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ABSTRACT

Numerous studies have demonstrated alternative

regimes in shallow lake ecosystems around the

world, with one state dominated by submerged

macrophytes and the other by phytoplankton.

However, the stability of each regime, and thresh-

olds at which lakes shift to the alternative regime,

are poorly known. We used a cross-sectional

analysis of 72 shallow lakes located in prairie and

parkland areas of Minnesota, USA, during 2005

and 2006 to assess the occurrence of alternative

regimes and shifts between them. Cluster analysis

revealed two distinct groups of lakes characterized

not only by different macrophyte abundance and

chlorophyll a levels but also by different total

phosphorus–chlorophyll a relationships. Thirty-

nine lakes were macrophyte- and 23 lakes phyto-

plankton-dominated in both years, whereas 10

sites shifted sharply between those regimes. We

failed to detect a universal shifting threshold in

terms of chlorophyll a or total phosphorus.

However, 95% of the lakes with chlorophyll a

concentrations less than 22 lg l-1 were in a clear-

water regime, whereas 95% of the lakes with

chlorophyll a higher than 31 lg l-1 were in a tur-

bid regime. Total phosphorus less than 62 lg l-1

was an accurate predictor of lakes in a stable clear-

water regime, whereas a large change in biomass of

planktivores and benthivores between years was

the only variable weakly related to regime shifts.

Our results support the theoretical prediction that

regime thresholds vary among lakes. We recom-

mend that lake managers focus on improving

resilience of clear regimes in shallow lakes by

reducing nutrient loading, rather than attempting

to identify and manage complex triggers of regime

shifts.

Key words: shallow lakes; stability; alternative

regimes; thresholds; submerged macrophytes;

phytoplankton; fish.

INTRODUCTION

Alternative regimes have been documented in

ecosystems as diverse as deserts, woodlands, and

coral reefs (Scheffer and others 2001). Shallow
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lakes were one of the first systems for which

alternative regimes were described, with one re-

gime consisting of clear water dominated by sub-

merged macrophytes, and the other turbid water

dominated by phytoplankton (Scheffer and others

1993). Recent work has expanded the concept for

shallow lakes to include regimes dominated by

floating-leaf macrophytes and specific types of

phytoplankton (Scheffer and van Nes 2007), but

most shallow lake research continues to focus on

the dichotomy between submerged macrophytes

(hereafter macrophytes) and phytoplankton.

Key areas of research on shallow lakes include

perturbations inducing shifts from one regime to

the other (Hanson and Butler 1994a), influence of

ambient nutrient levels on regime stability and

frequency of occurrence (Bayley and Prather

2003), and stability of regimes through historic

time periods (Karst and Smol 2004). Many recent

studies on shallow lakes have used longitudinal

approaches, studying single lakes through time

(sensu Skov and others 2002). Additionally, most

of these efforts focused on stability and regime

shifts in response to human-induced perturbation

such as biomanipulation (sensu Hansel-Welch and

others 2003). These are powerful approaches and

have shed considerable insight on shallow lake

dynamics, but they do not assess mechanisms

responsible for natural regime shifts, or the fre-

quency of natural shifts at a landscape scale. Nat-

ural shifting mechanisms could include changes in

lake depth (Blindow and others 1993), waterfowl

grazing on macrophytes (van Donk and Gulati

1995), and changes in fish abundance via winter-

kill or fish colonization (Zimmer and others 2001).

Thus, research on present-day regime shifts under

natural conditions across multiple lakes would

complement work done on individual lakes and on

human-induced shifts.

There is also limited information on ‘‘thresh-

olds,’’ points of macrophyte and phytoplankton

abundance that, when crossed, induce shifts to the

alternative regime. Competitive interactions be-

tween macrophytes and phytoplankton for light

and nutrients are believed to be core mechanisms

of alternative regimes in shallow lakes (reviewed

by Scheffer 2001). These interactions, along with

positive feedback mechanisms, lead to opposite

attractors, pulling lakes toward dominance by ei-

ther macrophytes or phytoplankton. Thus, at

moderate lake depth, high abundance of both

macrophytes and phytoplankton is believed to be

unstable, and once one decreases below an abun-

dance threshold, the other will increase. This is a

simplistic view, as the macrophyte–phytoplankton

relationship will also depend on nonalgal sources of

turbidity (Jackson 2003), ambient nutrients (Bay-

ley and others 2007), periphyton (Jones and Sayer

2003), water depth (Bayley and Prather 2003), and

floating-leaf macrophytes, along with other lake

properties (Scheffer and van Nes 2007). Given the

complex interactions among these factors, it is

unclear whether specific thresholds for the phyto-

plankton–macrophyte interaction can be estimated,

but even approximate threshold points or ranges

remain poorly defined.

One approach to estimating phytoplankton–

macrophyte thresholds under natural perturbations

would be to study a single or limited number of

lakes through time. Shortcomings of this approach

include low power to assess mechanisms inducing

shifts and limited ability to measure variance in

thresholds among lakes. Alternatively, one could

use a ‘‘cross-sectional’’ approach, where many

lakes are studied during a shorter time period. This

strategy addresses shortcomings of the longitudinal

study, but is less useful for assessing temporal

variability within individual lakes.

Here we use a cross-sectional analysis of 72

shallow lakes sampled for two consecutive years in

north-central North America to address the fol-

lowing objectives. First, characterize lakes as turbid,

clear, or shifting based on concentrations of chlo-

rophyll a and abundance of macrophytes. Second,

assess the influence of ambient nutrient levels on

the proportion of lakes in turbid, clear, and shifting

regimes. Third, determine if we can estimate an

approximate threshold of phytoplankton abun-

dance associated with regime shifts. Finally, at-

tempt to identify variables associated with stable

clear-water regimes, stable turbid-water regimes, or

shifting regimes between years.

METHODS

Our study was conducted along the eastern margin

of the Prairie Pothole Region (PPR) of North

America (Minnesota, USA). The PPR is a grassland

landscape stretching from Alberta to Iowa, covers

approximately 715,000 km2, and is dotted with

thousands of shallow lakes and wetlands (Euliss

and others 1999). Previous work in this region has

shown alternative regimes in shallow water bodies

ranging from 0.03 to 16 km2 in size, and revealed

that fish can play major roles in inducing shifts

between regimes (Hanson and Butler 1994a; Zim-

mer and others 2003). Fish presence, abundance,

and community composition are highly variable

both spatially and temporally (Zimmer and others

2000, 2001). These dynamic fish communities are
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driven by harsh abiotic conditions and winter hy-

poxia (Peterka 1989) and variable colonization

rates resulting from climate variability and

anthropogenic alteration of the landscape via

ditches and culverts (Hanson and others 2005).

We selected study lakes from two areas of Min-

nesota, one in the PPR (hereafter ‘‘prairie lakes’’)

and the other in the PPR–deciduous forest transi-

tion area (hereafter ‘‘parkland lakes’’) (Figure 1).

Our study sites were dispersed across 1,292 km2 in

the parkland and 1,435 km2 in the prairie. We

studied lakes in both areas because ambient nitro-

gen (N) and phosphorus (P) levels are generally

higher in lakes in the prairie (Heiskary and others

1987; Table 1).

We selected 72 study sites by identifying all Type

IV (semipermanent hydroperiod) and V wetlands

(permanent hydroperiod) (following the classifica-

tion scheme of Stewart and Kantrud [1971]) in

each area using the Minnesota Department of

Natural Resources’ National Wetlands Inventory

(NWI) GIS database. Our sites are referenced as

wetlands in the NWI database, but here we refer to

them as shallow lakes. We stratified sites in each

study area by assignment to 27 bins based on

combinations of the following features: (1) lake size

(small, medium, large, range 0.02–0.5 km2), (2)

distance to nearest permanent stream, wetland, or

lake (short, medium, long, range 0–1,825 m), and

(3) percent agriculture within a 500 m buffer sur-

rounding the lake (small, medium, large, range 0–

97%). We then randomly selected one study site

from each of the resulting bins in each area, plus 8

additional parkland lakes and 10 additional prairie

lakes, with a maximum of two lakes per bin. If we

were unable to obtain access to a lake, we ran-

domly selected a new site from that bin.

Aerial photographs (2003 Farm Service Agency

color digital orthophoto quadrangles) and GIS

(ArcView 3.3 and ArcGIS 9.2, Environmental Sys-

tems Research Institute Inc. 2007) were used to

estimate surface area of each lake in 2005. Maxi-

mum depth of the study sites was also determined

during the 2005 field season by measuring depths

along parallel transects through the open water

zone.

Lakes were sampled for 2 years (2005 and 2006),

and fish species composition and relative abun-

dances were estimated in July of each year using

two types of gear. Three mini-fyke nets (6.5 mm

bar mesh with 4 hoops, 1 throat, 7.62 m lead, and a

0.69 m 9 0.99 m rectangular frame opening into

the trap) were set overnight in the littoral zone of

each lake. One experimental gill net (61.0 m

multifilament net with 19, 25, 32, 38, and 51-mm

bar meshes) was set overnight along the maximum

depth contour in lakes less than 2 m deep, or along

a 2-m contour in lakes with sufficient depth.

These methods have been shown to be effective in

prairie study 
area 

prairie biome 
deciduous forest 
biome

coniferous forest biome 

parkland study area 

N

Figure 1. Location of the study areas containing the

parkland and prairie lakes in Minnesota, USA.

Table 1. Average Characteristics (Minimum–Maximum) of Lakes in the Parkland (n = 35) and Prairie
(n = 37) Study Areas During 2005

Maximum depth (m) Surface area (km2) Total P (lg l-1) Total N (lg l-1)

Parkland lakes 2.7 (0.6–7.5) 0.13 (0.02–0.46) 34 (11–258) 1,312 (450–2,925)

Prairie lakes 1.9 (0.5–4.6) 0.16 (0.02–0.44) 193 (21–595) 2,936 (1,068–5,994)

Chlorophyll a

(lg l-1)

Macrophytes

(g sample-1)

Planktivore biomass

(kg lake-1)

Benthivore biomass

(kg lake-1)

Parkland lakes 13 (1–91) 923 (0–3,113) 6.8 (0–52.9) 5.3 (0–27.5)

Prairie lakes 65 (2–242) 821 (0–5,292 10.8 (0–44.1) 31.8 (0–170.8)

Thresholds and Stability of Shallow Lakes 845



sampling fish assemblages in small lakes from other

regions (Tonn and Magnuson 1982; Jackson and

Harvey 1989; Robinson and Tonn 1989), and en-

abled us to capture fish of different sizes, species,

and from all major trophic guilds. We summed the

biomass of each species captured across the gill net

and three fyke nets set in each site in each year. We

then determined the total mass of planktivore and

benthivore trophic guilds for each lake by summing

mass of all benthivorous and planktivorous fish

captured. Fish species were classified as benthivores

or planktivores based on Becker (1983) and Verant

and others (2007).

Chlorophyll a was used as an index of phyto-

plankton abundance, and samples were collected

concurrently with fish in July. Three water samples

were taken from the open-water area of each lake,

placed on ice, filtered through GF/F filters within

8 h of collection, and immediately frozen. Chloro-

phyll a was determined via alkaline acetone

extraction and fluorometry. We used the average

chlorophyll a value across the three samples for

each lake for each year. Total nitrogen (TN) and

total phosphorus (TP) were estimated each year

from a water sample collected concurrently with

chlorophyll a. Samples were placed on ice, frozen,

and later analyzed using procedures described in

APHA (1994). Abundance of submerged aquatic

macrophytes was assessed in early August (within

1–2 weeks of measuring chlorophyll a) using

methods modified from Deppe and Lathrop (1992).

Macrophytes were sampled in each lake at 20 sta-

tions located equidistant along four transects run-

ning the width of the lake. We made one throw of a

weighted plant rake at each station, and dragged

the rake along 3 m of lake bottom. We then

determined total mass of macrophytes collected on

each throw, and used average mass across the 20

throws for all of our analyses. Chlorophyll a and TP

data were log10 transformed for our linear regres-

sion to normalize residuals and increase homoge-

neity of variance. Physical and biological features of

our study sites are summarized in Table 1.

Our first objective was to characterize lakes as

turbid, clear, or shifting regimes based on concen-

trations of chlorophyll a and abundance of macro-

phytes, and to estimate the proportion of lakes

shifting regimes under natural conditions. We used

k-means cluster analysis (McCune and Grace 2002)

to group lakes in each year into the two most

homogeneous groups possible based on abundance

of macrophytes and chlorophyll a concentrations,

with the two groups comprising lakes in turbid-

and clear-water regimes (sensu Jackson 2003;

Bayley and others 2007). Data for 2005 and 2006

were analyzed separately, allowing us to classify

each lake as a stable clear-water regime both years,

a stable turbid regime both years, or shifting re-

gimes between years (those classified turbid one

year and clear the other).

We then assessed whether our two groups

identified with cluster analysis might represent

alternative regimes. Theory predicts that lakes

exhibiting alternative regimes should display dual

relationships to a control factor (Scheffer and Car-

penter 2003). Thus, we regressed chlorophyll a

concentrations on the controlling factor TP for both

years of data. We then used likelihood ratio tests to

determine the most parsimonious model for the

TP–chlorophyll a relationship (Genmod procedure

of SAS 9.1, SAS Institute Inc. 2003). Variance ex-

plained typically increases as models become more

complex with greater numbers of parameters.

However, the likelihood ratio test accounts for this

in assessing whether the more complex among

competing, nested models provide significantly

better fit relative to simpler models with fewer

parameters (Hilborn and Mangel 1997). Our com-

peting models in order of increasing complexity

were (1) a common slope and intercept for both

turbid and clear lakes, (2) a common slope but

separate intercepts for clear and turbid lakes, and

(3) separate slopes and intercepts for clear and

turbid lakes. A dualistic relationship (models 2 or 3)

between TP and chlorophyll a is not proof of

alternative regimes in our lakes, but does support

their existence (Scheffer and Carpenter 2003).

Our second objective was to test whether ambi-

ent nutrient levels influenced the proportion of

clear, turbid, and shifting lakes. TN and TP con-

centrations were substantially higher in the prairie

lakes compared to parkland lakes during the course

of this study (Table 1). We used Fisher exact tests to

assess whether the proportion of lakes clear, turbid,

and shifting differed between prairie and parkland

study areas. We also hypothesized that the proba-

bility of lakes being clear, shifting, or turbid would

show a significant relationship with TP, regardless

of study area. Theory predicts that the probability

of lakes being clear, shifting, or turbid are highest at

low, moderate, and high levels of TP, respectively

(Moss and others 1997; Scheffer 1998). Thus, we

used ordinal logistic regression (O’Connell 2006) to

test whether TP concentrations in 2005 had a sig-

nificant relationship with the probability of lakes

being clear both years, shifting regimes, or being

turbid both years (Logistic procedure of SAS 9.1,

SAS Institute Inc. 2003).

Our third objective was to estimate thresholds of

phytoplankton abundance between turbid- and

846 K. D. Zimmer and others



clear-water regimes. This was done by examining

the proportion of lakes classified as turbid and clear

along the observed gradient of chlorophyll a con-

centrations. An abrupt shift in proportions of clear

and shifting lakes would indicate a somewhat

universal threshold between regimes across lakes,

whereas a more gradual change in proportions of

regimes would indicate that thresholds vary among

individual lakes. We focused our examination of

thresholds on phytoplankton abundance because

chlorophyll a is widely used to estimate algal

abundance, making our results widely applicable.

Our methods for macrophyte mass were less stan-

dard, thus reducing their comparability to other

studies.

Our fourth objective was to identify variables

associated with stable clear- and turbid-water re-

gimes, and lakes shifting regimes between years.

We used classification and regression trees (CART)

(Breiman and others 1984; Urban 2002) to con-

struct predictive models for these three types of

lakes. CART is a recursive technique that partitions

data into homogeneous subsets based on values of

predictive variables. In our case, CART uses pre-

dictor variables to partition lakes into categories of

clear, turbid, and shifting status. Our predictor

variables included maximum lake depth, lake sur-

face area, study area (prairie vs. parkland), TP

values in 2005, mean TP between years, change in

TP between years, proportional change in TP be-

tween years, average biomass of planktivores (P),

benthivores (B), and planktivores + benthivores

(P + B) between years, change in biomass of P, B,

and P + B between years, and proportional change

in biomass of P, B, and P + B between years. Pro-

portional change in both fish mass and TP was

defined as the change between years divided by the

highest value observed in the two years of data. As

described above, we assessed the relationship be-

tween TP and lake regime using ordinal logistic

regression, but we also included TP in our CART

analysis because this technique allows us to com-

pare predictive ability of TP relative to other pre-

dictor variables.

We developed our CART model using a training

data set comprising 70% of our study sites, with the

remaining 30% reserved for model validation. Be-

cause we were attempting to predict three types of

lakes, our model required a minimum of two par-

titions of the data. We minimized over fitting and

determined optimum model size in the training

data set by selecting the number of partitions that

yielded the smallest error rate in k-fold cross-vali-

dation (k = 25) (De’ath and Fabricius 2000). Gen-

erality of the optimal training-set model was

evaluated by testing its ability to correctly predict

turbid, clear, and shifting lakes in the validation

data set. We used JMP (SAS Institute Inc. 2002) to

perform our CART analysis.

RESULTS

Cluster analysis identified two homogenous groups

of lakes characterized by large differences in the

abundance of both macrophytes and phytoplank-

ton between groups (Figure 2). These results were

then used to classify each lake as in a stable clear-

water regime, a stable turbid-water regime, or

shifting regimes between years. Lakes classified as

clear both years averaged 9 lg l-1 chlorophyll a

and 1,360 g sample-1 of macrophytes, compared to

81 lg l-1 chlorophyll a and 91 g sample-1 of

macrophytes in lakes classified as turbid both years.

Figure 2. Concentrations of chlorophyll a and macro-

phyte biomass in lakes classified as clear and turbid in

2005 (top) and 2006 (bottom). Classification of lakes was

based on k-means cluster analysis. The dashed vertical lines

represent 22 and 31 lg l-1 chlorophyll a. Across both

years of the study, 95% of lakes below 22 lg l-1 were

classified as clear and 95% of lakes above 31 lg l-1 were

classified as turbid.

Thresholds and Stability of Shallow Lakes 847



Lakes classified as shifting regimes changed sharply

between years, averaging 15 lg l-1 chlorophyll a

and 1,061 g sample-1 macrophytes while in the

clear regime, and 93 lg l-1 chlorophyll a and

165 g sample-1 of macrophytes in the turbid re-

gime. Thus, shifting lakes exhibited phytoplankton

and macrophyte abundance similar to clear lakes in

one year and turbid lakes the other year. We did

not find a universal threshold level of chlorophyll a

that separated clear from turbid lakes. However,

across both years of the study, 95% of the lakes

with chlorophyll a less than 22 g l-1 were classified

as clear, whereas 95% of the lakes with chlorophyll

a greater than 31 lg l-1 were classified as turbid

(Figure 2).

Our results indicated that the alternative regimes

identified with cluster analysis exhibited dualistic

relationships with TP, as the optimal model

describing the chlorophyll a and TP relationship

included a common slope but separate intercepts

for turbid and clear lakes (Figure 3). Log likelihood

ratio tests indicated that the most complex model,

fitting separate slopes and separate intercepts

(2005: r2 = 0.81, 2006: r2 = 0.76), was not a sig-

nificant improvement (2005: P = 0.872, 2006:

P = 0.553) over the moderate complexity model

fitting separate intercepts and a common slope

(2005: r2 = 0.81, 2006: r2 = 0.76). However, the

moderate complexity model was a significant

improvement (2005: P < 0.001, 2006: P < 0.001)

over the simplest model fitting a common slope and

intercept (2005: r2 = 0.65, 2006: r2 = 0.64). This

dualistic relationship supports that cluster analysis

classified lakes into clear versus turbid alternative

regimes, and Figure 3 suggests either regime was

possible when chlorophyll a fell between approxi-

mately 13 and 38 lg l-1. Similarly, either regime

was possible over a TP range of approximately 40–

500 lg l-1, although one lake was classified as

turbid with TP levels of just 16 lg l-1.

Fifty-four percent of the lakes were clear both

years, 32% were turbid, and 14% shifted regimes

between years. Of the 10 lakes shifting regimes, 4

lakes shifted clear to turbid from 2005 to 2006,

whereas 6 switched from turbid to clear. The pro-

portion of lakes in stable clear regimes was signif-

icantly higher in low-nutrient parkland lakes

(80%) compared to high-nutrient prairie lakes

(30%) (P < 0.001), and the proportion of stable

turbid lakes was lower in parkland lakes (11%)

relative to prairie lakes (51%) (P < 0.001). How-

ever, no difference was observed in the proportion

of lakes shifting regimes (parkland 9%, prairie

19%, P = 0.309). Ordinal logistic regression indi-

cated a significant relationship between TP in 2005

and the probability that lakes remained clear both

years, shifted regimes between years, or remained

turbid both years (P < 0.001). Results supported

theoretical predictions for shallow lakes, as the

probabilities of being clear both years, shifting be-

tween years, and being turbid both years were

highest at low, moderate, and high levels of TP,

respectively (Figure 4). A score test for the pro-

portional odds assumption was not significant

(P < 0.245), supporting our use of ordinal regres-

sion on these data.

Results for our CART analysis on the training

data set indicated an optimal model with two pre-

dictor variables (Figure 5). The optimal model

predicted lakes with TP less than 61.5 lg l-1 would

be in a clear-water regime. Lakes with TP greater

than 61.5 lg l-1 were further partitioned based on

proportional change in summed biomass of plank-

tivores and benthivores, with lakes having greater

than 67% change in fish mass predicted to be

Figure 3. Relationship between concentrations of TP

and chlorophyll a in turbid and clear lakes in 2005 (top)

and 2006 (bottom). Log likelihood ratio tests indicated the

most parsimonious model in both years consisted of

separate intercepts but the same slope for turbid and clear

lakes.
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shifting regimes, whereas lakes with less than 67%

change in fish mass were predicted to be turbid. For

the training data set, the model correctly predicted

89% of the clear lakes and 94% of the turbid lakes,

but only 57% of shifting lakes (Table 2). The cor-

rect prediction percentage was also high for pre-

dicting clear lakes in the validation data set (82%

correct), but dropped substantially for turbid (50%

correct) and shifting (33% correct) lakes. Thus, the

CART model showed reasonable accuracy for pre-

dicting clear regimes based on TP, but predicting

turbid versus shifting regimes using change in fish

biomass was less accurate. We captured 28 species

of fish, but black bullhead (Ameiurus melas) and

common carp (Cyprinus carpio) represented 79 and

15% of total benthivore mass captured, respec-

tively. Planktivores were dominated by fathead

minnow (Pimephales promelas) and yellow perch

(Perca flavescens), accounting for 53 and 10% of total

planktivore mass, respectively.

DISCUSSION

Our results indicate shallow prairie and parkland

lakes exhibit alternative regimes. However, the

proportion of clear and turbid sites differs between

the two study areas, reflecting low and high

ambient nutrient levels in parkland and prairie

sites, respectively. Our results also suggest lakes

may shift regimes over a relatively wide range of

phytoplankton abundance, as opposed to a distinct,

universal threshold marking a transition point from

one regime to the other. We also observed a strong

relationship between low TP levels and clear-water

regimes, but failed to find strong predictors of re-

gime shifts. Variable thresholds of phytoplankton

abundance, coupled with unpredictable triggers for

regime shifts, supports the suggestion that lake

managers should focus on increasing resilience of

clear-water regimes, as opposed to trying to identify

and manage complex triggers of regime shifts

(Scheffer and others 2001).

Our cross-sectional study did not assess whether

lakes remain stable during multiple years. It is

plausible that shifting lakes are inherently unstable

and phytoplankton and macrophyte abundance in

these systems fluctuates dramatically most years.

However, ancillary data collected in 2004 and 2007

from some of our shifting lakes do not support

yearly shifts. Chlorophyll a concentrations (lg l-1)

from 2004 through 2006 were 186, 158, and 27 in

the first lake, 13, 20, and 149 in the second, and 8,

28, and 178 in the third, whereas a fourth lake was

289, 243, 3, 7, and 3 lg l-1 during 2004–2008.

Additionally, Zimmer and others (2003) observed

no regime shifts in 19 PPR shallow lakes during five

consecutive years of study. These data suggest that

shifting patterns observed between 2005 and 2006

Figure 4. Estimated relationship between TP concen-

trations in 2005 and the probability of lakes being clear in

both 2005 and 2006, shifting regimes between years, or

being turbid in both years. Estimates are from ordinal

logistic regression.

Figure 5. Classification tree predicting lake regime (clear

both years, turbid both years, or shifting regimes be-

tween years) based on CART analysis of the 52 lakes in

the training data set during 2005 and 2006. The analysis

assessed 13 potential predictor variables, but this optimal

model was based on mean concentration of TP and the

proportional change in summed biomass of planktivores

and benthivores between years. The resulting model

predicts a clear-water regime in lakes with low TP,

shifting regimes in lakes with high phosphorus and large

change in fish biomass, and a turbid regime in lakes with

high phosphorus and small change in fish biomass. The

splitting value for the predictive variable and the number

of lakes corresponding to each split are given for each

‘‘branch’’ of the tree, and percentages in the terminal

nodes (boxes) indicate the response rate for each type of

lake.
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were distinct shifts and not part of high interannual

dynamics, as observed for shallow lakes of boreal

Canada (Bayley and others 2007).

Our results indicated the probability of lakes

being turbid or clear was least sensitive to changes

in chlorophyll a both below 22 lg l-1 and above

31 lg l-1, with the former identifying levels where

95% of the lakes were clear and the latter levels

where 95% of lakes were turbid. Between 22 and

31 lg l-1 chlorophyll a, the two regimes occurred

with similar frequency. This indicates phytoplank-

ton thresholds between regimes for most lakes fell

within the 22–31 lg l-1 range, and this range

suggests variability among individual lakes. Depth

may be an important source of variance in

threshold values, as it has a strong influence on the

relationships among nutrients, phytoplankton

abundance, and macrophyte abundance (Scheffer

and van Nes 2007). Moreover, theoretical models

suggest that forward and backward shifts between

regimes in individual lakes may occur at different

levels of water clarity (Scheffer 1998). Although we

found no absolute threshold, our results imply that

lake managers may maximize the probability of

stable clear regimes by maintaining chlorophyll a

levels below 22 lg l-1. Interestingly, Bayley and

others (2007) estimated an 18 lg l-1 chlorophyll a

threshold between regimes for shallow lakes in

boreal regions of Alberta, Canada, close to the

22–31 lg l-1 range observed here.

Shallow lake theory predicts that the stability of

clear and turbid regimes should be inversely re-

lated, and the stability of each is influenced by

nutrient concentrations (reviewed by Scheffer

1998). Our results support these predictions, as the

probability of being clear was negatively related to

TP, the probability of shifting regimes peaked at

moderate TP levels, whereas the probability of

being turbid was positively related to TP. The

importance of ambient nutrient levels for the

occurrence of turbid and clear regimes can also be

seen at the broader scale comparing nutrient-rich

prairie lakes to nutrient-poor lakes of the parkland

region. Given the relationship between nutrients

and regime stability, one would expect a higher

proportion of turbid lakes in areas with higher

ambient nutrient levels. Our data support this

hypothesis, as the turbid regime occurred more

often in the high-nutrient prairie lakes, whereas

the clear regime occurred more often in the low-

nutrient parkland lakes. Minnesota has a natural

north–south gradient of ambient nutrient levels,

with median TP concentrations in the northern

‘‘lakes and forest’’ ecoregion being 28 lg l-1,

whereas the median in the more southern

‘‘northern glaciated plains’’ ecoregion is 177 lg l-1

(Heiskary and others 1987). We hypothesize a

continuum of alternative regimes along this gradi-

ent, where occurrence of clear regimes peaks in

northern lakes with low nutrients, shifting lakes

peak in mid-latitude lakes with moderate nutrient

levels, and turbid lakes peak in southern lakes with

highest ambient nutrient levels.

Our CART analysis also detected TP as a strong

predictor of clear regimes, but failed to find strong

predictors for either turbid regimes or shifts in re-

gimes between years. The CART model predicted

clear-water regimes in lakes with average TP less

than 62 lg l-1, similar to the approximately 50–

100 lg l-1 estimate for shallow lakes in boreal

Canada (Bayley and others 2007) and the 50 lg l-1

estimate for lakes larger than 3 ha in Denmark

(Jeppesen and others 1990). Despite these similar-

ities in the stability of the clear-water regime along

P gradients, results for individual lakes vary due to

influences of other factors such as N concentrations

(Gonzáles Sagrario and others 2005) and lake size

(Jeppesen and others 1990). Thus, although

62 lg l-1 may serve as an approximate manage-

ment goal for maintenance of a clear-water regime,

Table 2. Misclassification Matrix for Learning and Validation Data Sets for CART Analysis Trying to Predict
Whether Lakes were in a Turbid-Water Regime Both Years, a Clear-Water Regime Both Years, or Shifted
Regimes Between Years

Actual group Learning data set predicted

group

Validation data set predicted

group

Percent of lakes correctly

classified

Clear Turbid Shifting Clear Turbid Shifting Learning Validation

Clear 25 3 0 9 1 1 89 82

Turbid 0 16 1 0 3 3 94 50

Shifting 1 2 4 1 1 1 57 33

The model is depicted in Figure 5 and used mean TP and proportional change in summed biomass of benthivores and planktivores as its predictor variables. Overall, the model
correctly classified 81% of the 72 lakes as clear, turbid, or shifting regimes.

850 K. D. Zimmer and others



in this region lake managers should recognize that

results will vary across lakes and they should strive

for maintaining the lowest P levels possible. The

concept of minimizing nutrient levels is supported

by our logistic analysis, suggesting that probabilities

of clear regimes continue to increase through the

lowest concentrations of TP observed in our lakes.

CART also indicated that proportional change in

biomass of planktivores and benthivores best dis-

tinguished shifting from turbid lakes to some ex-

tent. However, the complexity and stochastic

nature of regime shifts likely precluded identifica-

tion of any variable consistently associated with

regime shifts. Regime shifts can be induced by

disturbances or changes in the stability of lakes

(Scheffer 1998). However, whether disturbance

induces regime shifts also depends on the intrinsic

stability and resilience of individual lakes (Scheffer

and others 2001), further complicating any effort to

identify a specific variable responsible for regime

shifts in a given region. Such predictions for lakes

across multiple ecoregions will be even more

challenging. The inability of TP to distinguish

shifting from turbid lakes in our CART analysis may

seem surprising given the results of our logistic

regression. However, average concentrations of TP

were rather similar between shifting (171 lg l-1)

and turbid lakes (205 lg l-1) relative to clear lakes

(48 lg l-1).

Although a 67% change in biomass of plankti-

vores and benthivores was our best predictor of

regime shifts, the overall relationship was relatively

weak. In part, the difficulty of finding factors re-

lated to shifts in our lakes might be due to the fact

that forward and reverse shifts are likely induced

by different variables (Moss and others 1997). On

the other hand, the difficulty in finding relation-

ships could in part be due to the fact that we had

only a small group of shifting lakes for statistical

analysis.

Previous work has shown that fish have strong

impacts on shallow lakes of the PPR, and changes

in fish abundance can induce shifts between re-

gimes (Hanson and Butler 1994a; Zimmer and

others 2001; Potthoff and others 2008). Accord-

ingly, fish are often the focus of management ef-

forts (Hanson and Butler 1994b). Although fish

exert strong influences on shallow lakes, in our

study we failed to find strong relationships between

fish biomass and turbid, clear, and shifting lakes.

Thus, managers should supplement management

of fish populations with strategies that increase

resilience of clear-water regimes, including strate-

gies that reduce nutrient loading.

ACKNOWLEDGMENTS

This project was funded by the Minnesota Depart-

ment of Natural Resources (MN DNR) and the

University of St. Thomas. Robert Wright and Adam

Berland assisted with site selection, David Staples

assisted with ordinal regression, and we thank

Jerry Younk, Mitch Haustein, Matt Gorman, Mi-

chelle Verant, Luke Schroeder, Sam Friederichs,

Patti Gamboni, Rian Cleary, Timothy Houger, and

Matthew Bischof for assistance with field and lab

work, and Randy Elmer and the Lake Christina

Gun Club for logistical support. Leah Domine, Dan

McEwen, Jeff Lawrence, and Melissa Drake pro-

vided comments that improved this manuscript.

We also thank the many private landowners, the

United States Fish and Wildlife Service, and the MN

DNR for allowing access to the study sites.

REFERENCES

APHA. 1994. Standard methods for the examination of waste

and wastewater. Washington, DC: American Public Health

Association.

Bayley SE, Creed IF, Sass GZ, Wong AS. 2007. Frequent regime

shifts in trophic states in shallow lakes of the Boreal Plain:

alternative ‘‘unstable’’ states? Limnol Oceanogr 52:2002–12.

Bayley SE, Prather CM. 2003. Do wetland lakes exhibit alter-

native stable states? Submersed aquatic vegetation and chlo-

rophyll in western boreal shallow lakes. Limnol Oceanogr

48:2335–45.

Becker GC. 1983. Fishes of Wisconsin. Madison, Wisconsin:

University of Wisconsin Press.

Blindow I, Andersson G, Hargeby A, Johansson S. 1993. Long-

term patterns of alternative stable states in two shallow

eutrophic lakes. Freshw Biol 30:159–67.

Breiman L, Friedman JH, Olshen RA, Stone CJ. 1984. Classifi-

cation and regression trees. New York: Chapman & Hall.

De’ath G, Fabricius KE. 2000. Classification and regression tree:

a powerful yet simple technique for ecological data analysis.

Ecology 81:3178–92.

Deppe ER, Lathrop RC. 1992. A comparison of two rake sam-

pling techniques for sampling aquatic macrophytes. Wisconsin

Department of Natural Resources, Findings #32, PUBL-RS-

732-92, Madison, Wisconsin.

Environmental Systems Research Institute Inc. 2007. What’s

new in ArcGIS 9.2. Redlands, California: Environmental

Systems Research Institute.

Euliss NH Jr, Wrubleski DA, Mushet DM. 1999. Wetlands of the

prairie pothole region: invertebrate species composition,

ecology, and management. In: Batzer DP, Rader RP, Wissinger

SA, Eds. Invertebrates in freshwater wetlands of North

America: ecology and management. New York: John Wiley

and Sons. p 471–514.
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