an increase in

the median probability of correctly classifying decline status across scenarios E-
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H. All exceptions are criteria that measure extent of decline from the maximum
abundance in the time series (criteria 5, 6, 14, 16, 17, and 18). However, the
median probabilities of correctly classifying decline status for these particular
criteria are generally low regardless of the quality of data used (i.e., median
probabilities ranged from 0.07 to 0.59 across both sets of data), so the difference
between using all data or best-quality data is relatively small and these criteria
still perform poorly.

Analyses with either all data or only best-quality data resulted in slight
differences in rank order of criteria based on their median probabilities of
correctly distinguishing between declining and non-declining CUs. However, the
general pattern remained the same regardless of data quality. The median
probabilities of correctly categorizing decline status were once again consistently
highest for criteria that measure extent of decline from the beginning of the time
series, with criteria measuring rate of decline over three generations ranking in
the middle, and criteria measuring extent of decline from the maximum
abundance consistently ranking lowest (Figure 6a). Limiting the analysis to best-
quality data resulted in criterion 13 having the second highest median probability,
just below criterion 11 (Figure 6a). Criterion 11 only differs from criterion 13 in
that the generations compared to the historical baseline (geometric mean
abundance of the first generation) move in a sliding window for criterion 11 as
opposed to non-overlapping blocks; this allows an assessment of criterion
conditions every year. The top-five-ranked criteria differ when the quality of data

used is changed, but regardless hssi3.1(t)8erd
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those that measure the extent of decline from a historical baseline anchored at
the beginning of the time series (Figure 6b).

Collectively, these results suggest that criteria measuring extent of decline
from a historical baseline anchored at the beginning of the time series
consistently outperform other criteria in terms of having an increased chance of
correctly distinguishing between a declining and non-declining CU, regardless of

data quality.

True and false positive rates

Although median AUC as reported above provides a concise measure of
performance of criteria of conservation status, some scientists or managers will
also be interested in the components of that statistic, i.e., the rates of occurrence
of true positives (correct detection of declines) and false positives (incorrect
declaration of decline). For a given conservation criterion, the points on the ROC
curve relate to different thresholds of percentage change in abundance that
cause a triggering event. For each criterion, in each scenario, different true and
false positive rates are produced at each threshold. The ROC curve for criterion
11 in scenario E, using the best-quality data only, has an AUC of 0.9 (Figure 7).
This curve demonstrates the possible trade-offs between true and false positive
rates. For instance, a manager may choose one of COSEWIC’s conventional
threshold levels for the decrease in abundance (30%, 50%, 70%, or 90%) that
results in a triggering event; circled points on the left-hand-side of the ROC curve
indicate these thresholds for criterion 11 (Figure 7). Figure 8 provides the true

positive rate and false positive rate corresponding to each threshold. Reducing
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the percent decline that would result in a triggering event from 90% to 30%
increases the true positive rate from 0.11 to 0.73 (Figure 8). The probability of
false negatives (type Il errors) is 1- the true positive rate (i.e., 1- power);
therefore the true positive rate of 0.73 is equivalent to a 27% chance of a false
negative (type Il error) occurring when the threshold level of decline is 30%. For
criterion 11, with this reduction of the threshold of decline from 90% to 30%, the
false positive rate only increases from 0.00 to 0.02 (Figure 8), indicating that it is
beneficial to reduce the threshold of decline in this case because we get a large
increase in the true positive rate (power) but a very small increase in the chance
of a false positive (type | error).

In our analysis, the point corresponding to the upper-left-most corner on
the ROC curve indicates an “ideal” threshold of change in abundance for that
criterion, because it has the lowest chance of an error (i.e., lowest (chance of
false positive + chance of false negative)), which is indicated by a high true
positive rate and a low false positive rate. In our example (Figure 7), a square
indicates this “ideal” point for criterion 11 and it corresponds to a threshold of a
10% decrease in abundance over the period measured by the criterion that
causes a triggering event. Figure 8 shows that this further reduction in the
threshold of decline (from 90% to a 10% decrease) once again increases the true

positive rate with only a small increase in the false positive rate.

CU aggregations
We evaluated the effect on the status of individual CUs within the

management groups of the level of spatial aggregation of Fraser sockeye CUs
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that is used for assessment and management purposes. This evaluation
assessed how often criterion 13, one of the top-ranked criteria in our other
analyses, classified both the CU aggregates (run-timing groups and IUCN
subpopulation #68) and the individual CUs within the aggregates as threatened
or endangered based on the thresholds of decline used by COSEWIC (30% and
50% decline, respectively, assuming the causes of the decline may not have
ceased, or may not be understood or reversible). Criterion 13 never triggered a
threatened or endangered rating for IUCN subpopulation #68 at any time, and
the Late Summer run-timing group was the only run-timing aggregate to
experience a decline (measured by the conditions of criterion 13) that was large
enough to trigger a COSEWIC threat rating, threatened in one year, 2003 (Table
6) . However, there are numerous years where individual CUs within the
aggregates experienced declines large enough to classify them as threatened or
endangered based on the conditions of criterion 13 and the thresholds of decline
used by COSEWIC (Table 6). These results most likely underestimate the
number of years where both the individual CUs and the larger CU aggregates
would have been classified as threatened or endangered because criterion 13
only assesses status every four years, using non-overlapping 4-year generational

blocks of spawner abundances.
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DISCUSSION

There are many different methods to assess the biological status of CUs.
COSEWIC criteria are not limited to examining time trends in abundance; they
also consider absolute abundance and spatial distribution (COSEWIC 2006).
Diversity and population growth rate are also considered as key parameters for
evaluating salmonid population viability (McElhany et al. 2000). The DFO is
considering a combination of several criteria that account for all of the above-
suggested factors when assigning biological status to salmon under the WSP.
Our analysis is limited to evaluating possible criteria of one component of
biological status, time trends in abundance, but such analyses could be done on
other criteria in the future.

This analysis estimated the probability that various criteria will generate
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This evaluation of criteria for assessing whether a CU is truly declining
used two main methods to rank reliability of criteria: (1) median area-under-the-
curve (AUC) across scenarios that only differ in their definition of true status
(various future periods and percent declines over that period), and (2) proportion
of those scenarios when a given conservation criterion ranks in the top three or
five criteria; a high ranking results from a large AUC. It is difficult to use rank
alone to evaluate the performance of criteria because, for instance, the top two
criteria may have very small differences between their AUC values. If we only
consider rank and not the actual AUC values, this can lead to a criterion
appearing to have better performance than it actually does, because there is no
quantification of the difference in performance between criteria. Regardless, we
show that criteria measuring extent of decrease from a historical baseline
anchored at the beginning of the time series consistently perform better (based
on their higher AUCs and rank) than criteria that measure either rate of decline
over three generations or extent of decline from the maximum abundance in the
time series. We also show that criteria that smooth abundance estimates
generally perform better for Fraser sockeye than criteria using unsmoothed
abundances.

This analysis based estimated status on past spawner abundances and
true status on future spawner abundances, which implicitly assumed that past
management actions (harvest rates), environmental conditions, and productivity
will also apply in the future. However, estimated status and true status may be

decoupled by changes in these factors between past and future years. For
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instance, successful management intervention may increase spawner
abundance, erroneously leading to the conclusion that an estimated status of
declining was unwarranted (false positive). Ideally, one should account for year-
by-year management intervention to rule out the confounding effect of
management actions on the evaluations of conservation criteria. Such a detailed
analysis was not possible because the Fraser sockeye CUs have historically
been aggregated into their run-timing groups for management purposes, with
CUs that migrate upstream during the same time period being harvested
simultaneously. Therefore, data on yearly harvest rates for each specific CU are
currently not available. Nonetheless, we tested the sensitivity of our findings to a
single large-scale region-wide management intervention, the 1995 reduction of
sockeye exploitation rates across all run-timing groups that has continued since
that time. The reliability of most criteria was robust to this change in harvest rate.
The number of spawners in any given year is not only affected by harvest
rate but also by past spawner abundance in the CU due to the possible density-
dependent stock-recruitment relationship (i.e., spawning stock size affects
subsequent number of returning adults of the year class produced by that
spawning), abundance of predators, marine survival conditions, and enroute
mortality (Nelitz et al. 2006). Spawner abundance is also affected by outcome
uncertainty (Holt and Peterman 2006), the difference between realized and target
mortality rates. We evaluated the reliability of various decline criteria as
indicators of the true status of CUs as defined by the net response of abundance

to all of these confounded factors in the years subsequent to the year of analysis.
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There are only slight differences in conclusions about which criteria
perform best, regardless of whether we evaluated criteria based on median AUC
across scenarios or the proportion of scenarios in which a given criterion ranks
highly, whether data are all available data or only best-quality data, and whether
analyses use all available years of data or only pre-1995 years. Criteria that
measure the extent of decline from a historical baseline anchored at the
beginning of the time series have greater reliability (i.e., increased chance of
correctly distinguishing between a declining and non-declining CU) than all
others and appear robust to the method of evaluation. The better performance of
this group of conservation criteria indicates that use of the standard COSEWIC
and IUCN decline criterion of the change over the most recent three generations
may reduce the chance of correctly distinguishing between declining and non-
declining CUs. However, this standard COSEWIC criterion has a greater chance
of correctly identifying a declining CU than criteria that measure extent of decline
from the maximum abundance in the time series. Not only do the latter criteria
with historical baselines based on maximum abundance perform poorly, but it is
also dangerous to compare future abundances to such a baseline because the
maximum abundance may have arisen under the most productive climate regime
in recent history (Beamish et al. 1999). Hence, any method assuming maximum
historical abundance as the baseline will be vulnerable to errors due to
uncertainty in future climate regimes and salmon productivity.

Some conservation-status criteria are only slight variations on others and

therefore may be highly correlated, especially within the three main groups of
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criteria (i.e., extent of decline from a historical baseline anchored at the beginning
of the time series, rate of decline over three generations, and extent of decline
from a historical baseline that is the maximum abundance in time series).
Analysts can choose a method for measuring time trends in spawners on a case-
by-case basis, depending on the data available and specifics of the CU (e.g., life-
history strategy, productivity, fishing mortality). For instance, the choice of
conservation criterion may depend on the age-structure of the CU, whether the
CU exhibits cyclic patterns in abundance, the quality of abundance estimates, or
fishing mortality in given years. Some criteria only allow for assessment of status
every four years because they compare 4-year non-overlapping generational
blocks to the historical baseline. Managers may have preferences regarding the
appropriateness of these criteria, depending on whether or not they want to
assess status every year. However, some criteria that only assess status every
four years were found very reliable (e.g., criterion 13), indicating that their use
may be advantageous because they give a good indication of a declining CU,

without having to be assessed every year.

48



that the design of these criteria means they were measured less often than other
criteria. If the maximum abundance of a CU occurred in the mid-to-late years of
the time series, there were fewer years subsequent to this period where the
conditions of the criterion could be measured than criteria using other periods for
comparison. This resulted in criteria that estimated the extent of decline from
maximum spawner abundance using fewer true positives, true negatives, false
positives, and false negatives to calculate the true and false positive rates for
ROC curves.

Although measurement of the extent of decline from early years is the
most robust method of estimating time trends in abundance, there may be cases
(e.g., CUs with extremely short time series or large amounts of missing data)
where the DFO may need to use other indicators such as absolute spawner
abundances, spatial distribution of spawners, and fishing mortality to assess the
biological status of salmon populations. The most applicable indicator of
biological status may vary not only among CUs, but also within CUs. For
instance, time trends in spawner abundance may be most applicable to dominant
cycle years of Fraser sockeye, whereas absolute spawner abundance may be
most applicable to weak cycle lines, which have much lower abundances.

One lesson from this research is that it is important to evaluate the
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decline can result in drastic differences in the chance of false positives and
negatives for a given conservation-status criterion. At a given threshold for
percentage change in abundance, a given criterion will tend to produce more
false positives than false negatives, whereas the same criterion will tend to
produce more false negatives at a different threshold. AUC values are indicators
of the overall performance of criteria across all possible thresholds of change in
abundance. However, it is useful to examine the true positive rate (probability of
avoiding a type Il error) and the false positive rate (U, probability of making a type
| error) values at specific thresholds of change in abundance. Managers need to
take all of this information into account when choosing a criterion and threshold
of decline to assess conservation status, and this choice will in part depend on
their risk-tolerances for both false positives and false negatives, as we discuss

below.

Trade-offs

ROC curves convey information about the chances of both false positives
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chance of both errors, but this is difficult to achieve. Therefore, managers often
have to make trade-offs between levels of each error that reflect their personal
perception of the detrimental effects of each type of error. A manager’s risk-

tolerance will depend on the perceived cost of both errors as well as their
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or ceremonial purposes), the public’s loss of a culturally important population,
and ecosystem effects such as loss of nutrients /biodiversity in an area (Kappel
2005).

The cost of these different types of errors may be incurred over different
time scales. Costs of a false positive (e.g., loss of revenue from catch) would be
incurred in the short-term and the costs of a false negative (e.g., loss of
biodiversity) over the longer term. In addition, the cost of false negatives may be
incurred by different groups than the cost of false positives (Peterman 1990). For

instance, those involved in the fishery may experience a decrease in profits due
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should be considered equal (Mapstone 1995). If managers assume both types of
errors have equal costs, they may want an equal probability of occurrence of
both false positives and negatives (i.e., U/b = 1). However, the cost of false
negatives often exceeds the cost of false positives, in which case managers may
want equal expected costs for the two types of error (probability of the error
occurring multiplied by the cost of that error) (Peterman 1990). Mapstone (1995)
suggested a method for determining which criterion and threshold of decline
managers should choose based on their risk-tolerances for both false positives
and false negatives. The first step was to determine both the maximum chance
of false positives occurring and the maximum chance of false negatives occurring
that would be acceptable to the manager. Then these managers could choose a
conservation criterion with a threshold of decline that would produce a chance of
both errors below those maximum acceptable levels and that also corresponds to
the acceptable ratio of the probability of both types of errors occurring (i.e., U/b)
that was based on their relative costs.

ROC curves suggest that the ideal threshold of decline is the one resulting
in the point in the most-upper-left corner of the plot, because it has the lowest
chance of an error. However, a manager may not find acceptable a true positive
rate less than some constraint level. This situation requires the manager to
choose a conservation threshold with the acceptable true positive rate and to
make a trade-off by having to accept the false positive rate that corresponds to
that true positive rate. A manager may only be willing to accept a very low

chance of a false negative, for example, a chance of a false negative less than or
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equal to 16%, corresponding to an 84% chance of a true positive (triangle for
criterion 11 in Figure 7). This means she/he will have to accept a greater chance
of a false positive, in this case a 22% chance of a false positive (Figure 7). This
requires the manager to use a conservation threshold that considers any
increase in abundance less than 80% over the period as a triggering event
signalling a declining CU, which is of course inappropriate. For criterion 11, this
change in the threshold from the “ideal” threshold of a 10% decline in abundance
to an 80% increase in abundance resulted in a small increase in the true positive
rate of the criterion and a large increase in the false positive rate (Figure 8).

Managers must decide which threshold to choose based on what they
(and society) regard as a decline rate that reflects a concern for conservation
status (which will imply what true and false positive rate they are willing to accept
even if they do not explicitly consider those probabilities). ROC curves allow
managers to see that if they are only willing to accept some given level of false
positives or false negatives, this may result in a high chance of the other type of
error.

Some conservation criteria may tend to make more false positives than
false negatives (or vice versa), as measured by whether the majority of
thresholds of change in abundance have a greater chance of making one type of
error or the other. Most criteria evaluated here tended to produce more false
negatives, i.e., failing to trigger a conservation concern when the population
subsequently declines. For instance, the majority of thresholds for criterion 11

have a greater chance of occurrence of false negatives than false positives
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worse than that. These low AUC values are a result of a high chance of both
errors at the majority of thresholds, even though the chance of a false positive is
greater than a false negative (Figure 7). These results suggest that the tendency
of certain criteria to produce more false positives than false negatives may result
from those criteria having a greater chance of false positives at a given threshold
than other criteria, as opposed to a lower chance of making false negatives
(Figure 8). Depending on the managers’ priorities, they may wish to use a
criterion that has a lower AUC, but a higher true positive rate and lower false
positive rate at a given threshold of change in abundance.

The results of this analysis may be useful to the DFO and other
organizations in their process of selecting criteria for assessing biological status
of spatial units of fish populations that are based on quantifying time trends in
spawner abundance. The best-performing conservation-status criteria may have
other applications, such as biodiversity indicators. For example, over a range of
historical years, the rate and extent of decline that numerous fish species had
experienced up to a given year was measured and each species was assigned a
threat categorization based on the thresholds of decline used to assess status by
the IUCN A1l decline criterion (Dulvy et al. 2006). The threat categorization for
each species in each year was weighted as vulnerable = 1, endangered = 2, and
critically endangered = 3. The authors then reported trends in biodiversity via a
composite indicator based on the weighted average of threat scores of individual
species in each year. The proportion of threatened fishes and their degree of

threat determined the composite indicator value, which acts as an indicator of
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biodiversity trends and can be used to judge progress in relation to management

objectives.

CU aggregations

The maintenance of species diversity and, by implication, resilience to
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managers are likely to be more interested in the relative performance of criteria
and trade-offs between true and false positive rates, as opposed to the accuracy
of particular AUC values.

Some CUs had years with missing spawner abundance estimates and this
may lead to biased estimates from the linear time-trend model (i.e., biased rates
of change over a period), and thus possibly incorrectly estimated CU status.
Interpolation of these missing points using the mean of the same cycle year from
the immediately previous and subsequent generations may still be problematic
because it ignores the uncertainty of the interpolated values (Nakagawa and
Freckleton 2008). Data augmentation and multiple imputation are two methods
recommended by statisticians to deal with missing data because they not only
provide unbiased parameter estimates but they also provide information on the
impact of missing data on parameter estimation (Nakagawa and Freckleton
2008). Although there was not a need to interpolate numerous years of missing
data in this case, suggesting that our results are likely robust to changes in those
few interpolated estimates of spawner abundance, it may be worthwhile to
explore in the future the effect that missing data has on the ranking of criteria.

The main limitation of our analysis is the inevitable confounding of the
change in a CU’s spawner abundance over any period with biological factors and
management actions. We tried to overcome this confounding by evaluating the
reliability of criteria at identifying CUs that are exhibiting a net decline in spawner
abundance. That is, we defined the true status of a CU as declining or not based

on the overall change in spawner abundance over the period, regardless of the
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management action or environmental conditions of the time. We also compared
results for a period with persistent high harvest rates with results that included
that period plus one with substantially lower harvest rates; we found few changes
in conclusions.

The change in CU spawner abundance to a given threat in a given year

may be highly dependent on the specific CU and environmental conditions of the
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the year in which the classification of status was determined by a criterion. To
overcome the dependence of the ranking of the criteria on a single definition of a
declining CU, we plotted ROC curves for each criterion across a range of
definitions of declining CUs, varying in their percent declines and future periods.
We ranked the criteria based on their performance across various definitions of a
declining CU to determine the criterion with performance that is robust to
changes in this definition. However, by basing the true status on the future
trajectory of CUs and the estimated status on the past trajectory, we are
assuming that management actions and environmental conditions have not

changed over the entire period, which is obviously not the case.

Future research

Because management actions, population dynamics, and environmental
conditions all confound time trends in spawner abundance, there is a need to
explore other ways to define the true status of CUs as declining that are not
dependent on future time trends in abundance. Methods that determine what the
exploitation rate was on individual CUs over past years can be used to assess
whether a decline over a given period was a true decline in productivity or only a
result of a high exploitation rate, and may be used to evaluate the effectiveness
of the criteria at signalling this decline.

The DFO, the IUCN, and COSEWIC are not limiting themselves to criteria
measuring trends in abundance to assess the biological status of CUs, therefore
it may be worthwhile to perform a similar retrospective analysis for the other

classes of indicators, such as current spawner abundance (rather than time
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trends in it) and spatial distribution of spawners. In addition, retrospective
analyses of the effectiveness of the criteria for different species of salmon
inhabiting different regions would be useful.

Furthermore, all criteria evaluated here should be evaluated using
simulation modeling in the future. Such an approach has been used to evaluate
the performance of a subset of criteria for measuring current spawner
abundance, which is one of the proposed indicators of biological status under the
WSP (Holt et al. 2008). A similar approach applied to criteria measuring time
trends in abundance would allow researchers to see how the criteria perform
when the true status of the CU, as well as the population dynamics, management
actions, and environmental conditions, are under the control of the modeler and
are therefore known with certainty. This method would differ from our analysis, in

which there is considerable uncertainty about these other factors, and in which a

64



positive rates over a range of thresholds used to detect a given effect (e.qg.,
percent decline in abundance), and combine this information into one measure of
overall reliability, i.e., area-under-the curve. In this case, ROC analysis found
conservation-status criteria that measured decline from the earliest available
period to be the most reliable indicators of declining Fraser sockeye conservation

units.
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10.Percent decline between geometric mean abundance of the first
generation and the geometric mean abundance of all subsequent
generations, where generations move in sliding windows.

11.Percent decline between geometric mean abundance (using running
mean of loge (abundance)) of the first generation and the geometric mean
abundance of all subsequent generations, where generations move in
sliding windows.

12.Percent decline between geometric mean abundance of the first
generation and the geometric mean abundance of all subsequent
generations, where generations move in blocks with no overlap of years.

13.Percent decline between geometric mean abundance (using running
mean of loge (abundance)) of first generation and the geometric mean
abundance of all subsequent generations, where generations move in
blocks with no overlap of years.

14.Percent decline between maximum geometric mean abundance of any
three-generation period and all subsequent raw spawner abundance
values (at least 9 years later).

15. Percent decline between maximum geometric mean abundance of any
three-generation period and geometric mean abundance of all subsequent
generations, where generations move in sliding windows.

16. Percent decline between maximum geometric mean abundance of any
three-generation period (using running mean of loge (abundance)) and
geometric mean abundance of all subsequent generations, where
generations move in sliding windows.

17.Percent decline between maximum geometric mean abundance of any
three-generation period and geometric mean abundance of all subsequent
generations, where generations move in blocks with no overlap of years.

18. Percent decline between maximum geometric mean abundance of any
three-generation period (using running mean of loge (abundance)) and
geometric mean abundance of all following generations, where

generations move in blocks with no overlap of years.
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19. Annual rate of decline, estimated by exponentiation of best-fit values from
the robust regression of loge (abundance) on years, over all years of data
(from first corresponding cycle year) up to year of analysis.

20. Annual rate of decline, estimated by exponentiation of best-fit values from
the robust regression of the running mean of loge (abundance) on years,
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TABLES

Table 1: Four possible outcomes and their probabilities of occurrence, depending
on the status estimated by a conservation criterion (such as a criterion
measuring rate of change in spawner abundance over the most recent
three generations) and the true status of a conservation unit (CU) of
Fraser River sockeye salmon in any given year. The null hypothesis
of the status estimated by the conservation criterion is that spawner
abundance in the CU is not declining (i.e., Ho = no decline). A
"triggering event" would occur when the conditions of the conservation
criterion were met (e.g., a decline greater than 50% over the most
recent three generations) and resulted in an estimated status of
declining (top right of table). The true status of a CU depends on its
spawner abundance in the years subsequent to the year when the
conservation criterion was evaluated, with a true declining CU having
a downward future trajectory in spawner abundance and a non-
declining CU having a constant or increasing future trajectory in
spawner abundance. Probabilities of occurrence of the four types of

outcomes are indicated in parentheses.
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Status estimated by applying the

conservation criterion

Ho = true

Not declining

(no triggering event)

H, = false

Declining

(triggering event)

True status

Not declining

no downward .
( 3. True negative

future trajectory)

(1-U)

Declining

(downward future .
4. False negative

trajectory)

(type Il error, b)
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Table 2: Groupings of spawner abundance data for 18 conservation units (CUS)
of sockeye salmon within the Fraser River watershed in British
Columbia. This subset of 18 Fraser River sockeye CUs covers all four
run-timing groups that occur in the Fraser River, referred to as Early
Stuart (EStu), Early Summer (ES), Summer (S), and Late Summer (L).
Each of the 18 CUs is composed of a combination of a geographic
location and run-timing group. An aggregate CU consisting of Chilko-

ES and Chilko-S was used because annual spawner abundance
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Run-timing group

Conservation unit

Early Stuart (EStu)

Stuart-EStu
Takla-Trembleur-EStu

Early Summer (ES)

Chilliwack-ES
Taseko-ES
Nahatlatch-ES
Fraser-ES
Kamloops-ES

Pitt-ES

Shuswap Complex-ES

Summer (S)

Chilko aggregate (Chilko-ES and Chilko-S)
Takla-Trembleur-S

Fraser-S

Stuart-S

Quesnel-S

Mckinley-S

Late Summer (L)

Lillooet-L
Cultus-L
Seton-L
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Table 3: A summary of all combinations of types of spawner abundance
estimates, periods of decline, historical baselines, and measures of
decline that resulted in the 20 criteria evaluated here as indicators of
declining abundances in salmon conservation units (CUs). Numbers
are labels for the criteria. Criteria 10, 11, 15 and 16 are those that
compare an annually sliding window of generations to the historical
baseline, while criteria 12, 13, 17 and 18 compare the historical
baseline to non-overlapping 4-year generational blocks. Criteria 19
and 20 measure the extent of decline in spawner abundance from the
first corresponding cycle year in the time series, as opposed to the

first year of the time series (i.e., criteria 3 and 4). The Appendix
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Table 4: The eight scenarios resulting from variations in the definition of the true
status of Fraser River sockeye salmon conservation units (CUs) as
declining. For any given year, designation of the true status of a CU
as declining occurred when a decline greater than or equal to the
stated percentage occurred over the stated future period. We
determined the area under the Receiver Operating Characteristic

curve for each conservation threat criterion within each scenario.
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Scenario

Future period that defines true

status

Percent decline over
future period that

defines true status

A 3 generations 30%
B 3 generations 50%
C 3 generations 70%
D 3 generations 90%
E All remaining years in time series 30%
F 