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Introductions or invasions of nonnative organisms can mediate
major changes in the trophic structure of aquatic ecosystems. Here
we document multitrophic level impacts in a spatially extensive
system that played out over more than a century. Positive inter-
actions among exotic vertebrate and invertebrate predators
caused a substantial and abrupt shift in community composition
resulting in a trophic cascade that extended to primary producers
and to a nonaquatic species, the bald eagle. The opossum shrimp,
Mysis diluviana, invaded Flathead Lake, Montana, the largest
freshwater lake in the western United States. Lake trout had been
introduced 80 y prior but remained at low densities until nonna-
tive Mysis became established. The bottom-dwelling mysids elim-
inated a recruitment bottleneck for lake trout by providing a deep
water source of food where little was available previously. Lake
trout subsequently flourished on mysids and this voracious pisci-
vore now dominates the lake fishery; formerly abundant kokanee
were extirpated, and native bull and westslope cutthroat trout are
imperiled. Predation by Mysis shifted zooplankton and phyto-
plankton community size structure. Bayesian change point analy-
sis of primary productivity (27-y time series) showed a significant
step increase of 55 mg C m~2 d~" (i.e., 21% rise) concurrent with
the mysid invasion, but little trend before or after despite increas-
ing nutrient loading. Mysis facilitated predation by lake trout and
indirectly caused the collapse of kokanee, redirecting energy flow
through the ecosystem that would otherwise have been available
to other top predators (bald eagles).

invasive species | top predators | food web | Mysis diluviana | lake trout

trophic cascade occurs when reciprocal effects of predators

on prey alter the abundance, biomass, or productivity of
a population, community, or trophic level across more than one
link in the food web (1-3). The theory of cascading trophic
interactions (CTI) predicts that introduction of piscivores to
a planktivore-dominated lake will reduce planktivore abundance,
increase zooplankton biomass, promote larger zooplankton
species, and reduce algal biomass (4, 5). Opposite effects may
occur if piscivores are eliminated in the process. In either case,
the strong interactor is the species that mediates instability or
radical, permanent change in the food web (6). However, the
intensity of CTI may be modified by nutrient supply: food web
effects may decline with increasing nutrient loading due to
higher algal growth rates and decreased edibility (7); or con-
versely, food web effects may be weak in ultraoligotrophic lakes,
owing to naturally low food quantity for grazers (8). Indeed, it
has been argued that lake productivity determines food chain
length; thus, CTT are often induced by increased nutrient loading
(9), although responses have been documented over a wide
range of nutrient conditions (10). Documenting biocomplexity
(11) of lakes in relation to long-term consequences of biotic
invasions, nutrient loading, and climate forcing is a fundamental,
contemporary problem in limnology. Second only to land trans-
formation, biotic invasions are considered the most important
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cause of extinction, often driving losses in biological diversity of
native species and populations (12).

The data demands for understanding trophic cascades are high
because the predicted interactions can be complex, nonlinear,
and involve transitions between alternative states, often over long
time periods (13, 14). Particularly complex trophic interactions
have been described in a lake after peacock bass introduction
(15), on islands after the introduction of feral pigs and sub-
sequent interactions with invasive golden eagles (16), and in an
ocean as a consequence of a century of industrial whaling (17).
Here we present analysis of a sequence of invasion-associated
transitions involving CTT as revealed in a multidecadal data set
for a large lake ecosystem. Of particular interest in this study was
how certain species became strong interactors in the ecosystem.
Are strong interactors context dependent, that is, does the par-
ticular assemblage of species and the interactions of those
species determine whether a top predator becomes a strong
interactor? In Flathead Lake, lake trout were a top predator at
low densities for many decades but were not a strong interactor
until the community changed (the arrival of the nonnative
opossum shrimp, Mysis).

Flathead Lake is a glacially modified, graben or fault block
lake; mean depth is 44 m, maximum 116 m. It is the largest
freshwater lake (500 km? surface area) in the western United
States outside of Alaska. The lake is fed by the 18,290-km? wa-
tershed of the Flathead River (mean flow 286 m® s™'; lake res-
idence time 2.2 y) that drains west from the Continental Divide
of the Rocky Mountains in Montana and British Columbia to the
Columbia River. Thirty-three percent of the catchment is in
Glacier National Park and adjacent roadless wilderness areas,
28% is managed forest lands in Montana and British Columbia,
and the rest is intermountain prairie farmland with rapidly
expanding urban and exurban zones. The lake is oligotrophic and
with few pollutants, although management of nutrient loading to
the lake is a long-standing issue in the context of land use
changes and wildfires. The piedmont valley that contains the lake
basin has some 85,000 residents, with many more seasonal tou-
rists (18, 19). The lake has never supported a substantial com-
mercial fishery. Sport fisheries have been large at times, targeting
species that were abundant.

We examined the 120-y record of food web structure and
dynamics in relation to invasions and external drivers. Historic
Flathead Lake ecosystem data come from a suite of published
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papers and archives at the Flathead Lake Biological Station.
Contemporary (1977-2008) time series data come from meas-
urements of biophysical variables in the lake and chemistry
variables in the primary tributaries and aerosol deposition, taken
at least monthly. Examination of the data reveals four distingui-
shable periods: (i) native period, pre-1920, when native species
dominated the fish community although numerous nonnative
fishes had been introduced; (ii) Kokanee period, 1920-1984,
when many nonnative fish species first appeared and nonnative
kokanee expanded to a large population size, replacing cutthroat
trout as the predominant angler catch; the temporal coverage of
the data are too sparse to resolve the rates of these changes; (iii)
Mysis explosion period, 1985-1988, when the population of in-
troduced opossum shrimp grew rapidly and then declined to less
than half the peak density while the kokanee population crashed;
and (iv) Mysis-lake trout period, 1989 to the present, when a new
community dominated by the roles of Mysis and lake trout seems
to have stabilized.

The available data provide considerable detail about the
transitions from ii to iii to iv. Information about the transition
from i to ii and about the dynamics within i was limited.

Results

Native Period (Pre-1920). Only 10 fish species are known to have
been native to the lake, and most are adfluvial, meaning that they
rear in the lake but spawn in tributaries (Table S1). As far as can
be determined from the early records (1890-1920), the pristine
food web was diatom-based, with the most common crustacean
zooplankton being large-bodied Epischura and Daphnia species
and the smaller Diacyclops (20, 21). The most abundant pisci-
vores were the northern pikeminnow and the bull trout, whereas
abundant peamouth and westslope cutthroat trout occupied in-
termediate trophic levels (22, 23). Cutthroat trout was predo-
minant in angler catches during this period (23) (SI Discussion).
Although 14 species of nonnative fishes were introduced from
1890 to 1920 (19, 24), gill net surveys revealed a native fishery
(Fig. 1) with only the incidental collection of a single nonnative
species, largemouth bass (Table S1).

Kokanee Period (1920-1984). In the 1920s, anglers began to report
nonnative fishes, and in 1926-1928 lake whitefish and kokanee
were caught in netting surveys (22, 25). By 1940 kokanee
replaced cutthroat trout as the dominant catch of anglers. Ko-
kanee are landlocked sockeye salmon (the Flathead Lake stock
came from the Bonneville, OR hatchery), and they began
spawning very successfully in two groundwater upwelling zones
on the lake shoreline. In later years as the population grew,
Flathead kokanee established other spawning sites, notably the
outlet of McDonald Lake in Glacier National Park, and colo-
nized most of the accessible valley bottom lakes upstream of
Flathead Lake (24). Similar to the marine-anadromous life his-
tory, juvenile kokanee emerge from the gravel spawning sites and
migrate immediately to the lake, where they mature as pelagic
planktivores.

Fish species compositions in comparable gill netting data
(sunken, shoreline sets) contrasting 1915-1916 with 1951-1956
were similar (Table S1), although there was a reduction in native
peamouth chub and expansion of nonnative lake whitefish and
yellow perch over this interval. Pygmy whitefish and kokanee
catches near shore do not accurately index population size, ow-
ing to the pelagic distribution of kokanee and the deep water
distribution of pygmy whitefish; kokanee were abundant in the
fall net sets of the 1950s because those sets were made in near
shore spawning areas. Creel surveys from 1962 and 1981 showed
that kokanee were the dominant angler catch (77% and 92%)
(SI Discussion). During 1979-1983, the kokanee population
(three to four age classes) was estimated at 1.6-2.3 million,
according to acoustic counts in relation to standardized purse
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Fig. 1. Food web of Flathead Lake, emphasizing three of the trophic levels
(piscivores, planktivores, and herbivores) altered by the introduction of
nonnative fishes and an opossum shrimp, M. diluviana. Dominant fish and
zooplankton species are shown in the native community (A; 1915-1916),
after more than a half century of nonnative fish introductions (B; 1981,
1983), and the present-day community after the introduction of Mysis (C;
1996-2005). Organisms are not drawn to scale, although size of fish roughly
represents abundance during each period, with “2x” denoting species ap-
proximately twice as abundant as shown. wct, westslope cutthroat trout; bt,
bull trout; mwf, mountain whitefish; np, northern pikeminnow; pc, pea-
mouth chub; s, longnose and largescale suckers; It, lake trout; Iwf, lake
whitefish; kok, kokanee; yp, yellow perch; m, Mysis; r, rotifers; cl, cladocer-
ans; co, copepods. See also Table S1 for detailed information. Fish illus-
trations by Joe Tomelleri and zooplankton illustrations by Diane Whited.

seining throughout the lake (SI Discussion). During 1980-1985,
high kokanee spawner abundance drew congregations of bald
eagles (peak density exceeding 600) that gathered to feed on the
spawning run at the McDonald Creek spawning site (Fig. 2).

Standardized gill netting was initiated in 1981, and species
composition of fishes other than kokanee was then similar to the
1950s catch data (Table S1), indicating a relatively stable state in
the fish assemblage throughout the kokanee period. Note that
native cutthroat trout remained at low but measurable densities,
nonnative lake whitefish continued to expand, and nonnative
lake trout remained at low densities.

All crustacean zooplankton species reported in the native
period, except one, remained present and abundant in the ko-
kanee period (Table S2). Whether the available zooplankton
forage was more effectively used by kokanee at the expense of
cutthroat trout cannot clearly be demonstrated for lack of ac-
curate density data for zooplankton species before 1972; zoo-
plankton were likely a prominent prey item for Flathead Lake
cutthroat trout in late fall and winter (26). Phytoplankton again
were reported as mainly diatoms, but 1978 autoradiographic
analyses showed that the majority of the annual primary pro-
ductivity (PP) was by nanoplankton of <10 pm (27). Monitoring
of PP began in 1977, and values increased from 76 to 92 g C m—2
y~! by 1985. At the conclusion of the kokanee period, the fish
assemblage was predominantly pelagic: with kokanee as zoo-
plankton consumers and bull trout as the top predator, with the
other fishes mostly littoral (Table S1), but with expansion in the
profundal zone of nonnative lake whitefish and to a lesser degree
predatory lake trout.
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Fig. 2. Kokanee, eagle, Mysis, lake trout, and bull trout abundance history
in Flathead Lake. Data are annual peak numbers of kokanee spawners from
Flathead Lake and bald eagles (from weekly eagle and biweekly kokanee
spawner counts) at the McDonald Creek index site, lake trout catches (mean
catch per unit effort for standardized net sets; note the near detection
numbers for 1981 and 1983, no sampling was done in 1982 and 1984-1991),
and bull trout redd counts of adfluvial spawners (total annual numbers
obtained in standardized, annual census of a suite of spawning streams
upstream from Flathead Lake) plotted in relation to abundance of Mysis
(mean numbers per m? with 95% confidence intervals from standardized,
annual census at 40 sites lake-wide). To obtain specific densities from the
figure, the values shown must be multiplied or divided as indicated in the
legend. Bull trout catches in standardized gill net sets declined from one to
two fish per net before mysids to less than 0.5 per net after mysids. Updated
from Spencer et al. (24).

Mysid Explosion Period (1985-1988). The kokanee period ended
abruptly in the mid-1980s with the establishment and rapid ex-
pansion of the glacial-relict opossum shrimp, Mysis diluviana
(Fig. 2). Mysis was transferred by fisheries managers from
Waterton Lake, Alberta, where M. diluviana is native along with
lake trout and other fauna of Canadian Shield lakes, to five lakes
upstream of Flathead Lake from 1968 to 1976. The intention was
to promote kokanee populations by increasing forage, an action
based on erroneous interpretations of the results of such intro-
ductions elsewhere (28). Mysids reside on the lake bottom during
the day and migrate at night to the upper water column, where
they feed on large cladoceran zooplankton; whereas kokanee,
being obligate visual feeders, consumed cladocerans during
daytime. The kokanee sport fishery collapsed the year after peak
mysid abundance, along with the eagle-kokanee spawner re-
lationship at McDonald Creek (24) (Fig. 2), and the large-bodied
zooplankton (cladoceran and copepod) forage base in Flathead
Lake markedly declined (Fig. 3). Zooplankton abundance and
biomass declined by half during the Mysis expansion period.
Within 2 y of its peak abundance, the Mysis population retreated
to less than half of the peak level.

Mysid-Lake Trout Period (1989-Present), the Mysis Reorganization of
the Food Web. After retreat from the initial explosion, Mysis levels
fluctuated about what looks to be a new equilibrium, averaging
perhaps one third the initial peak level. Kokanee never re-
covered, bull trout declined, and lake trout came to be the
dominant top predator. Bald eagles dispersed after the collapse
of their primary prey, kokanee (24). The decline in eagle num-
bers observed during this study cannot be attributed to the
widespread reproductive failures caused by dichlorodiphenyltri-
chloroethane and its metabolites recognized by the late 1960s.
After listing as an endangered species in Montana, the number
of nesting pairs increased steadily by an average of 14.5% per
year from 1980 to 1990, and the wintering population seemed
stable or slightly increasing by 1991 (30).

The standardized gill netting before and after mysid expansion
clearly showed a remarkable transformation of the Flathead
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Fig. 3. (A) Zooplankton abundance by taxonomic group before (1972-1973)
and after Mysis (1986-2004). (B) Mean percentage abundance in taxonomic
groups of periods before and after Mysis. Pre-Mysis data from Potter (29).

Lake fish community (Fig. 1 and Tables S1 and S3). In surface
catches the proportion of natives changed (Fig. 4): cutthroat and
bull trout were greatly reduced after Mysis, whereas peamouth
and northern pikeminnow increased. In deep water catches, the
nonnatives expanded dramatically (Fig. 4): lake trout increased
19-fold and lake whitefish fivefold, largely at the expense of bull
trout. Pelagic kokanee were not effectively surveyed by shoreline
gill netting, but kokanee clearly were very abundant before Mysis
and completely disappeared subsequently. Kokanee represented
92% of the angler catch in 1981, but none of the catch by 1992
(SI Discussion). The most dramatic change in the littoral fish
community after Mysis was the large decline in the abundance of
the native peamouth chub in sinking net sets; however, the in-
crease observed in floating net sets suggests that some may have
simply shifted to the upper water column.

Cladocerans and adult copepods and copepodites represent
a smaller share of the zooplankton community after Mysis (Fig. 3).
Mysid prey choice trials showed clear selectivity for the large,
slow-moving cladocerans over other smaller, faster zooplankton
(31). In the lake, cladocerans were reduced by 78% overall, and
Bosmina longirostris, which dominated cladoceran abundance
before Mysis, declined by 92%. Conversely, Daphnia thorata now
dominates cladoceran numbers, increasing in the epilimnion every
summer, apparently adapted to warmer temperatures that allow it
to avoid predation by the cold-adapted mysids (31). Daphnia rosea
and Scapholeberis kingi disappeared. Copepod adults and cope-
podites also declined by 65%. Leptodiaptomus ashlandi replaced
Diacyclops bicuspidatus thomasi as the dominant copepod; Diac-
yclops declined by 92% after Mysis. L. ashlandi was the only co-
pepod that benefited from the mysid-mediated food web changes.
The largest copepod, Epischura nevadensis, declined by 95% after
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Fig. 4. Summary of native and exotic fish in Flathead Lake before (1981 and
1983) and after (1996-2005) Mysis establishment. Average number of native
and exotic fishes caught in standardized net sets using (A) sinking and (B)
floating ganged gill nets (Table S3 shows species composition).
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Mysis. The smaller species of zooplankton have increased after
Mysis (P < 0.00001 for rotifers and P = 0.001 for copepod nauplii,
n = 196), exceeding pre-Mysis densities (Fig. 3), and several ro-
tifer species doubled in abundance after Mysis. The two most
abundant rotifers switched in terms of the dominant species be-
fore and after Mysis. Filinia terminalis has not recovered from food
web changes in the lake (declined 87%), and four rotifer species
quantified in 1972-1973 have disappeared.

Cascading changes in the food web after Mysis were not re-
stricted to herbivores and consumers. An unusually large vernal
bloom of blue-green algae (Cyanophyceae) occurred in 1988
immediately after mysids vastly reduced the large zooplankton;
Cyanophyceae constituted 17.2% of total phytoplankton biomass
in 1988, compared with a range of 1.1-3.0% for all years after
Mysis. Reduced grazing may have shifted internal nutrient cy-
cling in a way that stimulated blue-greens; however, changes
were not limited to the Cyanophyceae The highest photic zone
phytoplankton biomass (0.97 mL m™—) and chlorophyll a (29 pg
L") ever measured in Flathead Lake occurred in 1988, and the
hlghest annual PP measurement was recorded that year (123 g C
m~2 yr~!). Numerous other changes in the phytoplankton com-
munity were evident during the period of record (19): increase or
decrease in biomass and/or density of eight phytoplankton fam-
ilies (all P < 0.05, n = 147), increase in percentage phyto-
plankton biomass in 10- to 30-pm size fraction (P = 0.01, n =
147), decrease in percentage phytoplankton biomass in >50-pm
size fraction (P = 0.0008, n = 147), decrease in 0-30 m chlo-
rophyll a (P = 0.004, n = 230), and increase in PP (P = 0.0001,
n = 287).

Discussion

Explanation of CTl in the Transition Mediated by the Mysid Expansion.
What were the mechanisms of the trophic cascade, and how far
through the food web did it reverberate in the most recent major
community shift? At least four elements of CTT are apparent in
the record.

First, mysids became a strong interactor and functionally
replaced kokanee as the dominant open water planktivore, but
within several years mysids had facilitated dominance by lake
trout. Thus the old exotic predator (lake trout) that had been
present at low densities for 80 y became a strong interactor in this
community only after a second exotic predator (Mysis) of mid-
trophic level status had invaded. The recent invader, Mysis, fa-
cilitated ecological dominance by lake trout by eliminating
a recruitment bottleneck for lake trout and lake whitefish, which
effectively use them in their juvenile stage. Before mysids, deep
water forage was limited to benthos that were available only at
very low densities (32). Now, the abundant mysids are released
from brood chambers concurrently with emergence of young of
the year lake trout. Indeed, recent diet analyses showed that
mysids are the main prey item for lake trout up to 60 cm total
length and are one of the primary food items for age 2-7 y (>20-
cm length) lake whitefish (Fig. S1). Lake trout greater than 60 cm
total length eat primarily a fish diet. These and larger size classes
of lake trout prey on essentially all fishes in the lake that mouth
gape will allow (prey length = 40-50% predator length), including
remaining native westslope cutthroat trout, pygmy whitefish, and
early stages of bull trout (Fig. S1), thus creating a predator
gauntlet for native juveniles emigrating from tributaries to the
lake. Bioenergetic modeling corroborated diet interpretations
suggesting that increasing lake trout predation was the primary
agent of kokanee mortality, with mysids promoting higher re-
cruitment of lake trout (33) (SI Discussion and Tables S4-S6).

Second, the trophic cascade shifted zooplankton community
structure from large to smaller forms (Fig. S2). The three largest
size fractions (0.4-0.7, 0.7-1.1, and 1.1-2.4 mm) decreased in
relative proportion, whereas the smaller size fractions (0.0-0.2
and 0.2-0.4 mm) increased. Altered size structure of zooplank-
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Fig. 5. Step increase in primary production caused by mysid-mediated CTI.
Time series of September Mysis abundance (magenta) and deseasonalized,
light-corrected PP (gray dots) for the entire period of record, with regression
line (black) from respective posterior modes of the Bayesian change point
analysis fitting two independent lines with one step between them. Main y
axis PP scale preserves the original long-term mean. x axis histogram shows
the posterior distribution for the time (date) position of the step. y axis
(rotated) histogram shows the posterior distribution for the height of the
step above the beginning of the step. The y axis scale labeling for the y axis
histogram (secondary scale) is in the same units as the main PP y axis, but
with the origin moved to line up with the bottom of the step.

ton influences grazing efficiency on phytoplankton (34) and has
potential implications for nutrient cycling (35, 36). The demise of
kokanee clearly is associated with the changes in zooplankton
mediated by the mysids and predation by the expanding lake
trout, but indirect effects reverberating from nutrient-PP inter-
actions probably contributed.

Third, we looked for influences of the mysids on PP in relation
to nutrient loading over the period 1977-2004. Exploratory re-
gression analysis (SI Materials and Methods) ruled out a domi-
nant role for a cultural eutrophication hypothesis, because
significant trends in P and N loading ran in opposite directions
(SI Materials and Methods) and bioassays had established col-
imitation by N and P in the lake (37, 38).

A Bayesian change point analysis was conducted on the time
series of deseasonalized, light-corrected PP, fitting two in-
dependent linear trajectories allowing one step change between
them, with the location (date) of the step also treated as a free
parameter. This analysis, as expected from exploratory regression
analyses on the pre- and post-Mysis segments (SI Materials and
Methods), did not resolve well the before- and after-break slopes
(Fig. S3), but it did resolve the change point clearly, showing the
following: a 95% probability that the step was an increase; an 88%
probablllty that the step was larger than 25 mg C m™> d™" (i.e.,
a >9% jum 2 the most probable (posterior mode) step size was
55mg Cm~>d™' (ie., a 21% jump); a 93% probability that the
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Fig. 6. Detrended, deseasonalized chlorophyll a regressed against detren-
ded, deseasonalized herbivorous zooplankton biomass in Flathead Lake
(1987-2004) (P = 0.0002).
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change point or step was before 1988; and a 76% probability that
the change occurred in the period 1986-1987, approximately the
time when mysid numbers peaked (Fig. 5).

Finally, the shift in zooplankton and nutrients along with the
shift in PP suggests that increasing nitrogen might be stimulating
algal production, but enhanced grazing by the abundant small size
classes of zooplankton after Mysis maintains phytoplankton bio-
mass (as indexed by chlorophyll a concentration) substantially
lower than would occur in the absence of mysid predation on
zooplankton. Others have shown that consumers can impede the
effects of nutrient enrichment on primary producers (10). Indeed,
deseasonalized herbivorous zooplankton biomass in Flathead
Lake was negatively correlated with deseasonalized chlorophyll a
(Fig. 6) in the post-Mysis period. To be certain this relationship was
not trend driven, both deseasonalized variables were detrended,
and the relationship was still significant (P = 0.0002, n = 168).

The Flathead story documents complex trophic interactions:
an introduced invertebrate planktivore displaced piscine plank-
tivores and facilitated ecological dominance by an introduced
piscivore (which had been present for decades) that further de-
pressed other piscine planktivores and piscine piscivores. This
facilitation of the old invader (lake trout) by the recent invader
(Mysis) eventually promoted a rapid shift in community struc-
ture, resulting in a trophic cascade affecting phytoplankton,
zooplankton, fish, and a nonaquatic species. A top predator like
lake trout may or may not be a strong interactor in a lake eco-
system, depending on the community and the species inter-
actions therein. In Flathead Lake, lake trout were a top predator
at low densities for many decades but were not a strong inter-
actor until Mysis invaded and the community changed. It remains
to be seen how much detailed quantitative knowledge of species-
specific parameters would have been needed to predict this
particular chain of events. Native species also can have strong
effects on food web and ecosystem dynamics. Understanding
complex species interactions in native communities as well as
those with recent biotic invasions is needed to predict ecological
community responses in a changing world.

Lake Trout Period—A Persistent State? The mysid expansion was
a period of strong interaction that accelerated food web change
initiated by introduction of exotic fishes. No one knows how far
back the native period began; the kokanee period would likely
have continued, were it not for the Mysis invasion. The in-
troduction of nonnative species to Flathead Lake has altered the
energy flow from pelagic in the early 1900s (zooplankton —
peamouth and westslope cutthroat trout — bull trout) and mid-
1900s (zooplankton — kokanee and small lake whitefish — bull
trout) to a bentho-profundal pathway (zooplankton and benthos
— Mpysis and small lake whitefish — lake whitefish and small lake
trout — lake trout).

Extirpation of some of the native fishes (bull and cutthroat
trout) in the near future seems possible (and is decidedly prob-
lematic for fisheries managers, given Endangered Species Act
threatened status for bull trout) owing to this persistent change
in food web structure. Recovery of bull and cutthroat trout will
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be difficult given strong food web control by the expansive lake
trout population. On the other hand, water quality remains near
the pristine or native state relative to most lakes with significant
numbers of people in the catchment. Understanding trophic
cascades requires that long-term data sets be formalized by ro-
bust models because of the extreme complexity of interactions. A
fully integrative ecosystem model of Flathead Lake is needed to
examine emergent properties of these complex interactions. One
important challenge is to determine the tipping point for what
might be the next ecosystem state as the community continues on
its internally driven dynamics and as external drivers such as
climate change and direct human intervention (a lake trout
reduction program is underway, for example) further force
the system.

Materials and Methods

Monthly or more frequent measurements of limnological variables in Flat-
head Lake and the major tributaries and precipitation chemistry were made
from 1977 to 2005 by the Flathead Lake Biological Station (18, 19). Loading of
nitrogen (N) and phosphorus (P) to Flathead Lake was determined from
measurements of N and P forms from time-series collection on the major
tributaries to the lake and the airshed and daily river flow and precipitation
volume. Data on species composition and abundance of fishes were
obtained annually from standardized gill net sets (S/ Materials and Methods)
in 1981, 1983, and 1996-2005. Bull trout abundance was determined from
standardized redd counts of adfluvial spawners in tributaries used by Flat-
head Lake fish and collected annually since 1981 (S/ Materials and Methods).
From 1985 to 2004, duplicate or triplicate 50 m to surface vertical hauls of
zooplankton were made approximately monthly at the midlake deep site
with a 29-cm-diameter, 64-um-mesh Wisconsin style net, preserved (4%
CaCOj3 neutralized formalin), and enumerated using Sedgewick-Rafter cells
(19). Monthly or more frequent phytoplankton samples were obtained at
the midlake deep site from a 0- to 30-m tubular composite integrating
sampler, preserved (1% Lugol’s iodine), and enumerated using Utermohl
chambers. Mysid numbers were standardized to sampling on moonless
nights in September. Vertical hauls were made from near bottom to the
surface at approximately 40 sites with a 1-m-diameter, 500-um-mesh closing
net. Monthly or more frequent PP estimates were determined from 4-h in
situ incubation of NaH'#COj; in light and dark bottles throughout the lighted
zone (0-30 m) (39, 40). Deseasonalizing for statistical analysis was accom-
plished by fitting a cubic smoothing spline to an overlay of the data for all of
the years. The data were grouped into 1-, 3-, 5- and 7-d pools and wrapped
around the end of the year for 65 d to encourage continuity at the year
ends. The smoothing factor was selected so as to minimize the cross-
validation jackknife residuals. Seasonality in each of the variables was re-
moved by subtracting the spline model. The results were examined for linear
trends using simple linear regression analysis. Analysis of the pattern of
change over time in PP was further examined with a Bayesian change point
model. Full methods and associated references are available in S/ Materials
and Methods.
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S| Materials and Methods

Monthly or more frequent measurements of limnological varia-
bles in Flathead Lake and the major tributaries and precipitation
chemistry were made from 1977 to 2004 by the Flathead Lake
Biological Station (FLBS) (1, 2; see ref. 2 for site locations). This
very extensive data set is known as FlatDat and is archived
electronically in spatially explicit format at FLBS. All raw data,
standard curves, and quality control information have been en-
tered into FlatDat for all chemical analyses ever performed at
the FLBS since 1977. Analytical precision was quantified by
replicating chemical analysis on every 10th sample. Analytical
accuracy was quantified by analyzing quality control samples
(unknown concentrations) from the Environmental Protection
Agency (before 1998) or from Inorganic Ventures IV Laboratory
(National Institute of Standards and Technology traceable; since
1998) during every analysis. Limits of quantitation and detection
were calculated by analyzing three or more replicates of the
lowest standard and multiplying the SD of the results by 10 and
3, respectively. All sample data, laboratory standard curves, and
quality control information were electronically archived by the
Biological Station Data Manager in the Biological Station’s data
storage and retrieval system (FlatDat).

Nitrogen (N) and phosphorus (P) concentrations (total N, total
P, soluble reactive P, soluble P, nitrate + nitrite, ammonium)
were determined using a Technicon autoanalyzer (3). Chlorophyll
a concentrations were determined by acetone extraction and
colorimetic analysis (4).

Nutrient Loading. Loading of N and P to Flathead Lake was de-
termined from measurements of N and P forms from time-series
collection on the major tributaries to the lake and the airshed.
Grab samples were obtained from all tributary sites at midriver
and middepth; a Van Dorn water sampler was deployed from
bridges at large river sites. The major tributaries were sampled in
relation to the hydrograph, with more intensive sampling during
runoff events. Stream discharge data were obtained from the US
Geological Survey (USGS) (www.usgs.gov/; accessed 2006),
except on Ashley and Stoner Creeks, where flow was moni-
tored by the Biological Station using USGS procedures (5, 6).
Daily precipitation volume was determined from the National
Weather Service Monitoring Station located at the Biological
Station (www.noaa.gov/; accessed 2005). A modification of the
bulk precipitation collector described by Lewis and Grant (7)
was used before 1984 and from 1986 to present. A composite
sample was obtained from an Aerochem-Metrics atmospheric
sampler (8) from 1984 to 1985 by combining wet and dry bucket
contents; its use was discontinued owing to frequent contami-
nation by bird droppings. Daily loading estimates were made by
interpolating between known concentrations of nutrients in river
and bulk precipitation. Measured daily river-flow and pre-
cipitation values were multiplied by N and P interpolations
(concentrations) to estimate load.

Fishes. Data on species composition and abundance of fishes were
obtained annually from standardized gill net sets since 1981 and
were examined in light of the historical record of native and
nonnative fishes. Netting occurred in spring (late April/early May)
before spring runoff, when the lake temperatures were iso-
thermal. In five different areas of the lake, three sets of floating
and sinking multistrand nylon gill nets were deployed. Nets were
38.1 m long by 1.8 m deep and consisted of five panels of bar mesh
sizes 19, 25, 32, 38, and 51 mm. Each set consisted of two ganged

Ellis et al. www.pnas.org/cgi/content/short/1013006108

nets, one sinking net tied end to end to another sinking net, and
likewise for floating nets. Nets were set perpendicular to the
shoreline. Floaters were set with one end close to shore in roughly
2 m of water, with the net stretched over deeper water. Sinking
nets were set at depths greater than 10 m. Nets were deployed in
late afternoon and retrieved in midmorning hours. To calculate
catch-per-unit-effort (CPUE), number of each species captured
in each sinking or floating set was divided by 2 to report catch per
single standard net type. Percentage composition of catch by
species was determined separately by net type. Total length,
weight, age, sexual maturity, and food habit data were obtained
from captured fish.

Bull trout abundance was determined annually since 1981 from
standardized redd counts of adfluvial spawners in tributaries used
by Flathead Lake fish. From the basin-wide survey, extensive
index areas were identified for annual surveys. Preliminary sur-
veys were conducted to determine appropriate timing for final
counts. Surveys began after numerous redds, few adult fish and
little evidence of active spawning were observed. Experienced
field crews conducted the surveys by walking the stream channels
of each index area and recording redds.

Earlier data pertaining to the fishes of Flathead Lake were
found in the archives of the FLBS, the K. Ross Toole Archives at
the University of Montana Mansfield Library, and along with
various published papers produced before 1930 (9-12) provided
reasonable documentation of the pristine limnology and native
fisheries of the lake. Gill net sets made by M. Pace and M. Elrod
in 1915-1916 were recorded on forms found in the archives, as
were similar sets made by Royal Brunson in the 1950s. Elrod
deployed 13 sinking gill nets around the lake from June 24, 1916
to August 28, 1916, whereas Pace set a similar series of gill nets
during the summers of 1915 and 1916. Both Elrod and Pace
generally set their nets near shore, the deepest depth reached
being 27 m. These historical data have never been carefully
studied and related to contemporary data until now. Mean
CPUE was determined for both sinking and floating gill net sets.

Phytoplankton, Zooplankton, and Mysis. Monthly or more frequent
phytoplankton samples were obtained at the midlake deep site
from a 0- to 30-m tubular composite integrating sampler, pre-
served (1% Lugol’s iodine), and enumerated using Utermohl
chambers. Records of zooplankton species presence by period
were as follows: 1891 (13), 1899-1903 (14), 1912-1919 (M. Elrod,
FLBS archives), 1928-1930 (15, 16), 1956-1966 (17), 1965-1973
(D. Hanzel, FLBS archives), 1972-1973 (18), and 1985-2004
(FlatDat). Zooplankton data for 1972-73 as well as a retrospec-
tive analysis of prior data were from Potter (18); the sampling
methods and sampling site used in 1972-1973 were similar to the
post-Mysis monitoring of 1985-2004. Vertical net tows from 1972
to 1973 were standardized to the continuous record initiated in
1985; Potter used discrete 10-m tows, whereas data from 1985 on
were tows made from 50 m to the surface. From 1985 to 2004,
duplicate or triplicate 50 m to surface vertical hauls of zoo-
plankton were made 15 times per year at the midlake deep site
(see ref. 2) with a 29-cm-diameter, 64-pym-mesh Wisconsin style
net and preserved (4% CaCOj neutralized formalin). A Hensen-
Stempel pipette was used to transfer duplicate 1-mL aliquots
from each sample to Sedgewick-Rafter cells for enumeration at
40x for most cladocerans and larger copepods and 100x for
other taxon using a compound microscope. Discrete 10-m tows
from 50 m to the surface and single tows from 50 to 0 m were
collected on the same days throughout a year to determine net
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efficiency. Zooplankton abundance by group from single tows
(50-0 m) were corrected for reduced net efficiency due to
backwelling (i.e., zooplankton abundance in single tows averaged
65-70% of summed discrete tows). Mysid numbers were stan-
dardized to sampling on moonless nights in September. Vertical
hauls were made from near bottom to the surface at approxi-
mately 40 sites with a 1-m-diameter, 500-pm-mesh closing net.
More detailed temporal sampling of Mysis revealed declining
abundance through the fall; therefore, densities from three Oc-
tober sampling events were corrected for mortality.

Statistical Analyses. Deseasonalizing for statistical analysis was
accomplished by fitting a cubic smoothing spline to an overlay of
the limnological data for all of the years. The raw daily estimates
were grouped into day-of-the-year pools, in the overlay for the
spline, and wrapped around each end of the year for 365 d to
encourage continuity at the year ends. The smoothing factor was
constrained to the range displaying at least one mode but no more
than two and then refined in an iterative search to minimize the
cross-validation jackknife residuals when entire years were
jackknifed out at a time. Seasonality in each of the variables was
removed by subtracting the spline.

Because the time intervals for primary productivity (PP)
measurement were irregular, and there was a tendency to make
measurements on less cloudy days later in the record, PP values
were light-corrected by a least squares regression. Photosyn-
thetically active radiation (PAR) was estimated as 0.45 times the
calculated solar radiation from the MT-CLIM model (http://www.
ntsg.umt.edu/bioclimatology/mtclim/) using observed daily pre-
cipitation and maximum and minimum air temperatures at the
Kalispell airport. These estimates of PAR showed a correlation
of 0.92 (regression slope 0.99) with PAR measured by radiom-
eter at Yellow Bay on those days when direct measurements
were available. The PAR values were deseasonalized by spline
smoothing in the same fashion as the PP. For the light-correction
of the PP values, a least squares regression was done of desea-
sonalized PP on deseasonalized PAR (R*> = 0.073; intercept =
—8.54, slope = 2.90), with PAR in units of Einsteins m2dh
Residuals from this regression constituted the light-corrected
deseasonalized PP.

Fitting a least squares linear regression to the deseasonalized,
light-corrected, daily PP for the full span of years showed
a modest but significant increasing trend [slope = 2.3 (mg C m™>
d™" y™; R* = 0.04; P = 0.0008; n = 287]. Owing in part to the
large sample sizes, several of the other limnological variables
showed small long-term trends, which nevertheless were signifi-
cant and therefore “correlated” over the same time span. In
particular there was a slight but significant increasing trend in
deseasonalized nitrate nitrogen loading (slope = 0.01 t nitrogen
d'y !, R = 0.004; P = 3 x 107% n = 8,874), and there was
a substantial increasing trend in deseasonalized hypolimnetic
oxygen deficit (slope = —0.22% saturation y~'; R* = 0.09; P =
1 x 107% n = 253), pointing possibly toward a trend in eutro-
phication driven by anthropogenic N loading. Although N limi-
tation was observed in fall bioassays (when N declined to below
detection limits in the epilimnion), colimitation by N and P
dominated (19), and deseasonalized soluble reactive phosphorus
(SRP) loading actually showed a slight but significant declininlg
linear trend over the long-term (slope = —0.002 t SRP d™* y~/,
R* = 0.006; P < 0.0001, n = 7,826), ruling out the hypothesis that
increasing PP was due predominantly to cultural eutrophication.

Visual inspection of the graph of deseasonalized, light-
corrected PP against year (Fig. 5, main text) gives an impression
that the trajectory shifted around 1987, more or less coincident
with the Mpysis explosion. Diagnosing the pattern by eye is
hampered, however, by the considerable scatter and by the shift
to more frequent measurements, also around 1987. To explore
whether CTI might have been involved in the change in PP,
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separate regressions were tried, before and after Mysis. These
failed to resolve significant slopes for PP in the two (before and
after) segments but did indicate significant differences in the two
means, prompting a closer Bayesian look at the time series,
specifically investigating whether, and when, the time series
might have shifted, Bayesian linear regression of deseasonalized
light-corrected PP against date, for the full time series, using
conventional vague priors for all three parameters (uniform for
slope and intercept, and proportional to the reciprocal for error
variance) showed almost no probability (P = 0.0004) of non-
positive slope; and resolved that slope with a posterior marginal
mean at 2.27 (mg C m~2 d™") y~' and SD of 0.684.

Bayesian linear regression (with the same priors) just for the
1977-1986 segment (n = 66) was ambiguous regarding the sign of
the trend (probability of nonpositive slope was 0.350) and did not
achieve much resolution of the slope magnitude [mean 1.42 (mg
Cm™ d™)y~!, SD 4.12]. Likewise, Bayesian linear regression just
for the 1987-2004 segment (n = 221) was ambiguous regarding
the sign of the trend (probability of nonpositive slope 0.602) and
showed poor resolution of the slope [mean —0.254 (mg Cm™~>d™")
y~!, SD 1.00]. Notwithstanding the large uncertainties about
trend slopes for these two segments, their intersections with the
enforced break point at 1987 were distinct: posterior probability
that the postbreak line is higher than the prebreak line at this date
is 98%, and the probability is 90% that the difference is greater
than 22 mg C m™ d™', and the probability is 80% that the dif-
ference is greater than 33 mg C m™> d™' (i.e., a step change
greater than 12% of the long-term 1977-2004 mean).

To resolve when this break occurred, the pattern of change over
time in PP was further examined with a Bayesian change point
model. The model was for two uncoupled linear regression lines,
where the location of the change point (the vertical step from one
line to the next), the two slopes, the two intercepts, and the
common normal error SD (the parameter underlying the residual
SD) were all unknown parameters (six in all). A joint set of values
of the first five of these parameters define the pattern [as in the
black line in Fig. 5 (main text) where the first slope and intercept
define the line to the left of the change point (step), the second
slope and intercept define the line to the right of the change point,
and the two lines together along with the location of the change
point define the step itself].

The likelihood function, therefore, was a Gaussian distribution
on the departures of the data points from this stepped line. The
prior on the location (date) of the change point was uniform from
1y in from the first and last data points (so any resulting left or
right segment must span at least 1 y worth of data). The in-
dependent priors on the two intercepts were uniform and broad
enough that their termini were not influential. The prior on the
error SD was the conventional vague distribution whereby the
probability is proportional to the reciprocal of the SD squared.
The independent priors on the two slopes were uniform on the
angle of the slope; this prior is not scale independent, but the usual
alternative of an improper uniform prior on the slope regression
coefficient favors steep slope angles, which were in fact picked up
in the posterior distribution, but which, in this application, is not
reasonable. With a uniform prior on the angle, and expressing
time in years and PP in mg C m™2 d™', slopes between + and
—12.75 (mg C m~2 d™") y~! made up approximately 90% of the
prior probability, with long tails giving an SD of 573. This is
generously broad in the context of the observed long-term least
squares regression slope of 2.3 (mg C m>d ") y™'.

The numerical integration for the joint inference on the six
parameters was carried out by MCMC (Metropolis-within-Gibbs,
Gaussian random walk proposal). Convergence was unpro-
blematic. For convenience in graphing, and interpretation, the
joint posterior sample was transformed into alternative param-
eterizations to obtain posterior marginals for the height of the
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step and the PP value at the bottom of the step, and the slopes in
units of (mg Cm™—>d™")y™".

The posterior marginals for the two quantities of greatest in-
terest (date of the change point and height of the step) are
graphed in Fig. 5 in the main text. Fig. S3 shows the posterior
marginals of the remaining four parameters, in familiar units.
The posterior marginals for the 2 slopes were broad, including
0 (consistent with the result from least squares analysis that the
pre- and post-Mysis trends were not significant), but they did not
simply recapitulate their uniform priors on the angle, and the
steepest slope angles had much less posterior probability than in
the priors (posterior marginal SDs on the before- and after-
break slopes were 2.67 and 1.74, respectively).

S| Discussion

Fishes of Flathead Lake Before 1920. Early fish surveys of Flathead
Lake were conducted by Morton Elrod and Maurice Pace in the
summers of 1915 and 1916. These sinking gill nets deployed
around the lake indicated that nine of the 10 native fish were
present in the littoral zone of the lake; catches were numerically
dominated by peamouth, followed by northern pike minnow, with
a substantial number of bull trout, mountain whitefish, and
suckers. The low catch of cutthroat likely reflects several factors,
including the spawning migration of these fish into the river
during the summer and the low catch of cutthroat in sinking nets
relative to floating nets (as revealed by later surveys). However,
cutthroat trout were very common in the lake and were avidly
angled by locals who called them “flat trout” owing to the robust
shape (9, 10).

An early account of the lake’s native fishery (10) stated,
“Mountain (cutthroat) trout are abundant, grow to a good size,
and are readily caught: salmon trout or bull trout are also
common and are caught at certain seasons in considerable
numbers by trolling. The Columbia River (largescale) sucker also
occurs in the lake, while the 2 large minnows, the Columbia chub
(peamouth) and the squawfish (northern pikeminnow) are very
abundant.” Evermann also noted, “Whitefish (Rocky Mountain
whitefish) are also found in the lake and, judging from the
number of young that we saw, would seem to be common.” Bull
trout were commonly caught by local Indians.

Creel Surveys. The objectives of the 1962 creel survey on Flathead
Lake by the US Bureau of Sport Fisheries and Wildlife were to
determine utilization and harvest, activities of fishermen, and
characteristics of the fish resources. There was no attempt to
quantify species preference (i.e., target species). Angler pressure
(angler days) was determined from on-site angler interviews and
postal questionnaires.

The 1981 survey by Montana Department of Fish, Wildlife, and
Parks was primarily designed to census boat fishermen during the
spring, summer, and fall. Cars at fishing access points were tallied
to generate an angler pressure estimate. Mail surveys and on-site
interviews at access points and by roving boats were used to
determine harvest. Target species information was collected for
80% of the surveyed period.

The Confederated Salish and Kootenai Tribes conducted the
1992 creel survey primarily to quantify Flathead Lake fishery
status before Hungry Horse Dam mitigation efforts. Mail surveys,
aerial boat counts, and on-site interviews at access sites and via
a roving boat were used to generate angler pressure and fish
harvest. Target species information was collected.

The most relevant and insightful information from the creel
surveys was the comparison of harvest species composition before
and after Mysis. Before Mysis (1981 survey) harvest was domi-
nated by kokanee and yellow perch, which accounted for 77%
and 17% of the angler harvest, respectively. After Mysis (1992
survey) lake trout, yellow perch, and lake whitefish represented
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55%, 27%, and 17% of the harvest, respectively, whereas ko-
kanee represented none of the harvest.

Acoustic Density Estimates of Kokanee in Flathead Lake. Kokance
population density data were collected using a modified hydro-
acoustic unit designed at the Applied Physics Laboratory at the
University of Washington. Acoustic information was collected
annually in early September from eight to nine lake transects in
1979-1982 and 11 transects in 1983, totaling 72 and 88 km.
During September, salmon move into the midlake areas before
their movements to spawning areas, making pelagic measures
more reliable. Acoustic signals were recorded on magnetic tape
while traveling 3.1 m s™'. Fish numbers were enumerated using
a direct count method by playing back acoustic signals viewed on
a delayed-sweep oscilloscope. Small fish (20-30 cm) and large
fish (3041 cm) could be separated by signal strength differences.
Counting thresholds for these sizes were established and used
during target enumeration. A midwater trawl (3.05 x 3.05 m,
2.5% open area) and a purse seine (18.3 x 171 m, 31.8% open
area) were used to verify both species and sizes of acoustic fish
targets. Densities were calculated from number of fish targets
within 3.6-m intervals from depths of 7-44 m. Densities for an
entire transect were weighted averages of the sample densities,
and in turn the average density of fish for the entire lake was
a weighted average of the transect data. The highest lake salmon
density estimates occurred in 1982, with 56.7 fish per hectare,
and the lowest in 1981, with 38.8 fish per hectare.

Fish Diet Analysis for Bioenergetic Modeling. Fish samples were
collected from both annual spring monitoring and seasonal gill
net sampling surveys conducted from May 1998 through August
2001 by Montana Department of Fish, Wildlife, and Parks in the
northern region and the Confederated Salish and Kootenai Tribe
southern regions of Flathead Lake. Stomach contents were ex-
amined using a dissecting microscope and separated into fish and
invertebrate components. Prey fishes were generally identified to
species (often on the basis of vertebrae and other diagnostic
bones). When identification to species was not possible, fish were
typically identified to family, but some remained in an un-
identified fish category. Of the 78 unidentifiable fish prey, 37
could be identified to salmonines (whitefishes, char, or trout),
seven to trout or char; 30 of the 78 unidentifiable samples
were available for genetic examination, and 26 of these 30 were
identified. Standard, total, or vertebral lengths of prey fish were
measured when possible (according to the condition of the
partially digested fish). Fish eggs were counted and weighed.
Invertebrate prey were identified to the functional taxonomic
groups, including Mysis, Daphnia, copepods, bivalves, chirono-
mids, other insects, and a broad range of rarer taxa that were
pooled into an “other invertebrates” category. For each stomach
sample, the mass of each prey category was blotted dry and
weighed to the nearest 0.01 g. The proportional wet-weight
contribution of each prey category was computed for each
nonempty stomach, and these proportions were averaged within
each season-by-size class cell for each species of consumer.

Diet composition was summarized by season and size class of
consumer. Scattergrams of predator length vs. the diet pro-
portions of major prey categories were examined to stratify the
diet analyses by size classes. For lake trout, only two invertebrate
prey groups were categorized: mysids and a general invertebrate
category in which all other invertebrates were combined. The
weight of each prey category was converted to a proportion of the
total weight of food within each stomach, and the proportions
from each nonempty stomach were averaged for each season for
each size class of consumer.

To genetically identify unknown prey items, representatives of
the most common fish species inhabiting Flathead Lake were
collected to create a reference baseline. In most cases several
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individuals from each species were assayed to characterize the
intraspecific genetic variation. DNA was isolated for both base-
line and prey samples using DNeasy Tissue Kit (Qiagen)
according to the manufacturer’s protocol for mouse tails. Be-
cause the DNA extracted from the prey tissues are likely de-
graded, a smaller elution volume (100 pL X two elutions) was
used to concentrate the yield. Two mitochondrial DNA markers
were used to identify species: (i) a 368-bp portion of NADH3/
COIII (20) (hereafter ND3), and/or (ii) a 270-bp section of the
16S ribosomal gene (21). The ND3 locus was designed for Pacific
salmon (Oncorhynchus) and does not amplify nonsalmonid and
whitefish species. However, it is more polymorphic among
members of Oncorhiynchus and Salvelinus and thus better dis-
criminates these species (22).

ND3 and 16S were amplified separately in 50-puL reactions,
each with the same reagent conditions of 1x Taq buffer (Prom-
ega), 2.5 mM MgCl,, 0.2 mM of each dNTP (Promega), 0.1 pM
of each primer, 1x BSA (NE BioLabs), 1.25 U Taq polymerase
(Promega), and ~#1-30 ng DNA template. Both markers used the
following thermal profile: an initial denature step of 94 °C for
3 min, 35 amplification cycles of 94 °C 40 s, 55 °C for 40 s, 72 °C
for 40 s, and a final extension of 72 °C for 10 min. The PCR
product quality and yield was checked by visualization on
a SYBER Gold (Molecular Probes) stained 2% agarose gel. The
remaining PCR product was washed and filtered using Montage
PCRys Cleanup Plates (Millipore) according to the manufac-
turer’s protocol. A 5-uL PCR sequencing reaction was perfor-
med on the cleaned product using 1 pL BigDye v.3.1 (Applied
Biosystems), 3.2 pmol primer, 0.5x sequencing buffer (Applied
Biosystems), and ~10 ng PCR template, for both forward and
reverse primers. The sequencing PCR consisted of 30 cycles of
96 °C for 30 s, 50 °C for 5 s, and 60 °C for 4 min. The sequencing
PCR products were purified using CleanSEQ Dye Terminator
Removal System (Agencourt Bioscience). Sequence data were
collected on an ABI 3100 Sequencer following standard proce-
dures. Finally, sequences were aligned and analyzed in Se-
quencher 4.5 (Gene Codes).

Bioenergetics Modeling of Lake Trout Predation on Kokanee. To
estimate how lake trout predation might have contributed to the
crash of adult kokanee in 1986-1987, we reconstructed the
abundance of lake trout and their size-specific diet, used bio-
energetics model simulations to estimate lake trout predation on
kokanee, then compared the biomass of kokanee eaten with the
expected age-specific annual production rates of kokanee, based
on comparable initial fry abundances, growth, and survival rates
observed just before the kokanee crash. We first estimated the
seasonal and annual predation losses that would have resulted
from a standardized population of 1,000 age 5 y and older lake
trout (plus additional predation by age 2-4 y lake trout), then
expanded this size-structured predation estimate by multiples of
1,000 age 5-30 y predators, whereby the multiplication factors
were generated from the reconstruction scenarios of the lake trout
population and for the contemporary abundance of lake trout.

Lake Trout Abundance, Size Structure, and Growth. Population
trends for lake trout were reconstructed using a time series of
CPUE to back-calculate abundance during 1986-1987 from
contemporary abundance estimates. The estimated abundance
of lake trout during 1992-2005 was 235,000 (95% confidence
interval, 152,000-467,000) on the basis of Schnabel estimates for
age 5 y and older lake trout of total length (TL) >400 mm.
Because abundance estimates were derived for age 5y and older
lake trout, we used ages 5-30 y as the reference for re-
constructing abundance and predation scenarios, then extrapo-
lated the abundance of age 2-4 y lake trout, which were also
predatory but fed on kokanee at a lower rate.
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Lake trout CPUE increased from an average 0.10 fish net™" in
1983 to a relatively stable (mean + 2 SE) 1.73 + 0.26 fish net™’
during 1992-2005. Comparable gill net sampling was not con-
ducted during the intervening period, so we needed to re-
construct the trend in lake trout abundance between 1983 and
1992. To reconstruct lake trout abundance (N), we assumed that
(i) changes in CPUE were directly proportional to changes in
abundance; and (ii) exponential population growth was constant
over the 9 y between 1983 and 1992. Note that population
growth could have increased more rapidly and leveled off earlier
than 1992, so this reconstruction scenario represented a mini-
mum rate of population increase by lake trout.
Assuming constant exponential population growth between
1983 and 1992, we calculated an instantaneous annual growth rate
of r = LN(1.73/0.10)/9 = 0.3167. We reconstructed the abun-
dance of lake trout during the kokanee crash (1986-1987) by:
Niogs = 235,000-¢031670) = 35142 age 5-30 y lake trout in
1986

Niog7 = 235,000-eC031675) = 48 235 age 5-30 y lake trout in
1987

Niogs_1087 = 235,000-¢70316759) = 41171 age 5-30 y lake
trout, geometric mean for 1986-1987

For comparison, a faster population increase (i.e., ¥ = 0.5700
over 5y) from 1983 to the contemporary abundance would result
in a population of lake trout during 1986-1987 of:

Nioge_1087 = 235,000-¢70316755) = 56523 age 5-30 y lake

trout, geometric mean for 1986-1987

According to age and size structure of the population during
the 1990s through 2005, the annual survival rate for age 2 y and
older lake trout was estimated at 75%. Age-specific catch rates
from gill nets were adjusted for size-selectivity (23). After this
adjustment, age 6 y lake trout were the youngest age that was
fully recruited to the gill nets used. We regressed the log.-
transformed standardized gill net catch rate against age for ages
6-15y (* = 0.98; P < 0.00001); the slope = —0.288 represented
the instantaneous annual mortality of Z = 0.288; therefore,
S = "% = 75% annual survival. We assumed that age 2-5 y
lake trout also experienced 75% annual survival to reconstruct
the age and size structure of the predator population. To gen-
erate a standardized size-structured population of 1,000 age 5-30
y lake trout with 75% annual survival rate, we iteratively fit the
abundance of age 5 y lake trout N5 = 250 such that the total
abundance of age 5-30 y Ns_3p = 1,000 (Table S4). The age-
specific abundances of lake trout are presented for the re-
constructed slow population increase (~40,000 age 5-30 lake
trout) and rapid increase (56,000) scenarios, and the contem-
porary abundance of 235,000 age 5-30 y lake trout (Table S4).
Note that if survival was lower for the younger predators, then
a higher abundance of younger lake trout would have been re-
quired to achieve the abundance estimates reported.

Bioenergetics Model Simulations. A bioenergetics model for lake
trout (24) was used to estimate the consumption rate required to
satisfy observed annual growth increments, and we simulated
daily consumption of each prey category from May 1 through
April 30 (May 1 = day 1 of the simulation) during a year leading
to the kokanee crash in the mid-1980s. Annual growth incre-
ments, diet, prey energy density, and thermal experience for lake
trout were used as inputs to the bioenergetics model to estimate
the seasonal and annual consumption rates by lake trout on
kokanee and other key prey during the kokanee crash.

For the bioenergetics model simulations, we fit age-specific
consumption rates to the estimated annual growth of age 2-21y
lake trout using annual growth increments (Table S5) according
to length-at-age data from otoliths (25) and a length-weight
regression for lake trout in Flathead Lake (r2 =0.978; P < 0.001;
n = 426).
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Wt(g) = 0.0000055 * L3054

Because low sample sizes precluded reliable growth estimates for
older fish, the growth increment for age 21 y lake trout was also
applied to ages 22-30 y in the bioenergetic simulations. To ac-
count for the potential influence of spawning on growth and
consumption, we assumed spawning weight losses for lake trout
of 5% of the body mass for ages 5-7 y and 8% for age 8 y and
older (averaged over both sexes for lake trout) according to size
and age at maturity data for lake trout in Lake Tahoe after
mysids became established. Spawning losses were subtracted
from the body weight of mature lake trout on simulation day 198
(October 15) of the bioenergetic simulations for lake trout
>375 mm (ages 5 y and older).

Lake Trout Diet and Prey Energy Density. Kokanee represented 38%
of the annual diet composition by weight for lake trout TL
>400 mm during 1981-1982, but no data were reported for
smaller lake trout. We examined size-specific diet composition
data from the 1990s to provide a surrogate estimate for the
contributions of kokanee and other fish to the diet of smaller
lake trout. During the attempted kokanee reintroduction in the
1990s, yearling kokanee (TL >100 mm) represented 34—-69% of
the diet by weight for lake trout 200-375 mm TL during May and
June but were absent in diet samples the remainder of the year.
Lake trout were capable of consuming prey fishes up to 40-50%
of their own body length, so age 0-1 y kokanee (28-240 mm TL;
ref. 26) could progressively outgrow the gape limitation of in-
creasingly larger lake trout in the age 2-4 y size class (200—
375 mm TL) through the year (27). Prey energy density (J g™
wet body weight) inputs in the bioenergetic simulations of lake
trout predation were as follows: whitefish species day 1 = 6,280,
day 91 = 10,695, day 181 = 8,456, day 365 = 6,280; kokanee day
1 = 5,242, remaining days = 5,370; yellow perch all days =
4,186; unidentified fish all days = 4,186; invertebrates all days =
3,474. May 1 represented day 1 of model simulations.

Thermal Experience of Lake Trout. A time- and depth-weighted
average thermal experience was estimated for lake trout by
combining monthly vertical temperature profiles and proportions
of the lake trout catch from standardized, depth-stratified gill net
catches. Thermal experience of lake trout used in bioenergetic
model simulations ranged from 2.8 °C on day 307 to 6.7 °C on day
215; May 1 was day 1 of the simulation.

Kokanee Abundance, Growth, and Production. We compared annual
production rates of kokanee during the pre-mysid period with the
seasonal and annual predation rates by lake trout from bioenergetics
model simulations during the kokanee crash to discern whether
predation was a significant factor contributing to the kokanee crash.
Beattie and Clancey (26) provided data on kokanee abundance,
immigrant fry abundance (13-16 million per year), adult run size
(sport harvest plus spawning escapement: 204,800—474,400 during
1981-1985; 99,200 during 1986; and 7,800 during 1987), fry-to-

. Stanford JA, Ellis BK (2002) Rocky Mountain Futures: An Ecological Perspective, ed
Baron JS (Island Press, Washington, DC), pp 269-284.

2. Ellis BK (2006) Alternate states in a large oligotrophic lake: A retrospective analysis of
nutrient loading and food web change. PhD dissertation (Univ of Montana, Missoula, MT).

3. APHA (1985) standard Methods for the Examination of Water and Wastewater
(American Public Health Association, Washington, DC).

4. Marker AFH, Nusch EA, Rai H, Riemann B (1980) The measurement of photosynthetic
pigments in freshwater and standardization of methods: Conclusions and
recommendations. Ergebnisse Limnol 14:91-106.

5. Rantz SE, ed (1982) Measurement and Computation of Streamflow: Volume 1
Measurement of Stage and Discharge (US Geological Survey, Washington, DC).

6. Rantz SE, ed (1982) Measurement and Computation of Streamflow: Volume 2
Computation of Discharge (US Geological Survey, Washington, DC).

7. Lewis J, Grant MC (1978) Sampling and chemical interpretation of precipitation for

mass balance studies. Water Resour Res 14:1098-1104.

Ellis et al. www.pnas.org/cgi/content/short/1013006108

adult survival (2.9-3.0% during 1981 and 1985; 0.05-0.70% during
1986-1987), and size-at-age during 1981-1987. We computed
seasonal and annual productivity for each age class of kokanee
(ages 1-3 y) as the sum of the seasonal production rates P;, using:

Pt = Bt Gta

where B, = WN was the mean biomass during season t, G; was
Log.(W¢/W,,), and W, and N, were the estimated mean body
weight and abundance of kokanee during season t. The expected
production of kokanee was computed according to an initial
abundance of 14,525,000 kokanee fry entering the lake and
weighing 0.1 g on May 1, growing to 561.0 g over the next 3.5y
(42 mo), with an assumed constant monthly survival rate of 92%
(instantaneous monthly mortality rate Z = 0.0840), which was
the average survival rate observed before the kokanee crash.

Modeled Lake Trout Predation on Kokanee. For every 1,000 age 5y
and older lake trout, an estimated 816 kg of kokanee were eaten
each year, with the greatest consumption during spring (277 kg),
followed by summer, fall, and winter (Table S6). The expected
annual production of kokanee was estimated at 60 t (MT) for
age 0y, 315 MT for age 1y, 167 MT for age 2y, and 151 MT
for age 3 y.

Under the slow population increase scenario, the abundance of
age 5y and older lake trout would have been >40,000 in 1986-1987.
The corresponding annual predation on kokanee would have been
32,632 kg. If predation was focused on a single age class, then
predation losses represented 54% of the expected production for
age 0y kokanee, 10% of the production for age 1y, 19% for age 2y,
or 18% during the final 9 mo of life for age 3 y kokanee.

Under the rapid population increase scenario, the abundance
of age 5y and older lake trout would have been >56,000 in 1986—
1987. The corresponding annual predation on kokanee would
have been 45,684 kg. If predation was focused on a single age
class, then these predation losses represented 76% of the ex-
pected annual production for age 0 y kokanee, 14% of the
production for age 1y, 27% for age 2y, or 25% during the final 9
mo of life for age 3 y kokanee.

At contemporary population abundance of 235,000 age 5 y and
older lake trout, the corresponding annual predation on kokanee
would have been 191,711 kg. If predation was focused on a single
age class, then these predation losses represented 320% of the
expected annual production for age 0 y kokanee, 61% of the
production for age 1y, 114% for age 2y, or 105% during the final
9 mo of life for age 3 y kokanee.
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Fig. S2. Percentage abundance of zooplankton in five size fractions, before Mysis (1972-1973) and after Mysis (1986-2003). Zooplankton were partitioned
into size fractions depending on total length, including spines. Data are means from monthly or more frequent samples from April to October for each year.
Primary taxa in size fractions: 0.0-0.2 mm = all small rotifers; 0.2-0.4 mm = all nauplii and Asplanchna priodonta; 0.4-0.7 mm = Bosmina longirostris, Kellicottia
longispina, and Filinia terminalis; 0.7-1.1 mm = adult copepods, copepodites, and Daphnia longiremis; 1.1-2.4 mm = most cladocera and Epischura nevadensis.
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Fig. $3. Posterior marginals for selected parameters of change point analysis. (A) Slope left of change point, (B) slope right of change point, (C) PP value at
bottom of step, and (D) “error” SD. Slopes are in units of (ng C m=2d~") y~"; PP and SD are in units of mg C m2d~".
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Table S1. Fishes of Flathead Lake, their preferred habitat, percent contribution in lakewide sunken gill nets, and current status

Composition (%)

L T

Species Habitat 1915-1916 1951-1956 1981, 1983 1996-2005 Current status

Native
Bull trout (Salvelinus confluentus) A, H, EL 6.7 10.7 12.0 1.2 Threatened
Westslope cutthroat trout (Oncorhynchus clarkii lewisi) A E 0.1 0.3 0.3 0.0 Rare
Mountain whitefish (Prosopium williamsoni) A, EL 3.8 2.0 4.3 0.1 Common
Pygmy whitefish (Prosopium coulteri) A L H 0.0 0.0 0.0 0.0 Common

" Longnose sucker* (Catostomus catostomus) A, L EL 0.0 4.7 5.9 1.8 Common

Largescale sucker (Catostomus macrocheilus) A, L, EL 5.6 3.8 15 0.5 Common
Northern pikeminnow (Ptychocheilus oregonensis) L E 18.7 18.6 13.3 13.9 Common
Peamouth chub (Mylocheilus caurinus) L, EL 64.6 31.5 40.0 3.4 Common
Redside shiner (Richardsonius balteatus) L, EL 0.0 0.0 0.0 0.0 Common
Slimy sculpin® (Cottus cognatus) L, EL 0.0 0.0 0.0 0.0 Common
Peamouth-northern pikeminnow hybrid L, EL 0.0 1.6 0.0 0.1 Rare

Nonnative*
Lake trout (Salvelinus namaycush) L, H 0.0 0.4 0.6 8.8 Abundant
Kokanee (Oncorhynchus nerka) AL E 0.0 0.3 1.7 0.0 Extirpated
Brook trout (Salvelinus fontinalis) A, EL 0.0 0.0 0.0 0.0 Rare
Rainbow trout (Oncorhynchus mykiss) A, EL 0.0 0.0 0.1 0.0 Rare
Lake whitefish (Coregonus clupeaformis) A L H 0.0 24.4 15.0 66.3 Abundant
Yellow perch (Perca flavescens) L E 0.0 1.6 5.3 3.8 Common
Northern pike (Esox lucius) L, EL 0.0 0.0 0.0 0.0 Rare
Largemouth bass (Micropterus salmoides) L, EL 0.5 0.0 0.0 0.0 Rare
Pumpkinseed (Lepomis gibbosus) L, EL 0.0 0.1 0.0 0.0 Rare
Black bullhead (Ictalurus melas) L, EL 0.0 0.0 0.0 0.0 Rare

A, adfluvial; H, hypolimnetic; EL, epilimnetic but mostly littoral (larvae may occur in pelagic zone); E, epilimnetic; L, lacustrine.
*Although only largescale suckers were reported from the 1915-1916 gill netting, probably both species were present because longnose suckers were
identified soon thereafter.
TTwo sculpins have been collected and identified in the Flathead Basin upstream of Flathead Lake. Both of them could be in Flathead Lake, but no formal study
of Flathead Lake sculpin has been done.
*Other nonnative fishes that were introduced (with date of introduction) but were never collected in the lake include white crappie (Pomoxis annularis, 1910),
smallmouth bass (Micropterus dolomieui, 1910), Yellowstone cutthroat trout (Salmo clarkii bouvieri, 1913), arctic grayling (Thymallus arcticus, 1913), Chinook
salmon (Oncorhynchus tschawytscha, 1916), golden trout (Oncorhynchus aguabonita, 1938), and coho salmon (Oncorhynchus kisutch, 1969).

BN AS  DNAS P
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Table S2. Rotifers and crustacean zooplankton collected in Flathead Lake during 1891-2005 from archival databases noted in the table
and after Potter (1) and Ellis (2)

Database

Elrod Elrod Young Bjork Hanzel Potter FlatDat
Species Forbes 1891 1899-1903 1912-1919 1928-1930 1965-1966 1967-1973 1971-1973 1985-2004

Rotifera
Ascomorpha
Asplanchna priodonta X X* X
Brachionus
Collotheca
Conochilus unicornis X X
Dissotrocha
Euchlanis
Filinia terminalis X
Gastropus X
Kellicottia longispina X X
Keratella cochlearis X
Keratella quadrata
Notholca
Ploesoma
Polyarthra vulgaris X X X
Synchaeta
Trichotria
Tylotrocha
Cladocera
Acroperus harpae X
Bosmina longirostris X X X X
Ceriodaphnia
Chydorus sphaericus X* X
Daphnia longiremis X X
Daphnia pulicaria X
Daphnia rosea X
Daphnia thorata X X x)* X X X
Eurycercus lamellatus X*
Leptodora kindtii X X X X X
Macrothrix borysthenica X*
Scapholeberis kingi X X X* X
Sida crystallina X X X X* X
Copepoda
Diacyclops bicuspidatus X X x)* X X X X X
thomasi
Diaptomus leptopus
Diaptomus minutus X
Epischura nevadensis X X x)* X
Eucyclops agilis
Leptodiaptomus ashlandi X x)* X
Macrocyclops albidus
Paracyclops fimbriatus
poppei
Salmincola X X X

L T

z

1\

=y

*

X X X X X X X X
X X X X X

X X

*

X X X X X X X X X

><><>><(_><><

X X X X

x X

x
x
x

X X X X X
x
x
x

*Not present at the midlake deep site.
TOnly one specimen observed in 1985.
*Presence of these species assumed on basis of archival notes listing genus only.

1. Potter DS (1978) The zooplankton of Flathead Lake: An historical review with suggestions for continuing lake resource management. PhD dissertation (Univ of Montana, Missoula, MT).
2. Ellis BK (2006) Alternate states in a large oligotrophic lake: A retrospective analysis of nutrient loading and food web change. PhD dissertation (Univ of Montana, Missoula, MT).
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Table S3. Number of native and exotic fishes per ganged floating and sinking gill nets before Mysis (mean of 1981
and 1983) and after Mysis (mean of 1996-2005)

Native Exotic

Net type WCT BT MWF NP PC LNS LSS RSS NP/PC LT LWF KOK YP RT Pl

Floating
Pre-Mysis 268 073 045 1.10 275 0.03 005 0.00 000 000 0.18 032 0.00 0.00 0.00
Post-Mysis 0.84 030 023 399 4.14 0.02 0.18 0.00 0.02 0.23 0.34 0.01 0.01 0.05 0.02
Sinking
Pre-Mysis 0.06 212 075 237 7.01 099 0.25 0.00 0.00 0.09 264 030 084 0.02 0.00
Post-Mysis  0.01 0.26 0.02 293 0.77 036 0.11 0.00 002 170 1350 0.00 0.86 0.00 0.00

WCT, westslope cutthroat trout; BT, bull trout; MWF, mountain whitefish; NP, northern pikeminnow; PC, peamouth chub; LNS,
longnose sucker; LSS, largescale sucker; RSS, redside shiners; NP/PC, northern pikeminnow-peamouth hybrids; LT, lake trout; LWF, lake
whitefish; KOK, kokanee; YP, yellow perch; RT, rainbow trout; PI, northern pike.

Table S4. Age-specific abundance of lake trout used in predation estimates under different population scenarios

Nt for 1,000 Slow population increase: Rapid population increase: Contemporary abundance:
Age (y) age 5-30y Nt for 40,000 age 5-30 y Nt for 56,000 age 5-30 y Nt for 235,000 age 5-30 y
2 593 23,704 33,185 139,259
3 444 17,778 24,889 104,444
4 333 13,333 18,667 78,333
5 250 10,000 14,000 58,750
6 188 7,500 10,500 44,063
7 141 5,625 7,875 33,047
8 105 4,219 5,906 24,785
9 79 3,164 4,430 18,589
10 59 2,373 3,322 13,942
11 44 1,780 2,492 10,456
12 33 1,335 1,869 7,842
13 25 1,001 1,402 5,882
14 19 751 1,051 4,411
15 14 563 788 3,308
16 11 422 591 2,481
17 8 317 443 1,861
18 6 238 333 1,396
19 4 178 249 1,047
20 3 134 187 785
21 3 100 140 589
22-30 7 278 389 1,634

Abundance estimates were available for age 5-30 y lake trout, so all scenarios were referenced to this age group, but the abundance of ages 2-4 y were
added because they also exhibited predation on kokanee.
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Table S5. Age-specific growth inputs (initial and final weights) and spawning losses, the resulting individual feeding rates (proportion of
maximum daily rate and ration in percentage body weight day~—"), annual consumption, and growth efficiency from bioenergetic model
simulations of lake trout in Flathead Lake during the kokanee crash

L T

Size class  Initial wt  Final wt  Spawning loss Proportion of Average ration Individual annual Growth
Age (y) (mm) (9) (9) (% Bwt) maximum feeding rate (% Bwt d~") consumption (g y~")  efficiency (%)
2 200-375 94 201 0 0.568 1.4 700 15.3
3 200-375 201 337 0 0.534 1.1 1,010 13.5
4 200-375 337 507 0 0.526 0.9 1,357 12.5
" 5 376-500 507 698 5 0.404 0.6 1,337 14.3
6 376-500 698 918 5 0.404 0.6 1,637 135
a 7 376-500 918 1,155 5 0.400 0.5 1,925 12.3
8 501-625 1,155 1,382 8 0.404 0.5 2,242 10.1
9 501-625 1,382 1,630 8 0.408 0.5 2,548 9.7
10 501-625 1,630 1,881 8 0.406 0.4 2,820 8.9
11 501-625 1,881 2,144 8 0.408 0.4 3,116 84
12 626-750 2,144 2,392 8 0.403 0.4 3,341 7.4
13 626-750 2,392 2,633 8 0.402 0.4 3,571 6.7
14 626-750 2,633 2,883 8 0.405 0.4 3,837 6.5
15 626-750 2,883 3,139 8 0.407 0.4 4,101 6.2
16 626-750 3,139 3,389 8 0.407 0.4 4,333 5.8
17 626-750 3,389 3,634 8 0.407 0.4 4,560 5.4
18 751-1000 3,634 3,854 8 0.403 0.3 4,718 4.7
19 751-1000 3,854 4,053 8 0.400 0.3 4,863 4.1
20 751-1000 4,053 4,252 8 0.402 0.3 5,052 3.9
21-30 751-1000 4,252 4,465 8 0.406 0.3 5,284 4.0

wt, weight; Bwt, body weight.

Table S6. Seasonal, size-specific consumption of kokanee and other prey (kg of prey season™")
by a size-structured population of 1,000 lake trout >400 mm TL, plus additional consumption by
age 2-4 y (200-375 mm TL) cohorts

Size class (mm) Season Nt Temp  Whitefishes Kokanee Perch  UnidFish Inverts
200-375 Spring 441 4.6 12 93 0 147 273
Summer 411 5.5 44 0 0 199 273
Autumn 382 5.7 10 0 0 298 273
Winter 356 3.1 29 0 0 206 276
200-375 total 397 4.7 95 93 0 851 1,095
376-500 Spring 186 4.6 75 75 2 45 0
Summer 173 5.5 84 84 2 51 0
Autumn 161 5.7 84 84 2 51 0
Winter 150 3.1 59 59 2 36 0
376-500 total 168 4.7 301 301 8 182 0
501-625 Spring 70 4.6 63 63 2 38 0
Summer 65 5.5 70 70 2 42 0
Autumn 60 5.7 67 67 2 41 0
Winter 56 3.1 46 46 1 28 0
501-625 total 63 4.7 246 246 6 149 0
626-750 Spring 18 4.6 36 36 1 22 0
Summer 16 5.5 39 39 1 23 0
Autumn 15 5.7 37 37 1 22 0
Winter 14 3.1 25 25 1 15 0
626-750 total 16 4.7 137 137 4 83 0
751-1,000 Spring 6 4.6 10 10 0 6 0
Summer 5 5.5 11 11 0 7
Autumn 5 5.7 10 10 0 6 0
Winter 5 3.1 7 7 0 4 0
751-1,000 total 5 4.7 39 39 1 23 0
Total for all sizes  Spring 196 277 5 259 273
Summer 248 203 5 322 273
Autumn 208 198 5 418 273
Winter 167 138 4 290 276
Annual total 818 816 19 1,289 1,095

Nt, average abundance of lake trout present in each size class during each season. Temp, temperature in °C.
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