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ECOLOGY

Predatory fish invasion induces within and across
ecosystem effects in Yellowstone National Park

Todd M. Koel'*, Lusha M. Tronstad?, Jeffrey L. Arnold’, Kerry A. Gunther', Douglas W. Smith’,

John M. Syslo**, Patrick J. White'

Predatory fish introduction can cause cascading changes within recipient freshwater ecosystems. Linkages to
avian and terrestrial food webs may occur, but effects are thought to attenuate across ecosystem boundaries.
Using data spanning more than four decades (1972-2017), we demonstrate that lake trout invasion of
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Yellowstone Lake added a novel, piscivorous trophic level resulting in a precipitous decline of prey fish, including
Yellowstone cutthroat trout. Plankton assemblages within the lake were altered, and nutrient transport to tributary
streams was reduced. Effects across the aquatic-terrestrial ecosystem boundary remained strong (log response
ratio < 1.07) as grizzly bears and black bears necessarily sought alternative foods. Nest density and success of
ospreys greatly declined. Bald eagles shifted their diet to compensate for the cutthroat trout loss. These interactions
across multiple trophic levels both within and outside of the invaded lake highlight the potential substantial influence

of an introduced predatory fish on otherwise pristine ecosystems.

INTRODUCTION
Altered top-down effects following the loss of a native apex predator,
or the addition of an exotic, may result in unanticipated changes to eco-
systems (I). Introduced piscivorous fishes, in particular, have greatly
altered freshwater ecosystems throughout the world (2). When a novel
apex predator is introduced to a freshwater ecosystem, cascading
changes can result where inverse patterns in abundance, productivity,
or biomass of populations or communities emerge across links in the
aquatic food web. The apex predator asserts top-down control, wherein
planktivore biomass is reduced, zooplankton biomass and size are
increased, and algal biomass declines (3). This trophic cascade con-
cept arose from work in intertidal food webs (4) but has since been
applied to predator-driven shifts in freshwater, marine, and terres-
trial ecosystems (5). Movements of nutrients, prey, and predators
among habitats are ubiquitous and are thought to strongly influence
populations, communities, and food webs (6). In addition to causing
within ecosystem effects (7, 8), there is also strong evidence that intro-
duced apex predators can force across-ecosystem changes through
food web linkages (9, 10). Because aquatic and terrestrial ecosystems
are tightly linked through the fluxes of organisms, material, and energy
(11), cross-ecosystem studies are valuable to improve the understanding
of ecosystem responses to stressors (12) and for developing manage-
ment strategies to conserve natural connectivity and function (13).
Here, we provide evidence of cascading interactions across the
aquatic-terrestrial food web of the Yellowstone Lake watershed, a highly
protected landscape within Yellowstone National Park and the Bridger-
Teton wilderness of Wyoming (>3200 km?; fig. S1). The cascade was
driven by the invasion of a previously nonexistent apex predator, lake
trout (Salvelinus namaycush), which exhibited direct top-down effects
on prey fish including native Yellowstone cutthroat trout (Oncorhynchus
clarkii bouvieri). As lake trout complete their entire life history within
the lake and preferentially use deep water, they are inaccessible to con-
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sumers and do not serve as an ecological substitute for cutthroat trout
in the system (Fig. 1). Cutthroat trout evolved as the sole salmonid
and dominant fish within the lake and are generally found in shallow
waters where they were accessible to river otters (Lutra canadensis)
and avian predators including osprey (Pandion haliaetus), bald eagles
(Haliaeetus leucocephalus), and several colonial waterbirds. During
spawning migrations, cutthroat trout became an important prey for
grizzly bears (Ursus arctos) and American black bears (Ursus americanus).
Following Euro-American settlement of the region in the late 1800s and
early 1900s, other fishes not native to Yellowstone Lake were intentionally
introduced, including the benthivorous longnose sucker (Catostormus
catostomus). Longnose suckers became established, occupied localized
areas of the lake, and used some tributary streams for spawning but
never achieved the extensive spatial distribution and high abundance of
the native cutthroat trout, estimated at 3.5 million (>350 mm in length)
in the late 1970s.

Using data spanning more than four decades (1972-2017), we
present an observational study wherein the relationships among
cutthroat trout and several closely linked components of the aquatic
and terrestrial food webs are explored. We describe a multitude of
pathways from introduced lake trout to both the Yellowstone Lake
interaction web (within-system effects) and the surrounding terrestrial
environment (across-system effects). We predicted that the cascading
effects of the top predator would be strong within the aquatic ecosystem
but would attenuate (weaken) across the aquatic-terrestrial ecosystem
boundary as direct trophic interaction strengths decline (14). Because
our study area is largely unaltered by humans and most of the natural
functional linkages among native taxa remain intact, the lake trout in-
vasion provided a unique opportunity to examine these predictions by
comparing the magnitude of cascading effects among trophic levels
both within the Yellowstone Lake aquatic ecosystem and across the
aquatic-terrestrial ecosystem boundary in this pristine watershed.

RESULTS

Lake trout-induced cutthroat trout decline

The detection of nonnative lake trout in Yellowstone Lake in 1994
prompted the National Park Service to initiate a gillnetting program
to suppress population growth and conserve the native cutthroat trout.
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Fig. 1. Topological placement of taxa in the Yellowstone Lake food web before (left) and after (right) invasion by nonnative lake trout. The conceptualization
(nonmathematical) emphases are the cutthroat trout (YCT) and other components known (black arrows) or hypothesized (orange arrows) to be affected by the intro-
duction of lake trout (LKT). Thick arrows indicate that the consumption of that food item is high by predator or herbivore, and thin arrows indicate that the consumption
is low, within the aquatic (below the blue line) and across terrestrial (above the blue line) ecosystems. Letters represent consumption of (A) phytoplankton, (B) zoo-
plankton, (C) amphipods, (D to G) cutthroat trout, (H) longnose suckers, (1) elk calves, and (J) common loon, trumpeter swan, American white pelican, double-crested
cormorant, and Caspian tern. Organisms are not drawn to scale, although the size of the fish, osprey, and otter depicts observed shifts in abundance between periods.
California gulls were present before lake trout invasion but no longer nest on Yellowstone Lake.

Estimated abundance of age 2 and older lake trout increased from
125,000 fish in 1998 (15) to 953,000 fish in 2012, despite the gillnetting
of 1.1 million fish during this period (Fig. 2A). The slope of average es-
timated abundance indicated that the lake trout population grew by
92,600 fish/year (three-piece segmented regression, R* = 0.99, P <
0.01, df = 14) during 2005-2012 but was not significantly different from
zero during 2013-2017 (B; = —14,900, P = 0.09) due to a surge in sup-
pression netting to an average of >71,000 effort units (effort unit = 100-m
net per night) annually during 2012-2017 (fig. S2). Overall, >2.8 million
lake trout were killed by gillnetting during 1995-2017. During 2012-2017
alone, the average total biomass of lake trout carcasses returned to
deep (>65 m) areas of Yellowstone Lake exceeded 140,000 kg annually
(fig. S2).

During the early stages of lake trout expansion, the lake trout con-
sumption of cutthroat trout was substantial. The estimated 125,000 lake
trout present in 1998 likely consumed 3 to 4 million cutthroat trout that
year (15, 16). Predation by lake trout forced a precipitous, lake-wide de-
cline in cutthroat trout during 1980-2003 (two-piece segmented regres-
sion, R* = 0.69, B; =-12, P <0.01, df = 34; Fig. 2B) (17) and a shift in
population size structure from dominance by small individuals (100 to
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280 mm) to dominance by large individuals (400 to 600+ mmy; fig. S3A).
Concurrent with the decline in cutthroat trout was a steady, long-term
decline in the introduced longnose suckers (single linear regression,
R*=0.73,B, = -0.73, P < 0.01, df = 36; Fig. 2C and fig. S3B), potentially
also due to lake trout predation.

Interactions within the aquatic food web

The introduction of lake trout added a fourth trophic level resulting in
cascading interactions within the aquatic food web of Yellowstone Lake,
including a shift in cutthroat trout prey consumption and the biomass
and individual lengths of zooplankton (Table 1). When cutthroat trout
were abundant in 1989, they primarily consumed larger-bodied cladoc-
erans, which comprised 80% of their diet (Fig. 1) (15). After cutthroat
trout declined in 2011, cladocerans comprised only 11% of their diet,
and the remaining fish more frequently consumed amphipods. The
cutthroat trout diet was only 8% amphipods in 1989 but increased to
79% by 2011, likely due to increased amphipod availability after the
cutthroat trout population declined (16, 17). After cutthroat trout de-
clined and predation on large zooplankton was reduced, the biomass of
smaller-bodied copepods was lower [analysis of variance (ANOVA),
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Fig. 2. Response of planktivorous and benthivorous fish to invasion of
Yellowstone Lake by an apex predator. (A) Lake trout abundance estimated
by a statistical catch-at-age model markedly increased between 1998 and 2012
when suppression gillnetting effort became great enough to curtail further pop-
ulation growth, (B) long-term decline in the average catch per unit effort (CPUE)
of cutthroat trout, and (C) long-term decline in average CPUE of longnose suckers
during annual fish population netting assessments on Yellowstone Lake, with
95% confidence intervals, from 1980 to 2017.

1980 2020

P < 0.001, df = 3; Fig. 3A], and the biomass of larger-bodied zoo-
plankton was higher (P = 0.0008, df = 3; Fig. 3B) within the lake pe-
lagic zone. As predicted by trophic cascade theory, the average
individual length of large-bodied zooplankton also became longer
(Hesperodiaptomus shoshone, P < 0.0001, df = 3; Daphnia pulicaria,
P <0.001, df = 3; fig. S4, A and B). Only a slight increase was noted
during this period in the length of Leptodiaptomus ashlandi (P =
0.014, df = 3; fig. S4C), a small-bodied copepod that is generally too
small to be effectively consumed by cutthroat trout (18).

The shift in the zooplankton assemblage to dominance by larger-
bodied cladocerans following the cutthroat trout decline resulted in
lower phytoplankton biomass and increased water clarity. Chlorophyll
a, a measure of phytoplankton biomass, was more than two times higher
in 1972 (19) before lake trout introduction than it was in 2004 (20) or
2016-2017 (P < 0.001, df = 3; Fig. 3C and fig. S5). Secchi disk depths in
the western region of Yellowstone Lake (West Thumb; fig. S1) during
summer stratification were 1.6 m deeper in 2005 than in 1976 (¢ = 2.1,

Koel et al., Sci. Adv. 2019;5:eaav1139 20 March 2019

P =0.05) and increased through the summer (t = 3.7, P=0.001, R*=0.45).
Secchi disk depths were shallower during 2016-2017 after lake trout
removal efforts increased substantially (fig. S6). Recent Secchi depth
variation may also be driven by the decomposition of >100,000 kg of
lake trout carcasses annually placed in deep regions of the lake by the
gillnetting program (fig. S2). Since water clarity is important in influencing
heating of the water column, the thermal structure of Yellowstone Lake
may have been altered by lake trout and, potentially, ongoing actions taken
to suppress them. Although the thermal structure is typically unstable
with a weak and variable thermocline (fig. S7), we have witnessed a 0.45°C
per decade increase in surface water temperatures of Yellowstone
Lake during the stratified period (15 July to 15 September), 1976-2018
(t=-24, P=001, R* = 0.17; fig. S8).

The decline of cutthroat trout in the lake extended into connected
tributary streams. The lake trout-induced decline resulted in fewer
spawning cutthroat trout returning to tributary streams (Fig. 4A) and,
as a result, reduced transport of nutrients [e.g., ammonium (NH,)]
from Yellowstone Lake into the tributaries (18). We estimated that
stream microbes removed 10 times more NH excreted by cutthroat
trout before the invasion of lake trout as compared to the mid-2000s.
Therefore, transported NH,+ from spawning cutthroat trout was likely
an integral part of nitrogen cycling in tributary streams in the past. We
estimated that lake trout had a larger effect on nitrogen cycling within
adjacent tributaries than within the lake itself because the spawning
behavior of cutthroat trout concentrated them in tributaries, thus
increasing the effect (18).

Effects on bears and otters

Lake trout invasion also caused substantial cascading effects that spun
off the main aquatic interaction chain (knock-on effects) (21) and
extended to terrestrial animals, such as grizzly and black bears, because
spawning cutthroat trout were an important high-energy food for them
(Fig. 1). Evidence of bear activity occurred at 46% of spawning stream
surveys during 1989-1993 when spawning cutthroat trout were abun-
dant at the beginning of the lake trout invasion (Fig. 4A and Table 1).
However, concurrent with the subsequent decline in spawning
cutthroat trout, evidence of bear activity also declined (Prais-Winsten
time series, adjusted R> = 0.86; table S1). No bear activity was found on
surveyed spawning streams in 2008, 2009, or 2011. When compared to
estimates obtained from 1997 to 2000, the number of grizzly bears
visiting spawning streams a decade later (2007-2009) decreased by
63%, and the number of black bears decreased by 64 to 84% (22).
The estimated number of spawning cutthroat trout consumed by grizzly
bears declined from 20,910 in the late 1980s (23) to 2266 in the late
1990s (24) to only 302 in the late 2000s (25). Grizzly and black bears
are opportunistic feeders with a flexible diet; consequently, they con-
sumed other foods available in the Yellowstone Lake area when
cutthroat trout abundance was low. Despite the cutthroat trout decline,
grizzly bear abundance throughout Yellowstone National Park has
remained stable.

River otters are a semi-aquatic predator that also relied on cutthroat
trout as a primary source of food (Fig. 1). During 2002-2003, following
a substantial decline in cutthroat trout, otters followed the movements
of spawning cutthroat trout and were active on spawning streams.
Cutthroat trout occurred in 73% of otter scat collected at 87 otter latrine
sites during this period (26). Temporal changes in otter latrine activity
occurred in response to further declines in spawning cutthroat trout.
The visual counts of spawning cutthroat trout during 2006-2008 were
the lowest ever recorded (table S2). By then, otter activity at latrine sites
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Table 1. The effect size of predatory lake trout on aquatic and terrestrial ecosystems. The response variables for the past (before lake trout population
growth) and present (after) were compared using a log response ratio of means [10g10(Xpresent/Xpast)]- Lake trout enhanced the variable when the ratio was
positive and reduced the variable when the ratio was negative; ratios near zero indicate that the variable was similar between the two time periods. Cl,

confidence interval.

Past* Present

Variable
Year(s)

Log ratio

Mean 95% CI Year(s) Mean 95% CI

Fish population responses

Lake trout abundance (total number x 1000)

1998-2002

2013-2017

Aquatic ecosystem effects
Small zooplankton biomass (mg/liter)

Terrestrial ecosystem effects

Bear occurrence on spawning streams (proportion of visits)

Bald eagle nest success (proportion that fledged)

1985-1989

56.0 6.1 2013-2017 704 3.6 0.10

*All data were collected before significant lake trout population growth with the exception of river otters, which were collected later during a period of lake

trout population growth and cutthroat trout decline (24).
and 2005.

decreased and the prevalence of cutthroat trout in otter scat had de-
clined to 53% (26). Otters supplemented their diet with alternative prey,
including longnose suckers and amphibians, which are not likely com-
parable replacement foods. Abundance was estimated as 1 otter per
13.4-km shoreline in 2008, which is among the lowest reported for a
river otter population. Estimates do not exist for periods before the
cutthroat trout decline.

Displacement of avian fish predators

Yellowstone Lake supports a diversity of bird life including numerous
species that preyed on fish. Densities of nesting ospreys declined con-
current with declines in prey fish (e.g., Prais-Winsten time series, long-
nose sucker, adjusted R* = 0.83; table S1) from an average of 38 during
1987-1991 to 11 during 2004-2008 (27) and only 3 during 2013-2017
(Fig. 4B and Table 1). Nesting success during 1987-1991 averaged 59%
but declined to zero during 2008-2011 when no young ospreys were
fledged from Yellowstone Lake nests (spawning cutthroat trout,

Koel et al., Sci. Adv. 2019;5:eaav1139 20 March 2019

tSecchi depth was calculated using the model in fig. S6 based on 15 August (Julian day 227) 1976

adjusted R” = 0.84). An average of 31% of nests successfully fledged
young during 2013-2017 (Fig. 4B). Although a few osprey nests re-
mained on Yellowstone Lake, they were not observed foraging for
cutthroat trout (28). Ospreys are obligate piscivores that do not switch
to alternative food sources in the absence of fish. The few ospreys that
remain have been leaving Yellowstone Lake to forage in large lakes of
the upper Snake River (28), a distance of 8 to 10 km, where prey fish are
more abundant.

During the 1960s-1970s, a period when pesticides affected bald
eagles, there were typically four to six eagle nests on Yellowstone Lake.
The nest count increased to an average of 11 during 2004-2008 (27)
but then declined to 8 nests by 2013-2017 (Fig. 4C and Table 1). This
variation in bald eagle nests was related to spawning cutthroat trout
(Prais-Winsten time series, adjusted R? = 0.91; table S1) and cutthroat
trout and longnose sucker abundances within the lake (adjusted R* =
0.90 and 0.84, respectively). There was also a steady long-term de-
cline in eagle nest productivity over two decades concurrent with

4 of 11

6102 ‘8T Joquwaldas uo /610 Hewasuslos saoueApe//:diy woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

o
S — A
=e !
=4 P < 0.0001
= O '
= © '
il
vg ® —_
8o o B
H ' |
9; — -
=51 = g
8__ il 1 T
o T T
bt
S ] B
—_ o
= — P <0,0008
2 : :
> & ' |
EO : 1
- b b b,
? o _
. T e
o a al
E B
e
g_é — —
=31 T c
g’ . P <0.001
—_— . |
PN
[ =
< o a
© N
i"?_ —_ —_
o 7 -
Q-O : L
O < b b bl
o -
= 8] [ -
O —_ 1
R
1970s 2004 2016 2017
Year

Fig. 3. Changes in plankton due to decline of planktivorous cutthroat trout.
Between 1977-1980 (before lake trout introduction), 2004 (10 years after lake
trout were found), and 2016-2017 (>20 years later), the biomass of (A) small zoo-
plankton (L. ashlandi, Diacyclops, and nauplii) declined and (B) large zooplankton
(D. pulicaria, D. schgdleri, and H. shoshone) increased. (C) Chlorophyll a concentra-
tion, an indicator of phytoplankton biomass, was more than two times higher in
1972 (17) than in 2004 (16) or 2016-2017. Letters (a, b) indicate differences (P <
0.05) among means.

the lake-wide decline in prey fish. During 1985-1989, 56% of eagle nests
on Yellowstone Lake successfully fledged young; however, nest success
declined to zero in 2009 when prey fish abundance was low (Fig. 4C).

The number of American white pelicans (Pelecanus erythrorhynchos),
double-crested cormorants (Phalacrocorax auritus), California gulls
(Larus californicus), and Caspian terns (Hydroprogne caspia) fledged
from colonies on Yellowstone Lake (Molly Islands; fig. S1) has been
highly variable but has declined overall since the 1990s (29). Although
the loss of prey fish is thought to be a factor influencing the colonial
birds, because they are ground nesters on barren islands, the nesting
success of these species was also strongly influenced by environmental
factors such as lake surface levels (30). Flooding of the islands often
results in total nesting failures.

DISCUSSION
We have documented changes to multiple aquatic and terrestrial troph-
ic levels across a large landscape with relatively minimal confounding
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Fig. 4. Decline of spawning cutthroat trout and response by bears, eagles,
and osprey. (A) Mean number of spawning adult cutthroat trout observed (solid
line) and proportion of visits where activity by black and grizzly bears was found
(dashed) during weekly spawning visual surveys of 9 to 11 tributaries located along
the western side of Yellowstone Lake (1989-2017). (B) Number of nests (solid line)
and nest success (dashed) during May to August 1987-2017 for osprey and (C) dur-
ing April to June 1985-2017 for bald eagles, within approximately 1 km of the
Yellowstone Lake shoreline, connected tributaries, and forested islands.

factors related to anthropogenic disturbance. Because the watershed of
Yellowstone Lake is largely unaltered, we ascribe these trophic shifts to
lake trout. Within the aquatic ecosystem, cascading effects of this intro-
duced top predator remained strong and scaled predictably through
four trophic levels following collapse of the planktivorous cutthroat
trout. Large zooplankton biomass increased, small zooplankton biomass
declined, and chlorophyll a concentrations declined (log;, ratios of 1.08,
—0.35, and —0.64, respectively; Table 1). The predatory lake trout also in-
directly altered nitrogen dynamics and transport to tributary streams, a
nonconsumptive effect (31) through reduced NH,+ excretion by migra-
tory cutthroat trout which had been concentrated in the streams (18).

Although trophic cascade theory predicted that effects would dissi-
pate across ecosystem boundaries (14, 32), we instead found that effects
remained strong across the aquatic-terrestrial ecosystem boundary, par-
ticularly for ospreys and bears (log;, ratios of —1.07 and —0.30, respec-
tively; Table 1). Ospreys are obligate piscivores and, hence, were not able
to switch prey in the absence of cutthroat trout, and their population
declined in the riparian habitats around Yellowstone Lake. Grizzly
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and black bear frequency of occurrence on spawning tributaries and the
use of cutthroat trout as a food resource were greatly reduced following
the lake trout invasion. However, this was localized displacement, and
their populations were not otherwise affected because only bears with
home ranges neighboring Yellowstone Lake lost spawning cutthroat trout
as a food resource. Since bears are omnivore generalists, they could make
use of other foods.

Spatial and temporal variabilities in resources and consumers are
considered to have a strong influence on the strength of cascading
trophic interactions (33). Some resource subsidies are also reciprocal,
generating feedbacks between coupled aquatic and terrestrial ecosys-
tems (34, 35). Migratory fish, in particular, are considered important
pulsed subsidies in riverine systems (36). The adult cutthroat trout
spawning in tributaries during spring and juvenile cutthroat trout
occurring in shallow waters within Yellowstone Lake during summer
and autumn provided important pulsed subsidies for avian and terres-
trial consumers during critical life history periods (e.g., weight gain
following hibernation by bears and nesting and fledging of chicks by
avian predators). Fish abundance, driven by a host of environmental
factors, is naturally variable among years. We suggest that the strong
behavioral response by some native terrestrial predators to seek
alternative foods and/or be displaced from the ecosystem may have
been heightened by the natural spatial and temporal variation in
cutthroat trout availability. Similarly, anadromous fishes spawning in
freshwater rivers and streams serve as prey for numerous wildlife spe-
cies, affecting the biology of their populations and productivity of ter-
restrial ecosystems throughout the Pacific coast of North America (37).
Highly mobile terrestrial predators respond and seek alternatives when
fish prey resources diminish.

Trout introduced to mountain lakes elsewhere in the western United
States have resulted in cascading interactions across aquatic-terrestrial
ecosystem boundaries. The trophic levels involved, however, have
typically included aquatic insects [e.g., mayflies (Ephemeroptera)]
that we did not monitor or document changes for in Yellowstone
Lake or tributary spawning streams. Introduced trout prey upon insect
nymphs and reduce adult emergence from mountain lakes. The re-
duction of emergent aquatic insects affected an avian predator [rosy
finch (Leucosticte tephrocotis dawsoni)] during a time when they were
feeding their young (38). Experimentally, the introduction of cutthroat
trout into small ponds has led to a trophic cascade by forcing a diet shift
in a mesopredatory fish that increased the biomass and average size of
insects emerging into the terrestrial system (39). In addition, fish pres-
ence in ponds has been shown to have effects that reverberate further
into the terrestrial ecosystem by reducing predatory dragonfly abun-
dances and increasing pollinating insects, resulting in an increase in pol-
lination of plants (40). In small streams, introduced trout caused
indirect effects that extended across the aquatic-terrestrial boundary
by reducing emerging adult insects and depressing riparian spider
abundance (35). Because cutthroat trout consume insects, it is possible
that lake trout indirectly affected (increased) aquatic insect emergence
through reduced predation by cutthroat trout when their abundance
was low. The impact that this may have had on other aquatic and ter-
restrial trophic levels and their interactions across ecosystems at
Yellowstone Lake is uncertain.

Hypothesized linkages to elk

The lake trout-induced decline in spawning cutthroat trout displaced
bears from tributary streams, but indirect effects on alternative prey in
the Yellowstone Lake area are less understood. Following the cutthroat
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trout decline within spawning tributaries, grizzly and black bears fed less
upon them and shifted their diet to other foods, including elk (Cervus
elaphus) calves (Fig. 1) (25). Each spring, thousands of elk that winter on
lands at lower elevations in the Greater Yellowstone Ecosystem migrate
to the interior of Yellowstone National Park. Elk calves born in the
Yellowstone Lake area are vulnerable to predation, especially during
the first few weeks after birth. Bear predation rates on elk calves may
have increased after the cutthroat trout decline (41). By 2007-2009,
grizzly bears had shifted to alternative prey, and the proportion of
cutthroat trout in their diet had declined to 0% (42). Elk then accounted
for 84% of all ungulates consumed by bears in the Yellowstone Lake area
(25), suggesting that lake trout had some level of indirect negative impact
on migratory elk using this area when spawning cutthroat trout were
rare (41).

The reintroduction of gray wolves (Canis lupus) to Yellowstone
National Park began in 1995, the year following the discovery of lake
trout in Yellowstone Lake. The subsequent expansion of wolves
across the park resulted in a terrestrial trophic cascade involving
wolves, elk, cottonwood (Populus spp.), and willow (Salix spp.) due to
wolves preying upon elk and altering their behavior (43). Although elk
calves are preyed upon by wolves and other apex predators, including
bears, coyotes (C. latrans), and cougars (Puma concolor), we do not
attribute observed shifts in food resource use by bears and other con-
sumers in the Yellowstone Lake area to interactions with wolves or
other carnivores. Grizzly bears prey upon elk calves primarily during
the first few days after birth, whereas wolves and other predators prey
upon more ungulate calves later in the summer and winter, limiting
their competition (44).

Bald eagle shift to alternative prey

At Glacier National Park, bald eagles were locally displaced after exotic
crustaceans (Mysis relecta) invaded nearby Flathead Lake and indirectly
forced a collapse of the introduced kokanee salmon (Oncorhynchus
nerka) that the eagles preyed upon during autumn spawning migra-
tions in McDonald Creek, a tributary of the Middle Fork Flathead
River (8, 9). In contrast, we witnessed a slight increase in the number
of bald eagle nests during the period of cutthroat trout decline in the
2000s, with a concurrent loss of nesting success to zero by 2009 (Fig.
4C). Bald eagles are opportunistic feeders and increased consump-
tion of alternative prey, including scavenging carnivore-provided
carcasses or winterkill. Bald eagles have been observed more fre-
quently preying on common loons (Gavia immer) and trumpeter
swan cygnets (Cygnus buccinators), which have declined recently
in Yellowstone National Park (Fig. 1) (29). Reasons for the declines
are unclear but may include the reduced availability of cutthroat
trout as a food source for common loons and increased predation
on loon chicks and trumpeter swan cygnets by bald eagles. We have
also observed bald eagles preying on young white pelicans and double-
crested cormorants on the Molly Islands, possibly contributing to their
declines. The number of bald eagle nests has remained low and variable,
but nesting success rebounded to an average of 70% during 2013-2017,
likely due to switching prey in the absence of cutthroat trout. Magnitude
of effects (logo ratio) for bald eagle nest counts and success was only
0.07 and 0.10, respectively (Table 1), demonstrating that they were not
greatly affected by the loss of cutthroat trout. This is similar to what
occurred with bald eagles in the Aleutian archipelago that underwent
a radical shift in diet in response to the collapse of sea otters (Enhydra
lutris) during the 1990s, but with no associated influence on the abun-
dance or reproductive success (45).

6 of 11

6102 ‘8T Joquwaldas uo /610" Hewasuslos saoueApe//:diy woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Other ecological drivers

Other landscape-level drivers of ecological change have emerged during
the period of our study, which could have influenced the trophic inter-
actions we have described. These include climate-driven shifts in nutri-
ent deposition, stream flows and water temperatures, and, potentially,
increased frequency of wildfires.

Plankton assemblages may have been influenced by altered nutrient
cycling in Yellowstone Lake. Atmospheric deposition of nitrogen was
~9 ug N'm > hour™" and varied little during the study period (18), sim-
ilar to lakes in the northeastern United States where total nitrogen
concentrations have generally decreased since 1990 (46). The expansive
wildfires of 1988 likely also moved terrestrial nutrients into Yellowstone
Lake (47), fertilizing algae and microbes (bottom-up effects). However,
Secchi disk depths, which are correlated with phytoplankton biomass
(18), did not become shallower after the 1988 fires, indicating that
any nutrient inputs were diluted by the large volume of the lake.
In addition, the biomass of lake trout carcasses deposited by the gillnet-
ting program returned existing nutrients to deep (>65 m) regions of
the lake. In 2017 alone, 400,000 lake trout were deposited, returning
~8.5mg N m 2 We would expect phytoplankton biomass to increase
when nutrients are added to the lake; however, we observed a decrease
concurrent with the lake trout invasion. Therefore, our results strongly
suggest that trophic interactions were more important than nutrient dy-
namics in forcing shifts in plankton communities (Fig. 3 and fig. S4) and
confirm earlier evidence that top-down control is strong in water (48,
49), especially in a low-diversity system such as Yellowstone Lake where
great influence was exerted by a single species.

Climate change is predicted to alter stream flows and water tempera-
tures in the western United States (50). Surface water temperatures of
Yellowstone Lake have already increased at a rate of 0.45°C per decade
during 1976-2018 (fig. S8). However, the thermal structure of Yellowstone
Lake (e.g., isotherm depths), before lake trout invasion and currently,
are typically unstable with a weak and variable thermocline that is
established at 10 to 12 m (fig. S7). In spawning streams, climate shifts
are suspected to influence cutthroat trout recruitment (51). During
drought years, low water levels can cause mortality of juvenile cutthroat
trout and/or restrict emigration to Yellowstone Lake (17). To estimate
the degree to which drought may have caused the cutthroat trout de-
cline, we have previously compared the discharge of the Yellowstone
Lake outlet with indices of cutthroat trout abundance over time (20).
We found that cutthroat trout abundance decreased during both wet
and dry years. Although water temperature and flows may have strong
influences in some years, we attribute the long-term (decadal-scale) loss
of cutthroat trout and altered trophic structure of this system largely to
lake trout predation.

Cutthroat trout and their terrestrial consumers have evolved over
thousands of years with wildfire as a natural occurrence. Following
the 1988 wildfires, Yellowstone’s ecosystems recovered rapidly with lit-
tle human intervention (52). Climate has continued to warm since 1988,
however, and the frequency of large wildfires has increased throughout
the Rocky Mountain region. We do not attribute the significant loss of
cutthroat trout to wildfires because recruitment of young cutthroat trout
from spawning streams, the process most likely to be affected by
wildfire, remained strong for more than a decade following 1988 (fig.
S$3). Cutthroat trout recruitment then severely declined concurrent with
lake trout population growth. In addition, if wildfire were to have neg-
atively affected bears, bald eagles, ospreys, or other cutthroat trout con-
sumers, then those impacts would have also been documented
elsewhere, outside of the Yellowstone Lake ecosystem, which has not
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been the case. These wildlife populations have remained stable or are
increasing across Yellowstone National Park.

CONCLUSIONS

Our study illustrates the potential impact of a single invasive predatory
species on otherwise pristine ecosystems. In addition to causing cascad-
ing interactions within Yellowstone Lake and tributary streams, lake
trout indirectly forced declines, displacement, and/or prey shifting by
bald eagles, ospreys, river otters, and bears. Because of the long-distance
migrations of the spawning cutthroat trout (53), effects of lake trout on
the ecology of these ecosystems likely extend far beyond the Yellowstone
Lake shoreline and into the extremely remote, largely unmonitored
reaches of the upper Yellowstone River and tributary drainages in the
Thorofare region of the Bridger-Teton wilderness, Wyoming (fig. S1).
During the late 2000s, cutthroat trout abundance within Yellowstone
Lake was at its lowest, and impacts within and across ecosystems were
most severe. To reverse these effects, concepts of cascading trophic
interactions were adopted into the 2010 adaptive management plan for
the restoration of Yellowstone Lake and connected terrestrial ecosys-
tems (54). During 2012-2017, management actions were greatly
increased, including a surge in suppression gillnetting effort (fig. S2) that
resulted in a positive response by cutthroat trout [stabilized at catch-per-
unit-effort (CPUE) of ~20; Fig. 2B]. Juveniles are again recruiting to the
cutthroat trout population. After being absent for many years, spawning
adult cutthroat trout are returning to some of the smaller tributaries, and
bear use of these streams has increased as a result (Fig. 4A). Ospreys, how-
ever, have not yet responded to the recent increases in cutthroat trout
prey (Fig. 4B). The outcome of restoration efforts to trophic levels with-
in and across ecosystems in the Yellowstone Lake watershed remains
uncertain. During the period of our study, both cutthroat trout and lake
trout shifted their diets to a higher proportion of amphipods (Fig. 1). A
better understanding of recruitment of both fish species in relation to
amphipod and other prey abundance is required to inform future
management actions on the lake. In addition, hypothesized linkages
between bald eagles, grizzly bears, and their alternative prey species
need to be more deeply explored. Lake trout suppression will be
maintained in the interim, however, to further reduce their abundance,
thereby allowing the potential for further cutthroat trout recovery to alevel
where they regain their ecological importance and once again support
natural processes and biodiversity in Yellowstone National Park.

MATERIALS AND METHODS

Lake trout suppression netting

Up to six large boats were used to capture lake trout with sinking gill
nets during late-May to mid-October 1995-2017 (55). Suppression
netting consisted of small-mesh (25 to 38 mm) and large-mesh (44 to
76 mm) bar measure gill nets targeting lake trout at depths typically
greater than 20 m to reduce cutthroat trout bycatch. Nets were set
shallower than 20 m at known spawning locations during peak
spawning activity in autumn. Gill net soak time was typically three
to four nights. Annual effort (effort unit = 100-m net per night) was
249 units in 1995 and increased to 90,349 units in 2017 (fig. S2). Trap
nets were also used during 2010-2013 to target large lake trout (i.e.,
>450 mm) (55). Eight to 10 trap nets were deployed at fixed locations
throughout Yellowstone Lake each year. The netted lake trout were
cut to puncture air bladders and then returned to deep (>65 m) regions
of Yellowstone Lake.
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Lake trout estimated abundance

Statistical catch-at-age analysis (SCA) was used to estimate lake trout
abundance and biomass through time (55, 56). The SCA model was es-
timated for lake trout age 2 and older (1998-2017). The model was fit to
annual catch and age composition for suppression netting (1998-2017)
and assessment netting (2010-2017; see below). Lake trout catch from
trap nets and gill nets was pooled. Total effort in suppression netting
was obtained for each year as the pooled catch among gill nets and trap
nets divided by gill net CPUE. Instantaneous natural mortality was as-
sumed to be 0.25 for age 2 and 0.16 for age 3 and older lake trout. Fish-
ery selectivity was modeled as a logistic function of age for both
suppression and assessment netting. Time-varying catchability was
modeled with random deviations around a mean value for each netting
type. For suppression netting, a different mean value was estimated for
catchability in 1998-2000 and 2001-2017 to account for differences in
fishery operation. The model was fit to catch and age composition from
suppression netting and assessment netting datasets. Fits to observed
catch in the suppression netting and CPUE in the assessment netting
were modeled as lognormally distributed. Age compositions were as-
sumed to follow multinomial distributions with a maximum effective
sample size of 200 aged fish. Likelihood components for fits to suppres-
sion netting and assessment netting data sources were weighted by es-
timated SDs and effective sample sizes with additional weights not
specified. Thus, suppression netting and assessment netting datasets in-
fluenced model results equally for years with both types of data. Wald
approximations were used to compute approximate 95% confidence in-
tervals (CIs) for abundance using asymptotic SDs produced by AD
Model Builder (57).

Fish population netting assessments

Gill nets were used to assess the cutthroat trout and longnose sucker
populations at 11 sites throughout the lake in mid-September 1980-
2009 (fall netting assessment; fig. S1). At each site, five sinking experi-
mental gill nets were set overnight perpendicular to shore. Nets were set
100 m apart with the near-shore end about 1.5 m deep. Nets were 1.5 m
in height and 38 m length, consisting of 7.6-m panels of 19- to 51-mm
bar measure. In 2010, a new protocol was developed and implemented
through 2017 to encompass monitoring of lake trout. Twenty-four sites
throughout the lake were sampled during early August with a total of six
experimental gill nets per site (distribution netting; fig. S1). At each site,
a small-mesh and large-mesh sinking gill net were set overnight at each
of three depth strata [epilimnion (3 to 10 m), metalimnion (10 to 30 m),
and hypolimnion (>40 m)]. Small-mesh gill nets were 2 m in height and
76 m length, consisting of 13.7-m panels of 19- to 51-mm bar measure.
Large-mesh gillnets were 3.3 m in height and 68.6 m length, consisting
of 13.7-m panels of 57- to 89-mm bar measure. Gill nets were set per-
pendicular to shore and nets within a stratum were set parallel 100 m
apart. All fish caught in assessment netting were measured for total
length, and otoliths were sampled from 10 fish per 1 cm length group
for age determination.

Zooplankton monitoring

To measure zooplankton density, biomass, and size during 1977-1980,
2004, and 2016-2017, two samples were collected on each date during
the ice-free season at four sites (Main Basin, West Thumb, South Arm,
and Southeast Arm; fig. S1) with 20-m vertical hauls using nets with
80-um mesh. Zooplankton samples before lake trout invasion (n = 20)
were collected during 1977-1980 and were similar among years
(ANOVA, P > 0.05); as a result, samples were combined for density,
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biomass, and size estimates (20). In 2004, 2016, and 2017, zooplankton
samples were collected on 9 dates (n = 72), 10 dates (1 = 80), and 9 dates
(n = 72), respectively. Zooplankton samples were preserved in cold-
sugared formalin in 2004 and prior. Samples were preserved with cold
ethanol in 2016 and 2017. Zooplankton were enumerated and
measured under a dissecting microscope using Sedgwick-Rafter cells.
Zooplankton biomass was calculated using published length-mass re-
gressions (58).

Phytoplankton monitoring

Phytoplankton biomass was estimated using chlorophyll a by collecting
~125 ml of lake water in West Thumb of Yellowstone Lake (fig. S1)
from 5-m depth in 2004, 1.2 liters of water from 5-, 10-, and 15-m
depths in 2005 (18), and 1.2 liters of water from 5- and 15-m depths
during 2016-2017. Chlorophyll a was collected on 7 dates (n = 56),
3 dates (n = 36), 11 dates (n = 88), and 9 dates (n = 72) in 2004,
2005, 2016, and 2017, respectively. To concentrate phytoplankton, water
was filtered through 25-mm PALL type A/E glass fiber filters. Chlo-
rophyll a was extracted by incubating filters in 90% ethanol buffered
with MgCO; overnight, and concentration was measured using the
acid method with a pheopigment correction (58) on a fluorometer
(Turner Designs 700, Sunnyvale, CA). A secondary solid standard
was calibrated using a primary chlorophyll a commercial standard
of Anacystis nidulans (Sigma-Aldrich). Chlorophyll a before lake
trout invasion was measured to 20-m depth in West Thumb during
1972 by acetone extraction and a spectrophotometer (19). Differences
in extraction methods were corrected for (58).

Lake physical conditions

Light transmission was measured using a Secchi disk during ice-free
seasons from 2005 (20) to 2017 in West Thumb of Yellowstone Lake
(fig. S1). Light transmission before lake trout invasion (ice-free seasons
during 1976-1991) was collected at the same site (47). The thermal
structures of Yellowstone Lake (e.g., isotherm depths) were measured
in the West Thumb in 1956 and 1959 using a bathythermograph
and in 1996, 2006, 2009, 2015, and 2017 using a multiparameter sonde
(Hydrolab Surveyor; fig. S7). Temperature was measured at the lake’s sur-
face in four areas of Yellowstone Lake between 1976 and 2018 (fig. S8).

Spawning cutthroat trout and bear visual surveys

Visual surveys for spawning cutthroat trout and bear activity were
conducted annually 1989-2017 on 9 to 11 tributaries located along
the western side of Yellowstone Lake between Lake and Grant (fig. S1)
(17). Spawning reaches were delineated on each tributary, and the stan-
dardized reaches were walked in an upstream direction once each week
from May to July. The observed cutthroat trout were counted, and the
activity by black bears and grizzly bears was estimated by noting the
presence of scat, parts of consumed trout, fresh tracks, and/or bear
sightings.

Bird surveys

All forested areas supporting mature trees up to 1 km from the
Yellowstone Lake shoreline, approximately 1 km from the connected
tributaries, and all forested islands were surveyed for evidence of nesting
bald eagles and ospreys two to three times during the breeding season
(April to June 1985-2017 for bald eagles and May to August 1987-2017
for ospreys) using a fixed-wing Super Cub airplane (27). In addition to
aerial surveys, nests occurring along the roads were checked from the
ground. All nests in which eggs were laid or an adult was observed in
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incubation or brooding posture were checked two to three times during
each breeding season until the nesting attempt failed or nestlings
fledged. For each breeding season, the number of breeding pairs and
nesting success was determined for bald eagle and osprey populations.
Breeding pairs refers to the number of paired bald eagles or ospreys that
laid eggs per breeding season, and nesting success refers to the propor-
tion of breeding pairs that raised at least one young to approximately
80% of fledging age per breeding season regardless of the number of
breeding attempts made for that pair (27). Colonial waterbirds including
American white pelicans, double-crested cormorants, California gulls,
and Caspian terns nest on the Molly Islands in the Southeast Arm of
Yellowstone Lake (fig. S1). Aerial photographs of the islands were taken
throughout the breeding season each year to count nests and young and
estimate nesting success for each species (29).

Statistical analyses

Temporal trends for lake trout abundance estimates and annual mean
CPUE for longnose suckers and cutthroat trout (CPUE and mean
spawner counts) were assessed using linear regression to estimate in-
creases or decreases in these fish populations over time. Annual
mean values were used rather than individual observations for long-
nose suckers and cutthroat trout CPUE because of the implementa-
tion of a different sampling design in 2010 (see above). The visual
examination of temporal patterns indicated that different slopes were
evident for different time periods. Therefore, segmented regressions
were fit using the R package segmented (59, 60) and compared to the
fit from a single regression line using Akaike’s information criterion
(AIC). Temporal autocorrelation in residuals was examined using a
Durbin-Watson (DW) test in the Imtest package (61). A three-piece
segmented regression (AIC = 195.7) fit the lake trout abundance time
series (Fig. 2A) better than a single regression line (AIC = 248.4). The
segmented regression indicated break points at year values equal to
2004.6 (95% CI = 2003.9 to 2005.2) and 2012.1 (95% CI = 2011.4 to
2012.6). Temporal autocorrelation was present in residuals for the lake
trout regression (DW = 1.4, P < 0.01). However, we believed our slope
estimate to be a reasonable indicator of the rate of change in abundance
for 2005-2012, and the conclusion that abundance increased during
this period would not change if we were able to correct for dependencies
in the data. For cutthroat trout CPUE (Fig. 2B), a two-piece segmented
regression (AIC = 260.6) described temporal variation better than a
single regression line (AIC = 265.3), with a break point estimated at
2003.5 (95% CI = 1996.5 to 2010.5). For longnose sucker CPUE (Fig.
2C), a regression model with a single linear trend (B; = -0.73, P < 0.01)
described temporal variation (AIC = 235.5) better than a two-piece seg-
mented regression model (AIC = 237.9). Temporal autocorrelation was
not observed for regressions of longnose sucker (DW = 2.1, P = 0.59) or
cutthroat trout (DW = 2.2, P = 0.53) CPUE through time. For the mean
number of spawning adult cutthroat trout (Fig. 4A), there was a clear
pattern in the log of the counts over time, and a model with two
segments (AIC = 77.4) fits better than a single regression model (AIC
= 104.2). The break point occurred at 2007.4 (95% CI = 2005.0 to
2009.6). The slope from 1989 to 2007 was —0.29 (P < 0.01) and from
2008 to 2017 was 0.30 (P < 0.01). Temporal autocorrelation was present
in residuals (DW = 0.69, P < 0.01).

ANOVA was used to estimate differences in zooplankton biomass,
zooplankton body length, and chlorophyll a among periods. If compar-
isons were significant, then Tukey’s honest significant difference was
used to test for differences among periods. Data were analyzed using
program R (62) and the plyr package (63).
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The degree to which Secchi disk depths in West Thumb during
summer stratification (15 July to 15 September) changed through time
was analyzed using multiple regression by checking for first-order auto-
correlations with a DW test using the Imtest package (61) and for higher-
order correlations using program R. No temporal autocorrelation (i.e.,
DW test statistic of 2) was detected. Multiple regression analysis was
conducted with Secchi depth as the dependent variable and both year
and Julian day as independent variables to account for typical sea-
sonal variation (increases) in water clarity as the summer progresses.
We did not include data from 2016 to 2017 in our model as Secchi
disk depths were shallower during these years and the models were
not significant (P > 0.05). Similarly, we used multiple regression to
analyze surface water temperatures recorded from four areas of
Yellowstone Lake during the stratified period (15 July to 15 September)
between 1976 and 2018. Year and Julian day were used as independent
variables.

Prais-Winsten time series analysis was used to assess the degree to
which cutthroat trout and longnose sucker abundances were related to
the frequency of spawning stream use by bears and nest counts and suc-
cess of ospreys and eagles. Prais-Winsten models describe annual time
series data (autoregressive model with lag = 1) and can use an explan-
atory variable to explain additional variance. We chose this model be-
cause we had 29 to 33 years of temporal data, and this simpler model is
sufficient to describe relationships with a dataset of this size. Visual
surveys for spawning cutthroat trout and CPUE of cutthroat trout
and longnose suckers in Yellowstone Lake (explanatory variables; table
S2) were used to estimate the degree to which the declining abundance
of these prey fish influenced bear activity and osprey and eagle nest
counts and success (response variables; table S3) using

Yi=a+XB+eg

where Y, is the response variable in the form of annual time series data
at time £, o is a constant, X; is the explanatory variable in the form of
time series data at time t, B is a vector of coefficients, and €, is the error
term. We estimated which explanatory variable explained the most var-
iation for each response variable. First-order autocorrelations were
checked (and detected) with a DW test using the Imtest package (61),
and higher-order correlations were calculated in program R (62). To
normalize increasing variance, count data were square root-transformed,
and proportional estimates (p) were transformed using log (p/1 — p)
after zeros in proportional data were changed to 0.01. Prais-Winsten
regression modeling that corrected for first-order autocorrelation was
conducted with the package prais (64) in program R. Rho values indi-
cated the time series fit, and t values specified the variance explained by
the explanatory variable (table S1).

Magnitude of effect

To compare the lake trout-induced effect size across aquatic and terres-
trial trophic levels, we estimated an effect size metric for each response
variable using a log response ratio 10g;o(Xpresent/Xpast)» Where X, is the
mean of the variable before lake trout invasion and X ecen is the mean
of the same variable afterward (65). Means for fish, bears, ospreys, and
bald eagles were for the initial 5 years (X,as) and final 5 years (Xpresent)
of the time series (Table 1). Means for plankton were for 1977-1980
(Xpast) and 2017 (Xpresent)- Means for chlorophyll a were for 1972 (Xpas)
and 2017 (Xpresent)- Means for Secchi depth were for 1976 (X)) and
2005 (Xpresent)- Data on river otter use of cutthroat trout (prevalence in
scat) were collected only during the period of lake trout population
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growth and cutthroat trout decline (24), including 2002-2003 (Xp.s)
and 2006-2008 (Xpresent)-
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