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Abstract

Background: In addition to the decline and extinction of the world’s species, the decline and eventual loss of
species interactions is one of the major consequences of the biodiversity crisis. On the Pacific coast of North America,
diminished runs of salmon (Oncorhynchus spp.) drive numerous marine—terrestrial interactions, many of which have
been intensively studied, but marine—terrestrial interactions driven by other species remain relatively unknown. Bears
(Ursus spp.) are major vectors of salmon into terrestrial ecosystems, but their participation in other cross-ecosystem
interactions is similarly poorly described. Pacific herring (Clupea pallasii), a migratory forage fish in coastal marine
ecosystems of the North Pacific Ocean and the dominant forage fish in British Columbia (BC), spawn in nearshore
subtidal and intertidal zones. Spawn resources (eggs, milt, and spawning adults) at these events are available to
coastal predators and scavengers, including terrestrial species. In this study, we investigated the interaction between
American black bears (Ursus americanus) and Pacific herring at spawn events in Quatsino Sound, BC, Canada.

Results: Using remote cameras to monitor bear activity (1,467 camera days, 29 sites, years 2010-2012) in supratidal
and intertidal zones and a machine learning approach, we determined that the quantity of Pacific herring eggs

in supratidal and intertidal zones was a leading predictor of black bear activity, with bears positively responding

to increasing herring egg masses. Other important predictors included day of the year and Talitrid amphipod
(Traskorchestia spp.) mass. A complementary analysis of black bear scats indicated that Pacific herring egg mass

was the highest ranked predictor of egg consumption by bears. Pacific herring eggs constituted a substantial yet
variable component of the early springtime diet of black bears in Quatsino Sound (frequency of occurrence 0-34%;
estimated dietary content 0-63%). Other major dietary items included graminoids (grasses and sedges), Phaeophyta
(brown algae), Zosteraceae (seagrasses), and Talitrid amphipods.

Conclusion: This research represents the first scientific evidence of a cross-ecosystem interaction between Pacific
herring and American black bears. Our findings also expand knowledge of the ecological roles of both species.
Combined, evidence of anthropogenic constraints on both black bears and Pacific herring suggests that bear-herring
interactions were potentially stronger and more widespread in the past.
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Background

Conservation efforts to address the consequences of the
ongoing biodiversity crisis primarily focus on species
extinctions and the closely related issue of species abun-
dances. Concurrent to species extinctions however, are
the loss of species interactions that may occur well before
a species goes extinct [1]. Because ecosystems are built
upon a web of interactions between species and their
environments, the loss of species interactions can result
in the simplification and degradation of ecosystems [1, 2].
Further, because ecosystems are incredibly complex and
only a fraction of the world’s species has been described,
the lack of information regarding species interactions,
their contributions to ecosystem processes, and the pace
of their extinctions is immense.

On the Pacific coast of North America, one of the
more intensively studied cross-ecosystem interactions
involves the migration of salmon (Oncorhynchus spp.).
Anadromous Pacific salmon spend the majority of their
lives in marine ecosystems, where they gain >99% of
their mass, before re-entering complex freshwater eco-
systems to spawn and die [3]. For the ecosystems that
receive salmon, the ecological consequences of this spa-
tial subsidy, defined as the movement of energy, material,
and nutrients across ecosystem boundaries [4], can be
profound. Known ecological consequences extend from
interactions at the base of the food web (e.g., primary
producers [5]), through to insects [5], small mammals
[6], and songbirds [7] to apex-level predators, including
Bald Eagles (Haliaeetus leucocephalus [8]), bears (Ursus
spp. [9, 10]) and gray wolves (Canis lupus [11]). Although
salmon may be transported into terrestrial areas by flood-
ing [12], hyporheic movement [13], and the activities of
terrestrial predators (gray wolves [11]; mink [6]), brown
and black bears (Ursus arctos and Ursus americanus) are
recognized as dominant predators and vectors of salmon
[9, 14, 15].

Salmon are only seasonally available to coastal bears
however, who continue to interact with the wide range of
ecosystems they inhabit (e.g., bark stripping of conifers
[16]). Further, many of the same traits that cause bears
to be dominant predators of salmon, including their
mobility, opportunism, and relative abundance in coastal
landscapes, are likely related to the exploitation of other
marine and intertidal organisms, including whale car-
casses [17], clams, crabs, and barnacles [18, 19] by bears
that access intertidal ecosystems. Despite their promi-
nent role as vectors of salmon into terrestrial ecosystems,
the participation by bears in other marine—terrestrial
interactions has only been the subject of isolated specula-
tion (e.g., [20]).

Other anadromous and nearshore spawning fishes,
including Pacific herring (Clupea pallasii), have been
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suggested as a pulsed resource for marine and terrestrial
organisms [21], although information relating to their
cross-ecosystem influences remains largely unknown. In
the coastal marine ecosystems where they occur, ranging
from Baja California to Alaska and westward to Eurasia,
Pacific herring can have immense ecological, cultural,
and economic importance [22-24]. Highly interactive
and abundant, at least historically (e.g., [24]), Pacific her-
ring are a foundation species (sensu [1]) and in British
Columbia (BC), are considered the dominant forage fish
[22].

From egg to spawning adult, iteroparous Pacific herring
are prey for a diversity of marine taxa, including birds,
mammals, sharks, groundfish, salmon, and invertebrates
(e.g., [25-30]), but it is their spawn events in particular
that link herring to nearshore, intertidal, and terrestrial
ecosystems. Beginning in late winter in the southern part
of their range, Pacific herring aggregate and spawn in
nearshore subtidal and intertidal zones, with males releas-
ing milt (sperm) into the water column and females laying
eggs directly onto subtidal and intertidal substrates. Spawn
events advance northward along the Pacific coast and gen-
erally end in summer, a trend that is linked to sea surface
temperatures [31]. In BC, most Pacific herring spawn from
February to April. Responding to these spatiotemporally
pulsed aggregations of fish and lipid-rich eggs, recently
described as “egg boons” [32], are predators and scaven-
gers, including invertebrates (e.g., [33]) and more than 25
vertebrates (reviewed by [34]). With exception to North-
western Crows and Canada Geese (reviewed by [34]), the
majority of species reported to exploit spawning Pacific
herring and eggs are marine or marine-associated.

Drawing on our experiences and the scientific literature
concerning interactions between terrestrial predators
and salmon (e.g., [9, 11, 14]), macrophyte wrack subsi-
dies (e.g., [35]), and subsidies associated with relatives
of Pacific herring (e.g., [36—38]), we developed the broad
prediction that Pacific herring interacted with terrestrial
ecosystems, likely via the foraging activities of predators
and/or scavengers at spawn events. In addition to solic-
iting anecdotal observations of terrestrial mammals con-
suming Pacific herring eggs from fishermen and fisheries
biologists, we conducted a pilot study that documented
black bears foraging extensively on Pacific herring eggs
in the supratidal and intertidal zones of Quatsino Sound,
BC, Canada.

With the above knowledge, this two-part study sought
to identify the (1) predictors of black bear activity in
supratidal and intertidal zones and (2) predictors of
Pacific herring egg consumption by black bears using
scats collected from intertidal, supratidal, and adja-
cent terrestrial areas. Black bear use of supratidal and
intertidal zones was measured using remote cameras
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positioned on beaches in Quatsino Sound (spring 2010—
2012), a number of which received varying amounts
of Pacific herring eggs. Using the machine learning
(ML) algorithm random forests (RF; [39]), predictors of
black bear activity included major intertidal diet items
(Pacific herring egg and amphipod mass), gray wolf activ-
ity (measure of risk), day of the year, year, and location.
Because major supratidal and intertidal zone dietary
items were either previously unknown or only infre-
quently reported in the scientific literature, an independ-
ent dataset based on scat was particularly relevant. Our
second objective was to assess the predictors of Pacific
herring egg consumption by black bears, which was
measured using estimated dietary content in bear scats.
This second objective provides corroborative evidence
for camera-derived results but also assesses the dietary
importance of Pacific herring to black bears. Poten-
tial predictors of Pacific herring egg estimated dietary
content in black bear scats were assessed using RF and
included herring egg and amphipod masses, day of the
year, year, and location.

Methods

Study area

Quatsino Sound, located off northwest Vancouver Island,
BC, Canada was chosen as the study area due to the
presence of a small but reliable Pacific herring spawn
and somewhat intact coastal ecosystems. Pacific herring
spawn annually in Quatsino Sound in March or April. In
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recent years, an estimated ~1,000 metric tons of Pacific
herring spawn in Quatsino Sound nearshore subtidal and
intertidal zones [40, 41], which represents a small meta-
population relative to other herring meta-populations
in BC. During the study period, there was relatively low
human presence on beaches and adjacent terrestrial
areas; low use by researchers associated with this study
constituted the majority of human presence.

The study period was March to early May (2010, March
2—May 3, day of the year 61-123; 2011, March 7—May 6,
day of the year 66-126; 2012, March 7—April 27, day of
the year 67—118). Study site locations consisted of seven
beaches in 2010 and 11 beaches in 2011 and 2012 (Fig-
ure 1). Sites were selected on the basis of several factors:
cumulatively, beaches were (1) a mix of spawn/spawn-
free, (2) representative of the regional supratidal and
intertidal habitat accessible by bears, (3) not within sight
of commercial roe-on-kelp operations (to reduce distur-
bance), and (4) accessible by boat or foot. Substrates on
all beaches were mixed. With the exception of one estu-
arine-type site with a broad, grass-covered supratidal
zone, beaches had narrow (<4 m) supratidal zones filled
with logs and wrack with old growth or mature second
growth forest in the adjacent terrestrial area. Exposure
on beaches varied, ranging from exposed, open-ocean
swell to sheltered, where waves were unlikely to exceed
0.5 m. The tidal cycle in the region is mixed semidiurnal.
In Quatsino Sound, the maximum tidal height is approxi-
mately 4.3 m.
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Figure 1 Location of study sites in Quatsino Sound, British Columbia, Canada (2010-2012). Figure generated using ArcGIS v.10 (ESRI, Redlands, CA).
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Beach surveys

Although Pacific herring spawn directly on subtidal and
intertidal substrates, only intertidal and supratidal zones
were surveyed. In a related study of Quatsino Sound
black bears, >100 h of observations indicated that bears
spend the majority of their time foraging in supratidal
and intertidal zones and consume eggs laid directly on
intertidal substrates but also eggs deposited in supratidal
and intertidal zones by wind, waves and tidal action
(CHF, unpublished data). Further, we note that while
there are numerous methods for enumerating Pacific
herring eggs, most modern methods are intended for
fisheries management purposes (e.g., [42]) and/or rely
on SCUBA (e.g., [43, 44]), the latter of which is inap-
propriate for supratidal zones. To meet objectives for
this and related studies (e.g., [33, 45]), we used stratified
random quadrat and sediment core sampling surveys of
supratidal and intertidal zones for two major black bear
food sources, Pacific herring eggs and Traskorchestia spp.
amphipods.

Evidence of spawn on all beaches was first assessed
by visual inspection of the water for milt, aggregations
of Pacific herring and/or attached eggs on nearshore
subtidal and intertidal substrates in multiple periods
before and during the herring spawn period. On beaches
with evidence of spawn, egg mass, a measure of quantity,
was estimated along a 100 m portion of beach using 25
randomly distributed 0.25 m?* quadrats during the spawn
period (prior to egg hatch). Along five random perpen-
dicular transects, three quadrats were randomly assigned
to tidal heights in the low (1-2 m), mid (2-3 m) and
high (3-4 m), in addition to two quadrats in the fresh
(within the 3—4 m zone) and the older supratidal wrack
lines (above 4.3 m, lowest low water). Within each quad-
rat, an estimate of egg number was generated using vis-
ual estimates of percent cover of ‘loose’ and ‘attached’
eggs, where eggs are affixed to macrophytes (wrack and
attached) or other substrates (e.g., eggs laid on boulders).
Loose egg percent cover was estimated and number of
egg layers (egg depth) randomly counted at five locations
and averaged. Attached egg cover was estimated, egg lay-
ers counted on five random pieces of macrophyte vegeta-
tion and layers of macrophytes with eggs counted at five
random locations.

To generate a cumulative estimate of number of eggs
within each quadrat, percent cover of loose eggs and
attached eggs were converted to number of eggs using an
egg radius (r = 0.74 mm) from Alderdice and Hourston
[46], which was similar to our egg radius measurement
made on site in Quatsino Sound (r = 0.83 mm, n = 20).
Values from Alderdice and Hourston [46] were used as
these were judged conservative relative to our samples,
which were saturated with freshwater. The total number
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of loose eggs (number of loose eggs x average number
of egg layers) was added to total number of attached eggs
(number of attached eggs x average number of egg lay-
ers x average number of macrophyte layers). Egg samples
collected in 2012 (10 eggs per sample, n = 5) were dried
at 60°C for 48 h and weighed, with mean mass per egg
(0.27 mg) used to calculate egg mass for a 1 m wide sec-
tion of beach perpendicular to the coastline (supratidal to
the low intertidal zone). Egg abundance or mass could be
generated for any length of beach; we used egg mass and
a 1 m wide section of beach for simplicity of comparison.

Eggs are lost from spawning grounds via consump-
tion by predators and scavengers, removal by wind and
waves, degradation, and other mechanisms. Egg loss
rates at Pacific herring spawns in BC have been previ-
ously measured (e.g., [47, 48]) but because egg loss rates
vary, site or region-specific egg loss rates have been rec-
ommended [48]. Egg surveys were repeated at beach
study sites during the pre, hatch, and post egg hatch peri-
ods and 12 daily egg loss rates were estimated (2011, 4
beaches, 12 surveys, 8 egg loss rates estimated; 2012, 2
beaches, 6 surveys, 4 egg loss rates estimated). Because
no significant differences in egg loss rates were detected
in the pre and post hatch periods (ANOVA; F, |, = 4.04,
p = 0.07), an average daily egg loss rate was calculated
(6.9% + 1.1 SE). For the first 5 days of the spawn, we con-
servatively estimated a 20% daily linear increase in egg
mass across all beaches to the estimated spawn maxima
on day five. This 20% estimated increase over 5 days was
used for two reasons: (1) the gradual addition of eggs into
the supratidal and intertidal was observed during active
spawning (~5 days in Quatsino Sound) and (2) tidal, wind
and wave action washes eggs into supratidal and inter-
tidal zones, with elevated and often irregular egg loading
in the early days of the spawn (CHE, pers. obs.).

Unlike Pacific herring eggs, Traskorchestia spp. amphi-
pods (max. body length = 2 ¢cm) are generally restricted
to the upper intertidal and supratidal zones and com-
monly occur in high densities under wrack (CHE, unpub-
lished data). Immediately adjacent to quadrats in the
high (3—-4 m), fresh, and degraded wrack lines, sediment
cores (diameter = 10.6 cm) were used to collect amphi-
pods in beach sediment down to 10 cm depth (n = 15 per
beach). Beaches were sampled for amphipods once, with
a preference for sampling later in the study period, when
amphipods were active and accessible by black bears.
Samples were frozen at —20°C until processing. Sam-
ples were sieved through a 0.75 mm mesh under running
water, 30% of sample was retained, spread over a large
surface and amphipods manually removed. Amphipods
were dried at 60°C for 48 h and weighed. Similar to her-
ring eggs, amphipod mass was calculated for a 1 m wide
section of beach perpendicular to the shoreline. Mass, a
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measure of quantity, was used due to the high variabil-
ity of beach widths and the restricted vertical habitat of
amphipods. Amphipod mass on individual beaches was
assumed to be constant over the study period for two
reasons: (1) the majority of mass consisted of adults
from the overwintering population and (2) juveniles had
not yet recruited to the adult-sized population and were
excluded by the 0.75 mm mesh size.

Remote cameras

The use of remote cameras (i.e.,, camera-trapping) is
an established non-invasive approach for monitoring
wildlife, including the activity of brown and black bears
at salmon streams (e.g., [49, 50]). Two camera models
(Reconyx RM30 and HC500, Wisconsin, USA; n = 7-11
per year; 1 camera per beach) equipped with infrared
motion sensors and an infrared flash to allow for image
capture during darkness were used with identical settings
(24 h active mode, three rapid-succession images cap-
tured per trigger, high trigger sensitivity). For the dura-
tion of the study period, cameras were affixed to trees
adjacent to beach study sites at heights (~1-1.5 m) and
positioned such that large mammals in supratidal and
intertidal zones would be detected. After positioning,
all cameras were checked for detection of large mam-
mals using the ‘walk-test” function with human subjects
in supratidal and high intertidal zones. Cameras were
checked every 1-2 weeks; during camera checks memory
cards were collected, batteries replaced and cameras re-
positioned as necessary. All camera photos were date and
time stamped.

To assess camera model bias, the two models were
first tested using human subjects. At distances approxi-
mating the supratidal (1 m), high (5 m) and mid (10 m)
intertidal, both camera models displayed 100% success-
ful detection of human subjects. At distances of 15 m and
greater, RM30 routinely failed to detect human subjects
at distances that approximated the low intertidal. How-
ever, in practice, neither camera model captured images
of any large mammals in the low intertidal. Further, two
cameras (one of each model) were set out on a beach at
5 m horizontal distance for 41 days and a comparison
of camera detections of black bears revealed no signifi-
cant difference (Wilcoxon signed-rank test; Z = —1.31,
p = 1.91). As such, the influence of camera model bias in
the low intertidal was judged negligible.

Observations of black bears during a pilot study in
2009 found that bears spent an average of 35 + 6 SE
minutes in supratidal and intertidal zones (CHF, unpub-
lished data). Apart from females with cubs, the majority
of black bears observed in supratidal and intertidal zones
were alone; the occurrence of multiple bears on the same
beach was only observed twice and these animals were
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>150 m apart (CHEF, pers. obs.). Subsequently, black bear
activity was based on a period of 30 min; multiple bear
detections at less than 30 min were recorded as a single
event and bears detected at intervals greater than 30 min
scored as independent events. Black bear activity was
then summed for a cumulative daily count. Black bears
with cubs were counted as one animal. Days for individ-
ual cameras that experienced malfunction or significant
repositioning by black bears were excluded.

Cameras also detected gray wolves and their often
elevated use of the supratidal and intertidal warranted
their examination as a potential predictor of black bear
activity. Individual wolves were not identified due to the
poorer quality of camera images during darkness. Wolf
activity was generated on the same 30-min basis as bears,
without regard to the number of individuals detected,
and then summed per day. For comparison, we also
recorded the activity other large mammals (black-tailed
deer, Odocoileus hemionus columbianus and cougar,
Puma concolor) on a 30-min basis.

Scat surveys

In 2010, black bear scat surveys were conducted at all
sites throughout March and into early May; this protocol
was modified in 2011 and 2012 for surveys to begin after
the first bear was detected. Cameras marked the centre
of the scat survey, with 250 m of supratidal and intertidal
zones on either side of the cameras searched. At each
beach, five wildlife trails that ran roughly perpendicular
to the beach were also searched (100 m length each). In
total, scat surveys at each site consisted of 500 m beach
and 500 m wildlife trails. Sites were searched 2-3 times
each year, with the timing of searches intended to capture
a ~14 day window of fresh scats per location.

The upper 80% of scats aged less than an estimated
14 days were collected and frozen until processing.
Scat analysis generally followed the methods outlined
by Dahle et al. [51] and Persson et al. [52]. Scats were
washed in a 0.75 mm sieve, mixed by hand and five, six
ml volumes (measured by water displacement) subsam-
pled per scat. Subsamples were dispersed over a 1 cm?
grid with ~15 ml of water. Dietary components were
identified, their volume estimated and subsequently
averaged. Previous research has confirmed that visual
estimates of percent volume correlates well with exact
measurements [53]. Scat items were summarized by year
using frequency of occurrence (FO) and percent faecal
volume (FV):

number of scats containing item X

FOx = x100%

total number of scats

mean volume of food item X

Fvx = x100%

total faecal volume
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Dietary items differ in their digestibility, with highly
digestible items underestimated and poorly digestible
items often overestimated [52]. To address this, correc-
tion factors that relate faecal volume with original dietary
intake are commonly applied [54]. Annual faecal volumes
were multiplied with a number of diet-specific correc-
tion factors (CF;) to generate estimates of original diet
as estimated dietary content in percent dry mass. Esti-
mated dietary content was then multiplied by a second
correction factor (CF,) that relates dry matter to energy
(kJ/g dry weight), expressed as estimated dietary energy
content.

Estimated dietary content and estimated dietary
energy content were estimated based on the conservative
assumption that macroalgae and seagrass consumption
by black bears confers energy. Although direct observa-
tion of black bears suggests that consumption of marine
macrophytes (seagrass and macroalgae) is incidental to
the consumption of Pacific herring eggs and amphipods
and that most marine macrophytes found in scat appear
to undergo minimal digestion (CHE, pers. obs.), energetic
benefit could not be ruled out. Polar bears are also known
to consume macroalgae, but leading explanations include
vitamin and mineral uptake rather than energetic benefit
[55]. Overall, we know little of algal digestibility by bears.

Correction factors (CF;) used to estimate estimated
dietary content from faecal volume were obtained
from a diet study of brown bears (graminoids = 0.24,
forbs = 0.26, arthropods = 1.1, and whole trout = 40.8;
[54]). Pritchard and Robbins [56] found no significant dif-
ferences in digestive or metabolic efficiencies between
brown and black bears and other studies have applied
brown bear correction factors to black bears (e.g., [57]).
Correction factors for Pacific herring eggs, macroalgae
and seagrasses are not known; we used the values for
whole trout (40.8) and graminoids (0.24) respectively,
and interpret results with caution. In particular, we inter-
pret the application of the trout correction factor (CF,;)
for Pacific herring eggs as conservative for several rea-
sons. First, unlike trout, eggs have no hard parts to con-
sistently survive digestion and are primarily composed of
protein, lipids, and water. Second, black bear digestibility
of protein in similar items is very high [56]. Third, sev-
eral scats consisted almost exclusively of seagrasses and
macrophytes with zero eggs and zero to trace amphipods
and yet black bears were never observed to target marine
macrophytes unless eggs or amphipods were present
(CHE, pers. obs.).

To convert estimated dietary content to estimated
dietary energy content, we used a second round of cor-
rection factors (CF,, kJ/g), with herring eggs = 18.7
[28], graminoids = 6.3, forbs = 8.4, arthropods = 11.3,
except ants = 17.7 [51] and talitrid amphipods = 10.8
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[58]. Correction factors for macroalgae = 13.14 [58] and
seagrasses = 16.8 [59] were also applied, the latter of
which was based on Zostera marina. Excluded from all
estimated dietary content and estimated dietary energy
content calculations were molluscs, bryozoa, black bear
hair, feathers, trees/shrubs, bryophyta, gravel, and gar-
bage, as these were judged to contribute negligible energy
to black bears. Molluscs represented small faecal vol-
umes and were limited to worn shell fragments. Bryozoa,
feathers, and bryophytes were similarly evaluated, as they
constituted very small faecal volumes and were read-
ily found in wrack lines. Tree and shrub remains consti-
tuted somewhat larger faecal volumes, but the majority
of items were identified as small woody debris and coni-
fer needles, both of which are abundant in wrack lines.
Black bear hair represented trace faecal volumes and was
attributed to grooming by bears rather than consumption
of conspecifics. Lastly, garbage was limited to small worn
fragments of hard plastic and Styrofoam’, which was
indicative of incidental ingestion in supratidal and inter-
tidal zones. During the study period, black bears in the
area had limited access to human garbage.

Statistical analysis

The machine learning (ML) algorithm random forests
(RF; [39]) was used to identify predictors for two response
variables, black bear activity (summed on a daily basis per
beach) and Pacific herring egg estimated dietary content
in scats (mean herring egg estimated dietary content per
scat collection day for each study site location). Regres-
sion RF is an ensemble of decision trees that combines
bagging, here the independent construction of succes-
sive trees, and the random selection of predictor variables
[39]. For our purposes, this approach provides a pseudo
R?, a rank importance of predictor variables, and a visual
assessment (partial dependency plots) of the marginal
effect of a predictor on the response variable. Two sepa-
rate regression RFs with 700 trees and two variables tried
at each split were performed using the package random-
Forest version 4.6-7 [60] in the software program R [61].
Variable importance was determined using two measures.
The first, percent increase in mean standard error (MSE),
records the prediction error on the permuted out-of-bag
data for each predictor variable. The difference between
the predictor variable and the permuted predictor varia-
ble prediction error is averaged over all trees and normal-
ized by the standard deviation of differences. The second
measure of variable importance uses the total decrease
in node impurities derived from splitting on the variable,
averaged over all trees and measured by residual sum of
squares. For black bear activity, predictors included day
of the year, year, location, activity of gray wolves (daily
sum of detections), and mass (kg) of amphipods and
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Pacific herring eggs within a 1 m wide section of beach
perpendicular to the shoreline. For Pacific herring egg
estimated dietary content in scats (per beach study site
location and scat collection date), predictors included
amphipod mass, mean egg mass for the 14 days before
and including the scat collection date, day of the year, year
and location. SPSS v.21 (IBM, Armonk, NY) and ArcGIS
v.10 (ESRI, Redlands, CA) were also used to visualize data
and produce a map of the study area, respectively.

Results

Bear activity in supratidal and intertidal zones

In 2010, black bears were the most frequently camera-
trapped large mammal in supratidal and intertidal zones
with only relatively small numbers of black-tailed deer and
gray wolves detected (Figure 2a). Black bears still made up
a large proportion of mammals detected in the supratidal
and intertidal in 2011 and 2012, but in these years, a
wolf pack moved into the area (Figure 2b, c). In 2010, the
majority of wolves captured on camera were lone individ-
uals but in the following 2 years, multiple individuals were
commonly photographed in the same frame. With few
exceptions, black bears could not be individually identi-
fied using camera images, but from direct observations of
individual bears over the course of the study, we conserva-
tively estimate that a minimum of 15 individuals were pre-
sent each year (CHE, pers. obs.). All black bears appeared
to access supratidal and intertidal zones, including large
adult males, which typically were the first to emerge, and
later, smaller bears, subadults, and females with cubs. We
note that one beach appeared to be dominated by a large
adult male bear (CHF, pers. obs. and camera images), with
evidence of winter den and springtime ‘day den’ use ([62],
CHE, pers. obs.) in the adjacent forest.

Black bears were largely diurnal, with highest supratidal
and intertidal activity in the late afternoon and early even-
ing (Figure 3a, b). Timing of black bear emergence onto
beaches was variable, with bears first detected on camera
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in early March (day of the year = 65, March 6) in 2010 but
not until late March (day of the year = 82, March 23) in
2011 and April in 2012 (day of the year = 94, April 3; Fig-
ure 4a—c). Timing of black bear emergence onto beaches
coincided somewhat with the onset of the Pacific herring
spawn, which began March 20 (day of the year = 79) in
2010, March 22 (day of the year = 81) in 2011 and April 1
(day of the year = 92) in 2012 (Figure 4a—c).

Major supratidal and intertidal dietary items avail-
able to black bears varied annually. In 2010, Pacific
herring eggs were found on five of seven beaches, aver-
aging 0.05 kg (d.w.) = 0.03 (SE) per 1 m wide section
of beach perpendicular to the shoreline. In 2011 and
2012, Pacific herring spawned on six and eight beaches,
respectively (2011, n = 6 of 11 beaches; 2012, n = 8 of
11 beaches), averaging 1.18 kg (d.w.) & 0.77 in 2011 and
1.10 kg (d.w.) £ 0.61 (SE) in 2012. Amphipods were
found on most beaches (26 of 29), averaging 0.14 kg
(d.w.) £ 0.08 in 2010, 0.06 kg (d.w.) + 0.02 in 2011 and
0.03 kg (d.w.) = 0.01 (SE) in 2012.

RF was used to quantitatively assess predictors of daily
black bear activity at beaches but we also used cumulative
bear counts over the study period with leading predictors
to provide a visual assessment of these relationships. Black
bear activity was greater at beaches with higher Pacific her-
ring egg masses and although more variable, bears also
tended to be more frequent at beaches with higher amphi-
pod masses (Figure 5a, b). The relationship between
black bear activity and location, ranked from zero to higher
average Pacific herring egg mass, was positive (Figure 5c).
Although antagonistic interactions between gray wolves
and black bears were opportunistically observed (CHE,
pers. obs.), no relationship between the two species was
detected, although we note that this relationship may be
apparent on different spatiotemporal scales (Figure 5d).

For black bear activity in the intertidal, RF models
were not constructed using cumulative sums; instead,
bear activity and associated predictors were analyzed

2010 2011

Figure 2 Summary of camera-trapped large mammals in supratidal and intertidal zones in @ 2010, b 2011 and € 2012. Cameras (2010, n = 7,422
camera days; 2011, n = 11, 545 camera days; 2012, n = 11, 500 camera days) were located on beaches in Quatsino Sound, British Columbia, Canada.
Counts for large mammals reflect independent camera detections on a 30-min basis (see “Methods").

Species
Mblack bear
Wgray wolf
B cougar
Sblack-tailed deer

2012
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zones by a hour and b light level. Black bear activity is a measure

of independent detections (30 min intervals) of bears by remote
cameras positioned on beaches in Quatsino Sound, British Columbia
(2010-2012). Twilight is inclusive to both nautical and civil twilight.

on a daily basis per beach. Data for one spawn beach in
2012, where both black bears and gray wolves were rela-
tively abundant, are plotted to illustrate model structure
(Figure 6). Using percent increase MSE to rank variable
importance, the top two ranked predictors of black bear
activity were day of the year (33.4) and Pacific herring
egg mass (26.1), followed by similar, moderate-impor-
tance predictors year (14.7), amphipod mass (16.8), and
location (16.7) with gray wolf activity as the lowest pre-
dictor (3.8). Variable rank importance using increase in
node purity was similar, with Pacific herring egg mass
(146.7) and day of the year (121.7) as highly-ranked pre-
dictors, followed by location (47.3), amphipod mass
(36.4), gray wolf activity (25.6) with year as the low-
est-ranked predictor (17.5). Averaged pseudo R? was
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moderate (30.7%). Partial dependencies of predictor vari-
able influence on black bear activity illustrate that ele-
vated Pacific herring egg and amphipod masses, the latter
part of the study period, elevated gray wolf activity, and
certain beach study locations had greater influences on
bear activity (Figure 7a—f).

Scats

A total of 163 bear scats were analyzed for dietary content
(2010, n = 35, 7 sites; 2011, n = 81, 11 sites; 2012, n = 47,
11 sites). Percent faecal occurrence was judged the least
informative, with high faecal occurrences for multiple
diet items, including macroalgae, arthropods, grasses and
sedges (graminoids), and gravel (Table 1). In terms of fae-
cal volumes, major dietary components included brown
algae (2.9-38.6%), amphipods (5.4-24.5%), seagrasses
(9.8-39.5%), and graminoids (5.9-56.9%; Table 1). Pacific
herring eggs were absent from scats in 2010 and consti-
tuted trace amounts in 2011 and 1.1% faecal volumes in
2012 (Table 1).

Using estimated dietary content, amphipods (8.3—
60.2%), Pacific herring eggs (0.0-62.7%), and graminoids
(2.0-31.0%) were identified as major dietary items over
the 3 year study (Table 1). In 2010, amphipods constituted
the majority of the estimated dietary content (60.2%),
with 30.5% represented by graminoids. In 2011, contribu-
tions were more balanced, with 22.1% from amphipods,
25.8% from Pacific herring eggs, and 31.0% from grami-
noids but in 2012, herring eggs represented 62.7% of the
diet, with only minor contributions from brown algae,
amphipods, and graminoids (Table 1). Estimated dietary
energy content calculations resulted in similar patterns,
with dominant contributions from amphipods (66.6%)
and graminoids (19.7%) in 2010 and lesser amounts in
2011 (amphipods = 19.3%, graminoids = 15.9%), with
most energy derived from Pacific herring eggs (39.2%;
Table 1). In 2012, Pacific herring eggs dominated the
diet of bears, in terms of estimated dietary energy con-
tent (70.0%), with minor contributions from brown algae,
amphipods and graminoids (Table 1).

Using the estimated dietary content of Pacific herring
eggs in scats as the response variable and ranking variable
importance using percent increase MSE in the RF analy-
sis, the top ranked predictor was averaged Pacific herring
egg mass (16.6) followed by moderate predictors loca-
tion (10.4), amphipod mass (10.3), and year (8.2) with day
of the year as the lowest-ranked predictor (—4.6). Vari-
able rank importance using increase in node purity was
similar, with averaged Pacific herring egg mass (6779.6)
ranked as the top predictor, followed by moderate pre-
dictors location (2171.7), amphipod mass (1972.6), and
year (1082.5) with day of the year as the lowest-ranked
predictor (856.7). Pseudo R? was moderate (40.9%).
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Figure 4 Cumulative daily activity of black bears and the spawning period of Pacific herring in @ 2010, b 2011, and € 2012. Black bear daily activity
is the daily sum of independent detections (30 min intervals) of bears by remote cameras positioned on beaches in Quatsino Sound, British Colum-
bia (2010, n =7 cameras; 2011, n = 11; 2012, n = 11). The study period was March to early May (2010, March 2-May 3, day of the year 61-123; 2011,
March 7-May 6, day of the year 66-126; 2012, March 7-April 27, day of the year 67-118). Dashed lines indicate no data (cameras not operational).

Partial dependencies of predictor variable influences on
Pacific herring egg estimated dietary content in scats
illustrate that elevated herring egg mass, lower amphipod
mass, later days, certain beach study site locations and
the latter 2 years of the study period had greater influ-
ences (Figure 8a—e).

Discussion

Following emergence from dens, black bears were fre-
quent users of Quatsino Sound supratidal and inter-
tidal zones. Of all the large mammals detected in 2010,
black bears were the most common. In 2011 and 2012,
gray wolves and black bears were both frequent visitors
to supratidal and intertidal zones. As in other parts of
their range [63], black bears were primarily diurnal and

exhibited limited activity during twilight and darkness,
in contrast to primarily nocturnal activity by black bears
foraging on Pacific salmon [64].

Using RF, we determined that day of the year and
Pacific herring egg mass were highly ranked predictors
of black bear activity. The high relative importance of
day of the year was expected, given that the emergence of
black bears from dens occurred during the study period,
with bears being rare for most of March. Black bears
responded to Pacific herring spawn events, as indicated
by the high importance ranking of herring egg mass, with
greater activity on beaches with greater quantities of her-
ring eggs. In relative terms, amphipod mass was ranked
as moderate predictor of black bear activity, indicating
that bears were also responding to their quantity.
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Paired with the examination of supratidal and intertidal
bear activity, the collection of black bear scats provided
complementary evidence of the reliance by bears on
Pacific herring eggs and amphipods. In 2010, the major-
ity of energy was obtained from amphipods, which were
relatively abundant on beaches. In turn, generally low
Pacific herring egg masses coincided with an absence of
eggs in scats collected in 2010. Although we acknowl-
edge uncertainty over the use of the trout correction fac-
tor [54] as a proxy for Pacific herring eggs, evidence that
black bear digestion of protein in similar items is high
[56] supports our opinion that our dietary approach was
conservative and likely underestimated egg consumption.
Still, estimated dietary content and estimated dietary
energetic content values are interpreted with caution.
Overall, scat analysis indicated that black bears were

more reliant on Pacific herring eggs in the last 2 years
of the study; these greater energetic contributions coin-
cided with greater egg quantities in comparison to 2010
and likely reflects the flexible exploitation of localized
abundances of a high quality resource by bears. Providing
corroborative evidence of the importance of Pacific her-
ring eggs to the springtime diets of black bears, mean
Pacific herring egg mass was the strongest predictor of
egg estimated dietary content in bear scats with moderate
predictors including location, year and amphipod mass.
The lower ranking of amphipod relative to Pacific herring
egg mass further suggests that bears are responding to
the amount of eggs.

When combined with previous reports, our under-
standing of the importance of amphipods and Pacific her-
ring eggs in influencing the activity and diet of black
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Figure 6 Black bear and gray wolf activity per day at a representative beach with Pacific herring egg and Traskorchestia spp. amphipod masses (kg
d.w.). Black bear and gray wolf activity are cumulative daily independent detections (30 min intervals) of bears and wolves by a remote camera
positioned on a single beach study site in Quatsino Sound, British Columbia (2012). Amphipod mass is an assumed constant at each beach (see

“Methods”).

bears is only marginally improved, mainly because both
prey items are relatively unknown. Pacific herrings eggs
have not been previously described in the scientific lit-
erature as a resource for bears, although black bears have
been observed consuming eggs elsewhere in BC (e.g., C.
Fort and M. Hessing-Lewis, pers. comm.). Consump-
tion of Talitrid amphipods is somewhat more estab-
lished, with reports for black bears in BC (Traskorchestia
traskiana [20, 65]) and brown bears in Siberia (Gam-
marid amphipods [66]) and Alaska (7. traskiana [17]).
Van Daele et al. [17] likened brown bear exploitation of
T. traskiana amphipods as the ecological equivalent of
myrmecophagy (termite and ant consumption), which is
important for some brown and black bear populations
(e.g., [67, 68]).

Our analysis considers Pacific herring eggs and amphi-
pods to be independent and relies on mass, a measure
of quantity, with no reference to quality. On Quatsino
Sound beaches that experience Pacific herring spawn
however, the quality of Traskorchestia spp. amphipods
can be significantly influenced. Based on carbon and
nitrogen stable isotopes, an estimated 7-38% of amphi-
pod diets on beaches experiencing spawn in 2011 were
derived from Pacific herring [33]. In addition, amphi-
pods exposed to Pacific herring spawn contained greater
amounts of biologically valuable docosahexaenoic and
eicosapentaenoic fatty acids, which were also attributed
to herring [33]. With black bear emergence onto beaches

somewhat coincident with the timing of the spawn in
Quatsino, subsequent consumption of amphipods by
bears on spawn beaches represents an indirect trophic
link between bears and Pacific herring. Otherwise, major
sources of production for amphipods were determined
to be macrophyte wrack, including giant kelp (Macrocys-
tis integrifolia) and surfgrass (Phyllospadix serrulatus),
which represents a spatial subsidy to amphipods [33] and
indirectly, the black bears that consume them.

Neither American black bears nor Pacific herring are at
risk of extinction, but for reasons that relate to anthro-
pogenic influences on both marine and terrestrial eco-
systems, these two species are likely less interactive now
than in the past. Across North America, black bear dis-
tribution has declined by 39% [69]. In locations where
Pacific herring still spawn, black bears may have limited
to no access due to anthropogenic disturbance (e.g., [70]),
habitat degradation/loss, and localized reductions of
black bear populations. In terms of herring, quantitative
estimates of Pacific herring populations before indus-
trial harvesting began (late 1800s [71]) do not exist, but a
recent archaeological study of ancient human settlements
in BC, Washington and Alaska indicates that herring
were more abundant and exhibited greater distributional
consistency prior to industrial harvesting [24]. Following
a BC-wide crash in the 1960s and subsequent recovery,
Pacific herring populations declined again in the 1990s
and 2000s for reasons that remain poorly understood
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Table 1 Black bear scat summary results for 2010, 2011, and 2012

Page 13 0f 18

Taxa/group Common name FO FV
2010 2011 2012 2010 2011 2012
Phaeophyta Brown algae 48.6 53.1 95.7 2.9 12.6 386
Macrocystis integrifolia Giant kelp 29 32.1 723 0.6 86 250
Egregia menziesii Feather boa kelp - - 46.8 - - 5.8
Fucus spp. Rockweed 17.1 185 46.8 tr. 0.6 1.8
Other Laminariales Kelps 45.7 395 66.0 1.9 34 6.1
Chlorophyta Green algae 2.9 21.0 10.6 tr. 0.7 tr.
Rhodophyta Red algae - 21.0 42.6 - 05 0.6
Arthropoda Invertebrates 743 395 44.7 25.1 7.8 55
Insecta Insects - 1.23 - - tr. -
Coleoptera Beetles 314 74 19.1 tr. tr. tr.
Diptera Flies - 2.5 2.1 - tr. tr.
Formicidae Ants 29 - - tr. - -
Decapoda Crabs - 1.2 - - tr. -
Hemigrapsus spp. Shore crabs 8.6 2.5 - tr. tr. -
Talitridae Amphipods 65.7 358 51.1 24.5 7.8 54
Cirripedia Barnacles 29 - - tr. - -
Lepas spp. Pelagic gooseneck barnacles 29 - - tr. - -
Mollusca Molluscs 57 86 85 tr. tr. tr.
Other Mollusca 57 4.9 6.4 tr. tr. tr.
Bivalvia Clams and oysters - 1.2 2.1 - tr. tr.
Gastropoda Snails - 37 - - . -
Bryozoa Marine bryozoans - 12 - - t. -
Chordata Animals 57 21.0 34.0 tr. tr. 1.1
Clupea pallasii Pacific herring eggs - 12.3 340 - tr. 1.1
Ursus americanus Black bear hair 5.7 49 2.1 . tr. tr.
Aves Feathers - 37 - - tr. -
Streptophyta Land plants 100 100 100 70.1 75.0 514
Zosteraceae Seagrasses 48.5 580 979 9.8 18.7 395
Graminoids Grasses and sedges 943 63.0 255 56.9 50.0 59
Trees and shrubs Needles and wood 77.1 703 97.9 14 54 49
Bryophyta Mosses 29 1.1 2.1 tr. tr. tr.
Forbs 29 37 - 20 1.0 1.1
Gravel 40.0 48.1 702 1.8 2.7 2.7
Garbage 86 4.9 43 tr. tr. tr.
Taxa/group Common name EDC EDEC
2010 2011 2012 2010 2011 2012
Phaeophyta Brown algae 1.3 86 13.2 1.8 9.1 10.3
Macrocystis integrifolia Giant kelp tr. 53 84 tr. 5.7 6.6
Egregia menziesii Feather boa kelp - - 1.9 - - 1.5
Fucus spp. Rockweed - tr. 06 - tr. tr.
Other Laminariales Kelps 1.0 2.1 20 14 22 1.6
Chlorophyta Green algae - tr. - - 05 -
Rhodophyta Red algae - tr. tr. - tr. tr.
Arthropoda Invertebrates 61.7 222 84 684 19.5 54
Insecta Insects - tr. - - tr. -
Coleoptera Beetles tr. tr. tr. 0.6 tr. tr.
Diptera Flies - tr. tr. - tr. tr.
Formicidae Ants tr. - - tr. - -
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Table 1 continued
Taxa/group Common name EDC EDEC
2010 2011 2012 2010 2011 2012
Decapoda Crabs - tr. - - tr. -
Hemigrapsus spp. Shore crabs 0.7 tr. - 09 tr. -
Talitridae Amphipods 60.2 22.1 83 66.6 19.3 54
Cirripedia Barnacles tr. - - tr. - -
Lepas spp. Pelagic gooseneck barnacles tr. - - tr. - -
Mollusca Molluscs
Other Mollusca
Bivalvia Clams and oysters
Gastropoda Snails
Bryozoa Marine bryozoans
Chordata Animals - 258 62.7 - 392 70.0
Clupea pallasii Pacific herring eggs - 25.8 62.7 - 39.2 70.0
Ursus americanus Black bear hair
Aves Feathers
Streptophyta Land plants 36.9 432 15.6 288 31.7 14.0
Zosteraceae Seagrasses 53 11.6 133 9.1 15.8 133
Graminoids Grasses and sedges 30.5 310 2.0 19.7 159 0.7
Trees and shrubs Needles and wood
Bryophyta Mosses
Forbs 1.2 0.7 tr. 1.0 tr. tr.
Gravel
Garbage

Reported values represent percent frequency of occurrence (FO), percent faecal volume (FV), percent estimated dietary content (EDC) and percent estimated dietary
energy content (EDEC) of dietary items in black bear scats collected in Quatsino Sound, British Columbia in 2010 (n = 35, 7 sites), 2011 (n = 81, 11 sites) and 2012

(n =47, 11 sites). Iltems constituting <0.5% are indicated with trace (tr.). Italics text indicates cumulative values for the taxonomic group shown. EDC and EDEC values
were not calculated for molluscs, bryozoans, black bear hair, feathers, needles and wood, mosses, gravel or garbage (see “Methods”).

(e.g., [22]). In recent years, BC commercial fisheries have
concentrated efforts on the two largest Pacific herring
meta-populations. Following lengthy commercial fisher-
ies closures, the remaining three major meta-populations
in BC recently experienced modest increases and com-
mercial fisheries were subsequently reopened (e.g., [72]),
but the sustainability of these harvests remains contro-
versial (e.g., [73]).

Because Pacific herring abundance has also been shown
to influence the temporal delivery of spawn to nearshore
and intertidal ecosystems, reduced herring abundances
may result in reduced temporal contact between herring
and intertidal and terrestrial ecosystems. Pacific herring
can spawn in waves, with between-spawn periods last-
ing up to 26 days [74] or possibly more (I. McKechnie,
pers. comm.). Further, spawning may be more drawn
out in years with larger Pacific herring populations [74].
Given that eggs from a small spawn event in Quatsino
Sound were observed to persist in supratidal and inter-
tidal zones for at least 5 weeks, including the post-hatch
stage [45], evidence of greater historical Pacific herring
abundances [24] raises the prospect that waves of spawn

events could have provided resources to coastal consum-
ers for several months.

Combined, evidence that pre-industrial Pacific herring
populations were likely more abundant, exhibited greater
distributional consistency [24] and that spawn events
may have occurred in ‘waves’ or in a more protracted
pattern, suggests that interactions between spawning
herring and terrestrial ecosystems, including bears, may
have more widespread than at present. Relative to both
deep time (e.g., [24]) and short term baselines (e.g., [22,
40, 41]), and regardless of the drivers (e.g., industrial har-
vest, climate change, etc.), reduced Pacific herring abun-
dance equates directly with decreased spawning adults,
eggs and milt with consequences that include the subse-
quent reduction of herring spawn resources for coastal
consumers, including black bears. Using the poor Quat-
sino Sound spawn in 2010 as evidence, low supratidal
and intertidal zone egg quantities resulted in a weak-
ened interaction with black bears, who instead relied on
amphipods and graminoids as major dietary items.

Forage fish, including Pacific herring, have fundamental
importance to marine socio-ecological systems, including
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supporting many upper trophic level marine populations
and the human fisheries that directly and indirectly tar-
get them. The cross-ecosystem consequences of forage
fish, however, are rarely known. Further, despite their
status as the dominant forage fish in BC, Pacific herring
are managed without ecosystem-based considerations, in
part due to a lack of information [41]. Given the relatively
widespread occurrence of black bears in western North
America coincident to the spawning areas of Pacific her-
ring (Baja to Alaska), our study considerably broadens
the scope of conservation concern, which now extends
beyond marine ecosystems to include interactions with
black bears and terrestrial ecosystems in general. Further,
with anthropogenic restriction of both participants, the
remaining areas where Pacific herring, black bears, and
potentially other terrestrial species still interact warrant
additional study and consideration.

Conclusions

At Pacific herring spawning grounds in Quatsino Sound,
BC, Canada, American black bears, following emergence
from winter dens, demonstrated increased activity at
Pacific herring spawns with greater amounts of eggs in
supratidal and intertidal zones. Pacific herring egg mass
was also a lead predictor of black bear consumption of
eggs, which provides corroborative evidence that bears
respond positively to increasing amounts of herring eggs.
Combined, this is the first scientific evidence of a cross-
ecosystem interaction between Pacific herring and Amer-
ican black bears, two relatively conspicuous species that
play substantive roles in coastal ecosystems but which
have not been previously linked. Potentially stronger and
more widespread historically, these novel bear-herring
interactions highlight the paucity of knowledge regarding
species and ecosystem interactions and in turn, the lack
of information regarding their potential decline.

Abbreviations
BC: British Columbia; ML: machine learning; MSE: mean standard error; RF:
random forests.

Authors’ contributions

CHF conceived of and designed the study, collected the data and performed
data analysis. TER and PCP contributed to study design and provided advice
for data collection and analysis. All authors participated in drafting the manu-
script. All authors read and approved the final manuscript.

Author details

! Raincoast Conservation Foundation, PO Box 2429, Sidney, BC V8L 3Y3,
Canada. 2 Department of Biology, University of Victoria, PO Box 1700 STN CSC,
Victoria, BC VW 2Y2, Canada. > Present address: Department of Geography,
University of Victoria, PO Box 1700 STN CSC, Victoria, BC V8W 2Y2, Canada.

Acknowledgments

We thank the anonymous reviewers whose comments and suggestions
greatly improved this manuscript. A human ethics waiver and an observa-
tional animal use permit were granted by the University of Victoria. A scientific

Page 16 of 18

license was obtained from Fisheries and Oceans Canada. Financial and logisti-
cal support was provided by the University of Victoria, Raincoast Conservation
Foundation, Environment Canada, and the National Sciences and Engineering
Research Council of Canada (NSERC operating grant NRC2354 to TER and
NSERC PGS-D award to CHF). M. Adams, C. Darimont, R. Davey, J. Dower, D.
Duffus, M. Fournier, J. and L. Fox, S. Insley, C. Kelly, K. Kezes, |. McKechnie, K.
Morgan and others are thanked for their contributions. Quatsino First Nation
is also acknowledged for granting permission to undertake research in their
territory.

Compliance with ethical guidelines

Competing interests
The authors declare that they have no competing interests.

Received: 27 October 2014 Accepted: 22 April 2015
Published online: 26 May 2015

References

1. Soulé ME, Estes JA, Berger J, Del Rio CM (2003) Ecological effectiveness:
conservation goals for interactive species. Conserv Biol 17:1238-1250

2. Estes JA Terborgh J, Brashares JS, Power ME, Berger J, Bond WJ et al.
(2011) Trophic downgrading of planet earth. Science 333:301-306

3. QuinnTP (2005) The behavior and ecology of Pacific salmon and trout.
University of Washington Press, Seattle

4. Polis GA, Anderson WB, Holt RD (1997) Toward an integration of land-
scape and food web ecology: the dynamics of spatially subsidized food
webs. Annu Rev Ecol Evol Syst 28:289-316

5. Reimchen TE, Mathewson D, Hocking MD, Moran J (2003) Isotopic evi-
dence for enrichment of salmon-derived nutrients in vegetation, soil and
insects in riparian zones in coastal British Columbia. Am Fish Soc Symp
34:59-69

6. Ben-David M, Hanley TA, Klein DR, Schell DM (1997) Seasonal changes in
diets of coastal and riverine mink: the role of spawning Pacific salmon.
Can J Zool 75:803-811

7. Christie KS, Reimchen TE (2008) Presence of salmon increases passerine
density on Pacific North-west streams. Auk 125:51-59

8. Bennetts E, McClelland BR (1997) Influence of age and prey availability on
Bald Eagle foraging behavior at Glacier National Park, Montan. Wilson Bull
109:393-409

9. Reimchen TE (2001) Some ecological and evolutionary aspects of bear—
salmon interactions in coastal British Columbia. Can J Zool 78:448-457

10. Quinn TP, Carlson SM, Gende SM, Rich HB (2009) Transportation of Pacific
salmon carcasses from streams to riparian forests by bears. Can J Zool
87:195-203

11. Darimont CT, Reimchen TE (2002) Intra-hair stable isotope analysis
implies seasonal shift to salmon in gray wolf diet. Can J Zool 80:1-5

12. Ben-David M, Hanley TA, Schell DM (1998) Fertilization of terrestrial
vegetation by spawning Pacific salmon: the role of flooding and predator
activity. Oikos 83:47-55

13. O'Keefe TC, Edwards RT (2002) Evidence for hyporheic transfer and
removal of marine-derived nutrients in a sockeye stream in southwest
Alaska. Am Fish Soc Symp 33:99-108

14. Hilderbrand GV, Schwartz CC, Robbins CT, Jacoby ME, Hanley TA, Arthur
SM et al. (1999) The importance of meat, particularly salmon, to body
size, population productivity, and conservation of North American brown
bears. Can J Zool 77:132-138

15. Helfield JM, Naiman RJ (2006) Keystone interactions: salmon and bear in
riparian forests of Alaska. Ecosystems 9:167-180

16. Ziegltrum GJ, Nolte DL (2001) Black bear forest damage in Washington
State, USA: economic, ecological, social aspects. Ursus 12:169-172

17. Van Daele LJ, Barnes VG Jr, Belant JL (2012) Ecological flexibility of brown
bears on Kodiak Island, Alaska. Ursus 23:21-29

18. Smith TS, Partridge ST (2004) Dynamics of intertidal foraging by coastal
brown bears in southwestern Alaska. J Wildl Manag 68:233-240

19. Carlton JT, Hodder J (2003) Maritime mammals: terrestrial mammals
as consumers in marine intertidal communities. Mar Ecol Prog Ser
256:271-286



Fox et al. BMC Ecol (2015) 15:14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

Orr M, Zimmer M, Jelinski DE, Mews M (2005) Wrack deposition on differ-
ent beach types: spatial and temporal variation in the pattern of subsidy.
Ecology 86:1496-1507

Willson MF, Gende SM, Marston BH (1998) Fishes and the forest: expand-
ing perspectives on fish-wildlife interactions. BioScience 48:455-462
Schweigert JF, Boldt JL, Flostrand L, Cleary JS (2010) A review of factors
limiting recovery of Pacific herring stocks in Canada. ICES J Mar Sci
67:1903-1913

Thornton TF, Moss ML, Butler VL, Herbert J, Funk F (2010) Local and tradi-
tional knowledge and the historical ecology of Pacific herring in Alaska. J
Ecol Anthropol 14:81-88

McKechnie I, Lepofsky D, Moss ML, Butler VL, Orchard TJ, Coupland G et al.
(2014) Archaeological data provide alternative hypotheses on Pacific
herring (Clupea pallasii) distribution, abundance, and variability. Proc Natl
Acad Sci 111:807-816

Purcell JE (1989) Predation on fish larvae and eggs by the hydromedusa
Aequorea victoria at a herring spawning ground in British Columbia. Can J
Fish Aquat Sci 46(141):5-1427

Tanasichuk RW, Ware DM, Shaw W, McFarlane GA (1991) Variations in diet,
daily ration, and feeding periodicity of Pacific hake (Merluccius productus)
and spiny dogfish (Squalus acanthias) off the lower west coast of Vancou-
ver Island. Can J Fish Aquat Sci 48:2118-2128

Livingston PA (1993) Importance of predation by groundfish, marine
mammials and birds on walleye pollock Theragra chalcogramma and
Pacific herring Clupea pallasi in the eastern Bering Sea. Mar Ecol Prog Ser
102:205-215

Bishop MA, Green SP (2001) Predation on Pacific herring (Clupea pallasi)
spawn by birds in Prince William Sound, Alaska. Fish Oceanogr 10(Suppl!
1):149-158

Anderson EM, Lovvorn JR, Esler D, Boyd WS, Stick KC (2009) Using preda-
tor distributions, diet, and condition to evaluate seasonal foraging sites:
sea ducks and herring spawn. Mar Ecol Prog Ser 386:287-302

Thomas AC, Lance MM, Jeffries SJ, Miner BG, Acevedo-Gutiérrez A (2011)
Harbor seal foraging response to a seasonal resource pulse, spawning
Pacific herring. Mar Ecol Prog Ser 441:225-239

Hay DE (1985) Reproductive biology of Pacific herring (Clupea harengus
pallasi). Can J Fish Aquat Sci 42:111-126

Fuiman LA, Connelly TL, Lowerre-Barbieri SK, McClelland JW (2015) Egg
boons: central components of marine fatty acid food webs. Ecology
96:153-156

Fox CH, El-Sabaawi R, Paquet PC, Reimchen TE (2014) Pacific herring (Clu-
pea pallasii) and wrack macrophytes subsidize semi-terrestrial detritivores.
Mar Ecol Prog Ser 495:49-64

Willson MF, Womble JN (2006) Vertebrate exploitation of pulsed marine
prey: a review and the example of spawning herring. Rev Fish Biol Fish
16:183-200

Polis GA, Hurd SD (1996) Linking marine and terrestrial food webs: alloch-
thonous input from the ocean supports high secondary productivity on
small islands and coastal land communities. Am Nat 147:396-423

Varpe @, Fiksen @, Slotte A (2005) Meta-ecosystems and biological energy
transport from ocean to coast: the ecological importance of herring
migration. Oecologia 146:443-451

Garman GC, Macko SA (1998) Contribution of marine-derived organic
matter to an Atlantic coast, freshwater, tidal stream by anadromous
clupeid fishes. J N Am Benthol Soc 17:277-285

Walters AW, Barnes RT, Post DM (2009) Anadromous alewives (Alosa
pseudoharengus) contribute marine-derived nutrients to coastal stream
food webs. Can J Fish Aquat Sci 66:439-448

Breiman L (2001) Random forests. Mach Learn 45:5-32

Fisheries and Oceans Canada (2011) Stock assessment report on Pacific
herring in British Columbia in 2011. Can Sci Advis Sec Sci Advis Rep
2011(061):1-15

Fisheries and Oceans Canada (2012) Stock assessment report on Pacific
herring in British Columbia in 2012. Can Sci Advis Sec Sci Advis Rep
2012(062):1-17

Schweigert JF, Haegele CW, Stocker M (1985) Optimizing sampling
design for herring spawn surveys in the Strait of Georgia, BC. Can J Fish
Aquat Sci 42:1806-1814

Haegele CW, Humphreys RD, Hourston AS (1981) Distribution of eggs

by depth and vegetation type in Pacific herring (Clupea harengus pallasi)
spawnings in southern British Columbia. Can J Fish Aquat Sci 38:381-386

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 17 of 18

Schweigert JF, Haegele CW, Stocker M (1990) Evaluation of sampling
strategies for scuba surveys to assess spawn deposition by Pacific herring.
N Am J Fish Manag 10:185-195

Fox CH (2013) Pacific herring and salmon: ecological interactions across
the land-sea interface. Ph.D. dissertation. University of Victoria, Depart-
ment of Biology

Alderdice DF, Hourston AS (1985) Factors influencing development and
survival of Pacific herring (Clupea harengus pallasii) eggs and larvae to
beginning of exogenous feeding. Can J Fish Aquat Sci 42:56-68
Haegele CW, Schweigert JF: Egg loss in herring spawns in Georgia Strait,
British Columbia, Canada. In: Proceedings of the international herring
symposium, Alaska Sea Grant College Program Report 1991, 91-01, pp
309-322

Keeling BE (2013) Quantifying the magnitude and mechanisms driving
Pacific herring (Clupea pallasi) egg loss on the Central Coast of British
Columbia, Canada. M.Sc. thesis. Simon Fraser University, School of
Resource and Environmental Management

Shardlow TF, Hyatt KD (2013) Quantifying associations of large
vertebrates with salmon in riparian areas of British Columbia streams
by means of camera-traps, bait stations, and hair samples. Ecol Indic
27:97-107

Quinn TP, Wirsing AJ, Smith B, Cunningham CJ, Ching J (2014) Comple-
mentary use of motion-activated cameras and unbaited wire snares for
DNA sampling reveals diel and seasonal activity patterns of brown bears
foraging on adult sockeye salmon. Can J Zool 92:893-903

Dahle B, Serensen OJ, Wedul EH, Swenson JE, Sandegren F (1998) The
diet of brown bears Ursus arctos in central Scandinavia: effect of access to
free- ranging domestic sheep Ovis aries. Wildl Biol 4:147-158

Persson IL, Wikan S, Swenson JE, Mysterud | (2001) The diet of the brown
bear Ursus arctos in the Pasvik Valley, northeastern Norway. Wildl Biol
7:27-37

Mattson DJ, Blanchard BM, Knight RR (1991) Food habits of Yellowstone
grizzly bears, 1977-1987. Can J Zool 69:1619-1629

Hewitt DG, Robbins CT (1996) Estimating grizzly bear food habits from
fecal analysis. Wildl Soc Bull 24:547-550

Iverson M (2011) The diet of polar bears (Ursus maritimus) from Svalbard,
Norway, inferred from scat analysis. M.Sc. thesis, University of Tromso,
Department of Biosciences, fisheries and economics

Pritchard GT, Robbins CT (1990) Digestive and metabolic efficiencies of
grizzly and black bears. Can J Zool 68:1645-1651

McLellan BN (2011) Implications of a high-energy and low-protein diet
on the body composition, fitness, and competitive abilities of black (Ursus
americanus) and grizzly (Ursus arctos) bears. Can J Zool 89:546-558

Gray A (2005) The salmon river estuary: restoring tidal inundation and
tracking ecosystem response. Ph.D. dissertation, University of Washing-
ton, School of Aquatic and Fishery Sciences

Baldwin JR, Lovvorn JR (1994) Expansion of seagrass habitat by the exotic
Zostera japonica, and its use by dabbling ducks and brant in Boundary
Bay, British Columbia. Mar Ecol Prog Ser 103:119-127

Liaw A, Wiener M (2002) Classification and regression by randomForest. R
News 2(3):18-22

R Core Team (2013) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna, Austria. http://
www.R-project.org/. Accessed 7 Jan 2015

Fox CH, Paquet PC, Reimchen TE (2010) Active American black bear dens
adjacent to a marine beach used for foraging. Ursus 21(2):195-197
Powell RA, Zimmerman JW, Seaman DE (1997) Ecology and behaviour of
North American black bears: home ranges, habitat and social organiza-
tion. Chapman and Hall Wildlife Ecology and Behaviour Series, London
Reimchen TE (1998) Nocturnal foraging behaviour of Black Bear,

Ursus americanus, on Moresby Island, British Columbia. Can Field Nat
112:446-450

Ellis DW, Wilson S (1981) The knowledge and usage of marine inverte-
brates by the Skidegate Haida people of the Queen Charlotte Islands.
Monograph Series 1. Queen Charlotte Islands Museum Society, BC,
Canada

Kistchinski AA (1972) Life history of the brown bear (Ursus arctos L.) in
north-east Siberia. Bears Biol Manag 2:67-73

Noyce KV, Kannowski PB, Riggs MR (1997) Black bears as ant-eaters:
seasonal associations between bear myrmecophagy and ant ecology in
north-central Minnesota. Can J Zool 75(10):1671-1686


http://www.R-project.org/
http://www.R-project.org/

Fox et al. BMC Ecol (2015) 15:14

68.

69.

70.

71.

Swenson JE, Jansson A, Riig R, Sandgren F (1999) Bears and ants: myrme-
cophagy by brown bears in central Scandinavia. Can J Zool 77:551-561
Laliberte AS, Ripple WJ (2004) Range contractions of North American
carnivores and ungulates. BioScience 54:123-138

Smith TS, Oyster O, Partridge SD, Martin IE, Sisson A (2012) Assessing
American black bear response to human activity at Kenai Fjords National
Park, Alaska. Ursus 23:179-191

Taylor FCH (1964) Life history and present status of British Columbia her-
ring stocks. Bull Fish Res Board Can, Ottawa

72.

73.

74.

Page 18 of 18

Fisheries and Oceans Canada (2014) Stock assessment and management
advice for British Columbia Pacific herring: 2013 status and 2014 forecast.
Can Sci Advis Sec Sci Advis Rep 2014(003):1-18

Mandamin LS (2014) The Ahousaht, Ehattesaht, Hesquiaht, Mowachaht/
Muchalaht and Tla-o-qui-aht Indian Bands and Nations and Minister of
Fisheries and Oceans. Federal Court, Docket T-404-14, Ottawa

Ware BM, Tanasichuk WW (1989) Biological basis of maturation and
spawning waves in Pacific herring (Clupea harengus pallasi). Can J Fish
Aquat Sci 46:1776-1784

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

® Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central




	Novel species interactions: American black bears respond to Pacific herring spawn
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Study area
	Beach surveys
	Remote cameras
	Scat surveys
	Statistical analysis

	Results
	Bear activity in supratidal and intertidal zones
	Scats

	Discussion
	Conclusions
	Authors’ contributions
	Received: 27 October 2014   Accepted: 22 April 2015References




