Serial introductions modify a trophic cascade and

partially mitigate changes in lake ecosystem structure
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Abstract: New species introductions can change lakes rapidly by directly affecting trophic levels through predator—
prey interactions or by indirectly affecting ecosystem structure and function. When successive (serial) introduc-
tions occur with time between the introductions for each population to become established, there could be per-
manent shifts in the ecosystem or a return to a prior state if 1 or more introduced species is removed. We used
a natural experiment where, in a fishless lake with a simple pelagic zooplankton—phytoplankton food web, the
introduction of a zooplanktivorous fish species was followed by the introduction of a piscivorous fish species. Fol-
lowing the loss of the introduced zooplanktivore, the piscivore population shifted from a growing unimodal popu-
lation dominated by small individuals to a shrinking bimodal population. Zooplankton density remained relatively
constant, but zooplankton size increased and composition shifted towards larger-bodied taxa. Phytoplankton bio-
mass decreased, which allowed water clarity to increase and return to pre-fish introduction levels. We used our
results to make predictions about the importance of serial introductions in controlling lake food webs and ecosys-
tem structure. Some introductions lead to trophic cascades that that broadly affect lake ecosystems but, following

serial introductions of a higher-trophic level, ecosystem structure and function could potentially recover.
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Introduced fish species that occupy upper trophic levels
can directly affect the trophic levels above and below them
through predator—prey interactions (Carpenter et al. 2011)
or indirectly affect the foodweb and ecosystem structure
and function via top-down control (Richardson et al. 2016).
Visual predation by introduced zooplanktivorous fish alters
plankton communities by eliminating or reducing large pe-
lagic zooplankton (Brooks and Dodson 1965). This con-
sumption of large zooplankton can result in a trophic cas-
cade that releases the primary producers from top-down
control and yields increased primary producer biomass and
decreased water clarity (Flecker and Townsend 1994, Si-
mon and Townsend 2003, Baxter et al. 2004, Ellis et al.
2011, Richardson et al. 2016).

The success of an introduced species in a new environ-
ment is often enhanced by freedom from predation, para-
sites, or pathogens in the new ecosystem (i.e., enemy release
hypothesis, Colautti et al. 2004). For example, an intro-
duced zooplanktivorous fish species could represent the

upper trophic level in a fishless lake and, in the absence
of piscivores, possibly experience rapid population growth
that initiates a trophic cascade (Brooks and Dodson 1965,
Richardson et al. 2016). Trophic cascades mediated by in-
troduced fish can result in ecosystem regime shifts that
are permanent while the introduced species remains in the
new environment (Zavaleta et al. 2001, Folke et al. 2004).
For example, the introduction of a fish species can cause
an entire aquatic ecosystem to shift states from clear to tur-
bid and change the interactions between the species that in-
habit the ecosystem (Holling 1973, Levin and Lubchenco
2008, Carpenter et al. 2011). Introduced species popula-
tions could instead experience a sudden collapse, with the
possibility of local extinction, in isolated lakes with little
connectivity to other populations (Simberloff and Gibbons
2004). Foodweb and ecosystem structure may return to a
prior state if the introduced species is removed via preda-
tion, competition, or human directed management (Elser
et al. 2000, Lepak et al. 2006, Daskalov et al. 2007, Sender-
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gaard et al. 2017). However, ecosystems with introduced
species that have collapsed could instead be left with resid-
ual impacts (Simberloff and Gibbons 2004).

Serial introductions of species are 2 successive introduc-
tions of different species that occur with enough time be-
tween the introductions for the population of the 1** intro-
duced species to become established. Serial introductions
could result in the collapse of 1 or more of the introduced
species if the 2 taxa are predators and prey. For example,
in a fishless lake with a simple pelagic zooplankton—
phytoplankton food web, the introduction of a zooplank-
tivorous fish species was followed by a piscivorous fish spe-
cies introduction several years later (Charifson et al. 2015).
The 1** fish introduction resulted in a trophic cascade that
caused the lake to have higher productivity than before the
zooplanktivorous fish was introduced (Richardson et al.
2016). However, the subsequent introduction of a piscivore
resulted in the complete collapse and extirpation of the
zooplanktivores. Aquatic invaders cause the largest indi-
rect and nonlinear effects on other components of the eco-
system by building new ecosystem links (Simon and Town-
send 2003). Therefore, serial introductions could facilitate
a rapid return of ecosystem structure to pre-introduction
states, especially if the 2™ introduced species controls the
1*" introduced species via predation.

We used the previous example of a formerly fishless lake
with serial introduction of 2 species of fish (Charifson et al.
2015, Richardson et al. 2016) as a natural experiment in
which we explored if there was return to prior ecosystem
structure following the loss of an introduced zooplankti-
vore, despite the remaining presence of the introduced pi-
scivore. We hypothesized that the introduction and loss of
an intermediate zooplanktivorous trophic level would af-
fect upper and lower trophic levels and ecosystem structure
in the following ways: 1%, piscivorous fish, after losing their
primary food source, will decrease in population size and
larger fish will become dominant; 2™, following the release
from predation, zooplankton density will increase, and
larger taxa will increase in prevalence; 3¢, the zooplankti-
vore driven trophic cascade will experience a reversal and
result in decreasing algal biomass. Finally, ecosystem struc-
ture will respond to decreasing algal biomass with increased
water transparency and decreasing hypolimnetic hypoxia.

METHODS
Study sites

Our 3 study lakes, Lake Minnewaska, Lake Awosting,
and Mohonk Lake, are located on the Shawangunk Ridge,
mid-Hudson Valley, New York, USA. The lakes were glacially-
formed and are primarily rain-fed with small watersheds
and minimal groundwater exchange (Caine et al. 1991). The
watershed of each lake has underlying erosion-resistant
quartz conglomerate and sandstone, but Mohonk also has
an inlier of Martinsburg shale within the quartz conglom-
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erate (Menking et al. 2012). Minnewaska is close to neutral
(pH = 6.5) because of buffering by gravel hiking trails,
Awosting is acidic (pH = 4.5) because of acid rain, and
Mohonk is neutral (pH = 7.5) because of buffering by the
shale inlier (Richardson et al. 2018). These lakes reside
within protected lands and are minimally affected by local
land use.

The 3 lakes have different food webs, even though they
are close (~10 km) to each other. We compared Awosting,
a fishless lake, and Mohonk, a lake with multiple fish tro-
phic levels, to Minnewaska, the lake that recently experi-
enced the serial introductions of piscivores described above.
Awosting is an oligotrophic, clear-water lake with no fish
observed in the previous 100 y (Smiley and Huth 1983).
Mohonk is a mesotrophic lake that contains a diverse fish
assemblage that includes shiners, Largemouth Bass, and
various other species of sunfish, bass, and trout (Smiley
and Huth 1983). Landowners who operate a lakeside hotel
have stocked fish in Mohonk for recreation since 1871
(Smiley and Huth 1983).

In contrast to Awosting and Mohonk, Minnewaska has
had a more dynamic history. Minnewaska had been fishless
since the 1920s because of acid rain that resulted in low lake
pH (Smiley and Huth 1983). However, pH in this lake in-
creased recently (Richardson et al. 2018), and it became vi-
able for fish survival and reproduction in ~2005. In 2008,
Golden Shiners (Notemigonus crysoleucas, a small minnow,
hereafter shiners) were unintentionally introduced to Min-
newaska (Charifson et al. 2015). As a result, a trophic cas-
cade occurred because these shiners consumed zooplank-
ton grazers, which led to increased algal blooms and shifted
the lake from oligotrophy to mesotrophy in 2011 (Richard-
son et al. 2016). Largemouth Bass (Micropterus salmoides,
hereafter bass) were subsequently introduced in 2012, also
unintentionally (Charifson et al. 2015). Shiners have not
been found in the lake since 2014, probably as a result of
bass predation (Charifson et al. 2015). The loss of shiners
allows us to test our above hypotheses by comparing com-
munities and ecosystem function over time in Minnewaska
and over space between the 3 different lakes.

Sampling overview

We took biological and chemical measurements (de-
scribed below) in both pelagic (1 per lake) and littoral (4—
5) sites in each lake. In Minnewaska and Awosting, the
pelagic sites were located at the deepest part of the lake (Ta-
ble 1), but in Mohonk the pelagic site is at the end of a wharf
at 13-m depth to match an existing long-term sampling
site. We sampled the pelagic and littoral sites of each lake
2 to 5% each summer (Jun—Sep) from 2013 to 2016. At each
of these times we sampled all 3 lakes within a 2-d period,
and used the samples for cross-lake comparisons. We also
sampled water transparency and phytoplankton biomass
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Table 1. Characteristics of the 3 study lakes. The fish column
indicates presence or absence of fish.

Max  Mean Surface
Lat Long depth depth  area

Lake name (°N) (°W) (m) (m) (ha)  Fish

Minnewaska 41.726 —74.235 23 5.7 13.8  Yes'
Awosting 41706 —74.290 29 5.0 39.0 No
Mohonk 41.766 —74.158 19 6.0 6.9 Yes®

! Golden Shiners introduced in 2008; Largemouth Bass in 2011; only
bass were present 2015-2017

2 Fish stocked since 1871; fish assemblage includes Golden Shiners,
various species of bass and trout (Smiley and Huth 1983)

(see below) in Minnewaska every 1 to 2 wk during the ice-
free season from 2012 to 2016.

Bass population

To test the effect of the loss of shiners on upper trophic
levels in Minnewaska we used catch—mark-recapture and
electrofishing methods to measure bass population size
each summer from 2012 to 2016, with assistance from
the New York State Department of Environmental Conser-
vation (NYSDEC) (see Charifson et al. 2015 for methods
and 2013-2014 results). Electrofishing was done 2x each
summer. Population size and standard error were estimated
with Peterson’s method after the final recapture (Krebs
1998, Charifson et al. 2015). Bass were present in 2012,
but we did not catch enough (n = 4) for mark and recapture
calculations. We compared all pairwise population sizes
with ¢-tests, and used a Bonferroni correction to adjust o
for the 6 pairwise comparisons between all years (adjusted
o = 0.008). We also measured fish length, from mouth to
caudal fin, of each fish captured. The fish length data were
not normal, so we compared mean lengths between years
with a Kruskal-Wallis nonparametric analysis of variance
(ANOVA) and did a post-hoc Dunn test for means compar-
isons (R package dunn.test, Dinno 2017).

Zooplankton

To test the loss of zooplanktivorous shiners and preda-
tion on lower trophic levels, we collected zooplankton with
10-m tows with an 80-pum Wisconsin Plankton Net (Wildco,
Yulee, Florida) over 4 consecutive y (2013-2016) at all
3 lakes. We counted between 35 and 100 individuals (ind)
per sample, measured their length with an ocular microme-
ter, and identified them to order or suborder based on an
online zooplankton key (Haney et al. 2013). We calculated
volumetric density and mean body length during each sam-
pling event. Calanoida and Cladocera, the 2 focal taxa for
this study, represent small-bodied and large-bodied zoo-
plankton orders or suborders whose relative abundances
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indicate size-selective predation (Brooks and Dodson 1965,
Werner and Hall 1974). We calculated percent Calanoida
and Cladocera based on the total number of zooplankton
collected in each sample. For each lake we used Thiel-Sen’s
Slopes to estimate trends in interannual zooplankton den-
sity, size, % Calanoida, and % Cladocera (R package mblm;
Komsta 2013).

Phytoplankton biomass

To test the loss of shiners and potential cascading effects
on the base of the food web, we used chlorophyll a (Chl a)
concentration as a proxy to examine temporal trends in
phytoplankton biomass at pelagic and littoral sites. We
included only data from when the lakes were stratified
(01 Jun—15 Oct) from 2012 to 2016. We do not have pelagic
data for Awosting, or from any Mohonk site from 2012.
We used a hot ethanol extraction and spectrophotometry
to measure Chl a concentration (Richardson et al. 2009).
We assessed interannual trends for the pelagic and littoral
sites in each lake by calculating the Thiel-Sen’s slope of
Chl a concentrations.

Water clarity

To test if the loss of shiners affected temporal trends of
water clarity, Secchi depth measurements were compiled
for Minnewaska and Mohonk pelagic sites from 3 different
sources: Mohonk Preserve, New York State Environmental
Management Bureau (EMB), and sampling from this study.
Mohonk Preserve staff and volunteers collected weekly
measurements between 1995 and 2016 at the pelagic site
in Mohonk. EMB collected from 1 to 15 measurements
per year between 1995 and 2016 at the pelagic site in Min-
newaska. We collected Secchi depths weekly to biweekly
at the pelagic site in Minnewaska from 2013-2016. Data
was not available for Awosting. To make the comparisons
across lakes and datasets consistent, we only analyzed data
from Jun to Aug, when collection frequency was highest for
both Mohonk and Minnewaska. We partitioned all Secchi
depth data into 3 time periods based on the presence or
absence of shiners in Minnewaska as follows: 1) prior to
shiner arrival (1995-2007: ‘pre’), 2) during shiner presence
(2008-2013: ‘during’), and 3) following the loss of shiners
(2014-2016: ‘post’). The ‘Pre’ and ‘During’ data for both
lakes are published in Richardson et al. (2016). For each
lake, we used Kruskal-Wallis nonparametric ANOVAs to
compare the 3 time periods, and used Dunn’s post hoc test
for pairwise comparisons among time periods (Dinno 2017).
To verify that phytoplankton biomass was related to water
clarity in Minnewaska, we did a linear regression between
Chl a concentration and Secchi depth during the ice-
free period. We natural log transformed both variables to
satisfy linear regression assumptions of bivariate normal
distributions.



Hypolimnetic hypoxia

To test the indirect effects of the loss of shiners on lake
dissolved oxygen (DO), we measured hypoxia in the hypo-
limnion of Minnewaska during summer stratification. We
took profiles of DO and temperature at the Minnewaska
pelagic site with a luminescent DO sensor (LDO101 Rug-
ged LDO Probe; Hach, Loveland, Colorado) every 1 to 2 wk
between 1 Jun and 15 Oct each year (2012-2016). We iden-
tified the depth of hypoxia as the 1** sampling depth from
the surface at which DO concentrations were <2 mg/L.
We calculated the % of lake volume that was hypoxic by
multiplying the depth of hypoxia by the known percentage
of volume of the lake at that depth based on bathymetry
data. We determined the rate of increase of hypoxic lake ex-
tent each year by fitting a linear regression model to the re-
lationship between the day of the year and % lake volume
hypoxia. To examine possible drivers of hypoxia in Min-
newaska, we calculated the linear trends of annual Chl a
concentrations during the pre-stratification (21 Mar—21 Jun)
and stratified (1 Jun—15 Oct) periods at both pelagic and lit-
toral sites. To determine if primary producer biomass could
explain summer hypoxia dynamics, we compared residuals
from the linear analysis to annual maximum hypoxic vol-
ume and the rate of hypoxic volume increase. The data were
not normally distributed, so we used hierarchical agglomer-
ative cluster analysis to determine whether Chl 4 residuals
followed the same patterns as hypoxia variables with group-
ings based on dendrograms.

RESULTS
Bass

We collected and marked 40 to 100 bass each year ex-
cept 2012. Bass population size increased by 59% immedi-
ately after the loss of the shiners (Fig. 1A). In the following
years, bass population size decreased by ~50% annually
(Fig. 1A). However, the population sizes did not differ sig-
nificantly between any years (all pairwise p > 0.008). In con-
trast, bass length varied across all years (x> = 158, df = 4,
p < 0.001). Following the loss of shiners between 2013
and 2014, bass length increased significantly, by 62% (post-
hoc Dunn test, p <0.001, Fig. 1B). In 2015 and 2016, aver-
age length continued to increase significantly, but more
slowly (30 [p <0.001] and 17% [p = 0.03] annual increases;
Fig. 1B). As bass average length increased, the distribution
became increasingly bimodal with distinct groups of youn-
ger, small (~100 mm) and older, large bass (~240 mm;
Fig. 1B).

Zooplankton

Zooplankton density did not change significantly over
the 4 y in any of the lakes (Fig. 2A—C; p > 0.05). Across all
years, mean zooplankton density was 11, 24, and 35 ind/L
in Minnewaska, Awosting, and Mohonk, respectively. Zoo-
plankton from Minnewaska and Mohonk (means = 0.54
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Figure 1. A.—Largemouth Bass (LMB), Micropterus
salmoides fish population size in Minnewaska (1 SE); note the
log, scale on the y-axis. Too few fish were captured in 2012 to
estimate the population size. B.—LMB individual tip-to-tail
length beanplots with estimated density distributions and
points for each captured fish. Annual medians are indicated
with bold horizontal lines. The dashed vertical line represents
the transition from shiner presence to the loss of shiners in
Minnewaska.

and 0.48 mm, respectively) were larger than zooplankton
from Awosting (mean = 0.32 mm). Out of the 3 lakes, av-
erage zooplankton size remained constant only in Mohonk
at 0.48 mm (Fig. 2C; p>0.05). In Awosting the average zoo-
plankton size decreased significantly from 2013 to 2016
(Fig. 2B; p < 0.001, rate of decrease = —0.05 mm/y). In
contrast, the average zooplankton size in Minnewaska in-
creased significantly (p < 0.001), doubling from 2013
(mean = 0.33 mm) to 2016 (mean = 0.76 mm) at a rate
of 0.09 mm/y (Fig. 2A).

Over the course of our study, zooplankton assemblage
composition changed more in Minnewaska than in the other
2 lakes (Fig. 3A—C). In Mohonk, % Cladocera did not in-
crease over time (p = 0.16). We only had 2 y of Calanoida
data and did not calculate a trend because we lacked suffi-
cient data. Over the last 2 y, percentages of both Calanoida
and Cladocera were similar (Fig. 3C). Calanoida were 3 x
more common than Cladocera in Awosting over the 4 y
(Fig. 3B), and the % contribution to the assemblage did not
change significantly over time for either taxa (p = 0.24
and 0.17, respectively). Conversely, Cladocera in Minne-
waska were 3x more prevalent than Calanoida over the
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Figure 2. Mean zooplankton density (open circles) and mean
size (gray circles) (£1 SE) compared across years of study for
Minnewaska (serial introductions of fish) (A), Awosting (no
fish) (B), and Mohonk (fish assemblage) (C) lakes. The dashed
vertical line represents the transition from shiner presence to
the loss of shiners in Minnewaska. There was only 1 sample for
Mohonk size in 2014, so no error bars are presented. For all
other points, error is too small to be shown.

4 y. Cladocera % increased significantly over time at 9%/y
(p = 0.025), whereas Calanoida % decreased significantly
over time at 4%/y (p = 0.024). These opposing trends re-
sulted in Cladocera being 11x more common than Cala-
noida in 2016, dominating Minnewaska zooplankton (70%
of total individuals) compared to 2014 when Cladocera was
only 2x more common than Calanoida (Fig. 3A).

Phytoplankton Biomass

Phytoplankton biomass decreased every year at all sam-
pling sites in Minnewaska, but trends varied among the
pelagic and littoral sites in both Awosting and Mohonk
(Fig. 4A-C). In Minnewaska, Chl a concentration de-
creased at both littoral (—0.29 pg L' y-', p < 0.001;
Fig. 4A), and pelagic sites (—0.26 pg L™ y-!, p < 0.001;
Fig. 4A). In Awosting, Chl a concentrations did not change
significantly at littoral sites (p = 0.69), but decreased at the
pelagic site (—0.14 ug L™ y—", p = 0.04; Fig. 4B). Conversely,
Chl a concentrations in Mohonk decreased at littoral sites
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(—0.52 ug L'y, p < 0.001, Fig. 4C), but did not change
significantly at the pelagic site (p = 0.41).

Water clarity

In Minnewaska, water clarity varied significantly among
the 3 time periods (y* = 41, df = 2, p <0.001). Secchi depth
decreased by 57% after shiners were introduced to Min-
newaska (p < 0.001) and returned to pre-shiner values
(p < 0.001, Fig. 5A) following shiner extirpation. In con-
trast, the Mohonk Secchi depth remained constant
throughout the sampling duration (> = 3.6, df = 2, p =
0.16; Fig. 5B). In Minnewaska, Secchi depth was inversely
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Figure 3. Mean zooplankton composition for focal taxa,
Calanoida (open circles) and Cladocera (gray circles) (+1 SE),
for Minnewaska (serial introductions of fish) (A), Awosting (no
fish) (B), and Mohonk (fish assemblage) (C) lakes. The 2 num-
bers do not add to 100% as other taxa were collected but are
not presented here. The dashed vertical line represents the
transition from shiner presence to the loss of shiners in
Minnewaska. Zooplankton were only identified to Subclass
Copepoda in Mohonk in 2013 and 2014, so no points were
included for Calanoida in those years. Points for Calanoida in
Minnewaska 2016 and Awosting 2013 and for Cladocera in
Mohonk 2014 show no error bars because we only had 1 sam-
ple for those lakes in those years. For all other points, error is
too small to be shown.
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Figure 4. Mean chlorophyll a4 (Chl a) concentrations at litto-
ral sites (open circles) and pelagic site (gray circles) (£1 SE)
across years for Minnewaska (serial introductions of fish) (A),
Awosting (no fish) (B), and Mohonk (fish assemblage) (C) lakes
for 1 Jun to 15 Oct each year. No data were collected for
Awosting and Mohonk pelagic sites and Mohonk littoral sites
in 2012. Error may be too small to be shown.

and non-linearly related to phytoplankton biomass (Secchi =
6.3 x Chl™%*, R* = 0.30, F, 43 = 19.8, p < 0.001, Fig. 6).

Hypoxia

In Minnewaska, hypoxia in the hypolimnion varied be-
tween rapid and slow onset in alternating years (Fig. 7). Hyp-
oxic lake volume increased significantly throughout each
stratified season in 2012, 2014, 2015, and 2016. The rate of
increase was higher in 2012, 2014, and 2016 than in 2013
and 2015. Further, maximum hypoxic volume was >20% of
the lake in 2012, 2014, and 2016, but <10% of the lake in
2013 and 2015. At Minnewaska littoral and pelagic sites,
spring Chl a concentrations showed large oscillations around
an interannual trend, similar to summer Chl a concentra-
tions (Fig. 4A). For each year, the residuals from oscillations
around the trend line grouped into above- and below-
expected concentrations. When spring pelagic Chl a resid-
uals were positive, maximum hypoxia was >20% (cluster
analysis, Fig. 8A) and the rate of hypoxia increase was greater
than 0.15%/d (cluster analysis, Fig. 8B). Summer pelagic Chl a
residuals similarly clustered with maximum hypoxia and rate
of hypoxia increase, but had more variability than the spring
pelagic residuals.
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DISCUSSION

We found that the loss of an introduced zooplanktivo-
rous fish in Minnewaska resulted in the recovery of lake
transparency via an alteration of the trophic cascade, de-
spite the continued presence of an introduced piscivore.
Following the loss of the zooplanktivores, the trophic cas-
cade did not affect zooplankton density but it did affect
zooplankton size and composition, which ultimately resulted
in increased zooplankton herbivory and decreased phyto-
plankton biomass. Furthermore, the loss of the zooplankti-
vore trophic level affected the piscivore population size and
structure as a result of the loss of their primary food source.
Lake hypolimnetic hypoxia did not return to fishless oligo-
trophic conditions during this study, indicating that addi-
tional factors control deep-water oxygen concentrations.

Following the shiner extirpation and loss of the only
non-conspecific fish prey, the bass population distribution
appeared to shift from a growing unimodal population dom-
inated by small individuals to a shrinking bimodal popula-
tion with a range of fish sizes (Fig. 1). The population size
shift may be a result of the lack of food sources available
to the bass. Bass begin their life feeding on invertebrates,
and progress from consuming zooplankton to consuming
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Figure 5. Secchi depth prior to the arrival of shiners (Golden
Shiner, Notemigonus crysoleucas) (Pre, 1995-2007), during
shiner presence (During, 2008—-2013), and following the loss
of shiners (Post, 2014—2016) in Lake Minnewaska (A) and
Mohonk Lake (B) Secchi depth. The bold horizontal line is
the median; the box ends show the interquartile range (IQR),
and the whiskers represent the IQR + 1.5x the IQR.
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to 15 Oct, 2012 to 2016. The best-fit power function model is
shown in gray (Secchi = 6.3 x Chl™ %),

benthic insect larvae (Olson 1996). Bass then, while they are
<1y old, experience an ontogenetic diet shift when they be-
come large enough to feed on small fish in addition to
macroinvertebrates (Christensen and Moore 2009). How-
ever, bass >300 mm in length feed on fish almost exclusively
(Christensen and Moore 2009). Shiners are an ideal food
source for bass, and bass presence in a lake can directly con-
trol shiner populations if bass have no other resources (Mit-
telbach et al. 1995). Bass population size increased from
2013 to 2014, probably because of the abundant prey and
lack of interspecific competition (Fig. 1). Following the
elimination of the shiners, bass probably shifted to intra-
specific predation (Post et al. 1998) since there were no other
fish prey species. Both adult and juvenile bass can exhibit
high amounts of cannibalism, reaching up to 70% for a stable
population (DeAngelis et al. 1980, Post 2003). Therefore, the
medium-sized bass (200—-250 mm) will probably prey on fin-
gerlings and small bass in Minnewaska, leading to the bi-
modal distribution observed in this study (Fig. 1).

By 2016, bass size appeared to follow a bimodal distribu-
tion with a gap in the 75- to 200-mm range (Fig. 1B), the
size that corresponds to 1- and 2-y-old bass (Ludsin and
DeVries 1997, Charifson et al. 2015). Presumably, this co-
hort was most heavily affected by cannibalism by the largest
bass following the loss of the shiners (DeAngelis et al. 1980,
Post et al. 1998). We hypothesize that there are 2 possible
future outcomes for this bass population: stable cycles or
a population crash and extirpation. The bass population
may stabilize in a cyclical pattern that alternates between
a small population dominated by large bass that have high
predation and reproductive rates, and a large population
dominated by smaller bass that have lower survival and re-
productive rates (Persson et al. 2003). The few small bass
that survive will ultimately replace the larger bass. Instead,
the bass population could crash, causing the lake to return
to a fishless state if the predation rates of the few large bass
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are too high (Simberloff and Gibbons 2004) or if there is a
particularly long winter and there are anoxic conditions
under ice when the population is small (e.g., Mittelbach
et al. 1995).

The population size of large-bodied zooplankton (e.g.,
Cladocera) generally decline more than other zooplankton
groups when planktivorous fish are present because of size-
selective predation (Brooks and Dodson 1965, Drenner et al.
1978). Large zooplankton are more conspicuous and less
able to evade visual predators than some other smaller-
bodied taxa (Sommer and Stibor 2002). Behavioral adap-
tations, such as diel vertical migration, have evolved as
predator-avoidance tactics (Gliwicz 1986, Lampert 1989,
Farrell and Hodgson 2012), but might not be present in the
Minnewaska zooplankton assemblage because of the 90-y
history without fish (Charifson et al. 2015). Thus, the large-
bodied zooplankton in Minnewaska were probably more
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Figure 7. The % of Lake Minnewaska volume that is hypoxic
(<2 mg/L, black circles) from 2012 to 2016. Significant linear
regression lines between hypoxic lake volume and day of year
are displayed.
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susceptible to predation than small-bodied zooplankton af-
ter the introduction of zooplanktivorous shiners. After the
loss of the shiners in Minnewaska, zooplankton density did
not change but mean zooplankton size increased (Fig. 2A),
indicating a release of large-bodied zooplankton from pre-
dation pressure and competitive exclusion of small individ-
uals by large zooplankton.

Zooplankton assemblage composition is often struc-
tured by both taxa-specific predation and interspecific com-
petition. During pre-shiner conditions in Minnewaska, zoo-
plankton composition was probably similar to the current
Awosting composition, where Calanoida, an order of cope-
pods, dominates the assemblage relative to Cladocera in
acidic, low cation conditions (Fig. 3A, B). Following the loss
of obligate zooplanktivores in Minnewaska, Cladocera be-
came proportionally more abundant than Calanoida, re-
flecting that large-bodied Cladocera are able to outcompete
other taxa once they are released from predation (Brooks
and Dodson 1965). Cladocera have higher feeding rates and
are more mobile than rotifers and copepods, so they are
more efficient grazers (Wu and Culver 1991, Agasild and
Noges 2005). The interactions between the 2 taxa may also
depend on the phytoplankton composition (Burns and Schal-
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lenberg 2001, Sommer and Stibor 2002, Tillmanns et al.
2008). Cladocera can act as keystone predators that diver-
sify the phytoplankton assemblage (Sarnelle 2005) and lead
to decreased phytoplankton biomass, facilitating top-down
control of the base trophic level in the food web (Gulati
et al. 1982).

Top-down control of phytoplankton through zooplank-
ton predation can affect the basal biomass within an ecosys-
tem through herbivory or nutrient recycling. When preda-
tor abundance or feeding activity decreases, phytoplankton
are freed from predation and, therefore, produce more bio-
mass (Benndorf et al. 2002). In Minnewaska, within 3 y of
the addition of shiners, phytoplankton biomass had in-
creased markedly with expansive blooms of a green algae,
Spondylosium spp. (Richardson et al. 2016). This change
probably occurred because shiners freed phytoplankton from
growth limits that resulted from zooplankton grazing (Pace
etal. 1999). Additionally, the shiners probably cycled nutri-
ents rapidly in the pelagic zone, promoting algal growth
(Vanni and Layne 1997, Attayde and Hansson 2001). Bass
also move and recycle nutrients throughout the lake (Vanni
and Layne 1997) but the bass population is smaller than
the peak shiner population (~15,000 individuals; Charifson
et al. 2015). Since shiners have higher relative rates of nu-
trient cycling compared to bass (Sereda et al. 2008), fish-
driven nutrient cycling has probably decreased in Minne-
waska. Thus, the zooplankton assemblage probably now
dominates nutrient recycling in the pelagic zone (Schindler
et al. 1993).

Following the loss of shiners, phytoplankton biomass
decreased by ~0.3 pg Chl 2 L™ y-" at both pelagic and lit-
toral sites (Fig. 4A) presumably as a result of increased zoo-
plankton feeding and decreased nutrient availability. Small
bass are generalists that feed on benthic invertebrates but
can still consume zooplankton. Thus, bass predation on
zooplankton might limit increasing zooplankton densities
and prevent top-down control on phytoplankton biomass
preventing a return to pre-shiner levels (Post et al. 1998,
Garcia-Berthou 2002). Interannual variability in phyto-
plankton biomass can be controlled by a trophic cascade
that varies in strength and is triggered by upper trophic level
predators (Jassby et al. 1990). Therefore, if the Minnewaska
bass populations cycle, phytoplankton biomass trends could
follow. In years where large piscivorous bass dominate, phy-
toplankton biomass may decrease, whereas in years with
high levels of bass reproduction the smaller zooplanktivo-
rous bass could fill the role of the shiners, allowing increased
phytoplankton growth.

Changes to foodweb structure and phytoplankton bio-
mass can result in state shifts from oligotrophic towards eu-
trophic conditions and may ultimately affect water clarity
(Carpenter and Cottingham 1997). In Mohonk, water clar-
ity did not change between 1995 and 2016 (Fig. 5B) indicat-
ing that regional factors such as climate were not critical
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drivers of lakes in this area, including Minnewaska. Minne-
waska has minimal shoreline erosion and few inflowing trib-
utaries, so sediment loading probably does not affect lake
clarity. Minnewaska has been recovering from acidification
(Richardson et al. 2018) and dissolved organic carbon (DOC)
has probably increased with subsequent decreasing water
clarity (Williamson et al. 2015). This may have exacerbated
the declines in water clarity seen during shiner presence
(Fig. 5A). However, water clarity is correlated with Chl a
in Minnewaska (Fig. 6), indicating phytoplankton biomass
has a substantial role in regulating transparency. With the
loss of shiners, the trophic cascade was modified and lake
transparency returned to pre-shiner Secchi depths.

Our original hypothesis was that hypolimnetic oxygen
consumption would decrease after phytoplankton produc-
tion decreased and water clarity in the pelagic zone in-
creased (e.g., Carrick et al. 2005). However, hypoxia al-
ternated between high and low maximum volumes every
other year (Fig. 7) rather than steadily decreasing as the tro-
phic state of the lake shifted from mesotrophic to oligotro-
phic conditions. These oscillations suggest that annual pri-
mary production is not the sole driver of hypoxia. Instead,
hypoxia varied interannually with the residuals of spring
phytoplankton biomass (Fig. 8A) and may be more closely
linked with interannual variability in weather. For example,
a heat wave caused severe hypolimnetic oxygen depletion
in 2 European lakes that only lasted for a single year (Jan-
kowski et al. 2006). Mild winters, early springs, and warm
summers can cause years with greater hypolimnetic hyp-
oxia because warmer air temperatures lead to stronger and
earlier stratification (Rempfer et al. 2010, Butcher et al.
2015, Kraemer et al. 2015). This climatic trend may also
allow phytoplankton blooms to occur earlier and further
increase the amount of summer hypolimnetic hypoxia (Ger-
ten and Adrian 2000, Mallin et al. 2006). The timing of pre-
cipitation each season may also drive phytoplankton
blooms and facilitate difference duration and magnitude
of hypoxia within the lake (Paerl et al. 1998).

The strong trophic cascade that resulted from shiners
may continue to affect the lake ecosystem and food web
for many years, even though they are no longer present.
When shiners were present before the bass introduction,
primary production was elevated and resulted in substan-
tial decreases in water clarity (Fig. 5A, B; Richardson et al.
2016). Dead phytoplankton accumulate as sediment bio-
mass from productivity throughout the year (Defore et al.
2016, Biddanda et al. 2018), especially when decomposition
rates are low because of anoxia in sediments (Killgore and
Hoover 2001). Sediment-associated P that is released under
hypoxic conditions could control phytoplankton biomass
through internal loading during lake turnover events (Vrede
et al. 2009). Thus, the legacy of organic matter in the sedi-
ment generated during high productivity years may persist
even though annual production of phytoplankton biomass
has decreased since the loss of the shiners (Fig. 4A—C).
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Proposed hypotheses for the consequences of serial
introductions

We can use this study to generate hypotheses about se-
rial introductions. The largest impacts from introduced
species occur when new species create links between differ-
ent components of the food web or result in trophic cas-
cades (Simon and Townsend 2003, Carlsson et al. 2004,
Ricciardi et al. 2013). Therefore, we hypothesize that serial
introductions will increase ecosystem resiliency to commu-
nity and ecosystem-level effects if the introductions occur
in adjacent, upper trophic levels with minimal top-down
control and low biotic resistance. Introduced species can
compete with organisms with similar diets that already
occupy that trophic level, and may even exacerbate the
magnitude of the trophic cascade through exploitation of
resources (e.g., Arismendi et al. 2012). However, introduc-
tions in adjacent trophic levels may affect a previously in-
troduced species via top-down or bottom-up controls on
predation. Here, shiners experienced a release from preda-
tion when they invaded a formerly fishless lake, which al-
lowed rapid population growth (Charifson et al. 2015). We
propose a corollary to the enemy release hypothesis (Colautti
et al. 2004)—that a successive introduction in the adjacent,
upper trophic level will enhance predatory control of the
initial introduced species. The effects from a trophic cas-
cade are greatest when higher predators are lacking (Casini
etal. 2009), so food webs are most susceptible to this type of
effect in isolated habitats like lakes and oceanic islands that
cannot support high-level predators (Pimm 1987). In this
study, the upper trophic levels were absent because of the
history of acid rain (Richardson et al. 2018). Finally, biotic
resistance, through a diverse community, is more likely to
limit establishment, population growth, and wide-spread
impacts of large predators (Ricciardi et al. 2013). Biotic re-
sistance here was low because of the lack of fish and little-
or-no functional redundancy with tertiary (zooplanktivore)
and quaternary (piscivore) consumers. This allowed both
the success of the 1* introduced species and the rapid re-
turn of foodweb and ecosystem level effects following the
2" introduction (e.g., Fig. 5A).

Conclusions

Serial introductions are occurring in freshwater systems
around the world (Ruesink 2005, Gozlan et al. 2010). For
example, the Great Lakes ecosystem and ecological com-
munities have experienced >180 introductions from ship-
ping, stocking, and other human activities, but there has
been difficulty in establishing the cumulative or synergistic
effects of serial introductions (Vander Zanden et al. 2010,
Pagnucco et al. 2015). Our study provides an example of se-
rial introductions and the ecosystem-wide effects resulting
from each introduction. Changes to the lake indicate that
removing introduced intermediate trophic levels could be
an effective management strategy for reversing the unwanted
effects of trophic cascades. However, we are not advocating



for additional species introductions to manage for the del-
eterious effects of an earlier invader given the complex cir-
cumstances under which trophic cascades occur. Remov-
ing a species via electrofishing or overfishing has been
employed as a possible management strategy to restore eco-
system structure (Lepak et al. 2006, Daskalov et al. 2007,
Sendergaard et al. 2017). Some trophic cascades result in
permanent state shifts (Folke et al. 2004), but it is possible
for an ecosystem to at least partially recover, in terms of
ecosystem structure and function, after serial introductions
of apex predators.
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