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1. Abstract
1


The timing, or phenology, of predator activity in relation to their prey is critical for survival and
2


fitness, yet rarely quantified for marine species, even those of conservation concern. We use a
3


large database of professional and citizen science observations analyzed with hierarchical spline
4


occupancy models to quantify seasonal variation in occurrence of an endangered apex predator,
5


the southern resident killer whale (SRKW, Orcinus orca), in inland waters of the Northeast
6


Pacific Ocean. We find that timing of SRKW occurrence has shifted in their summer core
7


habitat: the day of year of peak occurrence probability shifted later at rates of 1-5 days per year
8


from 2001-2017 (resulting in shifts of 17-85 days across this17-year time period) in the Salish
9


Sea. These shifts are consistent with shifts in their preferred prey, Chinook salmon
10


(Oncorhynchus tshawytscha), as the relative number of fish returning to the Fraser River in the
1 1


spring has declined compared to numbers returning in summer and fall. The shift in timing of
12


fall/winter SRKW occurrence in Puget Sound proper, however, is not consistent with shifts in
13


other prey populations (Chinook, coho [O. kisutch], chum [O. keta] salmon) returning to rivers in
14


Puget Sound. Our findings demonstrate the complexity of consumer phenological responses and
15


highlight gaps in our understanding of links between management actions that affect resource
16


phenology and consequences for organisms relying on those resources.
17


2. Introduction
18


Phenology, or the timing of biological processes (e.g., migration, growth, reproduction), can
19


have dramatic implications for individual fitness and population success (Lane et al. 2012;
20


Chuine 2010). Consumer phenology that is out of step with timing of its resource can cause
21


increased mortality and reduced reproductive success (Post and Forchhammer 2007). The critical
22


nature of these “matches” or “mismatches,” originally described for fish and zooplankton (Hjort
23


1914; D. Cushing 1974; D. H. Cushing 1975), has received renewed scientific interest as
24


phenological shifts have been increasingly observed in conjunction with recent climate change
25


(e.g., Durant et al. 2007).
26


27 

Despite its importance, phenology remains poorly understood in marine ecosystems, where it is
28


far less studied than on land (Poloczanska et al. 2013). A recent, global meta-analysis found that
29


shifts in marine phenology are at least as dramatic as those observed in terrestrial systems (e.g., -30


4.4 ±0.7 days per decade, Poloczanska et al., 2013), but the implications of these shifts are
31


unclear. The abundance of critical resources is more often a focus of natural resource
32


management, yet the timing of resource peaks can be at least as important to consumers (Hipfner
33


2008): the right amount of the resources available at the wrong time of year is no help to a
34


consumer. Thus, management efforts that incorporate a rigorous understanding of phenology of
35


focal species may be more effective, as they can lead to actions timed to coincide with (or avoid)
36


biologically crucial events (Paton and Crouch, 2002; Morellato et al., 2016; Armstrong et al.,
37


2016). A focus on timing may be especially important for threatened populations of large, highly
38


mobile marine species, which may require management actions that are more finely tuned both
39
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spatially and temporally in order to avoid conflict with human activities (Lewison et al. 2015;
40


Lascelles et al. 2014).
41


42 

Despite its potential importance, phenology has not been quantitatively examined for southern
43


resident killer whales (SRKWs, Orcinus orca), a large, highly mobile, and endangered marine
44


population in the Northeast Pacific. SRKWs spend a portion of each year in the Salish Sea, the
45


inland marine waters of Washington State, USA, and British Columbia, Canada (Fig. 1), but
46


their geographic range varies seasonally: they have historically spent the most time in inland
47


waters during the summer. During winter months their range expands to include coastal waters
48


from Southeast Alaska to Central California (Balcomb III and Bigg, 1986; Krahn et al., 2005;
49


Federal Register 2006). Like other populations of fish-eating (‘resident’) killer whales in the
50


northeast Pacific Ocean, the primary prey of SRKWs during the spring and summer are salmon
51


(Oncorhynchus species), especially Chinook salmon (O. tshawytscha; Hanson et al., 2010,
52


2021). The timing of SRKW movement is thought to be related to seasonal migrations of these
53


prey. SRKWs use inland waters to hunt when salmon are aggregated and locally highly
54


abundant, and have received widespread scientific and public attention in recent years as their
55


numbers have declined (e.g., Lusseau et al., 2009; Fearnbach et al., 2018; Lundin et al., 2018;
56


Ohlberger et al., 2019; Olson et al., 2018).
57


58 

Insufficient prey availability is believed to be one of the primary threats to this population
59


(Hanson et al., 2010; Ward et al., 2009; NMFS, 2008; Krahn et al., 2004; Krahn et al., 2002).
60


This threat is exacerbated by the fact that SRKWs need to eat on a regular basis in order to
61


maintain a positive energy balance (Noren 2011; Neill, Ylitalo, and West 2014), making it all the
62


more important that the movements of these specialist predators are in sync with those of their
63


prey. Salmon migrations to natal rivers occur seasonally, with patterns of presence and
64


abundance varying among populations, species, and years, such that consumers (SRKWs, in this
65


case) are likely to benefit from matched co-location to these prey in time and space (Armstrong
66


et al. 2016; Deacy et al. 2017; 2018; Abrahms et al. 2020).
67


68 

In recent decades, the abundance of salmon and timing of adult salmon migrations have shifted
69


in western North America, with many populations declining and some adult returns occurring
70


later (Morita, 2018; Weinheimer et al., 2017; Kovach et al., 2015; Satterthwaite et al., 2014;
71


Reed et al., 2011; Ford et al., 2006; though patterns may differ among natural- versus hatchery-72


origin fish, (Austin, Essington, and Quinn 2021)). We would therefore expect SRKW phenology
73


to have shifted during this time, if prey availability in inland waters is a primary driver of SRKW
74


presence in inland waters (Fig. 2). If SRKW phenology has not shifted at a rate consistent with
75


phenological shifts in their prey, the match-mismatch hypothesis would suggest that a mismatch
76


could exacerbate the low prey availability they experience (Fig. 2). Alternatively, a mismatch
77


between SRKWs and one of their prey populations may indicate that SRKWS are tracking an
78


alternative prey source (other populations of Chinook salmon, or other prey species), or that
79
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SRKW movements are tuned to other factors. Understanding these dynamics can inform the
80


options for managing recovery for SRKWs, such as considering the migration timing of
81


salmon stocks that are being enhanced to increase the SRKW prey base (SROTF, 2018) and
82


the designation of critical habitat (cite something related to ESA Section 7).83


84 

Here, we seek to quantify seasonal variation in SRKW presence in the Salish Sea, the extent to
85


which these seasonal patterns have shifted in recent decades, and whether potential shifts in
86


SRKW presence may be related to changes in their prey. Specifically, we ask:
87


1. Has the timing of SRKW presence shifted in the Salish Sea?
88


2. If there have been phenological shifts in SRKW presence, do these shifts coincide with
89


shifts in abundance and phenology of salmon?
90


91 

We explore these questions first for one specific location in the Salish Sea (Lime Kiln Point State
92


Park, Washington), where SRKWs have been well-studied with consistent effort by experienced
93


observers over a relatively long time-period (May through August, 1994-present) and where a
94


separate but relevant dataset allows peak migration phenology of their prey to be quantified over
95


a similar time period and seasonal window. We also use a large, opportunistic database to
96


increase the geographic scope of our analyses to include two broad regions over a somewhat
97


shorter timeframe (2001-2017): the Central Salish Sea, which encompasses the summer core
98


habitat of SRKWs (Federal Register, 2006), and Puget Sound proper, frequented most by
99


SRKWs during the fall/winter season.
100


3. Materials and Methods
101


3.1 Focal species description
102


Southern resident killer whales often occur in the inland waters of Washington and southern
103


British Columbia during the summer months (Olsen et al., 2018, Fig. 1). Southern residents are
104


considered distinct from another partially sympatric population of fish-eating killer whales,
105


known as northern resident killer whales, whose core distribution is centered around the north
106


end of Vancouver Island, and from co-occurring ‘transient’ killer whales, which feed primarily
107


on marine mammals (Ford et al., 1996; Krahn et al., 2005; Bigg, 1982). Southern residents
108


experienced a 20% decline in the late 1990s, leading to their listing as endangered under the
109


Canadian Species at Risk Act in 2003 and the US Endangered Species Act in 2005. The SRKW
1 10


population currently stands at <75 individuals, and is composed of three pods, identified as J, K,
1 1 1


and L, which are matrilineally related, cohesive, stable social groups. Individuals typically
1 12


remain with their natal pods for all or most of their lives (Bigg et al., 1990). All three pods feed
1 13


primarily on salmon, and insufficient prey availability is hypothesized to be a threat to the
1 14


population (Krahn et al., 2002; Krahn et al., 2004; NMFS, 2008), along with chemical
1 15


contamination, noise and disturbance from boat traffic, and small population size (e.g., Holt et
1 16


al., 2009; Lusseau et al., 2009; Noren et al., 2009; Ward et al., 2009; Ford et al., 2009). Diet
1 17


composition varies seasonally and across years, with Chinook salmon comprising the major prey
1 18


in the spring and summer, an increased presence of Coho salmon (O. kisutch) in late summer and
1 19
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early fall, the addition of chum salmon (O. keta) in late fall and early winter, and other species in
120


winter and early spring (Hanson et al., 2010, 2021; Ford et al., 2016).
121


122 

3.2 Data
123


3.2.1 Southern resident killer whale data
124


To quantify changes in the timing of SRKW occurrence (phenology) in the inland waters of
125


Washington state, USA, we first focus on SRKW timing from 1994 through 2017 at Lime Kiln
126


Point State Park (henceforth “Lime Kiln”), which is located on the west side of San Juan Island
127


(Fig. 1). We focus on this area and time period because SRKWs are systematically monitored
128


and frequently observed from this location during the spring and summer months (Hauser et al.,
129


2007). Data on the presence of whales in waters visible from the park viewing area were
130


collected with consistent daily observer effort by experienced observers from May through early
131


August over this two-decade period (Olson et al., 2018). Thus, an absence of observations from
132


this location during this timeframe can be interpreted as a true absence of SRKWs at this local
133


scale. In addition, this dataset offers a valuable opportunity to explore phenological patterns of
134


both SRKWs and their prey because detailed data exist to quantify the timing of Fraser River
135


Chinook salmon, which migrate through the area around Lime Kiln and make up a large
136


proportion of the SRKW diet during the spring and summer months (Hanson et al., 2010, 2021).
137


138 

We also quantified SRKW phenology across a wider geographic scope to understand if
139


phenological patterns at one well-monitored site (Lime Kiln) match patterns across the broader
140


Salish Sea region, where observation effort has been less consistent. For this broader analysis we
141


used the Orca Master Database for killer whale sighting data (Olson et al., 2019,The Whale
142


Museum, 2018), comprised of data from five main sources, including public reports to the
143


Museum and other sightings networks (e.g., OrcaNetwork, http://www.orcanetwork.org/),
144


commercial whale watch observations, Soundwatch boater education program observations, and
145


multiple scientific survey efforts including data from satellite tracking units and hydrophones
146


(see Olson et al., 2018 for details). Orca Master data extend as far back as 1948, but a dedicated
147


effort to track SRKW presence in the region began in 1978 (Olson et al., 2018).
148


149 

Despite the long time series of observations in the Orca Master dataset, it is important to
150


understand the limitations of these data. The data are spatially biased (e.g., whale locations are
151


unknown if they are not observed in the Salish Sea) and opportunistic in space and time.
152


Additional samples in the dataset do not necessarily translate into more precise estimates of
153


occurrence, because, for example, repeated sightings of the whales may contain redundant
154


information. Nonetheless, these data comprise the most comprehensive set of SRKW
155


observations. The data are thus uniquely poised to provide insight into changes in whale
156


presence over time in this region, but careful interpretation is required since observer effort in
157


this time series is not standardized, unlike the Lime Kiln observation data. For example, with
158


increasing public awareness of SRKWs and the rise of social media, there has been a dramatic
159
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increase in reported sightings since 1978, especially following the establishment of internet-160


based reporting in 2000 (Olson et al., 2018). We therefore use pod-specific models to generate
161


pseudo-absences (as described below, in section 3.3.2), and also focus our interpretation of
162


trends in SRKW presence on the 2001-2017 time period. See Effects of changes in effort on
163


estimated phenological change in the Supplemental Materials, especially Fig. S9, for additional
164


details.
165


166 

We used Orca Master sighting data to quantify SRKW presence in two core regions: the Central
167


Salish Sea, used by SRKWs primarily from May through September, and Puget Sound proper,
168


visited by SRKWs most commonly from September through January (Fig. 1). These seasonal
169


definitions because are most aligned with mean SRKW seasonal patterns over time (Olson et al.,
170


2018). Prior to fitting any models (see Section 3.x below), we used these raw data to quantify the
171


number of “whale days” (i.e., days on which whales were observed) within a season and year for
172


each region. This work is focused on the phenology of SRKWs, so we counted a whale day as a
173


day on which one or more entries in the Orca Master database reported sighting “southern
174


residents”' or J, K, and/or L pods specifically. Note that this approach differs from Olson et al.
175


(2018), which included sightings of unidentified killer whale ecotypes in their analyses.
176


Observation of any individual or group of whales within a pod counted as presence of that pod,
177


with the exception of “L87,” an individual that spent little time with his natal L pod following
178


the death of his mother, and was instead seen more frequently with J- and K-pods. Observations
179


of this individual alone were therefore not counted as presence of L pod in our analyses.
180


181  

3.2.2 Salmon data
182


We quantified potential shifts in SRKW prey (i.e., adult salmon) peak migration timing
183


coinciding with the timeframe and locations across which we summarize trends in SRKW
184


timing. SRKWs feed primarily on Chinook salmon during the spring and summer season
185


(encompassing 50-90% of their diet during this time), and approximately 80-90% of the Chinook
186


salmon consumed by SRKWs during the months of May to September near San Juan Island
187


(where Lime Kiln is located, Fig. 1) are from the Fraser River (Hanson et al., 2010, 2021). Many
188


Chinook salmon returning to the Fraser River (across multiple populations with divergent
189


migration timing) pass through the area where San Juan Island and Lime Kiln are located
190


(WDFW, 2019; Parken, 2008). Thus, to quantify phenology of prey relevant to SRKW presence
191


observed from Lime Kiln, we used adult salmon return data from the Albion Chinook salmon
192


test fishery, located on the lower Fraser River at Albion, British Columbia, Canada, as an index
193


of Fraser River Chinook (data available at https://www.pac.dfo-mpo.gc.ca/fm-194


gp/fraser/docs/commercial/albionchinook- quinnat-eng.html, Fig. 1). This test fishery is a
195


consistent survey with standardized methodology and effort quantified, allowing for a robust
196


index of the timing and abundance of Fraser River Chinook salmon migration during the spring
197


and early summer (Parken et al., 2008, Fig. S1). Fraser River Chinook consist of multiple stocks
198


that differ greatly in their life-histories (e.g., age, size, and run timing, Parken et al., 2008;
199
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English et al., 2007). Changes in the realized phenology of Chinook salmon in the Lime Kiln
200 

area can therefore be due to both changes in the timing of individual stocks and/or changes in the
201  

relative abundance of stocks with different run phenologies. We made no attempt to distinguish
202 

between these two types of changes, but they may be important to SRKWs because the stocks
203 

can differ in nutritional value (O’Neill et al., 2014). We did not separate out distinct Chinook
204 

stocks within the Fraser River, as our goal was to quantify timing of peak abundance of all
205 

potential prey when SRKWs typically return to their summer core habitat (Fig. 1). We subtracted
206 

a lag of 10 days from the salmon phenology dates, to account for the time it takes salmon to
207 

swim between Lime Kiln the location of the Albion test fishery (Ayres et al., 2012). For the
208 

comparison to SRKW presence at Lime Kiln, we used only the data extending through August
209 

each year.
210 

211  

For the second analysis with wider geographic scope, ideally, we would compare SRKW timing
212 

to salmon timing in the same inland marine waters where SRKW sightings occurred. However,
213 

to our knowledge, spatially explicit daily or weekly data of salmon species presence or
214 

abundance across the full extent of these regions are not available. We therefore used data from
215 

watersheds where adult salmon arrive after passing through inland marine waters. We used two
216 

distinct datasets for salmon phenology. For the Central Salish Sea region, we used the Albion
217 

Chinook salmon test fishery data described above, but extending to the full season each year
218 

(i.e., through October instead of August). For Puget Sound proper, we used adult salmon stream
219 

count (‘escapement’) data for coho, chum, and Chinook salmon, available from the Washington
220 

Department of Fish and Wildlife (WDFW,
221  

https://wdfw.wa.gov/fishing/management/hatcheries/escapement). These daily or weekly data
222 

are available for 67 Puget Sound tributary streams since 1997 and include wild and hatchery
223 

counts. We selected sites located close to Puget Sound (i.e., within 25 km) with the greatest
224 

available data (i.e., time series across at least five years, with frequent monitoring during each
225 

year), and with relatively large run sizes (ranges of average counts from trap estimates were
226 

1,400-30,000 for chum, 621-11,500 for coho, and 550-13,350 for Chinook). This filtering
227 

resulted in 13 runs, across three species and hatchery and/or wild salmon populations in 7
228 

streams (Table S1). The particular runs we chose may not be widely represented in the SRKW
229 

fall/winter diet in Puget Sound proper, which has been sampled less than the spring/summer diet
230 

in the Central Salish Sea region, but they represent the best available data for adult salmon return
231  

phenology in Puget Sound tributaries. We include all three salmon species because the breadth of
232 

SRKW diet increases during the fall and winter months when SRKWs use Puget Sound Proper,
233 

and can include large proportions of chum and coho, in addition to Chinook salmon (Hanson et
234 

al., 2010, Ford et al., 2016). Note that these data were not used to estimate trends in abundance
235 

of SRKW prey or potential prey; rather, they were used to make inferences about potential shifts
236 

in salmon migration phenology within Puget Sound proper.
237 

238 

3.3 Analysis
239 
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We aimed to understand changes in phenology, which may be quantified in different ways (e.g.,
240


day of year of first occurrence, peak abundance or occurrence, last occurrence, CaraDonna, Iler,
241


and Inouye 2014). Here, we estimated daily probability of occurrence for SRKWs and
242


abundance for their prey, and use these estimates to identify three phenophases: first, peak, and
243


last occurrence (Fig. S2). To quantify potential shifts in timing of each phenophase, we
244


aggregate these estimates during different time periods (old versus recent, as in Figure 2). We
245


also estimated linear trends in annual estimates of the three phenophases across the time series.
246


247 

3.3.1 Southern resident killer whales and their prey at Lime Kiln Point State Park
248


To quantify the timing of  SRKW presence at Lime Kiln, we fit hierarchical models in which the
249


presence-absence of SRKWs (i.e., a Bernoulli response variable) was modeled as a semi-250


parametric, smooth function of day of year, using flexible thin-plate spline regression modelling,
251


and year as a level. We used these models to estimate daily probability of occurrences for each
252


year in the dataset (1994-2017), from which we derived annual dates of arrival, peak-occurrence
253


probability, mean-occurrence probability, and total annual whale days (daily occurrence
254


probabilities summed across all days in a year) for Lime Kiln Point State Park.255


256 

To estimate the phenology of Fraser River Chinook salmon, the main prey of SRKWs while in the
257


waters near Lime Kiln, we fit a hierarchical thin-plate regression spline model to the Albion test
258


fishery dataset (including returns through August annually), in which the response variable of
259


catch per unit effort (CPUE, a continuous positive, normally distributed response variable). We
260


adopted a similar model to SRKW phenology, modeling day of year with a smooth function, and
261


year as a level. We used this model to estimate annual dates of arrival (defined as the first day of
262


the year with CPUE greater than 0) and peak CPUE day of year. We also summed all daily CPUEs
263


from April-August to use as an abundance index for early-season Fraser River Chinook salmon;
264


this abundance index is consistent with some other indices for spring and summer Fraser River
265


Chinook salmon escapement (Fig. S1, Parken et al., 2008; Chamberlain and Parken, 2012).
266


267 

3.3.2 Southern resident killer whales and salmon in the Central Salish Sea and Puget Sound
268


Proper
269


To compare the trends at Lime Kiln to trends in timing for SRKWs in the broader Central Salish
270


Sea region and in Puget Sound proper, we analyzed the Orca Master sightings data to derive
271


estimates of daily occurrence probabilities, summed annual modeled whale days (days with
272


whales present), and arrival, departure, and peak-occurrence dates from 1978 through 2017 in
273


two regions: the Central Salish Sea and Puget Sound proper (Fig. 1). We quantified pod-specific
274


timing for J, K, and L pods using occupancy models, which estimate jointly presence and
275


detection probability (the probability of detecting at least one individual present at a given site)
276


by distinguishing true presence or absence from observed presence. Occupancy models are
277


composed of a state sub-model, which is the model for the ecological process of true presence or
278


absence, and an observation sub-model, which links the observations (in our model this was
279
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modelled as a binomially distributed variable, the number of sightings of the pod per day at a
280


particular site out of the total number of sightings at the site that day) to the state model. We fit
281


separate hierarchical occupancy models for each region (i.e., Central Salish Sea and Puget Sound
282


proper) and season (spring/summer vs. fall/winter, since seasonal use varies by region) for each
283


pod, accounting for non-independence of year with random effects, and extracted estimates of
284


annual first, last, and peak occupancy dates with each model (see Models in the Supplemental
285


Materials for details).
286


287 

As a presence-only database, trends in the Orca Master dataset should be interpreted with care,
288


since they could be due to shifts in effort (i.e., the number of total observations) as well as (or
289


instead of) trends in SRKW presence (see Effects of changes in effort on estimated phenological
290


change in the Supplemental Materials). For this reason, and because we know there has been a
291


dramatic increase in reported whale sightings (Olson et al., 2018), we report all trends across two
292


different durations: the full dataset (from 1978-2017) and recent years (2001-2017). We use 2001
293


as a cut-off, to avoid the sharp increase in sightings that occurred from 2000 to 2001 (Fig. S3-4),
294


likely influenced by the onset of internet-based sightings platforms that began that year (Hauser
295


et al., 2007; Olson et al., 2018).
296


 297


To understand the phenology of likely prey in the Central Salish Sea, we used the above
298


hierarchical thin-plate regression spline model fit to Albion test fishery data. For Puget Sound
299


Proper we fit a separate model to each of the 13 Puget Sound runs to model daily salmon
300


abundance indices for each year across the available time series. We then combined the Puget
301


Sound runs and used a hierarchical linear model to identify trends over time in first, peak, and
302


last dates of salmon adult migration timing in Puget Sound proper. We treated distinct rivers and
303


species, as well as hatchery versus wild types of the same species, as separate groups in our
304


model.
305


306 

We assessed model performance through Rhat  (which were close to 1) and high neff, as well as
307


visual consideration of chain convergence and posteriors (Gelman et al., 2014). For additional
308


analytical details, including model equations, see Models in the Supplemental Materials, and see
309


Appendices for code. Throughout the manuscript, we present 75th percentile uncertainty
310


intervals in all figures, 95th percentile uncertainty intervals parenthetically in the results, and
311


include 50th, 75th, and 95th percentile uncertainty intervals in summary tables found in the
312


Supplemental Materials.
313


4. Results
314


4.1 Southern resident killer whales and their prey at Lime Kiln Point State Park
315


Over the past quarter century (1994-2017), phenology of SRKWs shifted considerably Fig. 3at
316


Lime Kiln (Figs. 3A, S6): across all pods together, the day of year corresponding to peak
317


probability of occurrence has become later at a rate of 1.8 (95% CI: 0.70, 2.90, see also A) days
318


per year. This corresponds to a shift of 43.3 (95% CI: 16.8, 69.6) days across the 24-year period
319
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of the data we analyzed. Comparison of an early time period to a more recent time period (based
320


on dividing the time series in half) shows that the mean daily probability of occurrence for
321


SRKWs (Fig. 3A) is ~20 days later in 2006-2017 compared to 1994-2005, on average, and that a
322


reduced probability of occurrence early in the season was consistent across all three pods,
323


especially for peak occurrence (Fig. S7). Using a breakpoint of 2006 or 2007 did not
324


qualitatively alter results (Fig. S8). Arrival dates (for all pods together) delayed at a rate of 0.4
325


(95% CI: 0.8, 2.33) days per year , and departure dates did not change consistently in this
326


dataset.
327


328 

Over the same time period, the phenology of the predominant summer prey of SRKWs, adult
329


Fraser River Chinook salmon, shifted in the same direction (Fig. 3B, 4B, Table S2): spring
330


arrival dates delayed at a rate of 1.7 (95% CI :0.8, 2.6) days per year and peak abundance dates
331


delayed at a rate of 2.7 (95% CI :0.84, 3.89) days per year. This corresponds to delays of 40.8
332


(95% CI: 19.2, 62.4) days for arrival date and 64.8 (95% CI: 20.16,93.36) days for peak
333


abundance index date across the 24-year dataset. Comparing the1994-2005 and 2006-2017
334


periods, mean daily estimated CPUE for salmon shifted ~30 days later on average (Figs. 3B, S8).
335


In addition to these changes in timing, annual sums of daily adult Chinook salmon CPUE, our
336


index of Fraser River Chinook abundance, have declined over time (Fig. S5E).
337


338 

Taken together, these results suggest that predator (SRKW) timing appears to be related to prey
339


(Chinook salmon) timing and abundance at Lime Kiln. The later peak SRKW occurrence
340


probability at Lime Kiln and the later dates of peak abundance of Fraser River Chinook salmon
341


noted above are positively correlated  (slope = 0.33, r-squared =0.20, p = 0.04; Fig. 3B). In
342


addition, peak occurrence probability dates for SRKWs are earlier in years when Chinook
343


salmon abundance indices are higher (slope = -0.13, r-squared = 0.31, p=0.007, Fig. 3C).
344


Furthermore, the number of whale days has declined at Lime Kiln from 1994-2017 (Fig. S5),
345


tracking declines in the Chinook salmon abundance index (from the Albion test fishery annual
346


summed CPUE, slope = 0.05, r-squared = 0.31, p=0.009, Fig. S6). Whale days declined at a rate
347


of -1.6 days per year (95% CI: -2.3, -0.9), resulting in 85% fewer observations in 2017 than in
348


1994. Since 2001, the decline is even steeper (-2.4 days per year, 95% CI: -3.5, -1.2, Fig. S5).
349


350 

4.2 Southern resident killer whales in the Central Salish Sea
351


As at Lime Kiln Point State Park, in the Central Salish Sea there has been tremendous variability
352


in the estimated peak occurrence probability for SRKWs  (ranging from May 1 - September 1 in
353


any specific year). However, despite this variability, it is clear that since 2001 SRKWs are more
354


likely to be observed later in the year, particularly for J pod (Fig. 4A, 5A). In addition, although
355


the predicted probability of occurrence for SRKWs in this region in spring (April through June)
356


was near 1.0 from 2001-2008, since 2009 the expectation is much lower (less than 0.5
357


probability of occurrence in April) and does not approach 1.0 until nearly July (Fig. 4). In
358


addition, the overall mean occurrence probability across the season has declined >25% for J-pod
359
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from 2001 through 2017 (from 0.85 to 0.64, Table S3). Trends across the full time-series (1978-360


2017) were also toward later peak occurrence probability, though they were less dramatic than
361


since 2001 (e.g., 1.17 days per year delay from 1978-2017 versus 6.49 days per year delay from
362


2001-2017 for J-pod; Table S3). J-pod exhibits the most pronounced delays of the three pods;
363


patterns for K- and L-pods vary (Figs. 5, S10, S11).
364


365 

4.3 Southern resident killer whales and Chinook salmon in Puget Sound proper
366


As at Lime Kiln Point State Park and in the Central Salish Sea, in Puget Sound proper the day of
367


first SRKW occurrence has delayed since 2001for all three pods (Fig. 5C). Trends in peak and
368


departure dates vary across pods: for example, peak and departure dates are delaying for K -pod.
369


However, peak occurrence probability date has not shifted consistently for J- and L-pods (Fig.
370


5C). As in the Central Salish Sea, the day of peak occurrence is variable, but ranges over a two-371


month period (from late September to early December) rather than a four-month period (Fig.
372


5C,D). Mean occurrence probability has declined in Puget Sound proper since 2001, by ~25%
373


(Fig. 5C bottom right), but uncertainty intervals are wide for the period from 2001-2008,
374


especially during the early part of the season (Table S3). Across the full dataset (1978-2017), the
375


trend has been toward later peak occurrence for all three pods (delaying at rates of 1.13 (95% CI:
376


0.33, 1.93), 1.75 (95% CI: 0.76,  2.62), and 1.07 (95% CI: 0.41, 1.65), days per year for J, K, and
377


L pods, respectively (Table S3). These trends in SKRW occurrence are opposite those of adult
378


salmon returns in Puget Sound: we find a shift toward slightly earlier returns (advancing rates of
379


0.4 to 0.7 days per year, on average across all 13 runs; Fig. 5D)
380


5. Discussion
381


Shifts in the timing of biological events have been identified in diverse species and ecosystems
382


around the world (Poloczanska et al., 2013). However, the importance and management
383


implications of phenological shifts in consumers and their prey, as well as the potential for
384


match-mismatch dynamics, remain poorly understood (Visser and Gienapp 2019; Kharouba et al.
385


2018; Morellato et al. 2016; Paton and Crouch III 2002). Developing management plans in
386


response to phenological shifts is important, though challenging, especially in threatened and
387


endangered species, for which there is often a paucity of data and a greater emphasis on
388


population-level studies, rather than community or ecosystem-level research (Carroll et al., 2017;
389


Gilman et al., 2017; Tylianakis et al., 2008). Failure to apply the right management measure at
390


the right time-- such as a fishery closure to avoid harvest and consumption of species containing
391


toxins produced by algal blooms (Cavole et al. 2016)– can lead to undesirable social outcomes.
392


Here we use two extensive datasets, including standardized data as well as opportunistic
393


presence-only data analyzed with hierarchical occupancy models, to show that the timing of
394


SRKW presence in the Salish Sea has shifted over the past 40 years. This suggests that
395


management developed around this species’ historic spatiotemporal patterns may not be
396


consistent with present day patterns. Furthermore, we demonstrate that, in recent years, the
397


occurrence of SRKWs peaks later in the Central Salish Sea, a change consistent with observed
398


changes in the timing of peak availability of their favored prey, Chinook salmon (Fig. 3).
399
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Our findings in the Central Salish Sea align with accumulating evidence that resource tracking
400


can drive timing of consumer movement. Both proximate cues and long-term memory are
401


thought to drive migrations of consumers across terrestrial and marine taxa (Abrahms et al. 2020;
402


2019; Aikens et al. 2017; Armstrong et al. 2016). Consumer movement may track resources so
403


that consumers can derive an energetic benefit, implying that movement toward a location occurs
404


because resources are more readily available there than elsewhere. In this study, we observed
405


shifts in timing of SRKW presence at a single consistently-observed site (Lime Kiln; Fig. 3),
406


where these shifts were corelated with concurrent delays in the peak timing of their preferred
407


resource, Fraser River Chinook salmon (Hanson et al. 2010), which return annually to inland
408


waters of the Salish Sea during their spawning migrations. Furthermore, across the broader
409


Central Salish Sea region, the magnitude and direction of shifts toward later arrival and peak
410


occurrence by SRKWs (J- and K- pods, specifically) corresponds to later arrival of Fraser River
411


Chinook salmon (Fig. 5). While future work must disentangle the many potential factors
412


influencing shifts in the timing of occurrence of SRKWs in inland waters, these findings imply
413


that the relative benefits for SRKWs early in the year are not as great now as they once were.
414


The evidence provided here is thus consistent with the idea that SRKWs have tracked
415


phenological shifts in salmon prey resources. This may not be surprising, given the numerous
416


other observations of consumer phenological tracking and even altering the spatiotemporal
417


patterns of resource waves (Abrahms et al., 2019; Geremia et al., 2019; Aikens et al., 2017;
418


Armstrong et al., 2016). On its face, this might appear to allay concerns over phenological
419


mismatch with climate change (Kharouba et al., 2018, Sergeant et al., 2015). However, changes
420


to prey phenology could nonetheless contribute to the prey shortages experienced by SRKWs.
421


For example, in our study the delay in the peak abundance timing of Fraser River Chinook is
422


driven primarily by a collapse of spring Fraser River Chinook populations (Fig. 3, Riddell et al.,
423


2013, Pacific Salmon Commission 2019), rather than from all populations in the Fraser River
424


shifting their migration timing later. (In fact, river entry timing of many individual runs shifted
425


earlier from the 1982 to 2004, English et al., 2007). If reductions continue in the spring Fraser
426


River Chinook run, this may lead to a narrowing in the duration of Fraser River runs and a
427


reduction in phenological diversity, as is occurring in other locations and life stages of Chinook
428


salmon in the region (e.g., Nelson et al. 2019). In turn, reductions in prey phenological diversity
429


could enhance the probability that SRKW individuals experience extended periods without
430


encountering prey, prevent them from maintaining a positive energy balance, and have strong,
431


negative effects on these consumers (Armstrong et al., 2016).
432


In contrast to the Central Salish Sea, our findings in Puget Sound proper highlight that resource
433


timing may not be the sole driver of consumer phenology. In Puget Sound proper SRKW presence
434


does not appear to be shifting coincidently with shifts in salmon migration timing (Fig. 5). Instead,
435


contemporary phenology of this highly mobile species may be driven by environmental cues that
436


do not correspond to the resource upon which they depend, even if historical consumer phenology
437


did follow resource-based cues (e.g., Both et al., 2009; Chmura et al., 2019). Human activity, such
438
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as vessel traffic and noise, can affect movement and behavior of SRKWs and other marine animals
439


(Ivanova et al., 2019, Noren et al., 2009, Holt et al., 2009; Lusseau et al., 2009). Social cues,
440


learning, and memory can also affect migratory behavior and timing (Samplonius and Both, 2017;
441


Jesmer et al., 2018; Abrahms et al., 2019, Brent et al. 2015). For example, it is possible that SRKWs
442


enter inland waters following a resource wave of Chinook salmon in the spring and summer; they
443


may then follow habitual routes into Puget Sound proper to scout for other prey, rather than
444


tracking a particular resource.
445


Predator-prey phenological relationships are important considerations in conservation and
446


management actions related to SRKWs and many other species. Assessment of phenological
447


variation is rarely incorporated into management, even though the timing of consumer-resource
448


overlap and disturbances have critical implications for population dynamics and viability
449


(Armstrong et al., 2016; Morellato et al., 2016, Furey et al., 2011). We suggest that explicitly
450


incorporating phenological assessments may benefit species-specific management (e.g.,
451


examination of changes in critical habitat over time for endangered SRKWs, under ESA Section
452


7) as well as broader efforts such as ecosystem-based fisheries management, which strives to
453


account for species interactions, ecosystem-scale forcing, protected species tradeoffs, and other
454


dynamics as essential components of sustainable fisheries practices (Pikitch et al., 2004; Schindler
455


et al., 2013, Link and Browman 2017). For example, in the case of SRKWs, knowledge of the
456


timing of their movements to inland waters could be used to develop rolling, in-season, salmon
457


fisheries harvest reductions. Our analysis implies that such conservation measures will be more
458


effective if applied later in the year, when SRKWs are most likely to peak in occurrence in the
459


Central Salish Sea, than would have been sensible two decades ago, when their occurrence
460


probability would have been more likely to peak earlier.
461


462 

Our work underscores challenges associated with conservation of predators such as SRKWs.
463


Although reduced prey is a clear threat facing this endangered population, ameliorating the threat
464


by increasing salmon abundance is not straightforward. On the one hand, detailed knowledge of
465


predator and prey co-occurrence in space and time, such as the relationships we quantify here
466


between salmon and SRKW phenology, may provide a means of focusing recommended
467


management efforts to enhance salmon abundance in the region, through actions such as
468


hatchery production, restrictions on salmon harvest, removal of dams on salmon rivers,
469


restoration of salmon habitat, and predator culling (SROTF 2018, Berdahl et al. 2017). On the
470


other hand, the lack of correspondence between SRKW and Puget Sound salmon phenology
471


highlights gaps in our mechanistic understanding of links between the timing of a management
472


action and its consequences for the timing of ecological interactions. Salmon hatchery programs
473


have been utilized in the Pacific Northwest for the dual purposes of enhancing production for
474


fisheries, and as a conservation tool. Previous research has highlighted the phenological
475


differences between hatchery and wild Chinook salmon (Austin et al. 2020), but the impacts of
476


changing Chinook hatchery production on the total temporal distribution of prey for SRKWs is
477
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not understood. If salmon enhancement itself is successful, translating that success to SRKW
478


recovery will likely depend on increased understanding of SRKW phenology across annual
479


movement and feeding cycles, so that pod-specific forecasts can be developed and used to tailor
480


the enhancement strategy to the characteristics driving spatial and temporal variability of each
481


SRKW pod.
482


Regardless of the conservation approaches implemented, attention to factors beyond the Salish Sea
483


is a critical component of effective recovery actions (Levin, Howe, and Robertson 2020). In this
484


paper we used the largest available database on SRKW presence. Despite possible shortcomings
485


in these data, there is a great need for presenting and analyzing them, given the large amount of
486


resources proposed to be spent on SRKW recovery and salmon enhancement (>$1billion,
487


https://www.governor.wa.gov/sites/default/files/Final%20Draft%20LSRD%20Report.pdf).
488


Further, the data are substantial enough to fit our models and estimate the parameters of interest.
489


That said, changes in the timing of availability of the preferred prey of SRKWs outside of the Salish
490


Sea are less well-understood but no doubt affect shifts observed within the Salish Sea. Across fine
491


to broad scales, incorporating a perspective focused on timing of biological interactions, in addition
492


to one focused on the abundance of interacting species, may enhance effectiveness of efforts to
493


conserve and manage consumers and resources in the face of global change.
494


6. References
495


496 

Abrahms, B., Hazen, E.L., Aikens, E.O., Savoca, M.S., Goldbogen, J.A., Bograd, S.J., Jacox,
497


M.G., Irvine, L.M., Palacios, D.M., Mate, B.R., 2019. Memory and resource tracking drive blue
498


whale migrations. Proceedings of the National Academy of Sciences 116, 5582-5587.
499


500 

Abrahms, Briana, Ellen O Aikens, Jonathan B Armstrong, William W Deacy, Matthew J
501


Kauffman, and Jerod A Merkle. 2020. “Emerging Perspectives on Resource Tracking and
502


Animal Movement Ecology.” Trends in Ecology & Evolution.
503


504 

Aikens, E.O., Kauffman, M.J., Merkle, J.A., Dwinnell, S.P., Fralick, G.L., Monteith, K.L., 2017.
505


The greenscape shapes surfing of resource waves in a large migratory herbivore. Ecology Letters
506


20, 741-750.
507


508 

Armstrong, J.B., Takimoto, G.T., Schindler, D.E., Hayes, M.M., Kauffman, M.J., 2016.
509


Resource waves: phenological diversity enhances foraging opportunities for mobile consumers.
510


Ecology 97, 1099-1112.511


512 

Austin, Catherine S, Timothy E Essington, and Thomas P Quinn. 2021. “In a Warming River,
513


Natural-Origin Chinook Salmon Spawn Later but Hatchery-Origin Conspecifics Do Not.”
514


Canadian Journal of Fisheries and Aquatic Sciences 78 (1): 68–77.
515


516


AR009770

https://www.governor.wa.gov/sites/default/files/Final%20Draft%20LSRD%20Report.pdf)


Shifting phenology of an endangered apex predator tracks changes in its favored prey


14


Ayres, K.L., Booth, R.K., Hempelmann, J.A., Koski, K.L., Emmons, C.K., Baird, R.W.,
517


Balcomb-Bartok, K., Hanson, M.B., Ford, M.J., Wasser, S.K., 2012. Distinguishing the impacts
518


of inadequate prey and vessel traffic on an endangered killer whale (Orcinus orca) population.
519


PLoS One 7, e36842.520


521  

Balcomb III, K.,  Bigg, M., 1986. Population biology of the three resident killer whale pods in
522


Puget Sound and off southern Vancouver Island. Behavioral biology of killer whales. Alan R.
523


Liss, New York, New York, pgs. 85–95.
524


525 

Berdahl, A., Westley, P.A., Quinn, T.P., 2017. Social interactions shape the timing of spawning
526


migrations in an anadromous fish. Animal Behaviour 126, 221-9.
527


528 

Bigg, M.A. An assessment of killer whale stocks off Vancouver Island, British Columbia. 1982.
529


Report of the International Whaling Commission. 32, 655-66.
530


531  

Bigg, M.A., Olesiuk, P.F., Ellis, G.M., Ford, J.K.B., Balcomb, K.C., 1990. Social organization
532


and genealogy of resident killer whales (Orcinus orca) in the coastal waters of British Columbia
533


and Washington State. Report of the International Whaling Commission, 12, 383-405.
534


535 

Both, C., Asch, M., Bijisma, R.G., van den Burg, A. B., Visser, M.E., 2009. Climate change and
536


unequal phenological changes across four trophic levels: constraints or adaptations? Journal of
537


Animal Ecology 78, 73-83.
538


539 

Brent, Lauren JN, Daniel W Franks, Emma A Foster, Kenneth C Balcomb, Michael A Cant, and
540


Darren P Croft. 2015. “Ecological Knowledge, Leadership, and the Evolution of Menopause in
541


Killer Whales.” Current Biology 25 (6): 746–50.
542


543 

CaraDonna, Paul J, Amy M Iler, and David W Inouye. 2014. “Shifts in Flowering Phenology
544


Reshape a Subalpine Plant Community.” Proceedings of the National Academy of Sciences 111
545


(13): 4916–21.
546


547 

548 

Carroll, M.J., Bolton, M., Owen, E., Anderson, G.Q., Mackley, E.K., Dunn, E.K., Furness, R.W.,
549


2017. Kittiwake breeding success in the southern North Sea correlates with prior sandeel fishing
550


mortality. Aquatic Conservation: Marine and Freshwater Ecosystems, 1164-1175.
551


552 

Cavole, Letícia M, Alyssa M Demko, Rachel E Diner, Ashlyn Giddings, Irina Koester, Camille
553


MLS Pagniello, May-Linn Paulsen, et al. 2016. “Biological Impacts of the 2013–2015 Warm-554


Water Anomaly in the Northeast Pacific: Winners, Losers, and the Future.” Oceanography 29
555


(2): 273–85.
556


557 

Chamberlain, M.W., Parken, C.K., 2012. Utilizing the Albion Test Fishery as an In-season
558


Predictor of Run Size of the Fraser River Spring and Summer Age 52 Chinook Aggregate.
559


Research Document 2012/150. Canadian Science Advisory Secretariat Fisheries and Oceans
560


AR009771



Shifting phenology of an endangered apex predator tracks changes in its favored prey


15


Canada, Vancouver, BC. Available at http://www.dfo-mpo.gc.ca/csas-sccs/. Accessed April
561


2020
562


563 

Chmura, H.E., Kharouba, H.M., Ashander, J., Ehlman, S.M., Rivest, E.B., Yang, L.H., 2019.
564


The mechanisms of phenology: the patterns and processes of phenological shifts. Ecological
565


Monographs 89, e01337.
566


567 

Chuine, I., 2010. Why does phenology drive species distribution? Philosophical Transactions of
568


the Royal Society B: Biological Sciences 365, 3149–3160.
569


570 

Cushing, D,. 1974. The natural regulation of fish populations. Sea fisheries research.
571


572 

Cushing, D.H., 1975. Marine ecology and fisheries. CUP Archive.
573


574 

Deacy, William W, Jonathan B Armstrong, William B Leacock, Charles T Robbins, David D
575


Gustine, Eric J Ward, Joy A Erlenbach, and Jack A Stanford. 2017. “Phenological
576


Synchronization Disrupts Trophic Interactions between Kodiak Brown Bears and Salmon.”
577


Proceedings of the National Academy of Sciences 114 (39): 10432–10437.
578


579 

Deacy, William W, Joy A Erlenbach, William B Leacock, Jack A Stanford, Charles T Robbins,
580


and Jonathan B Armstrong. 2018. “Phenological Tracking Associated with Increased Salmon
581


Consumption by Brown Bears.” Scientific Reports 8 (1): 1–9.
582


583 

Durant, J.M., Hjermann, D., Ottersen, G., Stenseth, N.C., 2007. Climate and the match or
584


mismatch between predator requirements and resource availability. Climate research 33,  271–
585


283.
586


587 

English, K.K., Bailey, R.E., Robichaud, D., 2007. Assessment of chinook salmon returns to the
588


Fraser River watershed using run reconstruction, Research Document 2007/020. Canadian
589


Science Advisory Secretariat Fisheries and Oceans Canada,Vancouver, BC. Available at
590


http://www.dfo-mpo.gc.ca/csas-sccs/ Accessed April 2020.
591


592 

Fearnbach, H., Durban, J.W., Ellifrit, D.K., Balcomb, K.C., 2018. Using aerial photogrammetry
593


to detect changes in body condition of endangered southern resident killer whales. Endangered
594


Species Research 35, 175-180.595


596 

Federal Register, 2006. Designation of critical habitat for southern resident killer whale. Federal
597


Register 71, 69054−69070.
598


599 

Ford, J.K., Ellis, G.M., Balcomb, K.C., 1996. Killer whales: the natural history and genealogy of
600


Orcinus orca in British Columbia and Washington. UBC press, Vancouver, BC, Canada.
601


602


AR009772

http://www.dfo-mpo.gc.ca/csas-sccs/
http://www.dfo-mpo.gc.ca/csas-sccs/


Shifting phenology of an endangered apex predator tracks changes in its favored prey


16


Ford, M.J., Fuss, H., Boelts, B., LaHood, E., Hard, J., Miller, J., 2006. Changes in run timing and
603


natural smolt production in a naturally spawning coho salmon (Oncorhynchus kisutch)
604


population after 60 years of intensive hatchery supplementation. Canadian Journal of Fisheries
605


and Aquatic Sciences 63, 2343–2355.
606


607 

Ford, J.K., 2009. Killer whale: Orcinus orca. In: Encyclopedia of marine mammals. Academic
608


Press, 650-657.
609


610 

Ford, M.J., Hempelmann, J., Hanson, M.B., Ayres, K.L., Baird, R.W., Emmons, C.K., Lundin,
611


J.I., Schorr, G.S., Wasser, S.K. and Park, L.K., 2016. Estimation of a killer whale (Orcinus orca)
612


population’s diet using sequencing analysis of DNA from feces. PloS one, 11.613


614 

Furey, N.M., Mackie, I.J., Racey, P.A., 2011. Reproductive phenology of bat assemblages in
615


Vietnamese karst and its conservation implications. Acta Chiropterologica, 13, 341-354.
616


617 

Geremia, C., Merkle, J.A., Eacker, D.R., Wallen, R.L., White, P.J., Hebblewhite, M., Kauffman,
618


M.J., 2019. Migrating bison engineer the green wave. Proceedings of the National Academy of
619


Sciences, 116, 25707-25713.
620


621  

Gilman, E., Weijerman, M., Suuronen, P., 2017. Ecological data from observer programmes
622


underpin ecosystem-based fisheries management. ICES Journal of Marine Science, 74, 1481-623


1495.624


625 

Hanson, M.B., Baird, R.W., Ford, J. K., Hempelmann-Halos, J., Van Doornik, D.M., Candy, J.
626


R., Emmons, C.K.,  Schorr, G.S.,  Gisborne, B., Ayres, K.L. et al., 2010. Species and stock
627


identification of prey consumed by endangered southern resident killer whales in their summer
628


range. Endangered Species Research 11, 69–82.
629


630 

Hanson, M. B., Emmons, C. K., Ford, M. J., Everett, M., Parsons, K., Park, L. K., Hempelmann
631


J., et al. 2021. Endangered predators and endangered prey: Seasonal diet of Southern Resident
632


killer whales. PloS one, 16, e0247031.
633


634 

Hauser, D.D., Logsdon, M.G., Holmes, E.E., VanBlaricom, G.R., Osborne, R.W., 2007. Summer
635


distribution patterns of southern resident killer whales Orcinus orca: core areas and spatial
636


segregation of social groups. Marine Ecology Progress Series, 351, 301-310.
637


638 

Hipfner, J.M., 2008. Matches and mismatches: ocean climate, prey phenology and breeding
639


success in a zooplanktivorous seabird. Marine Ecology Progress Series 368, 295–304.
640


641


AR009773



Shifting phenology of an endangered apex predator tracks changes in its favored prey


17


Hjort, J., 1914. Fluctuations in the great fisheries of northern Europe viewed in the light of
642


biological research. ICES.
643


644 

Jesmer, B.R., Merkle, J.A., Goheen, J.R., Aikens, E.O., Beck, J.L., Courtemanch, A.B., Hurley,
645


M.A., McWhirter, D.E., Miyasaki, H.M., Monteith, K.L., Kauffman, M.J., 2018. Is ungulate
646


migration culturally transmitted? Evidence of social learning from translocated animals. Science,
647


361, 1023-1025.
648


649 

Kharouba, H., Vellend, M., 2017. Phenological sensitivity to temperature at broad scales:
650


opportunities and challenges of natural history collections. Proceedings of TDWG 1: e20587.651


652 

Kharouba, H.M., Ehrlén, J., Gelman, A., Bolmgren, K., Allen, J.M., Travers, S.E., Wolkovich,
653


E.M., 2018. Global shifts in the phenological synchrony of species interactions over recent
654


decades. Proceedings of the National Academy of Sciences115, 5211-6.
655


656 

657 

Kovach, R.P., Ellison, S.C. , Pyare, S., Tallmon, D.A., 2015. Temporal patterns in adult salmon
658


migration timing across southeast Alaska. Global Change Biology 21,1821–1833.
659


660 

Krahn, M.M., Wade, P.R., Kalinowski, S.T., Dahlheim, M.E., et al., 2002. Status review of
661


Southern Resident killer whales (Orcinus orca) under the Endangered Species Act. NOAA Tech
662


Memo NMFS-NWFSC-54, Northwest Fisheries Science Center, Seattle, WA
663


664 

Krahn, M.M, Ford, M.J., Perrin, W.F., Wade, P.R, et al., 2004. Status review of southern resident
665


killer whales (Orcinus orca) under the Endangered Species Act. NOAA Tech Memo NMFS-666


NWFSC-62, Northwest Fisheries Science Center, Seattle, WA
667


668 

Krahn, M.M., Herman, D.P., Burrows, D.G., Wade, P.R., Durban, J.W., Dahlheim, M.E., Leduc,
669


R.G., Barrett-Lennard, L., Matkin, C.O., 2005. Use of chemical profiles in assessing the feeding
670


ecology of eastern north pacific killer whales. Paper presented by Margaret Krahn to the
671


International Whaling Scientific Committee.
672


673 

Lane, J.E., Kruuk, L.E., Charmantier, A., Murie, J.O., Dobson, F.S., 2012. Delayed phenology
674


and reduced fitness associated with climate change in a wild hibernator. Nature, 489, 554-557.
675


676 

Lascelles, B., Notarbartolo Di Sciara, G., Agardy, T., Cuttelod, A., Eckert, S., Glowka, L., Hoyt,
677


E., Llewellyn, F., Louzao, M., Ridoux, V. and Tetley, M.J., 2014. Migratory marine species:
678


their status, threats and conservation management needs. Aquatic Conservation: Marine and
679


Freshwater Ecosystems, 24,111-127.
680


681


AR009774



Shifting phenology of an endangered apex predator tracks changes in its favored prey


18


Levin, Phillip S, Emily R Howe, and James C Robertson. 2020. “Impacts of Stormwater on
682


Coastal Ecosystems: The Need to Match the Scales of Management Objectives and Solutions.”
683


Philosophical Transactions of the Royal Society B 375 (1814): 20190460.
684


685 

Lewison, Rebecca, Alistair J Hobday, Sara Maxwell, Elliott Hazen, Jason R Hartog, Daniel C
686


Dunn, Dana Briscoe, et al. 2015. “Dynamic Ocean Management: Identifying the Critical
687


Ingredients of Dynamic Approaches to Ocean Resource Management.” BioScience 65 (5): 486–
688


98.
689


690 

Link J.S., Browman H.I. 2017. Operationalizing and implementing ecosystem-based
691


management. ICES Journal of Marine Science, 74:379-81.
692


693 

Lundin, J.I., Ylitalo, G.M., Giles, D.A., Seely, E.A., Anulacion, B.F., Boyd, D.T., Hempelmann,
694


J.A., Parsons, K.M., Booth, R.K., Wasser, S.K., 2018. Pre-oil spill baseline profiling for
695


contaminants in Southern Resident killer whale fecal samples indicates possible exposure to
696


vessel exhaust. Marine pollution bulletin, 136, 448-453.
697


698 

Lusseau, D., Bain, D.E., Williams, R., Smith, J.C., 2009. Vessel traffic disrupts the foraging
699


behavior of southern resident killer whales Orcinus orca. Endangered Species Research, 6, 211-700


221.
701


702 

Morellato, L.P.C., Alberton, B., Alvarado, S.T., Borges, B., Buisson, E., Camargo, M.G.G.,
703


Cancian, L.F., Carstensen, D.W., Escobar, D.F., Leite, P.T., Mendoza, I., 2016. Linking plant
704


phenology to conservation biology. Biological Conservation, 195, 60-72.
705


706 

Morita, K. 2018. Earlier migration timing of salmonids: an adaptation to climate change or
707


maladaptation to the fishery? Canadian Journal of Fisheries and Aquatic Sciences. 7, 475–479.
708


709 

Northwest Marine Fisheries Service (NMFS). 2008. Recovery plan for southern resident killer
710


whales (Orcinus orca). National Marine Fisheries Service, Northwest Region, Seattle, WA,
711


available at https://repository.library.noaa.gov/view/noaa/15975712


713 

Neill, S., Ylitalo, G.M., West, J.E. 2014. “Energy Content of Pacific Salmon
714


as Prey of Northern and Southern Resident Killer Whales.” Endangered Species Research 25
715


(3): 265–281.
716


717 

Nelson, B.W., Shelton, A.O., Anderson, J.H., Ford, M.J., Ward, E.J., 2019. Ecological
718


implications of changing hatchery practices for Chinook salmon in the Salish Sea. Ecosphere. 10,
719


e02922.
720


721  

Noren, D. P. 2011. “Estimated Field Metabolic Rates and Prey Requirements of Resident
722


AR009775

https://repository.library.noaa.gov/view/noaa/15975


Shifting phenology of an endangered apex predator tracks changes in its favored prey


19


Killer Whales.” Marine Mammal Science 27 (1): 60–77.
723


724 

Noren, D.P., Johnson, A.H., Rehder, D., Larson, A., 2009. Close approaches by vessels elicit
725


surface active behaviors by southern resident killer whales. Endangered Species Research, 8,
726


179-192.727


728 

Ohlberger J., Schindler, D.E., Ward, E.J., Walsworth, T.E., Essington, T.E., 2019. Resurgence of
729


an apex marine predator and the decline in prey body size. Proceedings of the National Academy
730


of Sciences. 116, 26682-9.731


732 

Olson, J.K., Wood, J., Osborne, R.W., Barrett-Lennard, L., Larson, S., 2018. Sightings of
733


southern resident killer whales in the Salish Sea 1976–2014: the importance of a long-term
734


opportunistic dataset. Endangered Species Research, 37,105-118.
735


736 

Olson, J.K., 2019. Final program report to NOAA (Contract # RA133F-12-CQ-0057): SRKW
737


Sighting,15th Edition, The Whale Museum. Submitted June 24, 2019.
738


739 

O’Neill, S.M., Ylitalo, G.M., West, J.E., 2014. Energy content of Pacific salmon as prey of
740


northern and southern resident killer whales. Endangered Species Research. 25, 265-81.
741


742 

Parken C.K., Candy, J.R., Irvine, J.R., Beacham, T.D., 2008. Genetic and coded wire tag results
743


combine to allow more-precise management of a complex Chinook salmon aggregate. North
744


American Journal of Fisheries Management. 28, 328-40.
745


746 

Parsons, K.M., Balcomb Iii, K.C., Ford, J.K.B., Durban, J.W., 2009. The social dynamics of
747


southern resident killer whales and conservation implications for this endangered
748


population. Animal Behaviour, 77, 963-971.
749


750 

Paton, P.W., Crouch III, W.B., 2002. Using the phenology of pond‐breeding amphibians to
751


develop conservation strategies. Conservation Biology, 16, 194-204.
752


753 

Pikitch, E.K., Santora, C., Babcock, E.A., Bakun, A., Bonfil, R., Conover, D.O., Dayton, P.,
754


Doukakis, P., Fluharty, D., Heneman, B., Houde, E.D., 2004. Ecosystem-based fishery
755


management. Science 305, 346-347.756


757 

Poloczanska, E.S., Brown, C.J., Sydeman, W.J., Kiessling, W., Schoeman, D.S., Moore, P.J.,
758


Brander, K., Bruno, J.F., Buckley, L.B. , Burrows, M.T., et al., 2013. Global imprint of climate
759


change on marine life. Nature Climate Change 3, 919.
760


761


AR009776



Shifting phenology of an endangered apex predator tracks changes in its favored prey


20


Post, E., Forchhammer, M.C., 2007. Climate change reduces reproductive success of an arctic
762


herbivore through trophic mismatch. Philosophical Transactions of the Royal Society B:
763


Biological Sciences 363, 2367– 2373.
764


765 

Reed, T.E., Schindler, D.E., Hague, M.J., Patterson, D.A., Meir, E., Waples, R.S., Hinch, S.G.,
766


2011. Time to evolve? Potential evolutionary responses of Fraser River sockeye salmon to
767


climate change and effects on persistence. PLoS One 6, e20380.
768


769 

Riddell, B., Bradford, M. , Carmichael, R., Hankin, D., Peterman, R., Wertheimer, A., 2013.
770


Assessment of Status and Factors for Decline of Southern BC Chinook Salmon: Independent
771


Panel’s Report. Prepared with the assistance of D.R. Marmorek and A.W. Hall, ESSA
772


Technologies Ltd., Vancouver, B.C. for Fisheries and Oceans Canada (Vancouver. BC) and
773


Fraser River Aboriginal Fisheries Secretariat (Merritt, BC).
774


https://www.psc.org/publications/workshop-reports/southern-bc-chinook-expert-panel-775


workshop/ Accessed April 2020.
776


777 

Samplonius, J.M., Both, C., 2017. Competitor phenology as a social cue in breeding site
778


selection. Journal of Animal Ecology, 86, 615-623.
779


780 

Satterthwaite, W.H., Carlson, S.M., Allen-Moran, S.D., Vincenzi, S., Bograd, S.J.,
781


Wells, B.K., 2014. Match-mismatch dynamics and the relationship between ocean-entry timing
782


and relative ocean recoveries of central valley fall run Chinook salmon. Marine Ecology
783


Progress Series 511, 237–248.
784


785 

Schindler, D.E., Armstrong, J.B., Bentley, K.T., Jankowski, K., Lisi, P.J., Payne, L.X., 2013.
786


Riding the crimson tide: mobile terrestrial consumers track phenological variation in spawning of
787


an anadromous fish. Biology letters 9, 20130048.
788


789 

Southern Resident Orca Task Force (SROTF), 2018. Southern Resident Orca Task Force report
790


and recommendations.[Online]
791


https://www.governor.wa.gov/sites/default/files/OrcaTaskForce_reportandrecommendations_11.
792


16.18.pdf Accessed 8 January 2020.
793


794 

Sergeant, C.J., Armstrong, J.B., Ward, E.J., 2015. Predator‐prey migration phenologies remain
795


synchronised in a warming catchment. Freshwater Biology, 60, 724-732.
796


797 

[dataset] The Whale Museum. Orca Master Database, 2018 version. Available at
798


http://hotline.whalemuseum.org/799


800


AR009777

https://www.psc.org/publications/workshop-reports/southern-bc-chinook-expert-panel-
https://www.governor.wa.gov/sites/default/files/OrcaTaskForce_reportandrecommendations_11
http://hotline.whalemuseum.org/


Shifting phenology of an endangered apex predator tracks changes in its favored prey


21


Tylianakis, J.M., Didham, R.K., Bascompte, J., Wardle, D.A., 2008. Global change and species
801


interactions in terrestrial ecosystems. Ecology letters 11, 1351-1363.
802


803 

Visser, Marcel E, and Phillip Gienapp. 2019. “Evolutionary and Demographic Consequences of
804


Phenological Mismatches.” Nature Ecology & Evolution 3 (6): 879–885.
805


806 

Ward, E.J., Ford, M.J., Kope, R.G., Ford, J.K., Vélez-Espino, L.A., Parken, C.K., LaVoy, L.,
807


Hanson, M.B., Balcomb, K.C., 2013. Estimating the impacts of Chinook salmon abundance and
808


prey removal by ocean fishing on Southern Resident killer whale population dynamics. NOAA
809


Technical Memorandum NMFS-NWFSC-123. Seattle: National Marine Fisheries Service.
810


811  

Washington Department of Fish and Wildlife (WDFW), 2019. 2019-2020 Co-Managers' List of
812


Agreed Fisheries - WDFW. Available at
813


https://wdfw.wa.gov/sites/default/files/publications/02067/2019-20agreement.pdf (accessed
814


April 2020).
815


816 

Weinheimer, J., Anderson, J.H., Downen, M., Zimmerman, M., Johnson, T., 2017. Monitoring
817


climate impacts: Survival and migration timing of summer chum salmon in Salmon Creek,
818


Washington. Transactions of the American Fisheries Society 146, 983–995.
819


 820


AR009778

https://wdfw.wa.gov/sites/default/files/publications/02067/2019-20agreement.pdf


Shifting phenology of an endangered apex predator tracks changes in its favored prey


22


7. Figures
821  

822


823 

Fig. 1: Southern resident killer whale (SRKW) presence varies across two broad regions:
824


the Central Salish Sea (blue dots), which includes their core summer habitat, and Puget Sound
825


proper (yellow dots), where SRKWs frequent most often in the fall and winter (sighting data
826


from the OrcaMaster database, from 1978-2017) Lime Kiln Point State Park is the location of
827


consistent monitoring and data-collection on SRKW presence from May through August. Data
828


from the Albion Test Fishery, which is conducted in the Fraser River in British Columbia and
829
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830


Fig. 2. Conceptual schematic for hypothesized shifts in timing of predators and their prey.
831


Predator, such as southern resident killer whales (SRKWs), phenology may be shifting over time,
832


in concert with prey, such as salmon (‘matched phenological shifts’), A), such that predator
833


timing is correlated with prey timing across years (i.e., a year for early peak abundance,  or
834


occurrence probability of prey, is an early year for peak occurrence of predators, B). Points show
835


the day of peak abundance or occurrence probability whereas curves show the seasonal pattern.
836


If prey phenology is shifting, but predator phenology is not (or is not shifting at the same rate)
837


this may lead to mismatches in the timing of predators and their prey (‘mismatched phenological
838


shifts’) C). Mismatched phenology could reduce realized prey availability to predators, even if
839


prey abundance is unchanged, and predator timing would be poorly correlated with prey timing
840


across years in this case, D).
841
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842 

843


 Fig. 3: Southern resident killer whale phenology has shifted, in concert with shifts in
844


Fraser River Chinook Salmon at Lime Kiln Point State Park, one site with consistent
845


observations from May 1 (day of year 140) through August 1 (day of year 215) in the Central
846


Salish Sea. Timing of SRKWs (A) and Fraser River Chinook salmon  (B) has delayed in recent
847


(solid lines) compared with earlier (dashed lines) years, with day of year of peak occupancy
848


probability shifting from a mean of 168 from 1994-2005 to 192 from 2005-2017 (points in A),
849


and day of year of peak abundance index shifting from a mean of 191 from 1994-2005 to 220
850


from 2005-2017 (points in B). Shading and error bars show 75% uncertainty intervals. Patterns
851


here are for all SRKW pods together; see Supplemental Materials for each pod separately (Fig.
852


S7). Fraser River Chinook salmon travel past the area around Lime Kiln Point State Park earlier
853


in their migration route than the location where data were collected (the Albion Test Fishery,
854


which encompasses multiple distinct runs), so we have added a lag of 10 days to the salmon
855


phenology (Ayres et al., 2012). Changing the breakpoint to 2007 or 2005 did not qualitatively
856


alter results (Fig. S8). Dates of peak probability of occurrence for SRKWs are positively
857


associated with dates of peak abundance index for Chinook (C). (Extending the seasonal window
858


to October to calculate CPUE did not qualitatively alter patterns shown here.)
859


860 

861
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862


Fig. 4: Southern resident killer whale (J-pod) presence varies seasonally in the Central Salish
863


Sea (A) and Puget Sound proper (C) and peak probability of occurrence has shifted later in
864


recent years in the Central Salish Sea (B) but not in Puget Sound proper (D). The shift toward
865


later arrival in the Central Salish Sea is evident in the estimated probabilities of occurrence from
866


the occupancy model for J-pod, with mean day of year of peak occurrence probability shifting
867


from 171 from 2001-2008 to 222 from 2009-2017 (points in A, lines around points show 75%
868


uncertainty), as well as the linear trend in peak occurrence probability from 2001-2017 (B).
869


Shading around lines represents 75% uncertainty intervals. Estimated probabilities of
870


occurrences for K- and L-pods can be found in Figs. S10 & S11.
871
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874


875 

Fig. 5: Trends in SRKW (A,B) and salmon (C,D) phenology in the Central Salish Sea (upper
876


panels) and Puget Sound proper (lower panels) from 2001 through 2017. SRKW shifts are
877


summarized from linear models fit to estimates of day of year of first day of likely occurrence
878


(probability of occurrence >0.5), peak probability of occurrence, and last day of likely
879


occurrence from pod-specific occupancy models in each region. Salmon shifts are from linear
880


models fit to Fraser River Chinook estimates from the Albion test fishery for the Central Salish
881


Sea, and from a hierarchical linear model fit to escapement data across 13 distinct groups
882


(including three species of wild and hatchery origin across 7 different streams) in for Puget
883


Sound proper. Error bars show 75% uncertainty intervals (95% uncertainty intervals are in Table
884


S3).
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