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Abstract A Lake Michigan Ecosystem Model (LM-

Eco) that includes a detailed description of trophic

levels and their interactions was developed for Lake

Michigan. The LM-Eco model constitutes a first step

toward a comprehensive Lake Michigan ecosystem

productivity model to investigate ecosystem-level

responses and effects within the lower food web of

the lake. The effect of the invasive species Bythotre-

phes longimanus on individual zooplankton species

was investigated based upon extensive field data

collected at multiple locations in Lake Michigan

during the 1994–1995 Lake Michigan Mass Balance

Study. Field data collected at 15 sampling stations

within Lake Michigan over a series of 8 sampling

cruises throughout a 2 year period demonstrated that

over 65% of zooplankton species exhibited a decline

with the occurrence of Bythotrephes in the sample.

The LM-Eco model was successfully applied to

simulate the trends of Bythotrephes and zooplankton

abundance as observed in the collected field data.

Model simulations allowed for examination of inter-

actions between the invader Bythotrephes and native

zooplankton groups on a 5 km by 5 km resolution

throughout Lake Michigan. Analysis was completed

as a time series specific to individual field sampling

locations within the lake, and also on a lake-wide

scale.
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Introduction

Understanding the temporal and spatial distribution

of nonindigenous aquatic nuisance species, as well as

their effects on other native species within the Great

Lakes ecosystem, is essential for future management

(Hassan et al. 2005; Great Lakes Commission 2006;

International Joint Commission 2006). In the Great

Lakes Commission’s Strategic Plan, the Aquatic

Nuisance Species issue is a key objective calling

for ‘‘healthy ecosystems where new introductions of

nonindigenous aquatic nuisance species are prevented

and adverse ecological and economic impacts of

species already present are minimized (Great Lakes

Commission 2006).’’
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The Great Lakes Water Quality Agreement of

1978 enacts the maintenance of chemical, physical,

and biological integrity of the Great Lakes via

monitoring and management. The Lake Michigan

Mass Balance Study (LMMBS) was conducted by the

United States Environmental Protection Agency

(USEPA) during the 1994 and 1995 time period to

gain better understanding of Lake Michigan through

monitoring and modeling (US Environmental Protec-

tion Agency 1997a, b; Richardson et al. 1999). As

part of this study, a thorough sampling of Lake

Michigan was made with respect to organisms within

the lower food web. We used data obtained from the

LMMBS, and developed a Lake Michigan Ecosystem

Model (LM-Eco), which includes a detailed descrip-

tion of ecosystem dynamics within the lower food

web of the water column of the lake. This modeling

framework contains multiple compartments, includ-

ing compartments for two zooplankton groups, her-

bivorous zooplankton and carnivorous zooplankton,

as well as a compartment for the nonindigenous

aquatic nuisance species Bythotrephes longimanus.

The present analysis is unique, in that the model

development utilized an extensive data set that

comprises an unprecedented lake-wide data collec-

tion effort consisting of data from over 100 stations

sampled regularly over the 2 year LMMBS period.

The LM-Eco model was constructed using high

spatial resolution, in that the resolution of the model

consists of a 5 km grid containing 44,042 cells

applied to Lake Michigan. The LM-Eco model

construct comprises biological and physical compo-

nents, as both the hydrodynamics of the lake system

and the kinetics corresponding to the organismal

compartments operate within the grid.

In the current study, the LM-ECO model was

applied specifically to simulate the effect of the

invasive, nonindigenous species Bythotrephes on

zooplankton abundance. Bythotrephes is a predatory

cladoceran that is native to northern Europe and Asia,

but invaded the Laurentian Great Lakes in the early

1980s (Johannsson et al. 1991). While the distribution

of this species currently includes all five Great Lakes,

the species was first reported in Lake Michigan in

1986 (Lehman 1987; Evans 1988; Pothoven et al.

2003). Transport of Bythotrephes to the Laurentian

Great Lakes has been hypothesized as occurring

through contaminated ship ballast water (Jin and

Sprules 1990; Pothoven et al. 2001). Bythotrephes

has become established in Lake Michigan, and as a

result has impacted the composition of the zooplank-

ton community within the lake, both on an annual

basis and in terms of long term trends (Lehman 1988;

Lehman and Caceres 1993; Burkhardt and Lehman

1994; Barbiero and Tuchman 2004). We examined

the trend of Bythotrephes with herbivorous and

carnivorous zooplankton species during an annual

cycle for 1994 and 1995 using field data collected

from the LMMBS. We used the LM-Eco model to

simulate trends observed from analysis of the field

data. In applying the LM-Eco model, spatial and

temporal trends were examined for Bythotrephes and

zooplankton relative to a high resolution (within a

5 km by 5 km grid cell), site specific basis within the

lake, whereby they were compared to field samples

taken at sampling stations specific to the LMMBS. In

addition, spatial and temporal patterns were analyzed

for Bythotrephes and zooplankton groups on a lake

wide scale.

Methods

Model description

The LM-Eco model was designed as a combination

of physical and biological components. The phys-

ical model was developed as a high resolution

model, consisting of a 5 km 9 5 km grid applied to

the surface of Lake Michigan and containing 19

vertical sigma layers. Each vertical sigma layer

contains 2,318 cells for a total of 44,042 modeled

grid cells. Hydrodynamics in the LM-Eco model are

calculated externally using output from a version of

the Princeton Ocean Model (POM) developed

originally by Blumberg and Mellor (1987), and

later configured for Lake Michigan geometry

(Beletsky and Schwab 1998). The POM was driven

using observed meteorological forces, which include

winds and heat flux (Liu and Schwab 1987;

Beletsky and Schwab 1998). Output from the

POM consisted of water temperature, horizontal

and vertical dispersion, and horizontal and vertical

currents for each grid cell (Liu and Schwab 1987;

Beletsky and Schwab 1998). The hydrodynamics

from the POM are for the time period of April 1,

1994 through December 21, 1995. The LM-Eco

model utilized a transport method based upon the
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‘‘ULTIMATE QUICKEST’’ transport scheme devel-

oped by Leonard (1991) and subsequently aug-

mented for use with variable grid sizes (Cerco and

Cole 1995; Chapman et al. 1997). The LM-Eco

model calculations included numerical integration

of spatially varying particle concentrations using

quadratic interpolation of the concentration to infer

a value at flow faces, as well as analytic integration

over space and time to account for changes in the

concentration at the grid cell wall during each time

step.

The biological model is constructed based upon

field studies of the observed lower food web as it

existed within the water column of Lake Michigan

during the time period of 1994 through 1995

coinciding with the LMMBS (Madenjian et al.

2002). The biological model is based upon a pro-

posed model framework for the LMMBS (Richardson

et al. 1999) which includes a series of mathematical

equations for construct of a lower food web ecosys-

tem model for Lake Michigan (LimnoTech 2000), but

this framework has been enhanced to address the

impact of the invasive species Bythotrephes on the

lower food web, and specifically the zooplankton

community structure, of Lake Michigan. The equa-

tions describing the biomass (g/m3) of herbivorous

zooplankton, carnivorous zooplankton, and Bythotre-

phes, respectively, are given in terms of the basal

metabolic rates, BMHZ, BMCZ, and BMB (/day),

upper trophic level predation rates, UHZ, UCZ, and

UB (g/m3/day), grazing rates, GRHZ, GRCZ, and GRB

(/day), and grazing efficiencies, GREFHZ, GREFCZ,

and GREFB:

Herbivorous zooplankton (HZ):

dHZ=dt ¼ ½GREFHZGRHZ � BMHZ�HZ� UHZ ð1Þ

Carnivorous zooplankton (CZ):

dCZ=dt ¼ ½GREFCZGRCZ � BMCZ�CZ� UCZ ð2Þ

Bythotrephes (B)

dB=dt ¼ ½GREFBGRB � BMB�B� UB ð3Þ

Model application

The LM-Eco model was applied to examine popula-

tion dynamics of interacting compartments within the

lower food web of the water column of Lake

Michigan for the time period of 1994 and 1995,

coinciding with data collected from the LMMBS.

A specific emphasis was placed in the current study

upon interactions between the invasive species

Bythotrephes and zooplankton. The LMMBS

included data collected within Lake Michigan during

eight sampling cruises occurring from April 24, 1994

through October 13, 1995 and spread throughout the

lake (Table 1). A detailed description of sampling

techniques and sample analysis can be found in the

Lake Michigan Mass Balance Project Methods

Compendium (US Environmental Protection Agency

1997a). All data collected as part of the LMMBS

were subjected to water quality assurance procedures

(US Environmental Protection Agency 1997a, 2001).

Bythotrephes was sampled at 15 sample stations

located throughout Lake Michigan (Fig. 1), and was

found only in the last two sample cruises of each year

in the study (Table 1). The occurrence of Bythotrephes

in the samples taken in the later portion of the year is

consistent with other studies which have found that

Bythotrephes does not occur until water temperatures

reach 17–20�C, and is dominant with populations

rising rapidly starting in late July and lasting through-

out the later portion of the year (Pothoven et al. 2001).

A total of 48 species of zooplankton were also sampled

at these 15 sampling stations (Table 3). The zooplank-

ton species were compartmentalized into herbivorous

zooplankton (HZ) and carnivorous zooplankton (CZ)

to be consistent with the LM-Eco model construct. The

predator to prey ratio (CZ to HZ ratio) was examined

using the field data during the time period in which

Bythotrephes was sampled in the annual cycle at these

15 stations.

Table 1 Cruise identification numbers and dates for field

sampling of Lake Michigan completed as part of the Lake

Michigan Mass Balance Study (LMMBS) using the R.V. Lake

Guardian research vessel

Cruise ID Cruise start date Cruise end date

Cruise 1, lgapr94 April 24, 1994 May 11, 1994

Cruise 2, lgjun94 June 17, 1994 June 26, 1994

Cruise 3, lgaug94 August 3, 1994 August 26, 1994

Cruise 4, lgoct94 October 14, 1994 November 7, 1994

Cruise 5, lgjan95 January 16, 1995 January 25, 1995

Cruise 6, lgmar95 March 23, 1995 April 18, 1995

Cruise 7, lgaug95 August 3, 1995 August 16, 1995

Cruise 8, lgsep95 September 16, 1995 October 13, 1995
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The LM-Eco model simulations were conducted

over the time period of April 1, 1994 through

December 21, 1995, which coincides with the

simulation timeframe of the Princeton Ocean Model

as applied to Lake Michigan. The initial distributions

of biological variables within the lake were con-

structed based upon field data collected from Cruise 1

of the LMMBS (Table 1). Output from the model

was tabulated using a daily time step for comparison

between modeled values and field data. Model

parameterization was completed based upon field

studies specific to Lake Michigan or one of the other

Great Lakes (LimnoTech 2000). Differences in

grazing efficiency and temperature preferences

between Bythotrephes, carnivorous zooplankton,

and herbivorous zooplankton were captured in model

parameterization, based upon documented field stud-

ies with the Great Lakes Region (LimnoTech 2000;

Table 2). The model was calibrated following the

methods of Thomann (1982), whereby field data

versus model plots and techniques including regres-

sion of field data on model output were used to guide

a fit of the model to the field data.

The output from the LM-Eco model simulation

was compared to field data on a high resolution, site

specific basis in the lake. For a given sample station,

trends for Bythotrephes, herbivorous zooplankton,

and carnivorous zooplankton were examined over the

21 month simulation of the LMMBS study period

and compared to field collected data. In addition,

predator to prey ratio (CZ to HZ ratio) was predicted

by the model corresponding with the presences of

Bythotrephes during the annual cycle on a high

resolution, site specific basis in the lake, and this ratio

was compared to the predator to prey ratio observed

in the field corresponding to the given sampling

locations. Further, lake wide trends in Bythotrephes,

herbivorous zooplankton, and carnivorous zooplankton

were produced by the LM-Eco model, enabling spatial

and temporal patterns of these interacting compart-

ments to be estimated over the course of the LMMBS

study period.

Results

The invasive species Bythotrephes was collected at

15 sampling stations during the field study for the

LMMBS, and 48 species of zooplankton were also

found at these 15 sites (Fig. 1). In addition, Bytho-

trephes was found in samples collected during the

later two cruises of each sampling year (Table 1). As

Bythotrephes exhibits a cyclic pattern in abundance,

trends corresponding to each of the 48 species of

zooplankton were analyzed specifically to determine

if there was an effect on a given species abundance

corresponding with the presence of Bythotrephes

during the annual cycle. For each species of zoo-

plankton, we compared the median value of its

distribution among the 15 stations in the absence of

the invasive species Bythotrephes to that in the

presence of Bythotrephes within an annual cycle.

Using this approach, 32 species of zooplankton

showed a decrease in abundance and 16 zooplankton

species showed an increase in abundance correspond-

ing with the presence of the invasive species Bytho-

trephes in the sample within an annual cycle

(Table 3). Further, we applied the nonparametric

Wilcoxin signed ranks test (a = 0.05) to compare

Fig. 1 The invasive species Bythotrephes was sampled at 15

field sampling sites within Lake Michigan as part of the Lake

Michigan Mass Balance Study
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distributions of each zooplankton species in the

absence of Bythotrephes to those in the presence of

Bythotrephes during an annual cycle. It was deter-

mined that nine zooplankton species exhibited a

statistically significant decline with the presence of

Bythotrephes (Table 3). No zooplankton species were

found to exhibit a statistically significant increase

corresponding to the presence of Bythotrephes in the

sample (Table 3). Trends were also observed by

compartmentalizing the zooplankton species, as they

are grouped into herbivorous zooplankton and car-

nivorous zooplankton within the LM-Eco modeling

framework. We applied the nonparametric Wilcoxin

signed ranks test (a = 0.05) to compare distributions

of the predator to prey ratio (carnivorous zooplankton

to herbivorous zooplankton ratio) at each sampling

station in the absence of the invasive species

Bythotrephes to the same ratio in the presence of

Bythotrephes at these stations during an annual cycle.

It was determined that there was a statistically

significant decline in the ratio of carnivorous zoo-

plankton to herbivorous zooplankton corresponding

with the occurrence of Bythotrephes during an annual

cycle (P \ 0.01). There was also a decreasing trend

in the median carnivorous to herbivorous zooplank-

ton ratio recorded during the time period in which

Bythotrephes existed in samples throughout the later

part of the year encompassing the later two sampling

cruises annually (median value of decrease in the

carnivorous to herbivorous ratio was 8.6% over the

15 stations sampled). Other notable trends include

application of the Wilcoxin signed ranks test

(a = 0.05) resulting in determination of a statistically

significant decrease in abundance of herbivorous

zooplankton (P \ 0.01) and carnivorous zooplankton

(P \ 0.05) during the time period in which the

invasive species Bythotrephes occurred in the annual

cycle.

We used the LM-Eco model, and produced

simulations to examine trends for the interaction of

the invasive species Bythotrephes with carnivorous

and herbivorous zooplankton. Each simulation began

on April 1, 1994 and ended on December 21, 1995,

and output from the LM-Eco model was compared to

field data. The LM-Eco model produced output for

trends associated with the invasive species

Table 2 Grazing efficiency and temperature preferences for Bythotrephes, carnivorous zooplankton, and herbivorous zooplankton

used in the LM-Eco model based upon documented field studies within the Great Lakes region (LimnoTech 2000)

Value used in

simulations

Range reported

in field studies

References/sources

of field studies

Reference study

water body

Bythotrephes

Grazing efficiency 0.9 0.6–0.9 Burkhardt and Lehman (1994) Lake Michigan

Lehman and Caceres (1993) Lake Michigan

Reference temperature, Met 21.5�C 17–23�C Pothoven et al. (2001) Lake Michigan

Burkhardt and Lehman (1994) Lake Michigan

Herbivorous zooplankton

Grazing efficiency 0.6 0.4–0.6 Lehman and Caceres (1993) Lake Michigan

Bierman and Dolan (1986) Lake Huron

Canale (1976) Lake Michigan

Reference temperature, Met 18�C 16–20�C Bierman and Dolan (1981) Lake Huron

Bierman and Dolan (1986) Lake Huron

Canale (1976) Lake Michigan

Carnivorous zooplankton

Grazing efficiency 0.8 0.6–0.8 Scavia et al. (1988) Lake Michigan

Bierman and Dolan (1981) Lake Huron

Canale et al. (1975) Lake Michigan

Reference temperature, Met 18�C 16–20�C Lehman and Caceres (1993) Lake Michigan

Bierman and Dolan (1986) Lake Huron

Canale et al. (1975) Lake Michigan
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Table 3 A total of 48 species of zooplankton were found in samples with Bythotrephes

Zooplankton species Abundance (lg/m3)

pre-Bythotrephes
Abundance (lg/m3)

post-Bythotrephes
P-value (Wilcoxin

signed ranks test)

Zooplankton

compartment

Tropocyclops prasinus mexican 141.87 291.32 (P = 0.17) CZ

Tropocyclops copepodites 142.97 34.8375 (P = 0.309) CZ

Trichocerca multicrinis 1,121.39 136.70 * HZ

Synchaeta spp. 12,251.06667 7,086.57 (P = 0.077) HZ

Polyphemus pediculus 137.99 0.00 * CZ

Polyarthra vulgaris 19,675.22 25,963.57 (P = 0.314) HZ

Polyarthra remata 934.56 950.615 (P = 0.778) HZ

Polyarthra major 520.79 3,281.165 (P = 0.295) HZ

Polyarthra dolichoptera 0 903.885 (P = 0.102) HZ

Ploesoma truncatum 567.3 918.46 (P = 0.532) HZ

Notholca squamula 4,407.345 0 (P = 0.008) HZ

Notholca foliacea 893.67 0.00 * HZ

Mesocyclops edax 11.50 16.75 * CZ

Mesocyclops copepodites 0.00 54.68 * CZ

Limnocalanus macrurus 148.54 0.00 * CZ

Limnocalanus copepodites 0.85 4.08 * CZ

Leptodora kindtii 9.83 2.15 (P = 0.173) CZ

Keratella quadrata 507.685 0 (P = 0.028) HZ

Keratella hiemalis 0 387.57 * HZ

Keratella earlinae 1,033.905 388.745 (P = 0.285) HZ

Keratella crassa 1,664.29 1,426.865 (P = 0.904) HZ

Keratella cochlearis 32,871.41 11,523.46 (P = 0.084) HZ

Kellicottia longispina 6,593 2,159.61 (P = 0.040) HZ

Holopedium gibberum 76.66 0.00 * HZ

Gastropus stylifer 2,707.105 869.0075 (P = 0.109) HZ

Eurytemora affinis 9.83 1.52 * HZ

Eubosmina coregoni 395.5 29.48 * HZ

Epischura lacustris 15.33 36.88 (P = 0.102) CZ

Epischura copepodites 23.785 73.795 (P = 0.134) CZ

Diaptomus oregonensis 23.975 9.135 (P = 0.134) HZ

Diaptomus minutus 235.83 176.87 (P = 0.077) HZ

Diaptomus copepodites 9,117.76 3,045.35 (P = 0.002) HZ

Diaphanosoma birgei 233.64 0.00 * HZ

Diaptomus ashlandi 1,243.88 153.33 (P = 0.022) HZ

Daphnia retrocurva 1.70 0.00 * HZ

Daphnia longiremis 217.21 0.00 * HZ

Daphnia galeata mendotae 698.745 913.83 (P = 0.809) HZ

Cyclops copepodites 5,826.37 3,131.07 (P = 0.02) CZ

Cyclops bicuspidatus thomasi 1,612.11 131.23 (P = 0.006) CZ

Copepod nauplii 27,922.635 8,821.42 (P = 0.001) HZ

Conochilus unicornis 15,826.98 5,107.14 (P = 0.091) HZ

Conochiloides spp. 293.51 0.00 * CZ

Collotheca spp. 781.18 524.93 (P = 0.309) CZ

Ceriodaphnia sp. 149.49 0.00 * HZ

3518 D. H. Miller et al.

123



Bythotrephes, herbivorous zooplankton, and carniv-

orous zooplankton specific to any selected 5 km by

5 km grid cell. This, in turn, allowed comparison

between trends predicted by the LM-Eco model

within a 5 km by 5 km model grid cell and field data

collected at a particular sampling station in Lake

Michigan during the LMMBS, given that the longi-

tude and latitude of the sampling station placed it

within the corresponding 5 km by 5 km grid cell.

The LM-Eco model was capable of capturing field

data collected at a particular sample site in Lake

Michigan with respect to interacting compartments

(the invasive species Bythotrephes, carnivorous zoo-

plankton, herbivorous zooplankton), as well as pre-

dicting trends between sampling events of these

interacting groups over time at that site. As an

illustration, the LM-Eco model simulated trends as

compared to field collected data for Bythotrephes,

carnivorous zooplankton, and herbivorous zooplank-

ton at grid cell number 859, which contains the

LMMBS field sampling station number 240, located

at a latitude of 43.349� and a longitude of -87.170�
(Fig. 2). The LM-Eco model output for the ratio of

carnivorous zooplankton to herbivorous zooplankton

(predator to prey ratio) was compared to the ratio

obtained from field data collected among the 15

sample stations. The LM-Eco model simulated a

general pattern of decline in carnivorous to herbiv-

orous zooplankton (predator to prey ratio) that

occurred among the 15 sampling locations with the

presence of Bythotrephes in the sample (Fig. 3).

Further, the LM-Eco model was applied to exam-

ine lake-wide trends for the interaction of the

invasive species Bythotrephes with herbivorous and

carnivorous zooplankton. This application of the

model allows for examining spatial and temporal

patterns associated with interactions occurring among

all 44,042 segments within the model. As an exam-

ple, LM-Eco model output for lake wide spatial

patterns of the interacting compartments (Bythotre-

phes, herbivorous zooplankton, and carnivorous zoo-

plankton) are illustrated that corresponded to June 29,

1994 and August 1, 1994 (Fig. 4). Sequential spatial

and temporal plots were used to examine general

patterns among interacting compartments, such as the

decline of both herbivorous and carnivorous zoo-

plankton with the presence of Bythotrephes, and an

increase in abundance of Bythotrephes beginning in

late June with a continued increase throughout July

and August, followed by declines in November and

December. A decrease in both herbivorous and

carnivorous zooplankton coinciding with an increase

of Bythotrephes is evident in comparison of the

spatial patterns for these groups corresponding to

June 29, 1994 (Fig. 4a) with those from August 1,

1994 (Fig. 4b).

Discussion

An ‘‘ecosystem approach’’ to investigating the effects

of aquatic invasive species could be defined as an

approach that addresses ecosystem functions and

attributes that support water quality and aquatic

biodiversity in both open and near-shore areas of

water bodies. A measure of the health of a given

ecosystem and its attendant functions can be

expressed in terms of the species and communities

present, and most importantly the processes and

energy flows between them (Cardinale et al. 2006).

Table 3 continued

Zooplankton species Abundance (lg/m3)

pre-Bythotrephes
Abundance (lg/m3)

post-Bythotrephes
P-value (Wilcoxin

signed ranks test)

Zooplankton

compartment

Bosmina longirostris 1,077.42 314.44 (P = 0.055) HZ

Asplanchna priodonta 350.045 535.8675 (P = 0.683) CZ

Ascomorpha ovalis 1,960.32 524.93 (P = 0.028) HZ

Acanthocyclops vernalis 0.00 4.30 * HZ

Comparisons were made between median abundance of each zooplankton species pre- and post-observance of Bythotrephes in field

samples for each zooplankton species. In addition, a nonparametric statistical comparison was made for abundance pre- and post-

observance of Bythotrephes in field samples for each zooplankton species

* Zooplankton species was found at fewer than eight sampling stations. The Wilcoxin signed ranks test was not performed
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Aquatic invasive species are hypothesized to be the

leading cause of biodiversity change in lakes and to

play a major role in extinctions of species within

North American freshwater ecosystems in the coming

century (Ricciardi and Rasmussen 1999; Sala et al.

2000). Thus, there is a need to be able to monitor

spatial and temporal patterns associated with a given

invasive species, and to use these patterns as a tool

for understanding the impacts of the exotic species on

the pre-invaded community. The current study pro-

vides a practical example of how field collected data

can be used within an ecosystem productivity mod-

eling framework to support prediction of the spatial

and temporal distribution of an invasive species,

Bythotrephes, and also the ecological impacts of the

invasive species on the pre-invaded zooplankton

community structure of a large lake ecosystem.

A major advantage in development of the LM-Eco

model presented here is the use of the Lake Michigan

Mass Balance Study data set. The LMMBS consti-

tutes a thorough and unusual monitoring effort of

Lake Michigan over the 1994 and 1995 time period,

and represents the most spatially and temporally

comprehensive lake-wide data set ever collected over

a 2 year period within the lake (US Environmental

Protection Agency 1997b). This type of monitoring is

essential in developing a high resolution model

containing a grid system with thousands of cells,
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Fig. 2 LM-Eco model

simulated trends compared

with field collected data for

herbivorous zooplankton

(a), carnivorous

zooplankton (b), and the

invasive species

Bythotrephes (c) at model

grid cell 859/44,042 which

contains the LMMBS field

sampling station 240

located at latitude of

43.349� and a longitude of

-87.170�
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and provides a sound scientific base of information to

guide model formulation, as well as evaluation of

model output. Our examination of field data collected

at 15 sampling stations within the lake over a series

of 8 sampling cruises throughout the 2 year LMMBP

study period revealed a majority (over 65%) of

zooplankton species exhibited a decline with the

presence of Bythotrephes within the annual cycle, and

this is consistent with several other studies in which

the invader is hypothesized to have caused changes in

distribution of abundance of zooplankton species

(Lehman 1987, 1988, 1991; Sandgren and Lehman

1990; Lehman and Caceres 1993; Pothoven et al.

2003; Barbiero and Tuchman 2004). Utilizing the

measurements for Bythotrephes and zooplankton

abundances at these sites within the development of

a large-scale high resolution mathematical model (the

LM-Eco model) allowed for the estimation of site

specific and lake-wide spatial and temporal patterns

occurring between zooplankton groups and the

invader over the 640 days simulation period. This

application is unique in its spatial aspects, as the LM-

Eco model allows for the ability to examine trends for

interactions between zooplankton groups and the

invasive species Bythotrephes on a resolution of 5 km

by 5 km locations throughout the entire lake. Further,

the LM-Eco model allows for examination of

temporal patterns between zooplankton groups and

the invader at any given location in Lake Michigan

over an annual cycle, thereby encouraging the

collection of daily or weekly field samples for use

in comparison between model and field applications

from site specific locations in the lake. As demon-

strated in the results of this study, comparisons

between the ratio of interacting compartments (pred-

ator and prey) can be projected by the model to

summarize trends for interactions over time, and to

formulate patterns that might be expected resulting

from disruption to the food web (Figs. 3, 4).

Several advancements in technology may allow

for future data collection efforts that will interface

well with the high resolution LM-Eco model devel-

oped here. The Great Lakes Observing System

(GLOS), the Great Lakes node of the national

Integrated Ocean Observing System (IOOS), is an

interagency cooperative effort based on a sustained

network of buoys, ships, satellites, underwater vehi-

cles, and other platforms that routinely collect real

time data and store information (Great Lakes Obser-

vation System 2007). The GLOS has been proposed

as capable of enhancing the LMMBS study, by

allowing for provision of GLOS monitoring programs

so that modeling tools can, in turn, continue to

improve our understanding of the Lake Michigan

ecosystem. In addition to the GLOS, other applica-

tions of remote sensing of lake water quality param-

eters including new and developing hyperspectral

plane-based and boat-based sensors will allow for

data collection on a high resolution basis in Lake

Michigan (Heiskary et al. 2006). A laser optical

plankton counter (LOPC) has recently been applied

by the USEPA Mid-Continent Ecology Division for

monitoring and assessment of the lower food web of

Lake Superior (Yurista et al. 2005, 2009).

In summary, the LMMBS included an unprece-

dented data collection effort that allowed for an

appropriate data base from which to construct a lower

food web ecosystem model for the water column of

Lake Michigan. The Lake Michigan Ecosystem

Model constitutes a first step in utilizing a high

resolution model to investigate invasive species

dynamics within the lower food web of the lake.

Thorough monitoring of the Great Lakes would be

necessary to continue to observe new impacts as they

occur within the lower food web of the lake.

A comprehensive lake wide survey for Lake

2323N =

1.0

.8

.6

.4

.2

0.0

-.2

-.4

-.6

-.8

Model Output
Δ CZ/HZ

Field Data
Δ CZ/HZ

Fig. 3 LM-Eco model simulated carnivorous zooplankton to

herbivorous zooplankton (predator to prey) ratio compared to

the ratio of carnivorous zooplankton to herbivorous zooplank-

ton recorded at 15 field sampling locations in which the

invasive species Bythotrephes was present
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Michigan, comparable to the LMMBS, is planned to

take place throughout 2010. The LM-Eco model as

presented in this study represents the ecology of the

Lake Michigan food web within the water column of

the lake as it existed during the 1994–1995 LMMBS

period (Madenjian et al. 2002; Vanderploeg et al.

2002). Thus, the model could serve as a starting point

from which a more detailed model could be con-

structed that includes sediment dwelling organisms

based upon future comprehensive field survey results.

Refinement to this modeling framework, based upon

data collected and our understanding of changes to

the lower food web of Lake Michigan since the

LMMBS, could be used as an investigative tool to

forecast the spatial and temporal effects of invasive

species and their impact on ecosystem level dynamics

within the lower food web of the lake.

Acknowledgments This study was conducted in support of

the Invasive Species Initiative in the Office of Research and

Development (ORD) of the USEPA. We thank Peder Yurista

and Henry Vanderploeg for providing a valuable review of this

manuscript. The authors also wish to acknowledge the Great

Lakes National Program Office for their efforts in the Lake

Michigan Mass Balance Study, as well as the many cooperators

during the study. In addition, the authors wish to acknowledge

NOAA, GLERL, and LimnoTech for their cooperation and

collaboration. The views expressed in this article are those of

the authors and do not necessarily reflect the views or policies

of the U.S. Environmental Protection Agency. Mention of trade

names or commercial products does not constitute endorsement

or recommendation for use.

References

Barbiero RP, Tuchman ML (2004) Changes in the crustacean

communities of Lakes Michigan, Huron, and Erie following

Fig. 4 LM-Eco Lake

Michigan model simulation

for herbivorous

zooplankton, carnivorous

zooplankton, and the

invasive species

Bythotrephes abundances.

Output is shown for the

simulation time step

corresponding to the date of

June 29, 1994 (a) and the

simulation time step

corresponding to the date

August 1, 1994 (b). Lake

wide simulation output of

the abundances within the

model’s 5 km 9 5 km grid

cells allows for examination

of spatial and temporal

patterns between interacting

trophic levels on a scale

corresponding to the entire

lake

3522 D. H. Miller et al.

123



the invasion of the predatory cladoceran Bythotrephes
longimanus. Can J Fish Aquat Sci 61:2111–2125

Beletsky D, Schwab DJ (1998) Modeling thermal structure and

circulation in Lake Michigan. In: Abstracts of the estua-

rine and coastal modeling fifth international conference,

Alexandria, 22–24 Oct 1997

Bierman VJ, Dolan DM (1981) Modeling phytoplankton-

nutrient dynamics in Saginaw Bay, Lake Huron. J Gt

Lakes Res 7:409–439

Bierman VJ, Dolan DM (1986) Modeling of phytoplankton in

Saginaw Bay: I. Calibration phase. J Environ Eng

112:415–429

Blumberg AF, Mellor GL (1987) A description of a three-

dimensional coastal ocean circulation model. Coast Estuar

Sci 4:1–6

Burkhardt S, Lehman JT (1994) Prey consumption and pred-

atory effects of an invertebrate predator (Bythotrephes:

Cladocera, Cercopagidae) based on phosphorus budgets.

Limnol Oceanogr 39:1007–1019

Canale RP (1976) Modeling biochemical processes in aquatic

ecosystems. Ann Arbor Science, Ann Arbor

Canale RP, Depalma LM, Vogel AH (1975) A plankton based

food web model for Lake Michigan. In: Canale RP,

Depalma LM, Vogel AH (eds) Modeling biochemical

processes in aquatic ecosystems. Sea Grant Program, Ann

Arbor

Cardinale BJ, Srivastava DS, Duffy JE, Wright JP, Downing

AL, Sankaran M, Jouseau C (2006) Effects of biodiversity

on the functioning of trophic groups and ecosystems.

Nature 443:989–992

Cerco CF, Cole T (1995) Three dimensional eutrophication

model of Chesapeake Bay. J Environ Eng 119:1006–1025

Chapman RS, Cole TM, Gerald TK (1997) Development of a

hydrodynamic/water quality (POM-IPXMT) linkage for

the Lake Michigan mass balance project, final report. U.S.

Environmental Protection Agency, Office of Research and

Development, ERL-Duluth, Large Lakes Research Sta-

tion, Grosse Ile

Evans MS (1988) Bythotrephes cederstroemi: its new appear-

ance in Lake Michigan. J Gt Lakes Res 14:234–240

Great Lakes Commission (2006) Great Lakes aquatic nuisance

species. http://www.glc.org/ans/. Accessed 08 Aug 2007

Great Lakes Observation System (2007) About GLOS—The

Great Lakes node of the National Integrated Ocean

Observing System. http://glos.us/. Accessed 10 Dec 2007

Hassan R, Scholes R, Ash N (2005) Ecosystems and human

well-being: current state and trends, vol 1, findings of the

condition and trends working group of the millennium

ecosystem assessment. Island Press, WA

Heiskary S, Olmanson L, Gitelson A, Chipman J (2006)

Remote sensing: does it have a role? Lakeline 26:27–35

International Joint Commission (2006) Thirteenth Biennial

report. http://www.ijc.org/en/publications/pdf/13br_e.pdf.

Accessed 28 May 2008

Jin EH, Sprules WG (1990) Distribution and abundance of

Bythotrephes cederstroemii (Cladocera: Cercopagidae) in

the St. Lawrence Great Lakes. Verh Int Ver Limnol

24:383–385

Johannsson OE, Mills EL, O’Gorman R (1991) Changes in the

near shore and offshore zooplankton communities in Lake

Ontario. Can J Fish Aquat Sci 48:1546–1557

Lehman JT (1987) Palearctic predator invades North American

Great Lakes. Oecologia 74:478–480

Lehman JT (1988) Algal biomass unaffected by food web

changes in Lake Michigan. Nature 332:537–538

Lehman JT (1991) Causes and consequences of cladoceran

dynamics in Lake Michigan: implications of species

invasion by Bythotrephes. J Gt Lakes Res 17:437–445

Lehman JT, Caceres CE (1993) Food-web responses to species

invasion by a predatory invertebrate Bythotrephes in Lake

Michigan: implications of species invasion by Bythotre-
phes. Limnol Oceanogr 38:879–891

Leonard B (1991) The ULTIMATE conservative difference

scheme applied to unsteady one-dimensional advection.

Comp Methods Appl Mech Eng 88:17–74

LimnoTech (2000) Ecosystem model for the Lake Michigan

mass balance study. U.S. Environmental Protection

Agency, Office of Research and Development, ERL-

Duluth, Large Lakes Research Station, Grosse Ile

Liu PC, Schwab DJ (1987) A comparison of methods for

estimating U* from given Uz and air-sea temperature

differences. J Geophys Res 92:6488–6494

Madenjian C, Fahnenstiel G, Johengen T, Nalepa T, Vander-

ploeg H, Fleischer G, Schneeberger P, Benjamin D, Smith

E, Bence J, Rutherford E, Lavis D, Robertson D, Jude D,

Ebener M (2002) Dynamics of the Lake Michigan food

web, 1970–2000. Can J Fish Aquat Sci 59:736–753

Pothoven SA, Fahnenstiel GL, Vanderploeg HA (2001) Popula-

tion dynamics of Bythotrephes cederstroemii in south-east

Lake Michigan 1995–1998. Freshw Biol 46:1491–1501

Pothoven SA, Fahnenstiel GL, Vanderploeg HA (2003) Pop-

ulation characteristics of Bythotrephes in Lake Michigan.

J Gt Lakes Res 29:145–156

Ricciardi A, Rasmussen JB (1999) Extinction rates of North

American freshwater fauna. Conserv Biol 3:1220–1222

Richardson WL, Endicott DD, Kreis RG Jr, Rygwelski KR

(1999) The Lake Michigan mass balance project quality

assurance plan for mathematical modeling. US Environ-

mental Protection Agency, Office of Research and

Development, Mid-Continent Ecology Division, Large

Lakes Research Station, Grosse Ile, EPA/600/R-04/018

Sala OE, Chapin FS III, Armesto J, Berlow E, Bloomfield J,

Dirzo R, Huber-Sanwald E, Huenneke LF, Jackson RB,

Kinzig A, Leeman RS, Lodge DM, Mooney HA, Oest-

erheld M, Poff NL, Sykes MT, Walker BH, Walker M,

Wall DH (2000) Global biodiversity scenarios for the year

2100. Science 287:1770–1774

Sandgren CD, Lehman JT (1990) Response of chlorophyll a,

phytoplankton, and microzooplankton to the invasion of

Lake Michigan by Bythotrephes. Verh Int Ver Limnol

24:386–392

Scavia D, Lang GA, Kitchell JF (1988) Dynamics of Lake

Michigan plankton: a model evaluation of nutrient load-

ing, competition, and predation. Can J Fish Aquat Sci

45:165–177

Thomann RV (1982) Verification of water quality models. J

Environ Eng 108:933–940

US Environmental Protection Agency (1997a) Lake Michigan

mass balance study (LMMB) methods compendium, vol

1: sample collection techniques. U.S. Environmental

Protection Agency, Great Lakes National Program Office,

Chicago, EPA/905/R-97/017

Application of a lower food web ecosystem productivity model for investigating dynamics 3523

123

http://www.glc.org/ans/
http://glos.us/
http://www.ijc.org/en/publications/pdf/13br_e.pdf


US Environmental Protection Agency (1997b) Lake Michigan

mass budget/mass balance work plan. US Environmental

Protection Agency, Great Lakes National Program Office,

Chicago, EPA/905/R-97/018

US Environmental Protection Agency (2001) The Lake

Michigan mass balance study quality assurance report. US

Environmental Protection Agency, Great Lakes National

Program Office, Chicago, EPA/905/R-01/013

Vanderploeg HA, Nalepa TF, Jude DJ, Mills EL, Holeck KT,

Liebig JR, Grigorovich IA, Ojaveer H (2002) Dispersal

and emerging ecological impacts of Ponto-Caspian

species in the Laurentian Great Lakes. Can J Fish Aquat

Sci 59:1209–1228

Yurista PM, Kelly JR, Miller S (2005) Evaluation of optically

acquired zooplankton size-spectrum data as a potential

tool for assessment of condition in the Great Lakes.

Environ Manag 35:34–44

Yurista PM, Kelly JR, Miller S (2009) Lake Superior zoo-

plankton biomass: alternate estimates from a probability-

based net survey and spatially extensive LOPC surveys. J

Gt Lakes Res 35:337–346

3524 D. H. Miller et al.

123


	Application of a lower food web ecosystem productivity model for investigating dynamics of the invasive species Bythotrephes longimanus in Lake Michigan
	Abstract
	Introduction
	Methods
	Model description
	Model application

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


