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Abstract

Trophic cascades can determine the structure of aquatic food webs, a role often used to manage water

quality in lakes. However, trophic cascades are subject to multiple interacting drivers of environmental

change. For example, invasive species can dramatically alter food webs, though we know less about invasive

species effects on managed trophic cascades. Here, we investigate the changing food web dynamics of Lake

Mendota (Wisconsin, U.S.A.) over a 40-yr time period. Piscivore stocking (biomanipulation) beginning in

1988 coupled with a 1987 die-off of cisco (the dominant zooplanktivore) led to decreased zooplanktivory

that cascaded to increases in the large-bodied herbivorous zooplankton Daphnia pulicaria and greater water

clarity. In 2009, the invasive spiny water flea Bythotrephes longimanus was first detected in Lake Mendota and

soon reached record densities. As a result of this invasive invertebrate predator, zooplanktivory increased to

47% of the earlier cisco period. Concomitant with the spiny water flea population explosion were declines in

D. pulicaria and water clarity as both exhibited a strong negative relationship to zooplanktivory across the

40-yr time series. We argue that the trophic cascade of 1987–1988 created an environment of high food

resources and low fish planktivory that promoted the proliferation of Bythotrephes as it functionally replaced

cisco in Lake Mendota’s food web. Our results highlight how a manipulated, eutrophic lake was vulnerable

to adverse impacts by invasive species, calling attention to the importance of understanding interactions

among drivers of environmental change.

Food webs can be regulated by both the availability of

resources (bottom-up control) or predation by higher trophic

levels (top-down control), and studies have found that

changes at the top of the food web can cascade all the way

to primary producers (Carpenter et al. 1985; Terborgh and

Estes 2010). In lakes, increasing algal biomass often degrades

water quality (Carpenter et al. 1985) and efforts to manage

water quality have traditionally focused on controlling nutri-

ent inputs, which is a bottom-up approach (Bennett et al.

2001; Motew et al. 2017). In recent decades, manipulating

cascading food web interactions has become an important

management tool for improving water quality (e.g., Hansson

et al. 1998; Motew et al. 2017). However, such efforts to

manage ecosystems must increasingly consider the broader

context of ongoing habitat degradation and global

environmental change, such as climate change and biologi-

cal invasion (Strayer 2010; Carpenter et al. 2011).

Invasive species can dramatically alter food webs (Vander

Zanden et al. 1999), including cascading trophic interac-

tions. However, relatively few studies have evaluated how

invasive species affect managed trophic cascades (e.g., Kim-

bro et al. 2009), although invasive species have been shown

to induce trophic cascades in recipient ecosystems (e.g.,

Courchamp et al. 2003; O’Dowd et al. 2003; Croll et al.

2005). Furthermore, food webs play an important role in

ecosystem resistance to invasion, and the loss of higher-level

predators can leave ecosystems vulnerable to invasion by

prey or mid-level predator species (Carlsson et al. 2009; Estes

et al. 2011). This is consistent with the invasion ecology par-

adigm that anthropogenic disturbance increases the suscepti-

bility of ecosystems to the establishment and impact of

invasive species (MacDougall and Turkington 2005; Light

and Marchetti 2007; Johnson et al. 2008; Vander Zanden

et al. 2016). Understanding the interactions between efforts

to manage ecosystems (e.g., via manipulating food webs),

and factors such as changing climate and invasive species

represents a key challenge for future environmental manage-

ment (Carpenter et al. 2011).
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Water quality in eutrophic lakes is sometimes managed

by manipulating cascading food web interactions—a process

called biomanipulation—with the intent of controlling phy-

toplankton biomass (Fig. 1). For example, herbivorous zoo-

plankton may be released from predation directly by the

removal of zooplanktivorous fishes or indirectly through a

trophic cascade induced by the addition of piscivorous fishes

(Hansson et al. 1998; Bernes et al. 2015). Herbivorous zoo-

plankton are then able to increase water clarity by reducing

phytoplankton biomass. However, predatory invertebrates

can interfere with the desired top-down effects of biomani-

pulation by dampening the strength of the cascade (Carpenter

et al. 1985; MacKay and Elser 1998; Shurin et al. 2002).

Accordingly, invasive invertebrate predators can interfere with

cascading interactions in biomanipulated lakes as well as non-

managed lakes (e.g., Ketelaars et al. 1999; Ellis et al. 2011;

Walsh et al. 2016a).

To evaluate this concept, we present the case of the inva-

sion of the predatory invertebrate, Bythotrephes longimanus

(spiny water flea) into eutrophic Lake Mendota (Wisconsin,

U.S.A.). Water quality in Lake Mendota has been strongly

influenced by top-down cascading food web interactions.

Following the die-off of planktivorous cisco (Coregonus artedi)

in 1987, piscivores were stocked heavily in Lake Mendota in

an effort to manipulate these cascading interactions to

increase water clarity (Kitchell 1992). Reduced zooplankti-

vory following cisco decline and piscivore stocking estab-

lished Daphnia pulicaria as the lake’s dominant grazer,

improving water clarity by over 1 m (Lathrop et al. 2002).

Despite decades of implementing best management practices

to reduce agricultural runoff into the lake, the biomanipula-

tion has been the single most effective tool to manage water

clarity in Lake Mendota (Carpenter and Lathrop 2014).

The eruption of the predatory Bythotrephes from low den-

sities in Lake Mendota in 2009 coincided with a 60% decline

in D. pulicaria, and a nearly 1 m decline in lake water clarity,

incurring economic damages estimated at over US$100 mil-

lion (Walsh et al. 2016a,b). Bythotrephes is known as a vora-

cious zooplanktivore (Bunnell et al. 2011) that selects for

large-bodied herbivorous zooplankton (Schulz and Yurista

1998). However, Lake Mendota was the first report of such a

strong cascading effect on water clarity (first evaluated in

Strecker and Arnott 2008, also see Strecker et al. 2011).

Utilizing a 40-yr dataset, we examine how Lake Mendota’s

management history may have enhanced the cascading

impact of the invasive Bythotrephes on the Lake Mendota

food web. We evaluate the potential contribution of Bythotre-

phes to total zooplanktivory in Lake Mendota and

Fig. 1. Panels depict the Lake Mendota food web before (A) and after (B) the whole-lake biomanipulation and cisco die-off in 1987, as well as after
the detection of Bythotrephes in 2009 (C). Arrows represent zooplanktivory on D. pulicaria before and after Bythotrephes invasion as well as zooplankti-

vory of native fishes on Bythotrephes. Species boxes change in size in response to management (A to B) and invasion (B to C) to reflect changes in
biomass.
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demonstrate the mechanism by which Bythotrephes reversed

a trophic cascade that provided improved water clarity for

two decades. Our work also highlights the possibility that

eutrophic lakes that are managed through cascading trophic

interactions may be uniquely vulnerable to invasive inverte-

brate predators such as Bythotrephes. Last, our study reveals

how habitat degradation, management efforts, and invasions

can interact to yield novel management challenges.

Methods

Study site and species

Lake Mendota (39.6 km2 area, 25.3 m max depth, and

12.7 m mean depth) is a culturally eutrophic lake adjacent

to Madison, Wisconsin (U.S.A.). To improve water clarity,

managers began stocking the lake with piscivorous fishes

and enacted strict regulations on their harvest in 1987 and

1988. This manipulation increased predation pressure on

zooplanktivorous fishes, thus relaxing pressure on herbivo-

rous zooplankton like D. pulicaria, which improve water clar-

ity by grazing algae. Biomanipulation, coupled with a

massive die-off of zooplanktivorous cisco (C. artedi; � 90%

reduction in biomass in 1987), resulted in a 76% reduction

in the biomass of zooplanktivorous fishes (Fig. 1A,B; Rud-

stam et al. 1993; Johnson and Kitchell 1996; Lathrop et al.

2002). Prior to Bythotrephes detection in 2009, the Daphnia

community was dominated by D. pulicaria and, to a lesser

extent, Daphnia galeata mendotae, a smaller and less efficient

grazer (Kasprzak et al. 1999).

The lake’s dominant zooplanktivorous fishes are yellow

perch (Perca flavescens), white bass (Morone chrysops), and

cisco, though cisco have been rare in the past three decades.

The diets of adult yellow perch, white bass, and cisco were

found to be comprised of 77%, 74%, and 94% Daphnia,

respectively, with no clear shifts to larger prey with age or

size (Johnson and Kitchell 1996). Young-of-year cisco are

large enough to consume primarily Daphnia by early sum-

mer, and white bass and yellow perch grow large enough to

do so by late summer. The lake also has two predatory zoo-

plankton, the invasive Bythotrephes (as of 2009) and the

native Leptodora kindtii. While the predatory invertebrate

Chaoborus is present in the lake, they have become exceed-

ingly rare in recent decades (Lathrop 1992a,b) and have

been absent from recent day-night zooplankton net hauls

targeting Bythotrephes (Walsh unpubl.) and are, therefore,

unlikely to contribute to total zooplanktivory.

Long-term data

We obtained long-term data of lake temperature profiles

(1995–2015; North Temperate Lakes Long-Term Ecological

Research, NSF 2015a), fish abundance (1976–1998, 2005–

2015; Supporting Information Table S2; Lathrop et al. 2002;

North Temperate Lakes Long-Term Ecological Research, NSF

2015b), fish lengths and weights (1981–2015; North Temper-

ate Lakes Long-Term Ecological Research, NSF 2015c),

zooplankton abundance and length (1976–2015; Supporting

Information Table S2; North Temperate Lakes Long-Term

Ecological Research, NSF 2015d), and water clarity (1976–

2015; Lathrop et al. 2002; North Temperate Lakes Long-

Term Ecological Research, NSF 2015e) from the National Sci-

ence Foundation North Temperate Lakes Long-Term Ecologi-

cal Research (NTL-LTER) program database. Lake Mendota’s

fish community was surveyed annually. Water clarity, zoo-

plankton, and temperature were generally sampled bi-weekly

in spring and summer, monthly in fall and one to two times

in winter when the lake was ice-covered. To account for dif-

fering sampling frequencies within and among years, we

interpolated water clarity, zooplankton, and temperature

data to daily values. We used annual geometric mean Secchi

depth as a measure of water clarity in Lake Mendota, which

is lognormally distributed within years. Lakewide pelagic fish

density was estimated in late summer by sonar runs using an

HTI Model 241 echosounder with 120 kHz split beam config-

uration. Signals were interpreted using HTI sounder software

v. 1.0 and calibrated using gill net sampling and fish length

and weight measurements, allowing for species-specific esti-

mates of lakewide abundance and biomass (North Temperate

Lakes Long-Term Ecological Research, NSF 2015b). We esti-

mated zooplankton biomass using length to dry weight

equations from the literature (McCauley 1984). Seasonality

in zooplankton biomass and Secchi depth was visualized by

fitting generalized additive models (GAM) of biomass or Sec-

chi depth fitted to day of the year (Wood 2011).

We calculated volumetric density of zooplankton by

dividing areal density by the sampling depth of zooplankton

net tows, which was 24 m from 1976 through 1994 and

20 m from 1995 through 2015. Changes in the sampling

depth of zooplankton tows may affect zooplankton biomass

concentration estimates presented here. There are two cases

in which this change could bias our results. First, if Daphnia

were completely absent from the lake bottom during sum-

mer anoxia (June through early October), which is likely at

the extremely low dissolved oxygen concentrations reached

each summer at both 20 m and 24 m depths (< 1 mg L21),

this would “dilute” the 1976–1994 zooplankton biomass

concentration estimates by 16% relative to 1995–2015 con-

centration. While this dilution is not insignificant, it is small

relative to the long-term changes presented here, which vary

over orders of magnitude. Alternatively, Daphnia have been

shown to migrate downward in the water column to avoid

predation by Bythotrephes and fishes (Pangle and Peacor

2006; Bourdeau et al. 2015). Therefore, it is possible that

sampling only 20 m into the water column would fail to

capture migrating Daphnia during months when the hypo-

limnion contained enough oxygen to support Daphnia (e.g.,

before June and after October). As a result, deep vertical

migration during oxygenated months in the hypolimnion

could introduce a source of error in the results we present

here: a decline in Daphnia biomass with Bythotrephes may be,
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in part, due to failing to capture deep-migrating Daphnia in

midday sampling during months of adequate hypolimnetic

oxygen.

Planktivory

We used allometric relationships to estimate zooplankti-

vory (hereafter, “planktivory”) by Lake Mendota plankti-

vores. Allometric models of ingestion rates are simpler than

bioenergetics modeling, requiring fewer measurements,

parameters, and assumptions. Allometric models of individ-

ual ingestion rates were derived from observed individual

ingestion rates fitted to a three-quarter power function of

individual body mass (individual ingestion 5 a*body

mass^0.75; a[fishes] 5 6.4, a[invertebrates] 5 9.7; Yodzis and

Innes 1992). For each planktivorous fish, we scaled body size

(kg) and ingestion rates (kg yr21) to the population level

(individuals ha21) by calculating the individual ingestion

rates from the observed population weight distribution and

summing across all individuals (kg ha21 yr21). Leptodora and

Bythotrephes dry weights were converted to wet weights by

multiplying by a factor of 10 (Winberg 1971). Due to large

within-year seasonal variation in zooplankton population

densities, we estimated invertebrate ingestion rates at a daily

time step. Annual planktivory for each invertebrate predator

was then the sum of daily planktivory in each year.

Daily planktivory rates were estimated by back-calculating

from estimated mean annual planktivory. To account for

seasonality in lake surface temperature and its influence on

planktivory, we used a temperature dependence function

commonly used in bioenergetics (Kitchell et al. 1977). Here,

daily planktivory rates increased with temperature to their

maximum (f[temperature] 5 1) when the surface tempera-

tures of the lake were at a planktivore’s optimal temperature

and declined rapidly as lake temperatures increase further

from optimal temperatures to a planktivore’s thermal limit

(temperature dependent parameters found in Kitchell et al.

1977; Johnson 1993; Kim and Yan 2010; Yurista et al. 2010;

Bunnell et al. 2011). Notably, Bythotrephes and cisco are cool-

water planktivores with cooler optimal temperatures (168C

and 16.88C, respectively) than yellow perch (238C), white

bass (28.38C), and Leptodora (258C). We assumed fish zoo-

planktivore biomass to be constant within a year while

Bythotrephes biomass varies as it would under an average

post-2009 year (GAM seasonal model as described above

with Daphnia and water clarity). We characterized the poten-

tial cascading relationships in the food web of Lake Mendota

between zooplanktivory, Daphnia, and water clarity by

reporting Pearson’s correlation coefficients between annual

means of log-transformed variables (each variable is lognor-

mally distributed within years). All statistics and analyses

were conducted in R (R Core Team 2016).

We do note that mass specific estimates of Bythotrephes

consumption rates can vary widely and our allometric

approach was purposefully chosen because of its generality.

In a more detailed approach using bioenergetics, Bunnell

et al. (2011) estimated Bythotrephes mass specific consump-

tion rates ranging from 72.3% to 114.5% per day (i.e., mass

consumed of prey per mass of predator per day). Our allome-

tric estimates of mass specific consumption rates from Yodzis

and Innes (1992) would be 84.9% per day for a Bythotrephes

of average mass and ranged from 64% to 113% per day for

the largest and smallest Bythotrephes—comparable to esti-

mates from Bunnell et al. (2011).

Results

With Bythotrephes invasion, total planktivory increased

nearly threefold (1.1 tonnes ha21 yr21; 2009–2015 mean)

over that during the low fish planktivory years (0.46 tonnes

Fig. 2. Total annual zooplanktivory (tonnes ha21) in Lake Mendota in

the past 40 yr (Cisco in solid light purple, yellow perch in green with
northeast oriented lines, white bass in blue with northwest oriented

lines, Bythotrephes in solid dark red, and Leptodora in orange with verti-
cal lines). Note the gap in data from 1999 to 2004.

Fig. 3. Daily planktivory rates by fishes (kg ha21 d21; cisco in short-
dashed purple, the sum of white bass and yellow perch in long-dashed

and dotted blue) and Bythotrephes (solid dark red) under average condi-
tions noted by year ranges in matching colors.
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ha21 yr21; 1988–1998, 2005–2008 mean) and reached 47%

of mean planktivory during high fish planktivory, cisco years

(2.4 tonnes ha21 yr21; 1978–1987) (Fig. 2). Predation by

Bythotrephes made up 62% of total planktivory from 2009 to

2015. Abundant yellow perch and Bythotrephes in 2014 and

white bass in 2015 more than doubled planktivory over the

post-2009 mean (0.77–2.1 tonnes ha21 yr21). Planktivory by

Bythotrephes was highest in the fall and nearly matched peak

daily planktivory rates by cisco during the high zooplankti-

vory years (Fig. 3). Planktivory by cisco was highest in the

spring and fall, while planktivory by white bass and yellow

perch peaked in the summer (Fig. 3). There was little evi-

dence of predator control of Bythotrephes planktivory by

fishes (planktivory[Bythotrephes] 5 0.89 [0.68 SE] *

planktivory[fishes] 1 330 [360 SE]; R2 5 0.25, p 5 0.24,

F 5 1.72 on 1 and 5 df). Finally, we found that allometric

estimates of planktivory were a good predictor of

bioenergetic estimates (R2 5 0.90, df 5 21, t 5 13.9, p � 0.001

for 1976–1998 bioenergetics estimates from Lathrop et al.

2002 and allometric estimates here).

D. pulicaria biomass increased from high fish planktivory

years (0.05 mg m23) to low fish planktivory years (32.9 mg

m23), then declined with Bythotrephes invasion (2.99 mg

m23), particularly in the fall (Fig. 4A). Spring biomass of D.

pulicaria declined overall (Fig. 4A), but was notably high in

2012 and 2013 (Fig. 5). Conversely, D. g. mendotae biomass

declined from high to low fish planktivory years (6.15–

1.2 mg m23), particularly in the spring after being displaced

by D. pulicaria (Fig. 4D) as fall D. g. mendotae biomass

remained relatively high (Fig. 4B). After Bythotrephes inva-

sion, D. g. mendotae biomass increased overall (2.24 mg m23)

but was lower than during high fish planktivory years. In

particular, spring D. g. mendotae biomass increased from low

fish planktivory years to Bythotrephes years, but fall biomass

Fig. 4. Seasonality in plankton biomass and water clarity over three study time periods (solid blue 5 low fish planktivory years; dashed green 5 high
fish planktivory years; dotted red 5 Bythotrephes years) is visualized by fitting zooplankton biomass (mg m23) and Secchi depth (m) to smoothed GAM

of day of the year (estimates in lines 6 1 SE, shaded area). The biomass ratio of D. pulicaria to D. g. mendotae is calculated by dividing fitted GAM
curves of the two species. Note that the y-axis of each panel is on a log-scale.
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fell nearly fivefold (Fig. 4B). Accordingly, D. g. mendotae

dominated the plankton during high fish planktivory,

switching to dominance by D. pulicaria during years of low

fish planktivory, and shared dominance during Bythotrephes

years (Fig. 4D).

Long-term geometric mean Daphnia biomass (sum of D.

pulicaria and D. g. mendotae biomass) increased with lower

fish planktivory from 6.9 mg m23 to 43 mg m23 and

declined with Bythotrephes invasion to 11 mg m23. The low-

est Daphnia biomass from the years of low fish planktivory

was reached in 2003 and 2004 with 11 mg m23 and 16 mg

m23 annual geometric means, respectively. Annual geomet-

ric mean Daphnia biomass fell to all-time lows in 2014

(5.0 mg m23) and 2015 (4.1 mg m23) (Fig. 5). Also, with

Bythotrephes invasion, total Daphnia biomass fell below

NTL-LTER detection limits in 2010, 2014, and 2015, with the

2014 collapse lasting 59 d, the longest collapse on record

(previous high of 46 d in 1987 and a mean occurrence of 12

d per year from 1978 to 1987).

Water clarity increased after cisco die-off and biomanipula-

tion (2.3–3.7 m, long-term mean Secchi depth) and declined

after Bythotrephes invasion (2.7 m), particularly in winter and

spring (Fig. 4C). The mean duration of the spring clear-water

phase (here defined as Secchi depth measurements>4.0 m)

increased from 12 d to 53 d from high to low fish planktivory

and declined to<30 d after the 2009 Bythotrephes population

explosion including 0 d in 2014–2015.

Cascading interactions appeared to drive relationships

between planktivory, Daphnia, and clarity in Lake Mendota

(Fig. 6). Over the 40-yr dataset, water clarity was positively

Fig. 5. Forty-year time series of D. pulicaria (solid blue) and D. g. mendotae (dotted green) biomass (mg m23). The data are not log-transformed in
order to highlight spring peaks in biomass by both species.
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associated with D. pulicaria (Fig. 6C; Pearson’s r [log Secchi

Depth, log D. pulicaria biomass] 5 0.81, t 5 8.0, df5 32, p �
0.001) and inversely associated with total annual planktivory

(Fig. 6B; Pearson’s r [log Secchi depth, log planktivory] 5 20.78,

t 5 27.1, df5 32, p � 0.001). Also, D. pulicaria biomass was

inversely associated with total annual planktivory (Fig. 6A;

Pearson’ r [log D. pulicaria biomass, log planktivory]5 20.74,

t 5 26.3, df 5 32, p � 0.001). We also report potential nonli-

nearities in the cascading relationships between planktivory,

D. pulicaria biomass, and water clarity: annual geometric mean

D. pulicaria biomass and water clarity declined exponentially

with annual planktivory and water clarity increased logarithmi-

cally with D. pulicaria biomass (Fig. 6, Supporting Information

Fig. S1, Supporting Information Table S1).

Discussion

The invasion of Lake Mendota by Bythotrephes corre-

sponded with large declines in D. pulicaria and water clarity

(Walsh et al. 2016a)—offsetting many of the gains of the

whole-lake biomanipulation beginning in 1988 following

the cisco die-off in 1987 (Lathrop et al. 2002). We found

that Bythotrephes was the largest contributor to total plankti-

vory in the lake from 2009 to 2015. Bythotrephes preyed on

Daphnia primarily in the fall, nearly matching fall daily

planktivory rates by the abundant 1978–1987 cisco popula-

tion. Fall predation by Bythotrephes complemented peak

planktivory by fishes in the summer. As a result, planktivory

by fishes and planktivory by Bythotrephes was largely addi-

tive. In addition, elevated zooplanktivory had a cascading

effect on herbivorous zooplankton and water clarity. Further-

more, this cascade exacerbated the harmful effects of eutro-

phication, revealing multiple benefits of preventing such

invasions in lakes like Mendota and reducing nutrient

loading into lakes. A key management implication of this

study is that high planktivory by fishes did not control

Bythotrephes in Lake Mendota even though some fish con-

sumption of Bythotrephes occurred.

Bythotrephes dramatically elevated total planktivory in

Lake Mendota compared to the low fish planktivory period

(1988–2008) by extending the period of peak planktivory

into the fall. Little seasonal overlap occurred between plank-

tivory by Bythotrephes and planktivory by the warm-water

white bass and yellow perch that consume the most zoo-

plankton in summer (Fig. 3). This contrasted with the warm-

water native predatory invertebrate L. kindtii; peak productiv-

ity of L. kindtii is more likely to overlap with peak plankti-

vory by native warm-water fishes as both occur in the

summer (Lunte and Luecke 1990). Fall planktivory by Bytho-

trephes offered Daphnia little to no reprieve after peak sum-

mer planktivory by yellow perch and white bass. Planktivory

by Bythotrephes quickly succeeded peak planktivory by fishes

in years with high summer fish planktivory (e.g., 2010,

2011, 2014, and 2015; Figs. 2A, 3) while Bythotrephes made

up a significant portion of both summer and fall planktivory

in years with lower summer planktivory by fishes (e.g., 2009,

2012, and 2013; Figs. 2A, 3). In this way, Bythotrephes “filled

the gaps” left by poor fish year classes and by the natural

decline in warm-water fish planktivory during the fall.

When total planktivory was high, D. pulicaria were rare

and water clarity was low (Figs. 4, 5). These cascading rela-

tionships (e.g., Fig. 6) provide a likely mechanism for

reported declines in D. pulicaria abundance and water clarity

in Lake Mendota with Bythotrephes’ population explosion in

2009 (Walsh et al. 2016a). Also, this cascade is consistent

with the historical understanding of the role of planktivory

in governing plankton dynamics and water quality in Lake

Mendota (Lathrop et al. 2002). Our findings build on this

Fig. 6. Cascading relationships in Lake Mendota. Annual planktivory (tonnes ha21 yr21) is negatively associated with both annual geometric mean D.

pulicaria biomass (mg m23; A) and water clarity (m; B) over the 40-yr study time period (1978–1987 in green squares, 1976–1977 and 1988–2008 in
blue circles, and 2009–2015 in red triangles). D. pulicaria biomass has been positively correlated with water clarity (C; point sizes are scaled by annual
planktivory rates).
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understanding and further demonstrate the contribution of

invertebrate predators to total zooplanktivory and, in turn,

water quality (as in Ellis et al. 2011). Additionally, due to

potential nonlinearities in these cascading relationships

(Supporting Information Table S1), planktivory by both

fishes and Bythotrephes may have to be substantially reduced

to see gains in D. pulicaria biomass or water clarity.

Planktivorous fishes also prey on Bythotrephes and, as a

result, predation pressure on Daphnia from both Bythotrephes

and planktivorous fishes may not be completely additive.

Bythotrephes has been a key diet item of yellow perch, com-

prising 46% of fish diets from August of 2011–2013 and as

much as 80% of diets in years of higher August Bythotrephes

abundance (2011; Walsh unpubl.), though it should be

noted that Bythotrephes’ tail spines are cleared at a much

slower rate than other diet items, biasing these proportions

upward (Compton and Kerfoot 2004; Stetter et al. 2005). Fur-

ther, young-of-year yellow perch and white bass may strug-

gle to capture and handle Bythotrephes due to its long tail

spine (Compton and Kerfoot 2004). In years of large young-

of-year classes (e.g., 2014 and 2015, in which sonar data

indicate a massive shift from a large population of yellow

perch to a large population of white bass), high planktivory

by fishes on Daphnia may not equate to high planktivory on

Bythotrephes due to this gape limitation. Further, little tem-

poral overlap within years likely limits planktivorous fishes’

capacity to ease Bythotrephes impact on D. pulicaria (e.g., we

reported no relationship between planktivory by fishes and

planktivory by Bythotrephes over 2009–2015).

High planktivory rates by Bythotrephes and all fishes likely

led to compounding negative impacts on D. pulicaria, but

their impact on the smaller-bodied D. g. mendotae is less

clear. D. g. mendotae was dominant during years of high fish

planktivory by cisco. As a less abundant and less efficient

grazer, this led to low water clarity (sensu Lathrop et al.

1996, 2002). After Bythotrephes invasion, D. g. mendotae

increased in biomass in the spring, likely due to reduced

competition from D. pulicaria. However, D. g. mendotae bio-

mass declined substantially in the fall, to densities lower

than either the high or low fish planktivory years (Fig. 6). D.

g. mendotae decline was consistent with reported Bythotrephes

impacts in other lakes. For example, Kerfoot et al. (2016)

reported a spring increase, but overall decline in D. g. mendo-

tae in six lakes in northern Minnesota. As a result of fall

decline, D. g. mendotae biomass was much lower in Bythotre-

phes years than in past years of high fish planktivory. In fact,

when planktivory by fishes and Bythotrephes were both high

(e.g., 2010, 2014, and 2015), total Daphnia biomass declined

to exceptionally low levels, such as in 2010, and historically

low levels, such as in 2014 and 2015. Low Daphnia biomass

in 2014 and 2015 is highlighted by a whole Daphnia com-

munity collapse from fall 2014 through early Spring 2015.

Spring water clarity was exceptionally low in these years

(2014 and 2015 were the 8th and 2nd lowest mean clarity,

respectively), and failed to increase past 4.0 m Secchi depth

for just the second and third time in the 40-yr dataset here.

Additional research should investigate the potential mecha-

nism of Bythotrephes’ summer and fall impact on Daphnia

persisting into spring of the following year (e.g., effect on

Daphnia resting egg production or effect on overwintering

Daphnia in the water column). Further, while D. g. mendotae

is a poor grazer relative to D. pulicaria (Kreutzer and Lampert

1999), it is much larger and more efficient than the small

herbivorous copepods in Lake Mendota (Hansen et al. 1997).

In fact, by the same allometric relationships of ingestion

rates to body size used for planktivory here, the average D.

pulicaria in Lake Mendota “outgrazes” the average D. g. men-

dotae by a ratio of 1.6 : 1. However, the average D. g. mendo-

tae outgrazes the average herbivorous copepod by a ratio of

32 : 1 (2009–2015 mean copepod length) or 3.7 : 1 (1976–

2008 mean copepod length) to the average herbivorous

copepod prior to Bythotrephes invasion. Lower copepod graz-

ing rates are likely due to a decline in mean length of her-

bivorous copepods (0.97–0.23 mm) despite an overall

increase in both calanoid and cyclopoid abundance (North

Temperate Lakes Long-Term Ecological Research, NSF

2015d). Therefore, the nature of Bythotrephes impact on D. g.

mendotae may have key implications for water clarity in Lake

Mendota.

The dominant planktivorous fishes of Lake Mendota have

not controlled Bythotrephes. Therefore, our findings suggest

that simply increasing yellow perch or white bass popula-

tions in Lake Mendota is not likely to control Bythotrephes

and stabilize D. pulicaria. However, successful examples of

such efforts have been reported (e.g., Wissel et al. 2000).

Notably, cool-water planktivorous fishes (e.g., cisco; Coulas

et al. 1998) or fishes with more efficient feeding methods

(e.g., pumpkinseed and bluegill; LeDuc and Kerfoot unpubl.)

may be more successful in controlling Bythotrephes. However,

these fishes would also prey on D. pulicaria and potentially

harm water quality, as in the case of cisco (Johnson and

Kitchell 1996).

Differing tolerance to harmful cyanobacteria toxins

among (e.g., DeMott et al. 2001) and within (e.g., Gha-

douani and Pinel-Alloul 2002; Sarnelle and Wilson 2005)

Daphnia species has been recognized as a key driver in struc-

turing Daphnia communities in lakes. Interestingly, extreme

precipitation and flooding in Madison, WI in 2008 led to

enormous nutrient loading and high in-lake phosphorus

concentrations in 2008 and 2009 which lead to extremely

poor summer water quality characterized by cyanobacteria

blooms in 2008. Since 2010, in-lake phosphorus has actually

declined by nearly 30% under the long-term mean (1995–

2008; Walsh et al. 2016a) alongside declining cyanobacteria

biomass (Walsh unpubl.) with no subsequent recovery of D.

pulicaria. While it is possible that extremely eutrophic condi-

tions exacerbated D. pulicaria decline after 2009, we con-

clude that D. pulicaria biomass since 2010 is likely driven by

Walsh et al. Invasive invertebrate reverses cascade
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planktivory in Lake Mendota rather than lake trophic state.

Regardless, Lake Mendota provides an interesting case study

in which to test hypotheses regarding cyanobacteria toler-

ance within and among Daphnia species in a natural system.

In the adjacent Lake Monona (connected via the Yahara

River), Bythotrephes is much less abundant (Walsh unpubl.;

North Temperate Lakes Long-Term Ecological Research, NSF

2015d) and exploring the factors that drive lower abundance in

Lake Monona could inform Bythotrephes management in Lake

Mendota. For example, Lake Monona has a shallower mean

depth than Lake Mendota (8.3 m and 12.7 m, respectively) and

is thought to have a higher littoral influence than Lake Men-

dota, providing habitat and refuge for zooplanktivorous fishes

that selectively consume large zooplankton like Bythotrephes.

Also, Lake Monona has been managed as a “panfish” or zoo-

planktivore lake in contrast to managing Lake Mendota as a

“gamefish” or piscivore lake (i.e., strict regulations on harvest

of piscivorous fishes that persist through present day; Lathrop

et al. 2002), promoting an abundant population of bluegill. It

is possible that high biomass of bluegill, a predator adapted to

handle Bythotrephes’ long tail spine (LeDuc and Kerfoot

unpubl.), may be responsible for controlling Bythotrephes in

Lake Monona. Additional research should investigate whether

additional planktivory by fishes would mitigate or compound

Bythotrephes effect on D. pulicaria and water clarity.

Ecological degradation is thought to increase ecosystem

vulnerability to nonnative species establishment and impact

(MacDougall and Turkington 2005; Light and Marchetti

2007; Johnson et al. 2008; Vander Zanden et al. 2016). For

example, cultural eutrophication in Lake Mendota was man-

aged through biomanipulation (Lathrop et al. 2002). With

the biomanipulation, the biomass of planktivorous fishes

declined and the biomass of large zooplankton like D. pulica-

ria increased (Johnson and Kitchell 1996). Bythotrephes’ range

expansion and establishment is limited by biological factors

like predator abundance and prey availability (Young et al.

2011); as such the Lake Mendota biomanipulation may have

changed the food web to favor Bythotrephes. Furthermore,

decline of the cool-water cisco may have opened niche space

for the cool-water Bythotrephes, as both species reach peak

planktivory rates during cool-water time periods which com-

plements existing planktivory by warm-water fishes and

invertebrates (e.g., Fig. 3). Bythotrephes has reached higher

densities in Lake Mendota than any other system in its

native or invaded range (e.g., Jokela et al. 2011; Young et al.

2011). Brown et al. (2012) report a positive relationship

between chlorophyll a (a measure of lake primary productiv-

ity) and Bythotrephes abundance, which partially explained

elevated Bythotrephes densities in reservoirs over natural

lakes. It is possible that the food web structure brought by

biomanipulation of the highly productive Lake Mendota

contributed to the establishment and elevated abundance of

Bythotrephes (as described in Walsh et al. 2016b).

Furthermore, Lake Mendota is the first reported case of

Bythotrephes’ impact cascading into reduced lake water clarity

(Walsh et al. 2016a). Walsh et al. (2016a) confirm that it is

unlikely that this change in clarity was due to changes in

nutrient loading or in-lake concentrations and that declining

clarity has been due nearly entirely to increasing algal biomass

(Walsh unpubl.). Prior Bythotrephes invasions were limited to

less productive lakes that are not subject to the same degree of

cultural eutrophication as Lake Mendota (Strecker and Arnott

2008). As Bythotrephes expands into lakes in highly agricultural

watersheds, additional research should investigate the interac-

tions among eutrophication, D. pulicaria grazing, and Bythotre-

phes zooplanktivory. Further, if cultural eutrophication is a key

factor driving Bythotrephes’ impact, lakes like Mendota should

be targets of invasion prevention efforts to avoid such drastic

and expensive impacts in the future. Likewise, efforts to reduce

nutrient loading into lakes should offset Bythotrephes impact

on water quality (Walsh et al. 2016a). The Bythotrephes inva-

sion into eutrophic Lake Mendota highlights how food webs

and nutrients interact to influence ecosystem vulnerability to

biological invasion and their undesired consequences.
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Persson, C. Skov, J. D. Speed, and E. V. Donk. 2015. What

is the influence of a reduction of planktivorous and ben-

thivorous fish on water quality in temperate eutrophic

lakes? A systematic review. Environ. Evid. 4: 7. doi:

10.1186/s13750-015-0032-9

Bourdeau, P. E., K. L. Pangle, and S. D. Peacor. 2015. Factors

affecting the vertical distribution of the zooplankton

assemblage in Lake Michigan: The role of the invasive

predator Bythotrephes longimanus. J. Great Lakes Res. 41:

115–124. doi:10.1016/j.jglr.2015.09.017

Brown, M. E., D. K. Branstrator, and L. J. Shannon. 2012. Popu-

lation regulation of the spiny water flea (Bythotrephes longi-

manus) in a reservoir: Implications for invasion. Limnol.

Oceanogr. 57: 251–271. doi:10.4319/lo.2012.57.1.0251

Bunnell, D. B., B. M. Davis, D. M. Warner, M. A. Chriscinske,

and E. F. Roseman. 2011. Planktivory in the changing Lake

Huron zooplankton community: Bythotrephes consumption

exceeds that of Mysis and fish. Freshw. Biol. 56: 1281–1296.

doi:10.1111/j.1365-2427.2010.02568.x

Carlsson, N. O., O. Sarnelle, and D. L. Strayer. 2009. Native

predators and exotic prey –an acquired taste? Front. Ecol.

Environ. 7: 525–532. doi:10.1890/080093

Carpenter, S., J. Kitchell, and J. Hodgson. 1985. Cascading

trophic interactions and lake productivity. Bioscience 35:

634–639. doi:10.2307/1309989

Walsh et al. Invasive invertebrate reverses cascade

2506

http://dx.doi.org/10.1641/0006-3568(2001)051[0227:HIOEPA]2.0.CO;2
http://dx.doi.org/10.1186/s13750-015-0032-9
http://dx.doi.org/10.1016/j.jglr.2015.09.017
http://dx.doi.org/10.4319/lo.2012.57.1.0251
http://dx.doi.org/10.1111/j.1365-2427.2010.02568.x
http://dx.doi.org/10.1890/080093
http://dx.doi.org/10.2307/1309989


Carpenter, S. R., E. H. Stanley, and M. J. Vander Zanden.

2011. State of the world’s freshwater ecosystems: Physical,

chemical, and biological changes. Annu. Rev. Environ.

Resour. 36: 75–99. doi:10.1146/annurev-environ-021810-

094524

Carpenter, S. R., and R. C. Lathrop. 2014. Phosphorus load-

ing, transport and concentrations in a lake chain: A prob-

abilistic model to compare management options. Aquat.

Sci. 76: 145–154. doi:10.1007/s00027-013-0324-5

Compton, J., and W. Kerfoot. 2004. Colonizing inland lakes:

Consequences of YOY fish ingesting the spiny cladoceran

(Bythotrephes cederstroemi). J. Great Lakes Res. 30: 315–326.

doi:10.1016/S0380-1330(04)70394-9

Coulas, R., H. Macisaac, and W. Dunlop. 1998. Selective pre-

dation on an introduced zooplankter (Bythotrephes ceder-

stroemi) by lake herring (Coregonus artedii) in Harp Lake,

Ontario. Freshw. Biol. 40: 343–355. doi:10.1046/j.1365-

2427.1998.00340.x

Courchamp, F., J.-L. Chapuis, and M. Pascal. 2003. Mammal

invaders on islands: Impact, control and control impact.

Biol. Rev. Camb. Philos. Soc. 78: 347–383. doi:10.1017/

S1464793102006061

Croll, D. A., J. L. Maron, J. A. Estes, E. M. Danner, and G. V.

Byrd. 2005. Introduced predators transform subarctic

islands from grassland to tundra. Science 307: 1959–1961.

doi:10.1126/science.1108485

DeMott, W. R., R. D. Gulati, and E. Van Donk. 2001. Daph-

nia food limitation in three hypereutrophic Dutch lakes:

Evidence for exclusion of large-bodied species by interfer-

ing filaments of cyanobacteria. Limnol. Oceanogr. 46:

2054–2060. doi:10.4319/lo.2001.46.8.2054

Ellis, B. K., and others. 2011. Long-term effects of a trophic

cascade in a large lake ecosystem. Proc. Natl. Acad. Sci.

USA. 108: 1070–1075. doi:10.1073/pnas.1013006108

Estes, J. A., and others. 2011. Trophic downgrading of planet

Earth. Science 333: 301–306. doi:10.1126/science.1205106

Ghadouani, A., and B. Pinel-Alloul. 2002. Phenotypic plastic-

ity in Daphnia pulicaria as an adaptation to high biomass

of colonial and filamentous cyanobacteria: Experimental

evidence. J. Plankton Res. 24: 1047–1056. doi:10.1093/

plankt/24.10.1047

Hansen, P. J., P. K. Bjornsen, and B. W. Hansen. 1997. Zoo-

plankton grazing and growth: Scaling within the 2-2,000-

mu m body size range. Limnol. Oceanogr. 42: 687–704.

doi:10.4319/lo.1997.42.4.0687

Hansson, L.-A., and others. 1998. Biomanipulation as an

application of food-chain theory: Constraints, synthesis,

and recommendations for temperate lakes. Ecosystems 1:

558–574. doi:10.1007/s100219900051

Johnson, B. 1993. Toward a holistic recreational fisheries man-

agement: Fish-angler-management interactions in Lake Men-

dota, Wisconsin. Ph.D. thesis. Univ. of Wisconsin - Madison.

Johnson, P. T. J., J. D. Olden, and M. J. Vander Zanden.

2008. Dam invaders: Impoundments facilitate biological

invasions into freshwaters. Front. Ecol. Environ. 6: 357–

363. doi:10.1890/070156

Johnson, T., and J. Kitchell. 1996. Long-term changes in zoo-

planktivorous fish community composition: Implications

for food webs. Can. J. Fish. Aquat. Sci. 53: 2792–2803.

doi:10.1139/cjfas-53-12-2792

Jokela, A., S. E. Arnott, and B. E. Beisner. 2011. Patterns of

Bythotrephes longimanus distribution relative to native

macroinvertebrates and zooplankton prey. Biol. Invasions

13: 2573–2594. doi:10.1007/s10530-011-0072-1

Kasprzak, P., R. C. Lathrop, and S. R. Carpenter. 1999. Influ-

ence of different sized Daphnia species on chlorophyll

concentration and summer phytoplankton community

structure in eutrophic Wisconsin lakes. J. Plankton Res.

21: 2161–2174. doi:10.1093/plankt/21.11.2161

Kerfoot, W. C., M. M. Hobmeier, F. Yousef, B. M. Lafrancois,

R. P. Maki, and J. K. Hirsch. 2016. A plague of waterfleas

(Bythotrephes): Impacts on microcrustacean community

structure, seasonal biomass, and secondary production in

a large inland-lake complex. Biol. Invasions 18: 1121–

1145. doi:10.1007/s10530-015-1050-9

Ketelaars, H. A M., F. E. Lambregts-van de Clundert, C. J.

Carpentier, A. J. Wagenvoort, and W. Hoogenboezem.

1999. Ecological effects of the mass occurrence of the

Ponto-Caspian invader, Hemimysis anomala GO Sars, 1907

(Crustacea: Mysidacea), in a freshwater storage reservoir

in the Netherlands, with notes on its autecology and new

records. Hydrobiologia 394: 233–248. doi:10.1023/A:

1003619631920

Kim, N., and N. D. Yan. 2010. Methods for rearing the invasive

zooplankter Bythotrephes in the laboratory. Limnol. Ocean-

ogr.: Methods 8: 552–561. doi:10.4319/lom.2010.8.552

Kimbro, D. L., E. D. Grosholz, A. J. Baukus, N. J. Nesbitt, N.

M. Travis, S. Attoe, and C. Coleman-Hulbert. 2009. Inva-

sive species cause large-scale loss of native California oys-

ter habitat by disrupting trophic cascades. Oecologia 160:

563–575. doi:10.1007/s00442-009-1322-0

Kitchell, J. F. 1992. Food web management: A case study of

Lake Mendota. New York: Springer-Verlag New York Inc.

Kitchell, J. F., D. J. Stewart, and D. Weininger. 1977. Applica-

tions of a bioenergetics model to yellow perch (Perca fla-

vescens) and walleye (Stizostedion vitreum vitreum). J. Fish.

Res. Board Can. 34: 1922–1935. doi:10.1139/f77-258

Kreutzer, C., and W. Lampert. 1999. Exploitative competi-

tion in differently sized Daphnia species: A mechanistic

explanation. Ecology 80: 2348–2357. doi:10.2307/

176915

Lathrop, R. 1992a. Benthic macroinvertebrates, p. 173–192.

In Food web management: A case study of Lake Mendota.

J. F. Kitchell (ed.). New York: Springer-Verlag, New York

Inc.

Lathrop, R. 1992b. Decline in zoobenthos densities in the

profundal sediments of Lake Mendota (Wisconsin, USA).

Hydrobiologia 235: 353–361. doi:10.1007/BF00026225

Walsh et al. Invasive invertebrate reverses cascade

2507

http://dx.doi.org/10.1146/annurev-environ-021810-094524
http://dx.doi.org/10.1146/annurev-environ-021810-094524
http://dx.doi.org/10.1007/s00027-013-0324-5
http://dx.doi.org/10.1016/S0380-1330(04)70394-9
http://dx.doi.org/10.1046/j.1365-2427.1998.00340.x
http://dx.doi.org/10.1046/j.1365-2427.1998.00340.x
http://dx.doi.org/10.1017/S1464793102006061
http://dx.doi.org/10.1017/S1464793102006061
http://dx.doi.org/10.1126/science.1108485
http://dx.doi.org/10.4319/lo.2001.46.8.2054
http://dx.doi.org/10.1073/pnas.1013006108
http://dx.doi.org/10.1126/science.1205106
http://dx.doi.org/10.1093/plankt/24.10.1047
http://dx.doi.org/10.1093/plankt/24.10.1047
http://dx.doi.org/10.4319/lo.1997.42.4.0687
http://dx.doi.org/10.1007/s100219900051
http://dx.doi.org/10.1890/070156
http://dx.doi.org/10.1139/cjfas-53-12-2792
http://dx.doi.org/10.1007/s10530-011-0072-1
http://dx.doi.org/10.1093/plankt/21.11.2161
http://dx.doi.org/10.1007/s10530-015-1050-9
http://dx.doi.org/10.1023/A:1003619631920
http://dx.doi.org/10.1023/A:1003619631920
http://dx.doi.org/10.4319/lom.2010.8.552
http://dx.doi.org/10.1007/s00442-009-1322-0
http://dx.doi.org/10.1139/f77-258
http://dx.doi.org/10.2307/176915
http://dx.doi.org/10.2307/176915
http://dx.doi.org/10.1007/BF00026225


Lathrop, R., S. Carpenter, and L. Rudstam. 1996. Water clar-

ity in Lake Mendota since 1900: Responses to differing

levels of nutrients and herbivory. Can. J. Fish. Aquat. Sci.

53: 2250–2261. doi:10.1139/cjfas-53-10-2250

Lathrop, R., B., and others. 2002. Stocking piscivores to

improve fishing and water clarity: A synthesis of the Lake

Mendota biomanipulation project. Freshw. Biol. 47:

2410–2424. doi:10.1046/j.1365-2427.2002.01011.x

Light, T., and M. P. Marchetti. 2007. Distinguishing between

invasions and habitat changes as drivers of diversity loss

among California’s freshwater fishes. Conserv. Biol. 21:

434–446. doi:10.1111/j.1523-1739.2006.00643.x

Lunte, C. C., and C. Luecke. 1990. Trophic interactions of

Leptodora in Lake Mendota. Limnol. Oceanogr. 35: 1091–

1100. doi:10.4319/lo.1990.35.5.1091

MacDougall, A. S., and R. Turkington. 2005. Are invasive

species the drivers or passengers of change in degraded

ecosystems? Ecology 86: 42–55. doi:10.1890/04-0669

MacKay, N. A., and J. J. Elser. 1998. Factors potentially pre-

venting trophic cascades: Food quality, invertebrate pre-

dation, and their interaction. Limnol. Oceanogr. 43: 339–

347. doi:10.4319/lo.1998.43.2.0339

McCauley, E. 1984. The estimation of the abundance and

biomass of zooplankton in samples, p. 228–265. In A

manual on methods for the assessment of secondary pro-

ductivity in fresh waters. (2 ed.). J. A. Downing, and F. H.

Rigler (eds.). Oxford: Blackwell Scientific Publications.

Motew, M., and others. 2017. The influence of legacy P

on lake water quality in a Midwestern agricultural

watershed. Ecosystems 1–15. doi:10.1007/s10021-017-

0125-0

North Temperate Lakes Long-Term Ecological Research, NSF.

2015a. North temperate lakes LTER: Physical limnology of

primary study lakes [Database]. https://lter.limnology.

wisc.edu/data

North Temperate Lakes Long-Term Ecological Research, NSF.

2015b. North temperate lakes LTER: Pelagic prey - sonar

data 2001 - current [Database]. https://lter.limnology.

wisc.edu/data

North Temperate Lakes Long-Term Ecological Research, NSF.

2015c. North temperate lakes LTER: Fish lengths and

weights 1981 - current [Database]. https://lter.limnology.

wisc.edu/data

North Temperate Lakes Long-Term Ecological Research, NSF.

2015d. North temperate lakes LTER: Zooplankton - Madi-

son lakes area [Database]. https://lter.limnology.wisc.edu/

data

North Temperate Lakes Long-Term Ecological Research, NSF.

2015e. North temperate lakes LTER: Secchi disk depth;

Other auxilliary base crew sample data 1981 - current

[Database]. https://lter.limnology.wisc.edu/data

O’Dowd, D. J., P. T. Green, and P. S. Lake. 2003. Invasional

“meltdown” on an oceanic island. Ecol. Lett. 6: 812–817.

doi:10.1046/j.1461-0248.2003.00512.x

Pangle, K., and S. Peacor. 2006. Non-lethal effect of the inva-

sive predator Bythotrephes longimanus on Daphnia mendo-

tae. Freshw. Biol. 51: 1070–1078. doi:10.1111/j.1365-

2427.2006.01555.x

R Core Team. 2016. R: A language and environment for sta-

tistical computing. R Foundation for Statistical

Computing.

Rudstam, L., R. Lathrop, and S. Carpenter. 1993. The rise

and fall of a dominant planktivore - direct and indirect

effects on zooplankton. Ecology 74: 303–319. doi:

10.2307/1939294

Sarnelle, O., and A. E. Wilson. 2005. Local adaptation of

Daphnia pulicaria to toxic cyanobacteria. Limnol. Ocean-

ogr. 50: 1565–1570. doi:10.4319/lo.2005.50.5.1565

Schulz, K., and P. Yurista. 1998. Implications of an inverte-

brate predator’s (Bythotrephes cederstroemi) atypical effects

on a pelagic zooplankton community. Hydrobiologia

380: 179–193. doi:10.1023/A:1003484813672

Shurin, J., E. Borer, E. Seabloom, K. Anderson, C. Blanchette, B.

Broitman, S. Cooper, and B. Halpern. 2002. A cross-ecosystem

comparison of the strength of trophic cascades. Ecol. Lett. 5:

785–791. doi:10.1046/j.1461-0248.2002.00381.x

Stetter, S. P., L. D. Witzel, L. G. Rudstam, D. W. Einhouse,

and E. L. Mills. 2005. Energetic consequences of diet shifts

in Lake Erie rainbow smelt (Osmerus mordax). Can. J. Fish.

Aquat. Sci. 62: 145–152. doi:10.1139/f04-175

Strayer, D. L. 2010. Alien species in fresh waters: Ecological

effects, interactions with other stressors, and prospects for

the future. Freshw. Biol. 55: 152–174. doi:10.1111/j.1365-

2427.2009.02380.x

Strecker, A. L., and S. E. Arnott. 2008. Invasive predator,

Bythotrephes, has varied effects on ecosystem function in

freshwater lakes. Ecosystems 11: 490–503. doi:10.1007/

s10021-008-9137-0

Strecker, A. L., B. E. Beisner, S. E. Arnott, A. M. Paterson, J.

G. Winter, O. E. Johannsson, and N. D. Yan. 2011. Direct

and indirect effects of an invasive planktonic predator on

pelagic food webs. Limnol. Oceanogr. 56: 179–192. doi:

10.4319/lo.2011.56.1.0179

Terborgh, J., and J. A. Estes. 2010. Trophic cascades: Predators,

prey, and the changing dynamics of nature. Island Press.

Vander Zanden, M. J., N. Lapointe, and M. Marchetti. 2016.

Non-indigenous fishes and their role in freshwater fish

imperilment, p. 238–269. In Conservation of freshwater

fishes. G. P. Closs, M. Krkosek, and J. D. Olden (eds.).

Cambridge Univ. Press.

Vander Zanden, M. J., J. M. Casselman, and J. B. Rasmussen.

1999. Stable isotope evidence for the food web conse-

quences of species invasions in lakes. Nature 401: 464–

467. doi:10.1038/46762

Winberg, G. G (ed.) 1971. Methods for the estimation of pro-

duction of aquatic animals. Academic Press.

Walsh, J. R., S. R. Carpenter, and M. J. Vander Zanden.

2016a. Invasive species triggers a massive loss of

Walsh et al. Invasive invertebrate reverses cascade

2508

http://dx.doi.org/10.1139/cjfas-53-10-2250
http://dx.doi.org/10.1046/j.1365-2427.2002.01011.x
http://dx.doi.org/10.1111/j.1523-1739.2006.00643.x
http://dx.doi.org/10.4319/lo.1990.35.5.1091
http://dx.doi.org/10.1890/04-0669
http://dx.doi.org/10.4319/lo.1998.43.2.0339
http://dx.doi.org/10.1007/s10021-017-0125-0
http://dx.doi.org/10.1007/s10021-017-0125-0
https://lter.limnology.wisc.edu/data
https://lter.limnology.wisc.edu/data
https://lter.limnology.wisc.edu/data
https://lter.limnology.wisc.edu/data
https://lter.limnology.wisc.edu/data
https://lter.limnology.wisc.edu/data
https://lter.limnology.wisc.edu/data
https://lter.limnology.wisc.edu/data
https://lter.limnology.wisc.edu/data
http://dx.doi.org/10.1046/j.1461-0248.2003.00512.x
http://dx.doi.org/10.1111/j.1365-2427.2006.01555.x
http://dx.doi.org/10.1111/j.1365-2427.2006.01555.x
http://dx.doi.org/10.2307/1939294
http://dx.doi.org/10.4319/lo.2005.50.5.1565
http://dx.doi.org/10.1023/A:1003484813672
http://dx.doi.org/10.1046/j.1461-0248.2002.00381.x
http://dx.doi.org/10.1139/f04-175
http://dx.doi.org/10.1111/j.1365-2427.2009.02380.x
http://dx.doi.org/10.1111/j.1365-2427.2009.02380.x
http://dx.doi.org/10.1007/s10021-008-9137-0
http://dx.doi.org/10.1007/s10021-008-9137-0
http://dx.doi.org/10.4319/lo.2011.56.1.0179
http://dx.doi.org/10.1038/46762


ecosystem services through a trophic cascade. Proc. Natl.

Acad. Sci. USA. 113: 4081–4085. doi:10.1073/pnas.1600

366113

Walsh, J. R., S. E. Munoz, and M. J. Vander Zanden. 2016b.

Outbreak of an undetected invasive species triggered by a cli-

mate anomaly. Ecosphere 7: e01628. doi:10.1002/ecs2.1628

Wissel, B., K. Freier, B. Muller, J. Koop, and J. Benndorf.

2000. Moderate planktivorous fish biomass stabilizes bio-

manipulation by suppressing large invertebrate predators

of Daphnia. Arch. Hydrobiol. 149: 177–192. doi:10.1127/

archiv-hydrobiol/149/2000/177

Wood, S. N. 2011. Fast stable restricted maximum likelihood

and marginal likelihood estimation of semiparametric

generalized linear models. J. R. Stat. Soc. (B) 73: 3–36.

doi:10.1111/j.1467-9868.2010.00749.x

Yodzis, P., and S. Innes. 1992. Body size and consumer-

resource dynamics. Am. Nat. 139: 1151–1175. doi:

10.1086/285380

Young, J. D., A. L. Strecker, and N. D. Yan. 2011. Increased

abundance of the non-indigenous zooplanktivore, Bytho-

trephes longimanus, is strongly correlated with greater

spring prey availability in Canadian Shield lakes. Biol.

Invasions 13: 2605–2619. doi:10.1007/s10530-011-0077-9

Yurista, P. M., H. A. Vanderploeg, J. R. Liebig, and J. F.

Cavaletto. 2010. Lake Michigan Bythotrephes prey con-

sumption estimates for 1994-2003 using a temperature

and size corrected bioenergetic model. J. Great Lakes Res.

36: 74–82. doi:10.1016/j.jglr.2010.03.007

Acknowledgments

We thank the many in the NTL-LTER program responsible for data col-
lection and curation; Carol Dizack (University of Wisconsin Media Solu-

tions) for creating graphics; and Steve Carpenter, Vince Buttita, Jen
Chandler, Daijiang Li, Tyler Tunney, Pete Lisi, Emily Stanley, and Ali
Mikulyuk for comments. This work was funded by the NSF North Tem-

perate Lakes Long-Term Ecological Research Program grants DEB-
0217533 and DEB-1440297 and the Wisconsin Department of Natural

Resources.

Conflict of Interest

None declared.

Submitted 21 January 2017

Revised 27 March 2017

Accepted 04 April 2017

Associate editor: Paul Frost

Walsh et al. Invasive invertebrate reverses cascade

2509

http://dx.doi.org/10.1073/pnas.1600366113
http://dx.doi.org/10.1073/pnas.1600366113
http://dx.doi.org/10.1002/ecs2.1628
http://dx.doi.org/10.1127/archiv-hydrobiol/149/2000/177
http://dx.doi.org/10.1127/archiv-hydrobiol/149/2000/177
http://dx.doi.org/10.1111/j.1467-9868.2010.00749.x
http://dx.doi.org/10.1086/285380
http://dx.doi.org/10.1007/s10530-011-0077-9
http://dx.doi.org/10.1016/j.jglr.2010.03.007

