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ABSTRACT

Lake-level fluctuations are common in the North

American Great Plains region, where large-scale

climate systems (El Niño, the Pacific Decadal

Oscillation) and periodic droughts cause substantial

hydrologic variability in both summer and winter.

To date, most such research has focused on the

effects of summer droughts on prairie lake ecosys-

tems; therefore, we studied the impact of water-

level decline during winter on ecosystem structure

and function. Specifically, we hypothesized that

lower lake levels during winter would increase

anoxia, freezing and scouring of benthos, fish kills,

herbivory by zooplankton, and nutrient release

from sediments. In addition, we tested the

hypothesis that winter droughts may initiate a

switch between alternative stable states (turbid,

clear). Physical, chemical, and biological variables

were monitored from 1996 to 2001 in both Was-

cana Lake, which experienced a 50% decline in

lake level, and Buffalo Pound Lake, where water

levels were constant. A combination of before-

after-control-impact (BACI) and multivariate

analyses showed that drawdown resulted in ele-

vated NH4-N concentrations following reinunda-

tion; otherwise there were few detectable effects on

lake water chemistry (PO4-P, NO3-N, total dis-

solved nitrogen, total dissolved carbon) or pelagic

food web structure (phytoplankton, zooplankton),

and the experimental lake remained in a macro-

phyte-rich state. There was, however, a 2.5-fold

increase in macrophyte abundance and a shift from

a community dominated by Ceratophyllum demersum

before drawdown to one composed of Potamogeton

pectinatus after manipulation. Overall, the lack of

substantial dewatering effects suggests that lakes of

the northern Great Plains may be resilient to severe

winter conditions, possibly because of the recruit-

ment of fish from regional metapopulations during

summer. Further, our results indicate that lower

water levels during winter likely promote the buf-

fer mechanisms that reinforce a macrophyte-rich,

clear-water state in shallow prairie lakes.

Key words: alternative stable states; Before-after-

control impact (BACI) analysis; droughts; lake

drawdown; macrophytes; phytoplankton pigments;

prairie lakes; shallow lakes; whole-ecosystem

experiment; zooplankton.

INTRODUCTION

Lakes of the northern Great Plains have been sub-

ject to extreme changes in surface and groundwater

hydrology for at least 2,000 years (Laird and others

2003). The effects of hydrologic variability on eco-

system structure are dependent on the magnitude,

frequency, and seasonality of lake-level fluctua-

tion. In shallow prairie lakes, evapotranspiration

during summer can cause some small wetlands to

dehydrate completely (Winter and Rosenberry

1998). Depending on the precise changes in sedi-

ment chemistry, structure, and organic matter

sources (for example, macrophytes) (Watts 2000),
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water-level recessions can favor the oxidation and

mineralization of organic phosphates (De Groot

and Van Wijck 1993), thereby increasing the re-

lease of sedimentary phosphorus (P) on reflooding

(James and others 2001). Similarly, sediment des-

iccation can alter nitrogen (N) cycling by increasing

aerobic nitrification and nitrate buildup in sedi-

ments (Kadlec 1962) or by mineralizing sedimen-

tary organic-N and intensifying denitrification in

underlying anoxic sediments (De Groot and Van

Wijck 1993). Further, sediment density may in-

crease due to exposure (James and others 2001),

and suspended material precipitated during rein-

undation (McLachlan 1974) may modify aquatic

plant (Gafny and Gasith 1999) and benthic inver-

tebrate (Verschuren and others 2000) communities

in littoral habitats. The diversity and abundance of

emergent macrophytes and zoobenthos may also

be reduced by complete exposure of the sediment

(Kadlec 1962) or by frequent, large water-level

fluctuations (Hunt and Jones 1972), although

submerged aquatic macrophyte biomass may ben-

efit from declines in lake depth (Coops and Hosper

2002).

Little is known of the whole-ecosystem effects

of lake-level decline during winter. In general,

variation in snow pack depth regulates ice thick-

ness and lake insulation in the northern Great

Plains (Fang and others 1999). Thus, because

strong ElNinno–Southern Oscillation events re-

duce winter precipitation in this region (Shabbar

and others 1997), and because global warming is

expressed mainly in winter (IPCC 2001), prairie

lakes may be particularly susceptible to changes

in winter hydrology and lake level. For example,

lower lake levels during the winter should expose

littoral sediments to temperatures below )20�C,

increase the extent of ice scouring, and reduce

the unfrozen volume, possibly leading to anoxia

under the ice (Fang and others 1999; Meding and

Jackson 2001) and fish kills (Gaboury and Patalas

1984). These physical and chemical changes are

likely to modify sediment–water interactions and

cause changes in nutrient release during the fol-

lowing spring, but few studies have tested this

hypothesis. Further, because the freezing of sedi-

ments will cause the death of invertebrates and

some macrophytes, changes in these communities

should be evident in the growth season following

lake-level decline, both because of selection for

taxa with better overwintering strategies and be-

cause of increased reliance on upstream recolon-

ization (Paterson and Fernando 1969; Cooke and

others 1986). Finally, because previous research

and theory suggests that lake-level fluctuation can

initiate switches between clear, macrophyte-rich

and turbid, algal-dominated states (Blindow and

others 1993; Scheffer and others 1993), and be-

cause many of the stabilizing mechanisms are

impacted by dewatering (see above), we hypoth-

esized that changes in winter lake level would be

an important control of the structure and func-

tion of shallow lakes.

Our aims were to use lake-level drawdown to

intervention mimic the effects of winter droughts

on shallow prairie lakes and to assess the impacts of

dewatering on ecosystem function during the fol-

lowing growth season. We used a (before-after-

control-impact BACI) design (Stewart-Oaten and

Murdoch 1986) to compare experimental and ref-

erence lakes before, during, and after the experi-

mental drawdown. We hypothesized that declines

in winter lake level would (a) increase nutrient

release by modifying chemical (mineralization and

mobilization) and physical (freezing and scouring)

processes in the sediment, (b) reduce zooplankti-

vory through increased fish mortality, and (c) select

for freeze-tolerant taxa with effective overwinter-

ing strategies. Further, we hypothesized that such

changes in lake ecosystem structure would favor

clear waters, abundant macrophytes, and low algal

biomass and therefore reinforce the buffers of the

macrophyte-dominated state (Scheffer and others

1993).

METHODS

Study Sites

The study lakes are located in the subhumid region

of the northern Great Plains in Saskatchewan

(Figure 1), where annual mean precipitation is 320

mm, annual evaporation exceeds precipitation by

approximately twofold, and most precipitation oc-

curs as rain during May–July. Air temperatures

fluctuate widely through the year from a minimum

in January (–15.8�C) to a maximum of (19.0�C) in

July (Environment Canada climate normals 1971–

2000).

Our experimental system, Wascana Lake, is a

small, shallow, macrophyte-rich lake situated in

urban parkland in the city of Regina (Table 1 and

Figure 2a). The lake was created in the 1930s by

the impounding and deepening of Wascana

Creek, a permanent stream that flows into the

Qu�Appelle Valley drainage system. We used a

reference lake to detect regional changes that may

have affected the interpretation of the experiment

(used in this context, the term ‘‘reference’’ does

not denote a pristine baseline lake). The reference
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system, Buffalo Pound Lake, is a shallow natural

water body that is also regulated to supply water

to the cities of Regina and Moose Jaw, Sas-

katchewan. Buffalo Pound receives surface flow

from Lake Diefenbaker, a reservoir located west

on the South Saskatchewan River (Figure 1).

Water diversion was initiated in 1967 and re-

duced natural fluctuations in lake level (Hall and

others 1999a). Both Wascana and Buffalo Pound

Lake have large macrophyte beds in shallow (less

than 2 m) waters and are characterized by regular

blooms of planktonic cyanobacteria during sum-

mer (Hall and others 1999b). Deepwater anoxia is

common in both lakes during winter and late

summer, although neither site normally freezes

throughout the water column.

Experimental Manipulation

The drawdown was part of a permitted manipula-

tion of an urban reservoir conducted by the City of

Regina. In October 1997 (an El Niño year) and

1998, water levels were reduced in Wascana Lake

by approximately 1 m, resulting in an approxi-

mately 50% decline in maximum lake depth (Fig-

ure 2). Although most shallow upstream reaches

were completely dry (Figure 2b), downstream areas

of the lake remained submerged (Figure 2c); how-

ever, depth was reduced such that the entire water

column froze in both years. Water drawdown was

maintained until snowmelt in March–April, when

natural runoff restored lake levels. Summer and

annual water levels in Buffalo Pound Lake re-

mained constant (±20 cm) due to control structures.

Lakes were sampled biweekly during the grow-

ing season (May–September) over a 6-year period

(1996–2001). Integrated water samples (0–2 m)

were taken from the deepest point of each lake

with a van Dorn sampler and were analyzed for

PO4-P, NH4)N, NO3)N, total dissolved N (TDIN),

and total organic carbon (TOC) by standard pro-

cedures (for example, see Strickland and Parsons

1984) at the Water Chemistry Laboratory, Trent

University, Ontario, Canada. Total chlorophyll

(Chl) (sum of Chl a, b, c1, and c2) was quantified by

standard spectrophotometric procedures (Jeffrey

Figure 1. Map of the Qu�Appelle River drainage, Saskatchewan, Canada, showing the location of the study sites (open

circles).
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and Humphrey 1975). Quantitative estimates of

zooplankton density were made by vertical tows of

a 243-lm mesh plankton net, preservation of ani-

mals in sugar-saturated 95% ethanol, and enu-

meration on a Wilde dissecting microscope (· 40–

400 magnification) with reference to Pennack

(1978) and Thorp and Covich (1991). Changes in

the phytoplankton communities were estimated

using high-performance liquid chromatographic

(HPLC) analysis of diagnostic Chl and carotenoids

following concentration of phytoplankton onto

0.45-lm glass-fiber filters and extraction of pig-

ments using our standard protocols (reviewed in

Leavitt and Hodgson 2001).

Due to logistic constraints, macrophyte biomass

was estimated in Wascana Lake only for each of 3

seasons, including one pre-drawdown (1997) and 2

drawdown years (1998, 1999). Paired quadrats

(0.25 m2) were sampled monthly every 5 m along

eight transects arranged at regular intervals per-

pendicular to the lakeshore (5–25 m in length). All

aboveground biomass of aquatic macrophytes was

removed, sorted to species level, and dried at 60�C
for approximately 72 h to estimate dry mass m)2.

Mean standing crops were calculated among tran-

sects to estimate dry biomass at each of four depth

intervals (less than 0.5 m, 0.5–0.7 m, 0.7–1.0 m, 1–

1.25 m).

Statistical Analyses

A combination of before-after-control-impact

(BACI) analysis (Stewart-Oaten and Murdoch

1986) and multivariate analyses were used in the

analysis of drawdown data. Our BACI analysis

used three treatments instead of the more con-

ventional two (Zimmer and others 2001) and

included years before (1996, 1997), during (1998,

1999), and after (2000, 2001) drawdown to test

for both the immediate and longer-term effects of

winter dewatering on Wascana Lake. Ideally,

reference and experimental lakes should be sam-

pled simultaneously, but because this was not

possible, we paired the sampling occasions that

were closest in time from each lake. Usually,

Figure 2. Aerial view of Wascana Lake before (A) and

during (B, C) experimental drawdown. Dewatering re-

duced lake levels approximately 1 m (50% of Zmax) in the

deepest portion of the basin (c).

Table 1. Physical and chemical features of the
study sites

Wascana Lake

(Experiment)

Buffalo Pound

Lake (Reference)

Area (ha) 194 2910

Maximum

depth (m)

3 5.5

Mean depth

(m)

1.5 3

Annual mean

PO4-P (lg L)1)

420 70

(SD) (530) (310)

Annual mean

TDIN (lg L)1)

170 70

(SD) (320) (110)

TDIN, total dissolved nitrogen

Winter Drawdown in Shallow Lakes 697



sampling occurred within about 3 days of the

other (median, 3 days). One-way analysis of

variance (ANOVA) with Tukey�s multiple com-

parison was used to assess how lakes differed (P <

0.05) among the 3 treatment periods for variables

where BACI analysis was deemed appropriate.

Prior to BACI analysis, time series were smoothed

using a three-point running mean to better esti-

mate true population means (Stewart-Oaten and

Murdoch 1986), whereas log10(x + 1) transfor-

mations were used to normalize variance and

reduce problems of non-additivity.

Application of BACI analysis requires that the

difference between experimental and reference

lakes is constant in the pretreatment period, both

on a seasonal and interannual basis (Stewart-Oaten

and Murdoch 1986). We tested for the presence of

seasonal departures by regressing log10(x + 1)-

transformed interlake differences against calendar

day of the year (Table 2). Regression slopes that

deviated significantly from zero (P < 0.05) were

assumed to be inappropriate for BACI analysis. Si-

milarly, transformed interlake differences were re-

gressed against sample order during the entire

premanipulation period to identify the presence of

long-term deviation between lakes. Third, we used

regression analysis to test how interlake difference

varied as a function of average abundance of the

variable in both lakes; slopes that deviated

significantly(P < 0.05) from zero were assumed to

have problems with non-additivity and deemed

inappropriate for BACI analysis. Finally, variables

were screened for significant positive first-order

autocorrelation(P < 0.05) in the 3 treatment peri-

ods using a Durban-Watson test and an auto-

correlation function test to assess whether

significant (P < 0.05) autocorrelation existed.

Variables that did not pass all of these selection

criteria were considered unsuitable for BACI ana-

lysis (Table 2).

Because BACI analysis was inappropriate for

some variables, we used principal components

analyses (PCA) of chemical, algal, and invertebrate

time series to identify the presence of coherent

shifts among lakes caused by regional factors. In

this analysis, unique changes in the experimental

lake were assumed to have arisen because of the

manipulation. Principal components analysis was

performed on log10 (x + 1)-transformed variables

using CANOCO for Windows v. 4.02 (Micro-

computer Power, Ithaca, NY).

Coherence analysis was used to assess the degree

of synchrony of biotic variables between lakes

(Rusak and others 1999). Prior to analysis, vari-

ables were screened for significant autocorrelation

using the methods described above. If significant

(P < 0.05) autocorrelation existed, variables were

transformed by first-difference and log10 conver-

sions as necessary. Following removal of autocor-

relations, time series synchrony was estimated

using Pearson Correlation Coefficients with lag

equal to zero. All computations were performed

using SYSTAT v. 10.0.

RESULTS

Chemical Responses

Analysis of nutrient concentrations (PO4, NH4,

NO3, TDIN, and TOC) (Figure 3) demonstrated that

inter- and intraannual variability was high in both

lakes and that marked seasonal trends were also

present. Overall, nutrient status was higher in the

experimental system than in the reference lake.

Seasonal variability in secchi depth was greater in

the experimental lake than the reference lake.

However, experimental manipulation did not result

in significant changes in seasonal trends or nutrient

concentrations in Wascana Lake either during

(1998, 1999) or after (2000–01) drawdown periods.

Concentrations of PO4 in Wascana Lake ex-

ceeded those in the reference lake by at least an

order of magnitude on most sampling dates (Fig-

ure 3a). In general, PO4 concentrations declined

throughout the summer both before (1996–97) and

during treatment years (1998–99), then increased

through the summer thereafter (annual mean,

around 1,200 lg L)1 in 2001). No strong seasonal

trends in PO4 were recorded for Buffalo Pound

Lake. In both lakes, ammonium was the predomi-

nant form of N (Figure 3 b, c, and d) during the ice-

free period. Although trends in ammonium- and

nitrate-N were evident in individual years, there

were few consistent seasonal patterns among years.

Similarly, TOC concentrations showed few seasonal

trends, but tended to be approximately twice as

high in the experimental lake as in the reference

one (Figure 3e).

Secchi depths were more variable in the

experimental lake than in the reference system

(Figure 3f). Transparency was usually low during

May, reflecting diatom blooms (see below) and

elevated loading of suspended mineral material

during snowmelt. In most years, water clarity in

Wascana Lake increased markedly in early sum-

mer (June–July) and declined thereafter because

of increased phytoplankton abundance. In most

years, water clarity was elevated initially in Buf-

falo Pound Lake and then declined toward the

end of the season.
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Biological Responses

Phytoplankton (as total Chl) and zooplankton

showed distinct seasonality in both lakes through

the sampling period (Figure 4). The spring clear-

water phase (around mid-May to mid-June) was

typified by low total Chl concentrations (Figure 4a)

and high abundance of large Daphnia spp. (Fig-

ure 4c), including D. magna, D. pulicaria, and D.

galeata var. mendota. Elevated densities of copepods

(Leptodiaptomus and Diacyclops spp.) were recorded

also during the clear-water phase (Figure 4b), al-

though these populations also continued to in-

crease, in contrast to large Daphnia spp. In most

years, densities of small cladocerans (Figure 4d)

began to increase sharply in June and maintained

higher abundances toward late summer. After the

spring clear-water phase, phytoplankton abun-

dance increased regularly to a maximum in late

August or September.

Average plankton community composition dif-

fered among lakes, based on analysis of 6-year

means. For example, although average concentra-

tions of total Chl (37 lg L)1) and densities of co-

pepods (35–50 ind. L)1) were similar between

lakes, mean densities of large Daphnia spp. were

substantially greater in Wascana Lake (8 ind. L)1)

than in Buffalo Pound Lake (1 ind. L)1), whereas

small Cladocera were less common in the experi-

mental lake (6 ind. L)1) than at the reference site

(77 ind. L)1). In both lakes, phytoplankton abun-

dance increased from early to late summer, except

during 2000–01. Coherence analysis of detrended

time series revealed a high degree of synchrony

between lakes in terms of Chl concentrations

(r = 0.491; P < 0.0001) and copepod densities

(r = 0.482; P = 0.001), but not abundances of large

(r = 0.175; P = 0.239) or small (r = 0.001;

P = 0.994) Cladocera.

In general, intra-annual variability of algae was

greater during the 1996–1999 period than during

2000–01, excluding chlorophytes and cyanobacte-

ria in Buffalo Pound Lake (Figure 5). In both lakes

and most years, the abundance of chlorophytes

(Figure 5c) and cyanobacteria (Figure 5d) were the

highest in late summer. In contrast, siliceous algae

(Figure 5a) were abundant in spring and late sum-

mer, whereas cryptophytes (Figure 5b) had variable

Figure 3. Changes in lake chemistry May–September

1996–2001 in Wascana Lake (experiment; closed symbols)

and Buffalo Pound Lake (reference; open symbols).

Parameters include orthophosphate-P (A), ammonium-

N (B), nitrate-N (C), total dissolved nitrogen-N (D), or-

ganic carbon (E), and secchi depth (F).

b
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seasonal patterns. Concentrations of ubiquitous

ß-carotene (Figure 5e) were correlated strongly

with those of pigments from cyanophytes

(r > 0.836, P = 0.0001), reflecting the predomi-

nance of this algal group (Graham 1997). Coher-

ence analysis revealed synchronous changes

between lakes in cyanobacteria (echinenone

r = 0.635; P = 0.0001) and total algae (ß-carotene

r = 0.288; P = 0.047) but not chlorophytes (chl b

r = 0.243; P = 0.100), siliceous algae (fucoxanthin

Figure 4. Changes in abundance of A total phyto-

plankton (as total Chl) B, copepods (Leptodiaptomus +Di-

acyclops spp) C, large Daphnia (D. pulex + D. magna) and D

small cladocerans (D. galeata var. mendota, D. retrocurvata,

Bosmina spp., Diaphanosoma spp., Ceriodaphnia spp. and

Chydorus spp.) in the experimental (closed symbols) and

reference (open symbols) systems.

Figure 5. Changes in abundance of phytoplankton pig-

ments from A siliceous algae (fucoxanthin), B crypto-

phytes (alloxanthin), C chlorophytes (Chl b), D total

cyanobacteria (echinenone), and E total algae (ß-caro-

tene) between 1996 and 2001 (May–September) in the

experimental (closed symbols) and reference (open symbols)

systems.
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r = 0.217; P = 0.139) or cryptophytes (alloxanthin

r = 0.106; P = 0.473).

Macrophyte community composition changed

markedly after the drawdown treatment, from a

community composed mainly of Ceratophyllum

demersum to one dominated by Potamogeton pectin-

atus after 1998 (Figure 6a). Qualitative observa-

tions suggested that the postdrawdown community

was retained in Wascana Lake until at least 2001

(P. R Leavitt, unpublished data), and quantitative

surveys revealed that Ceratophyllum demersum was

reestablished by 2003 (P.R. Leavitt unpublished

data). Macrophyte density increased more than

twofold between 1997 and 1999, reflecting in-

creased growth at depths greater than 0.5 m and

loss of plants in water less than 0.5 m (Figure 6b).

Overall, macrophyte growth began in mid-June,

reached a maximum density in August, and died

back by mid-September.

BACI Analysis

BACI analysis showed that dewatering of Wascana

Lake caused an increase in ammonium-N concen-

trations (P < 0.006), but had no impact on diatom

(fucoxanthin), cryptophyte (alloxanthin), or cope-

pod abundance (Table 3). When the remaining

variables (Table 2) were also analyzed by BACI, the

results suggested that no chemical, physical (Fig-

ure 3) or biological (Figures 4 and 5) variable was

significantly altered (P < 0.05) during or after ex-

perimental drawdown. Although pre-analysis tests

show that such analyses must be regarded with

caution, the results nevertheless suggest that any

effects of the drawdown were probably subtle at

best. Negative results of BACI analysis, combined

with the high synchrony of many planktonic

parameters, suggested that although winter condi-

tions did not have a significant impact on lake

Figure 6. Changes in (A) %

composition of aquatic macrophytes

Ceratophyllum demersum (gray),

Potamogeton pectinatus (white), and

Potamogeton richardsonii (black) and (B)

macrophyte density (dry biomass in g/

m2) at four depth intervals in Wascana

Lake between 1997 and 1999 (May–

September).

Table 3. Before-After-Control-Impact (BACI) Analysis using one-way Analysis of Variance of the Difference
between Smoothed Experimental and Reference Variables in the Before-, During-, and After-drawdown
Periods

Mean difference ± SD

Before During After F ratio P Value

NH4)N 0.368 ± 0.327 0.733a ± 0.508 0.245 ± 0.411 5.740 0.006

Copepods –0.089 ± 0.333 –0.176 ± 0.265 –0.330 ± 0.352 1.901 0.161

Fucoxanthin –0.132 ± 0.279 –0.140 ± 0.243 –0.067 ± 0.182 0.439 0.647

Alloxanthin –0.049 ± 0.184 –0.020 ± 0.155 0.035 ± 0.140 1.127 0.333

aTreatment periods that were significantly different (P > 0.01) using Tukey�s least significant difference test
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structure, variations in summer climate may in-

fluence temporal patterns in lake chemistry and

biology.

Multivariate Analysis

Principal components analyses also suggested that

the drawdown had mimimal effects on the chemi-

cal and biological structure of Wascana Lake. Water

chemistry and phytoplankton communities in

Wascana Lake (Figure 7a) remained within the

pretreatment (1996, 1997) range of variability

during drawdown years (1998, 1999) and exhibited

ordination patterns similar to those of the reference

lake (Figure 7b). Together, these results demon-

strate that the drawdown years were not anoma-

lous and that the experimental results are unlikely

to have been obscured by regional interannual

forcing. During the drawdown years, zooplankton

assemblages in Wascana Lake (Figure 7a-iii) di-

verged slightly from those prior to manipulation,

mostly as a result of elevated abundances of

Daphnia pulex and D. magna (see Figure 4c) during

spring. However, zooplankton abundance also in-

creased in the reference lake after the drawdown

(1998–2001) (Figure 7b-iii), suggesting that factors

other than the experimental treatment might be

responsible for changes in the invertebrate com-

munity of Wascana Lake.

DISCUSSION

The results of the experiment indicate that a 50%

reduction (approximately 1 m) in winter lake depth

had little effect on lake chemistry or food-web

Figure 7. Principal components analyses of water chemistry (i), phytoplankton pigments fucoxanthin (Fucox), allo-

xanthin (Allox), chlorophyll b (Chl b), echinenone (Echin), ß-carotene (ß-car), and total chlorophyll (Tot chl) (ii), and

zooplankton taxa Bosmina spp. (Bosmi), Ceriodaphnia spp. (Cdaph), Chydorus spp. (Chydo), Diaphanosoma spp. (Diaph),

Diacyclops spp. (Dcycl), Daphnia galeata var. mendota (Dgale), D. magna (Dmagn), D. pulex (Dpulx), D. retrocurvata (Dretr),

Leptodiaptomus spp. (Ldiap), Leptodora spp. (Ldora) (iii) from A Wascana Lake and B Buffalo Pound Lake. Samples are

separated into years before (open circles), during (black triangles), and after (open squares) treatment.
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structure during subsequent summer seasons.

Further, although drawdown resulted in elevated

ammonium concentrations in the water column, a

substantial shift in aquatic macrophyte community

composition, and elevated macrophyte biomass in

deeper areas, these changes did not affect the

densities of zooplankton, algal abundance, and

community compositon, nor other major chemical

or physical parameters (PO4-P, NO3)N, TOC, secchi

depth). Overall, there was little evidence that dra-

matic changes in winter dewatering initiated

changes in the state of Wascana Lake (compare

Blindow and others 1993).

The pattern of elevated ammonium concentra-

tions after dewatering is consistent with predictions

from summer drawdown studies in north temper-

ate lakes (James and others 2001). However, unlike

these studies we did not detect increases in sedi-

mentary P release (De Groot and van Wijk 1993;

James and others 2001). The exposure and oxida-

tion of previously anaerobic sediments is thought

to promote nitrate accumulation via nitrification

(De Groot and van Wijk 1993; Crumpton and

Goldsborough 1998) such that desiccation and

reinundation leads to elevated sedimentary

ammonium release (James and others 2001). In

addition, desiccation of the sediment often in-

creases redox potential but reduces sorption prop-

erties such that P is usually released as the

sediments become reinundated (Watts 2000; James

and others 2001). In contrast, our drawdown

treatment had no obvious effect on P concentra-

tions, possibly because P concentrations are natu-

rally high in Wascana Lake and may limit the

diffusion of P released from sediments. Alterna-

tively, enhanced P release may occur only after

summer drawdown. Further experimentation is

required to distinguish among hypotheses.

Regardless, our analysis suggests that although re-

duced lake depths during north temperate winters

may slightly increase NH4)N release, disruptions of

biogeochemical cycling are short-lived (1 year) and

comparatively minor (for example, they exert no

effect on NO3)N, TDIN, or PO4)P).

This experiment showed that drawdown had no

significant effect on food-web structure, despite

several lines of argument predicting that lake-depth

decline would have a strong impact on biotic

interactions. First, the reduction in lake volume

should have increased under-ice anoxia (Meding

and Jackson 2001), significantly reduced the

availability and quality of habitat for overwintering

fish, and resulted in increased fish kills during

winter (Fang and others 1999). For example, in

Wascana Lake, dewatering enabled the lake to

freeze throughout the water column during draw-

down years. Second, exposure to temperatures

below )20�C and desiccation of the littoral zone

should eliminate overwintering structures of mac-

rophytes, benthic invertebrates, zooplankton, and

algae. Finally, we had expected that drawdown

might alter the texture and chemical composition

of the sediment substrate and thereby affect the

growth of macrophytes and benthic organisms.

Instead, algal, plant, and invertebrate populations

appeared resilient to winter dewatering. This is

consistent with the analyses of Hall and others

(1999b) and Quinlan and others (2002), who

showed that algal and invertebrate structure varied

little in lakes of this region in response to winter

conditions.

Analysis of invertebrate composition and size

structure suggested that there was little net effect

on fish survival after winter drawdown. We ex-

pected that fish kills due to freezing or anoxia

would release large cladocerans from zooplankti-

vory, leading to lower phytoplankton biomass and

more transparent water (Carpenter and others

1987) until fish were able to recolonize the lake.

Although Wascana Lake had greater abundances of

large Daphnia spp. during spring following the two

drawdowns, the abundances were not substantially

different from other years in the time series, nor

was there evidence of a reduction in phytoplankton

standing crops relative to nondrawdown years

(Figure 4a). Instead, fish were observed in the

shallow waters of Wascana Lake by July of the

drawdown years, suggesting either that survival of

fish was equally poor during nondrawdown years

or that upstream recruitment of young-of-the-year

fish (brook sticklebacks and fathead minnows)

(Fisheries and Oceans Canada, unpublished data)

was sufficient to constrain invertebrate populations

in each year.

Changes in lake depth also had no direct impact

on phytoplankton communities (Figure 5), despite

the observation that abundant and diverse phyto-

plankton communities can form under ice in prai-

rie lakes (Phillips and Fawley 2002) when winds

reduce snow cover and increase light penetration

(Meding and Jackson 2001). Similarly, ice duration

is known to influence the timing and composition

of phytoplankton during spring in continental

European lakes subject to large-scale changes in

winter climate (for example, see Adrian and others

1999). However, our experiment demonstrated

that phytoplankton communities in Wascana Lake

were resistant to perturbations arising from re-

duced water depths during winter, possibly because

the lake has an extensive ice cover (ice thickness of
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at least 1 m) during winter, unlike maritime-

influenced European lakes. Instead, seasonal pat-

terns of cyanobacterial and total algal abundance

were well developed and coherent, suggesting that

variation in spring and summer climate is a sub-

stantial control on population development (com-

pare Baines and others 2000).

The freezing and desiccation of sediments did not

strongly influence zooplankton abundance, com-

position or development during the growth season.

Zooplankton may overwinter as water-column

populations or as resting eggs or immature stages in

the sediment. We had expected that conditions

associated with water-level lowering would pro-

mote overwintering by resting eggs (Hairston 1996)

and favor the emergence of Cladocera over cope-

pods (compare Arnott and Yan 2002). Instead, we

found no strong evidence of community change or

of unexpected increases in water column coloni-

zation of populations during spring. The absence of

zooplankton community shifts may reflect the

observation that the emergence of resting eggs is

more dependent on spring than winter conditions

(Caceres 1998) and suggests that hydrologic vari-

ability during winter will not greatly alter total

herbivory in such shallow lakes.

There were substantial changes in macrophyte

community composition and up to an approxi-

mately 2.5-fold increase in macrophyte biomass

after drawdown. Although we lacked a reference

ecosystem to verify this interpretation, our results

agree with those of drawdowns of prairie marshes

(van der Valk and Davis 1978), where Potamogeton

pectinatus increased to predominance after draw-

down. Seed bank recruitment is of greater impor-

tance for macrophyte survival in shallow than in

deep waters (Abernethy and Willby 1999), so the

ability of P. pectinatus to propagate large numbers of

seeds (van Wijk 1989) may facilitate overwintering

survival under variable lake-level conditions. Sim-

ilarly, water-depth declines during both growth

and winter seasons are known to promote the

growth of aquatic plants in other lakes due to in-

creased light receipt on benthic surfaces (Blindow

and others 1993; Coops and Hosper 2002; Wagner

and Falter 2002). However, given that substantial

interannual variability in macrophyte biomass can

be driven by temperatures during the early growth

season (Rooney and Kalff 2000) and the powerful

1997 El Niño increase in winter and spring tem-

peratures (Environment Canada climate normals),

we suggest that changes in total macrophyte bio-

mass be interpreted with caution.

Our analyses showed that differences between

the experimental and reference lakes (Table 2) may

have reduced our ability to statistically evaluate the

drawdown effects of some variables using a BACI

design. Although the reference lake had lower

nutrient concentrations and relative abundances of

large Daphnia spp. than the experimental system,

such differences do not invalidate the BACI design

(Stewart-Oaten and Murdoch 1986). Rather, BACI

analysis of some variables was inappropriate be-

cause the differences between experimental and

reference lakes changed seasonally, interannually,

or as a function of the magnitude of a variable

(Table 2) in the absence of manipulation (that is,

the lakes behaved differently). A priori selection of

an appropriate reference lake is difficult because

apparently similar lakes can differ substantially in

variability (for example, see Rusak and others

2001). Further, ideal reference lakes are rare

because of the scarcity of undisturbed sites in this

intensively agricultural region. Despite these limi-

tations, BACI analysis was deemed appropriate for

at least four key variables representing water

chemistry (NH4), phytoplankton (siliceous algae

and cryptophytes), and zooplankton (copepods).

Lack of lake response to winter drawdown sug-

gests that shallow prairie lakes may be resilient to

winter climatic variability resulting in lake-level

decline. We had expected that strong benthic–pe-

lagic links in shallow lakes (Schindler and

Scheuerell 2002) would make these lakes particu-

larly susceptible to the effects of winter lake-level

lowering, and that the resulting change in food-

web structure would have effects that persisted

until later in the year. Instead, the absence of

substantial changes in biotic composition suggests

that even a reduction of about 50% in lake level

(approximately 1 m) is well within the natural

range of hydrological fluctuations (see also Fritz

and others 2000) and that more extensive climatic

variability may be required to alter lake structure.

We hypothesize that part of this resilience may

arise from the recruitment of fish and other biota

to Wascana Lake via the inflow creek. In this sce-

nario, large impacts of winter droughts may only

be evident if autumn and winter conditions are

severe enough to eliminate regional metapopula-

tions, as has been suggested by Zimmer and others

(2001). In addition, the independence of growth-

season community dynamics from winter com-

munity structure leads us to speculate that the

overwintering survival strategy of dormancy could

lead to a decoupling of winter and summer lake

communities.

Our analysis contrasts with evidence from other

lakes showing that winter temperatures and ice

duration are good predictors of food-web structure
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during the ice-free season. For example, in deep

European lakes, variation in winter and spring

temperatures driven by the North Atlantic Oscilla-

tion influence spring and summer plankton

dynamics by regulating stratification processes

(George and Taylor 1995) and the development of

vernal zooplankton populations (Straile and Adrian

2000). Variation in winter temperature also im-

pacts shallow polymictic lakes in Europe, although

the effects (Scheffer and others 2001) tend to be

detectable only early in the year (Adrian and others

1999; Gerten and Adrian 2001). Although this as-

pect was not specifically tested by our study, we

suggest that in our continental climates, where

temperature extremes are more pronounced, the

rapid increase in temperature between winter and

spring combines with the low thermal capacity of

shallow lakes to eliminate the residual effects of

winter temperature, so that lake communities re-

spond more directly to conditions during the ice-

free season (for example, see Adrian and others

1999). Consistent with this view, we note that the

high temporal coherence of late-summer phyto-

plankton (for example, cyanobacteria; Figure 5d) is

consistent with the presence of regional climate

controls of primary production during summer.

In the context of the alternative stable states

model (Scheffer and others 1993), Wascana Lake

appears to have been in a macrophyte-rich, clear-

water state throughout the study period (1996–

2001). Abundant populations of large Daphnia spp.

in most years (50–75 ind. L)1) likely reduced Chl

concentrations during the spring and summer,

thereby promoting the establishment of aquatic

macrophytes as a consequence of greater light pen-

etration. Although our experiment yielded few sig-

nificant results, trends in our data during the

drawdown years (for example, elevated macrophyte

biomass, deeper colonization in the lake, elevated

abundance of Daphnia spp.) all suggest that a decline

in lake depth during winter may strengthen the

buffer mechanisms that stabilize the macrophyte-

dominated state in shallow prairie lakes.

The broader implications of our study are that

severe water shortages during El Niño events will

not result in dramatic short-term changes in the

biogeochemistry or food-web structure of shallow

prairie lakes. Instead, these sites are likely to con-

tinue to exist in a macrophyte-rich, clear-water

state, with a pronounced spring clear-water phase,

even at high nutrient concentrations (Table 1). In

fact, winter conditions in this continental region

likely promote the buffer mechanisms that main-

tain the macrophyte-dominated state, including

winter fish kills (Fang and others 1999) and selec-

tion for disturbance-tolerant macrophyte species.

This effect is likely to be enhanced in isolated lakes

with no fish recruitment because of an absence of

transfer among regional metapopulations. Con-

versely, periods of higher water depths may favor a

switch to the turbid state (Jackson 2003); however,

this hypothesis has yet to be tested. Although it is

often difficult to determine the cause of a switch

between alternative stable states, in some Euro-

pean lakes, the intensity and long history of cul-

tural disturbances has been implicated (Stansfield

and others 1989). It is still a matter of debate

whether climate has the potential to determine

lake ecosystem state (Scheffer and others, 2001,

2003; Jeppessen and others 2003; McKee and

others 2003; van Donk and others 2003), but

Canadian prairie lakes with a short history of cul-

tural disturbance and extreme climatic influences

may prove to be model sites in which to test this

hypothesis.
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