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a b s t r a c t

Different environmental conditions support optimal growth by Aphanizomenon and Micro-

cystis in Ford Lake, Michigan, USA, based on weekly species biovolume and water chem-

istry measurements from June through October 2005–2007. Experimental withdrawal of

hypolimnetic water through the outlet dam was conducted in 2006, with 2005 and 2007

acting as control years, to test theory regarding management of nuisance and toxic cya-

nobacteria. The dynamics of Aphanizomenon and Microcystis blooms in Ford Lake appear to

be driven largely by NO3
� concentrations, with higher levels shifting the advantage to

Microcystis (P< 0.0001). Aphanizomenon was most successful with a mean TN:TP ratio

(mol:mol) of 48.3:1, whereas Microcystis thrived with a mean ratio of 70.1:1. Withdrawal of

hypolimnetic water successfully destabilized the water column and led to higher levels of

NO3
� and the near elimination of the Aphanizomenon bloom in 2006 (P< 0.0001). Selective

withdrawal did not reduce Microcystis biovolume or microcystin toxicity. Microcystis bio-

volume and NO3
� levels were positively correlated with microcystin toxin (P¼ 0.01) and

jointly accounted for 30.5% of the variability in the data. Selective withdrawal may be

a viable management option for improving water quality under certain circumstances. To

fully address the problem of nuisance and toxic algal blooms in Ford Lake, however, an

integrated approach is required that targets cyanobacteria biovolume dynamics as well as

conditions suited for toxin production.

ª 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Seasonal succession from spring diatom communities to

summer blooms of cyanobacteria is a pattern within

temperate zone lakes worldwide (Sommer et al., 1986). This

succession has generally been attributed to diatom declines

owing to accelerated sinking losses and depletion of Si, P, or

both. Moreover, N depletion and low TN:TP ratios have been

linked to succession by heterocystous cyanobacteria (Smith,

1983; Hyenstrand et al., 1998). Comprehensive taxon specific

analyses have demonstrated nearly opposite growth

responses of diatoms and cyanobacteria to environmental

factors (Lehman et al., 2004). In this paper, we report results

from a three-year study that featured a whole-lake experi-

ment to dramatically reduced summer cyanobacteria

biovolume.

Ford Lake is a eutrophic impoundment initially con-

structed by Henry Ford in 1932 to supply hydroelectric power

to his Motor Company. The dam and its turbine-driven

generators still supply power commercially. Additionally,

Abbreviations: BV, Biovolume; Chl a, Chlorophyll a; DN, Dissolved nitrogen; DP, Dissolved phosphorus; PC, Phycocyanin; PN,
Particulate nitrogen; SRP, Soluble reactive phosphorus; SRSi, Soluble reactive silica; TN, Total nitrogen; TP, Total phosphorus.
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Ford Lake supports one of the most productive warm water

sport fisheries in Michigan and is used intensely for recrea-

tion. Thus, there is motivation to lengthen the period of

diatom abundance and limit cyanobacteria. Control of

nuisance conditions requires understanding the specific

environmental factors that favor the success of different algal

communities combined with an ability to manipulate the

ecosystem to the selective disadvantage of cyanobacteria.

Seasonality of algal communities in Ford Lake follows

a predictable pattern. Diatoms dominate in late April or early

May, and then are replaced by cyanobacteria from July

through September. The cyanobacteria cover the majority of

the lake’s 4 km2 surface area, release microcystin toxins

(Lehman, 2007), interfere with recreation, and are regarded as

a major nuisance problem. The cyanobacteria exhibit

a reproducible pattern of species succession. Typically,

Aphanizomenon flos-aquae dominates from July to early August

and then is replaced by Microcystis aeruginosa, which domi-

nates from the end of August through September; the two

species rarely coexist at mutually high biovolumes.

The purpose of this research was to: 1) explore conditions

favoring Aphanizomenon versus Microcystis; and 2) test selective

withdrawal of hypolimnetic water as a management solution

to halt cyanobacteria blooms without harming lake recreation

or water quality of downstream lakes. We examined bio-

volumes and pigment concentrations as well as Microcystis

biovolume and microcystin toxin levels to assess their value

as proxy measures for one another. One precept of our

management theory was that cyanobacteria are promoted by

water column stability, whereas diatoms require deep and

thorough physical lake mixing (Reynolds, 1989, 1994; Lehman

et al., 2004). The design of Ford Lake dam made it possible to

release hypolimnetic water independently of epilimnetic

discharge. This permitted us to manipulate the seasonal

pycnocline and to reduce physical lake stability.

We proposed the following hypotheses:

1) Aphanizomenon biovolume is correlated with phycocyanin

concentrations

2) Microcystis biovolume is correlated with phycocyanin

concentrations

3) Microcystis biovolume is correlated with microcystin toxin

4) Seasonal succession from Aphanizomenon to Microcystis is

associated with changes in N and/or P concentrations

5) Selective withdrawal of hypolimnetic water will increase

biovolume and duration of diatom blooms

6) Selective withdrawal of hypolimnetic water will reduce

biovolume of cyanobacteria

7) Reduced biovolume of Microcystis will lead to reduced

toxicity (dependent on results from hypothesis 3)

2. Materials and methods

2.1. Study site

Ford Lake (42.221 N, 83.581 W; Fig. 1) lies in the middle reach of

the Huron River catchment in southeastern Michigan. The

impoundment is operated as ‘‘run of the river’’, meaning that

stage height is regulated so that outflow matches inflow. The

hydroelectric turbines draw water from the topmost 5 m, but

they have limited volumetric capacity. When river discharge

exceeds the capacity of the turbines, six hydraulic gates can be

opened at the base of the dam, at 11 m maximum water depth,

to maintain constant lake stage height. River flow tends to

slacken during the summer, and then all discharge water is

directed through the turbines to maximize power generation.

This practice eliminates advective renewal of hypolimnetic

water, and anoxia develops along with depletion of nitrate

and release of ammonia and phosphate from anaerobic lake

sediments.

2.2. Field sampling

From May to October during 2005–2007, water was collected

on a weekly to biweekly basis at three stations (denoted F1, F2

and F3; Fig. 1) located respectively near the western inlet (5 m

depth), the center (7 m depth), and near the eastern outlet

dam (10 m depth). Raw water was filtered on site for nutrient

analysis using Millipore� disposable filter capsules of

nominal 0.45 mm pore size. Quantitative samples for phyto-

plankton counts and pigment analyses were collected from

0 to 5 m at each site using an integrative tube sampler.

2.3. Water chemistry

Water chemistry data are available through the Huron River

Project Website (http://www.umich.edu/whrstudy). Detailed

descriptions of water chemistry methods are reported by

Lehman (2007) and Ferris and Lehman (2007).

2.3.1. Nitrogen
Nitrate (NO3

�) was measured by second derivative UV spec-

troscopy (Crumpton et al., 1992) by scanning filtrate from 260

to 200 nm at 0.5 nm intervals using a 1 cm quartz cuvette.

Dissolved nitrogen (DN) was measured using 10 ml filtrate. For

particulate nitrogen (PN), 100 ml of raw water was filtered

through 25 mm Whatman� GF/C filters and placed in 10 ml

deionized water. DN and PN samples were treated with alka-

line persulfate oxidant, heated to 105 �C for 6 h, and later

neutralizing with HCl according to D’Elia et al. (1977). Nitrate

in the resulting digests was then measured by second deriv-

ative UV spectroscopy as above. Total nitrogen (TN) was

calculated as the sum of DN and PN.

2.3.2. Ammonium
Ammonium (NH4) was measured from raw water samples

according to Holmes et al. (1999). Three milliliter aliquots of

working reagent (comprised of sodium sulfite, borate buffer,

and OPA solution) were added to 20 ml samples and incubated

in the dark for 2 h. Sample and reference standard fluores-

cence, as well as sample CDOM color blanks, were measured

with a Turner Designs Model 10 fluorometer using the long

wavelength UV filter kit (P/N 10-303R) with 310–390 nm exci-

tation filter and 410–600 nm emission filter.

2.3.3. Phosphorus
Soluble reactive P (SRP) was measured from filtrate according to

Strickland and Parsons (1972). Dissolved P (DP) and total P (TP)
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were measured from filtrate and raw water, respectively, by

treating 40 ml samples with 0.4 g potassium persulfate, and

heating at 105 �C for 2 h. After cooling to room temperature,

samples were processed as SRP. Sample absorbance was

measured at 885 nm, using a 10 cm path-length cylindrical cell.

2.3.4. Soluble reactive silica
Soluble reactive silica (SRSi) was measured from filtrate

according to Stainton et al. (1977). Silicate was reduced to

silicomolybdate blue and read in a 1 cm cell at both 660 and

815 nm.

2.4. Algal pigments

We analyzed both chlorophyll a (Chl a) and phycocyanin

(PC). Raw water was filtered through Whatman� AH filters

(100 ml for Chl a; 250-ml for PC). Filters were frozen over

silica gel desiccant until extraction. Chlorophyll a was

extracted by macerating filters in ice-cold 90% v/v acetone

by tissue grinder, then filtering the slurry through

a Whatman GF/D filter. Pigment was measured fluoro-

metrically using a Turner Designs TD700 fluorometer with

436 nm excitation filter and 680 nm emission filter.

Phycocyanin was extracted overnight in 0.05 M pH 7

phosphate buffer followed by tissue grinding. Phycocy-

anin was detected fluorometrically using a Turner Designs

TD700 fluorometer with a 630 nm excitation filter and

660 nm emission filter.

2.5. Algal biovolume

Water samples taken with the integrated tube sampler (0–5 m

depth) were preserved with Lugol’s iodine. Fixed samples

were placed in a cylindrical settling chamber 1.6 cm high and

Fig. 1 – Map of Ford Lake, Michigan, USA. Upper: Ford Lake dam with bottom sluice gates and powerhouse at right viewed

from downstream. Lower: Aerial photograph of Ford Lake with inlet, outlet, and field sampling stations indicated.
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2.3 cm in diameter for at least 1 h prior to counting with an

Olympus IMT-2 inverted light microscope. Previously per-

formed time series tests demonstrated that longer settling

times did not yield more cell counts (Ferris and Lehman, 2007).

Cyanobacteria were measured using a Whipple grid eyepiece,

calibrated with a stage micrometer. Cell diameters were

measured using a calibrated eyepiece micrometer. Aphanizo-

menon cells were assumed to be cylindrical, and Microcystis

cells were assumed to be spherical.

Aphanizomenon trichomes were counted using the method

of Olson (1950) whereby the number of intersections of indi-

vidual trichomes with the Whipple grid lines is counted, and

biovolume was calculated based on the geometric expecta-

tions for a cylinder. Twenty fields per sample were measured

to estimate mean population biovolume, expressed as mm3

biovolume per liter of lake water for each sampling site and

date.

Heterocysts within Aphanizomenon trichomes were readily

identifiable (Adams and Duggan, 1999). While quantifying

Aphanizomenon biovolume, heterocysts were counted, as well.

Unlike Aphanizomenon trichomes, which were often

randomly distributed throughout the settling chamber,

Microcystis colonies were patchier and, thus, we increased the

number of replicate fields searched to 30. Microcystis was

quantified by counting the number of squares in the Whipple

grid occupied by the vertical projection of each colony. A

square that appeared to have �50% coverage was considered

filled. Assuming the colonies were roughly spherical, the area

(A, mm2) covered was calculated from the number of squares

within a field filled by Microcystis colonies. Biovolume (BV, mm3

per field, where a field is treated as a colony) was estimated as:

BV ¼ A3=2 (1)

This estimate was consistent with the visual organization of

the colonies, with larger colonies tending to have larger

vertical focal depths. Joung et al. (2006) determined that

colony volume could be used to predict cell numbers:

N ¼ 1950000� BV þ 1731 (2)

where N is the estimated number of cells per colony and BV is

biovolume (mm3 per field, again where a field is treated as

a colony). Thus, multiplying cell volume by N yields biovolume

for Microcystis, excluding intercellular space within the colo-

nial matrix.

2.6. Microcystin toxin

Microcystin toxin was measured using competitive enzyme-

linked immunosorbent assay (ELISA) by colorimetric assay

(Lehman, 2007). The method is sensitive for low levels of

microcystin (Pyo et al., 2005) and can be applied to aqueous

samples without filtration or extraction. All assays were per-

formed on duplicate samples that were frozen and thawed

prior to analysis.

Sample concentrations were deduced by reference to

standard concentrations of 0, 0.4, 0.5, 1.0, 2.5, or 3.0 nM

microcystin (EnviroLogix, Inc.), or serial dilutions of these,

using a previously derived dose-response curve for competi-

tive ELISA (Lehman, 2007):

A ¼ 1=ða � Xþ bÞ (3)

where A is the difference between optical absorbance (1 cm

path-length) at 450 nm and 650 nm, and a and b are statisti-

cally determined parameters. The method detection limit

(MDL) for this ELISA test is 0.06 nM (Lehman, 2007). Parameter

values were obtained by application of the Microsoft Excel�
Solver routine and by the nonlinear regression option of

SYSTAT version 10.2.

2.7. Selective withdrawal experiment

During 2006 we experimentally curtailed epilimnetic

discharge through the turbines at Ford Lake dam so that water

could be released from the hypolimnion by opening gates at

the base of the dam. The objectives were (1) to replenish

oxygen to the hypolimnion by forced advection, and (2) to

destabilize the water column by weakening the thermal

gradient and to deepen the mixed layer. Three selective

withdrawal experiments were performed: 22–30 June, 14–21

July, and 28 July–4 August 2006. In the first experiment,

300,000 m3 per day was withdrawn from the hypolimnion. In

the second experiment, 150,000 m3 per day was withdrawn,

and in the third experiment, 300,000 m3 per day was again

withdrawn.

2.8. Statistical methods

2.8.1. Aphanizomenon vs microcystis
Differences in water chemistry were compared between

periods of Aphanizomenon and Microcystis dominance by

T-tests. Thresholds for elevated biovolumes were based on

natural breakpoints in the frequency distributions of in situ

biovolume for each species. Dates were considered elevated

for Aphanizomenon if biovolume was �2.0 mm3 L�1 and Apha-

nizomenon accounted for �80% of combined cyanobacteria

biovolume. The same criteria were applied to Microcystis. Only

Aphanizomenon and Microcystis were quantified because other

genera of cyanobacteria were inconsequential components of

total biovolume. The only other cyanobacteria occasionally

encountered was Planktothrix (formerly Oscillatoria) late in the

year, but never at levels comparable to the other two species.

In addition to comparing environmental conditions on the

date of each elevated abundance, we repeated the T-tests

comparing conditions one week prior to each date of elevated

abundance.

We also created a third category defined as dates of

successful coexistence. Here, at least one genus had to satisfy

the biovolume requirement stated above (�2.0 mm3 L�1), but it

accounted for <80% of the joint total biovolume. One-way

analysis of variance (AOV) was used to compare environ-

mental conditions during cyanobacteria blooms

(�2.0 mm3 L�1) characterized by (a) Aphanizomenon domi-

nance, (b) Microcystis dominance or (c) coexistence. Our three-

year data set included a total of 180 data points. Cyanobacteria

dominance and coexistence dates accounted for 33.3% of the

full data set: Aphanizomenon peaks accounted for 16.1%,

Microcystis peaks accounted for 11.7%, and periods of coexis-

tence accounted for 5.6%.
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2.8.2. Heterocysts
Additional T-tests were applied to differences in water

chemistry during Aphanizomenon blooms with abundant

heterocysts versus periods with few to no heterocysts.

Comparisons were restricted to dates when Aphanizomenon

biovolume was �2.0 mm3 L�1. Samples with �300 heterocysts

ml�1 were classified as abundant, and those with 0 hetero-

cysts ml�1 were classified as absent. We did not include

samples containing more than 0 but fewer than 300 hetero-

cysts ml�1 in this analysis, as we were attempting to classify

environmental conditions associated with abundance versus

absence. Our limit of detection was <100 heterocysts ml�1. If

one heterocyst was counted in the entire volume searched,

this value was roughly equivalent to 106 heterocysts ml�1.

2.8.3. Effect of experimental manipulation
Paired T-tests and repeated measures AOV were applied to

differences in water chemistry and algal biovolume across

years, specifically comparing the experimental year 2006 with

the control years 2005 and 2007. We compared 14 weeks each

year with nearly coincident sampling dates from the end of

June through the end of September. The first sampling date in

each year’s data set coincides with the sampling date

preceding the first experiment in 2006. For microcystin toxin,

however, we compared only 9 weeks (final week of July

through the end of September) because the toxin never

appears before August.

2.8.4. Microcystin toxin
We examined whether microcystin toxin responded to envi-

ronmental conditions independently of biovolume by con-

ducting T-tests comparing periods when toxin levels were

<0.1 nM to those when levels were �0.1 nM, a level just above

our MDL for measuring microcystin by ELISA. We limited the

data set to dates when Microcystis was detected, which yielded

a sample size of 54.

2.8.5. Proxy variables
Correlation between cyanobacteria biovolume and pigment

concentrations as well as Microcystis biovolume and micro-

cystin toxin levels were calculated as Pearson’s correlation

coefficients.

All statistical analyses were performed using SYSTAT

version 10.2 (SYSTAT, Inc., Evanston, IL). Prior to calculating

T-tests and AOV, data were log-transformed to obtain normal

distributions. P-values for statistical tests were considered

significant at a< 0.05.

3. Results

3.1. Seasonal succession of cyanobacteria populations

Epilimnetic chemistry was significantly different during

periods of Aphanizomenon or Microcystis dominance as well as

during periods of coexistence (Table 1). We identified 29 dates

of Aphanizomenon dominance and 21 dates for Microcystis, plus

10 dates of coexistence. Analysis of variance identified

significant differences (P< 0.05) for NH4
þ, NO3

�, DN, and TP.

Further pair-wise T-tests revealed that Microcystis domi-

nance was associated with elevated NO3
� concentrations,

twice the levels during Aphanizomenon dominance (23.1 mM vs.

44.0 mM; P< 0.0001). This suggests that Aphanizomenon

requires or tolerates low NO3
� better than Microcystis, whereas

the latter genus can out-compete at higher NO3
� levels. NH4

þ

concentrations were also significantly higher during Micro-

cystis blooms (P¼ 0.004). Total phosphorus was significantly

lower during Microcystis blooms (P¼ 0.015). The difference in

Table 1 – Mean water chemistry differences during periods of Aphanizomenon dominance, Microcystis dominance, and
coexistence. P-values for AOV and independent samples T-tests are presented. P-values greater than 0.05 are denoted as
n.s. (not significant).

Relative time Analyte Mean (A)
N¼ 29

Mean
(A&M ) N¼ 10

Mean (M )
N¼ 21

AOV P T-test P
(A vs. A&M )

T-test P
(M vs. A&M )

T-test P
(A vs. M )

Week of peak NH4 (mM) 2.8a 5.2 6.8b 0.005 0.026 n.s. 0.004

NO3
� (mM) 23.1 41.7 44.0 <0.0001 0.009 n.s. <0.0001

DN (mM) 58.9 80.9 83.8 <0.0001 0.002 n.s. <0.0001

TN (mM) 100.6 108.4 104.9 n.s. n.s. n.s. n.s.

SRP (mM) 0.2 0.1 0.2 n.s. n.s. n.s. n.s.

DP (mM) 0.7 0.5 0.6 n.s. n.s. n.s. n.s.

TP (mM) 2.4 1.8 1.7 0.038 n.s. n.s. 0.015

TN:TP 48.3 62.2 70.1 n.s. 0.023 n.s. 0.0003

Week before peak NH4 (mM) 4.4a 10.2 11.4b <0.0001 0.003 n.s. 0.0002

NO3
� (mM) 23.9 33.4 36.9 0.007 n.s. n.s. 0.001

DN (mM) 64.1 77.8 82.1 0.014 n.s. n.s. 0.0005

TN (mM) 97.1 92.0 98.8 n.s. n.s. n.s. n.s.

SRP (mM) 0.2 0.3 0.4 n.s. n.s. n.s. n.s.

DP (mM) 0.7 0.7 0.7 n.s. n.s. n.s. n.s.

TP (mM) 2.1 1.5 1.7 n.s. n.s. n.s. n.s.

TN:TP 53.7 64.3 71.1 n.s. n.s. n.s. 0.025

a N¼ 28.

b N¼ 19.
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mean TN:TP ratios (mol:mol) was also significantly different

during Aphanizomenon and Microcystis blooms (48.3:1 and

70.1:1 respectively; P¼ 0.0003). There is also a trend whereby

periods of coexistence exhibit chemistry intermediate

between periods of genus-specific dominance. These data

suggest that NO3
�may be the most influential nutrient in Ford

Lake cyanobacteria dynamics. It should be noted, however,

that a complex interaction of nitrogen and phosphorus, and

possibly other compounds not monitored during this study,

all contribute to the success of one species or the other.

Environmental conditions one week prior to each peak

date were likewise significantly different among taxa (Table

1). Again, NO3
� and NH4

þ appear to be key factors. Analysis of

variance identified significant differences for NH4
þ, NO3

�, and

DN. Mean concentrations of NO3
�were 23.9 mM and 36.9 mM for

weeks preceding Aphanizomenon and Microcystis blooms,

respectively (P¼ 0.001). Concentrations of NH4
þ preceding

Microcystis blooms (11.4 mM) were more than twice those

preceding Aphanizomenon blooms (4.4 mM; P¼ 0.0002). Unlike

conditions during the week of the peak, TP levels were not

significantly different in the weeks preceding Microcystis peaks

versus Aphanizomenon peaks (1.7 mM and 2.1 mM respectively).

TN:TP ratios were significantly higher preceding Microcystis

dominance than Aphanizomenon dominance (M¼ 71.1:1,

A¼ 53.7:1; P¼ 0.025).

We identified 9 sampling dates during July through August

of 2005–2007 when Aphanizomenon heterocyst abundance

exceeded our threshold level (300 heterocysts ml�1). We

compared these (Table 2) with 39 sampling dates for the same

period when heterocysts were not observed. Periods of

abundant heterocysts had significantly lower NH4
þ (P< 0.0001),

NO3
� (P< 0.0001), DN (P¼ 0.0007), and SRP (P¼ 0.0194) and

significantly higher TP (P¼ 0.0181).

3.2. Selective withdrawal experiment

The selective withdrawal experiment produced many

significant differences from the control years (Table 3).

Analysis of variance for May through September for 2005,

2006, and 2007 found high probability of heterogeneity

among years. Paired T-tests comparing the years 2005 and

2007 found no statistical difference between these control

years for all analytes, including analytes not listed in Table 3:

NH4
þ, SRP, DP, and TP.

3.2.1. Water chemistry
Nitrate was the most responsive chemical analyte to the

hypolimnetic withdrawal experiment. A dramatic and statis-

tically significant increase in NO3
� was observed for all

sampling stations in 2006 versus the control years (F1:

P¼ 0.0071, F2: P¼ 0.0002, F3: P¼ 0.0003; Table 3). The NO3
�

response contributed to an increase in mean DN. No significant

differences across the study period were found for P. The TN:TP

ratio was significantly higher in 2006 compared with 2005 and

2007 at two of three sampling stations and is likely due to the

elevated NO3
� levels (F1: P¼ 0.027, F2: P¼ 0.021, F3: P¼ 0.12). At

F1, ratios were 48.4:1, 67.0:1, and 53.6:1; at F2, ratios were 50.9:1,

74.6:1, and 59.5:1; and at F3, ratios were 62.1:1, 79.5:1, and 64.1:1

for 2005, 2006, and 2007 respectively (Table 3).

3.2.2. Algal communities
Differential responses of eukaryotic versus cyanobacterial

algal communities are evident by comparing SRSi, Chl a, and

PC (Fig. 2). Mean Chl a levels were moderately lower in 2006,

suggesting the experiment reduced overall algal biomass.

Mean Chl a ranged from 30.2 to 41.6 mg L�1 during control

years, and 16.9–19.3 mg L�1 during 2006 (F1: P¼ 0.0495, F2:

P¼ 0.0561, F3: P¼ 0.0275), but weekly variation in concen-

tration levels prevented these large mean differences from

having stronger statistical significance. SRSi and PC,

however, both showed significant differences at all three

sampling stations (Table 3). SRSi decreased notably in 2006,

indicating greater uptake by diatoms during the summer

months, an occurrence not seen in control years (F1:

P¼ 0.0229, F2: P¼ 0.0218, F3: P¼ 0.0121).1 Along with the

decrease in SRSi and success of diatoms, 2006 had a signifi-

cant reduction in PC. Mean PC ranged from 49.4 to

104.6 mg L�1 during control years, and 1.4–3.5 mg L�1 during

2006 (F1: P¼ 0.0015, F2: P¼ 0.0010, F3: P¼ 0.0015; Table 3).

Considered together, these data indicate overall algal

biomass was not seriously reduced during the experimental

year, but the composition was significantly different, with

control years dominated by cyanobacteria and 2006 marked

by an extended diatom bloom.

3.2.3. Cyanobacteria biovolume
As with PC, mean Aphanizomenon biovolume was significantly

lower in 2006 versus 2005 and 2007 (F1: P¼ 0.0016, F2:

P¼ 0.0002, F3: P¼ 0.0001; Table 3), with biovolumes reduced in

2006 almost to the limit of detection. Mean Microcystis bio-

volume did not follow this pattern, however. No variation

among years was statistically significant for any sampling

station, nor did the species anecdotally exhibit lower levels in

2006 as occurred with Aphanizomenon. Instead, biovolume

showed a trend suggesting an increase at F1 and F2 during

Table 2 – Mean water chemistry differences during
periods of Aphanizomenon dominance when heterocysts
are abundant versus absent. P-values for independent
samples T-tests are presented. P-values greater than 0.05
are denoted as n.s. (not significant).

Analyte Mean (Absenta)
N¼ 39

Mean (Abundanta)
N¼ 9

T-test P

NH4 (mM) 5.1b 1.5 <0.0001

NO3
� (mM) 34.9 18.7 <0.0001

DN (mM) 73.8 57.8 0.0007

TN (mM) 99.8 108.7 n.s.

SRP (mM) 0.2 0.1 0.0194

DP (mM) 0.7 0.5 n.s.

PP (mM) 2.0 2.4 n.s.

TP (mM) 1.3 1.9 0.0181

TN:TP 57.6 47.8 n.s.

a Absent¼ 0 heterocysts ml�1; Abundant¼ 300þ heterocysts ml�1.

b N¼ 38.

1 See Ferris and Lehman (2007) for a detailed analysis of the
extended diatom bloom attributed to the selective withdrawal
experiment.
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2006 (3.66 and 2.01 mm3 L�1, respectively) compared with 2005

and 2007 (F1 2005: 2.39 mm3 L�1, F1 2007: 2.01 mm3 L�1; F2

2005: 0.6 mm3 L�1, F2 2007: 1.65 mm3 L�1, respectively). Bio-

volumes at F3 were virtually indistinguishable among years

and remained stable at 1.6–1.7 mm3 L�1. Strong differences

among years in PC and total cyanobacteria biovolume owes to

the fact that in control years Microcystis biovolume never

achieves the same maximum levels as does Aphanizomenon.

Fig. 3 illustrates the temporal patterns of higher NO3
� levels

and lower Aphanizomenon biovolume during the experimental

year (2006) at all three sampling stations.

3.2.4. Microcystin toxicity
Consistent with lack of interannual variation in Microcystis

biovolume, microcystin toxin likewise did not decrease in

2006 compared with 2005 and 2007 (Table 3). No statistically

significant differences among years were identified (F1:

P¼ 0.56, F2: P¼ 0.12, F3: P¼ 0.18), and trends in toxin

concentrations were not consistent across sampling stations.

A very high level was observed at F1 in 2005 (2.5 nM), followed

by lower concentrations for 2006 and 2007 (0.3 nM and 0.2 nM

respectively). Station F2 exhibited a low concentration in 2005

(0.4 nM) and a moderate increase in 2006 that was repeated in

2007 (0.7 nM and 0.8 nM respectively). F3 had a moderate level

in 2005 (0.8 nM) that was reproduced in 2006 (0.8 nM) and was

followed by a decrease in 2007 (0.3 nM). Concentrations of

NO3
�, DN, and TN were significantly higher during periods of

elevated toxin levels (P¼ 0.01; P¼ 0.01; P¼ 0.002 respectively).

Toxin was also significantly higher when Microcystis bio-

volume increased (P¼ 0.01).

3.3. Correlation between biovolume and pigments

Correlations between biovolume and pigments were different

for the two dominant cyanobacteria (Table 4). Samples

dominated by Aphanizomenon from July through September

(n¼ 31) contrasted with those from August through

September dominated by Microcystis (n¼ 22). Aphanizomenon

biovolume explained approximately 50% of the variance

observed in PC and 34% of the variance observed in Chl a.

Microcystis biovolume was not correlated with either Chl a or

PC (r2 values of 7% and 2% respectively), revealing PC to be an

inappropriate proxy measure for Microcystis biovolume in this

study.

Table 3 – Significant effects of whole-lake manipulation on water chemistry and algal communities based on repeated
measures analysis of variance (AOV) and paired T-tests. The analysis included 14 weeks for comparison for all analytes
except microcystin toxin, which included 9 weeks. P-values greater than 0.05 are denoted as n.s. (not significant).

Analyte Station Mean
(2005)

Mean
(2006)

Mean
(2007)

AOV P
(2005–2007)

Paired T-test P
(2005–2006)

Paired T-test P
(2006–2007)

Paired T-test P
(2005–2007)

NO3
� (mM) F1 29.3 48.7 29.9 0.0071 0.0084 0.0054 n.s.

F2 18.2 41.8 22.3 0.0002 0.0004 0.0013 n.s.

F3 18.7 40.7 17.2 0.0003 0.0004 0.0002 n.s.

DN (mM) F1 69.3 85.8 70.0 0.0011 0.0047 0.0003 n.s.

F2 61.1 75.1 63.3 0.0062 0.0099 0.0036 n.s.

F3 63.8 75.7 62.4 0.0054 0.0141 0.0028 n.s.

TP (mM) F1 2.5 1.6 2.1 0.0235 0.0066 n.s. n.s.

F2 2.0 1.2 1.6 0.0347 0.0096 0.0487 n.s.

F3 1.5 1.4 1.3 n.s. n.s. n.s. n.s.

TN:TP F1 48.4 67.0 53.6 0.0272 0.0064 0.0477 n.s.

F2 50.9 74.6 59.5 0.0206 0.0047 0.0220 n.s.

F3 62.1 79.5 64.1 n.s. n.s. n.s. n.s.

SRSi (mM) F1 111.5 87.4 127.2 0.0229 n.s. 0.0143 n.s.

F2 109.6 83.5 123.9 0.0218 n.s. 0.0155 n.s.

F3 109.7 83.1 121.8 0.0121 n.s. 0.0101 n.s.

Chl a (mg L�1) F1 35.4 19.3 41.6 0.0495 0.0480 0.0269 n.s.

F2 35.4 17.5 31.3 n.s. n.s. 0.0286 n.s.

F3 30.2 16.9 31.8 0.0275 n.s. 0.0063 n.s.

PC (mg L�1) F1 51.2 3.5 81.8 0.0015 0.0004 0.0004 n.s.

F2 104.6 2.5 64.3 0.0010 0.0009 0.0002 n.s.

F3 88.3 1.4 49.4 0.0015 0.0003 0.0005 n.s.

Aphan (mm3 L�1) F1 4.5 0.9 8.4 0.0016 0.0002 0.0011 n.s.

F2 5.6 0.4 5.4 0.0002 <0.0001 0.0008 n.s.

F3 5.0 0.6 6.1 0.0001 0.0034 <0.0001 n.s.

Mcyst (mm3 L�1) F1 2.4 3.7 1.0 n.s. n.s. n.s. n.s.

F2 0.6 2.0 1.7 n.s. n.s. n.s. n.s.

F3 1.7 1.7 1.6 n.s. n.s. n.s. n.s.

Mcyst Toxin (nM) F1 2.5 0.3 0.2 n.s. n.s. n.s. n.s.

F2 0.4 0.7 0.8 n.s. n.s. n.s. n.s.

F3 0.8 0.8 0.3 n.s. n.s. 0.0173 n.s.
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Microcystin toxin correlated positively with NO3
�, DN, TN,

and TN:TP ratios (r2¼ 21.7%; 32.9%; 30.6%; 7.1% respectively).

Microcystin toxin also correlated strongly with Microcystis

biovolume (P< 0.0001), but explained only 20.5% of the

observed toxin variability. Multiple linear regression with

toxin as the dependent variable yielded r2¼ 30.5% for

a model including biovolume and NO3
�, and 45.1% for

a model including biovolume, NO3
�, DN, and TN. Adding

TN:TP ratio as an independent variable did not dramatically

improve r2 (47.6%). These results indicate that microcystin

production is controlled by factors beyond biovolume and

nitrogen.

4. Discussion

4.1. Seasonal succession of cyanobacteria populations

Phytoplankton dynamics in Ford Lake exhibit a consistent

progression from spring diatom bloom to mid-summer

Aphanizomenon bloom, to late summer/early fall Microcystis

bloom. The results of our research implicate N and P not only

in the transition from diatoms to Cyanophyta, but in transi-

tions within cyanobacteria communities.

Periods of Aphanizomenon versus Microcystis dominance

differ significantly in NH4
þ, NO3

�, DN, TP, and TN:TP ratios.

Microcystis dominates at higher NO3
� and NH4

þ concentrations.

This observation is consistent with physiological adaptation

of Aphanizomenon to low N concentrations, largely due to its

ability to form heterocysts and fix N2 (Abrantes et al., 2006;

Levine and Schindler, 1999). Comparison of environmental

conditions when heterocysts are abundant versus when they

are rare certainly show that heterocysts are associated with

low levels of NH4
þ and NO3

�. The heterocyst concentrations we

found are consistent with heterocyst levels found in Aphani-

zomenon populations in Clear Lake, California during times

when the cells were fixing nitrogen (Horne and Goldman,

1972). Moreover, environmental conditions during Microcystis

dominance are not significantly different from those during

coexistence with Aphanizomenon. In contrast, conditions

during Aphanizomenon dominance frequently differ from those

associated with coexistence, suggesting that coexistence is

Fig. 2 – Chlorophyll a (mg LL1), Phycocyanin (mg LL1), and SRSi (mM) concentrations in Ford Lake (0–5 m integrated samples),

June–October 2005–2007 for sampling stations F1 (a), F2 (b), and F3 (c).
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a time of transition, and that Aphanizomenon requires a strict

low level of NO3
� to maintain its selective advantage over

Microcystis, whereas the latter can be successful under a wider

range of NO3
� values.

Differences were also identified with respect to P. Micro-

cystis blooms were associated with lower levels of TP

compared with Aphanizomenon blooms, which is a logical

result considering that Aphanizomenon had a higher biomass

overall. Taken in tandem with the N-related differences, these

features contribute to a significant difference in TN:TP ratios

(mol:mol). Aphanizomenon blooms were characterized by

a mean ratio of 48.3:1, whereas Microcystis thrived with a mean

ratio of 70.1:1. The comparatively higher TN:TP ratio during

Microcystis blooms has been noted by others (Abrantes et al.,

2006; Downing et al., 2005; Levine and Schindler, 1999).

Abrantes et al. (2006) report that Aphanizomenon pop-

ulations dominate in Vela Lake, Portugal when N concentra-

tions are lowest, and are succeeded by Microcystis when NH4
þ

levels rise and total P levels drop, resulting in an increased

TN:TP ratio. The authors suggest that Microcystis is better

adapted to conditions with greater N and an otherwise

limiting level of P, because it has superior ability to store P and

thus is not affected when P concentrations drop.

To evaluate factors that stimulate biomass develop-

ment, we examined conditions the week preceding each

peak or coexistence date. Once again, key nutrients

included NH4
þ and NO3

�, and statistical tests identified

higher TN:TP ratios preceding Microcystis (71.1:1) than

Aphanizomenon (53.7:1).

4.2. Selective withdrawal experiment

Further support for our findings regarding the dynamics of

Aphanizomenon and Microcystis comes from purposeful desta-

bilization of the lake during summer 2006. For all analytes

under investigation, we found no statistical difference

between the two control years (2005 and 2007). Therefore, we

attribute significant differences to the experimental year. The

year 2006 had increased NO3
� and decreased TP, resulting in

significantly higher TN:TP ratio. Associated with these

changes were significant changes in the algal community.

Moderately lower Chl a levels indicated a modest reduction in

Fig. 3 – Biovolume (mm3 LL1) of Aphanizomenon and Microcystis and NO3
L (mM) concentrations in Ford Lake (0–5 m

integrated samples), June–October 2005–2007 for sampling stations F1(a), F2 (b), and F3 (c).
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overall algal biomass, accompanied by decreased concentra-

tions of SRSi indicative of diatom uptake, and dramatic

reductions in PC and Aphanizomenon biovolume.

Microcystis biovolume was not affected by the experiment;

indeed, observations suggested an increase at two of the

sampling stations. This response is consistent with the

hypothesis that Microcystis is better adapted to a range of

TN:TP ratios that allow it to compete with eukaryotic as well

as cyanobacteria communities. Recently, Schindler et al.

(2008) have argued that attempted control of eutrophication

through restrictions on N discharge is largely useless in lakes

and perhaps in estuaries, as well. They cited results from Lake

227 in the Experimental Lakes Area to demonstrate that fixa-

tion of atmospheric N2 by cyanobacteria and invasion of

atmospheric CO2 have maintained a general equilibrium with

a single master variable: P loading. Ford Lake offers a some-

what subtle caveat to this argument. As in Lake 227, periods of

low dissolved inorganic N promote success by nitrogen-fixers,

namely Aphanizomenon. When N is not so limiting, toxic

strains of Microcystis dominate. Thus if one management goal

were to reduce microcystin levels within a municipal drinking

water supply or recreational water body, it might make sense

to reduce N income as well as P income. Any efforts to reduce

P income from both external and internal loading sources

could be expected to have a salutary effect by reducing overall

algal biomass. But keeping DIN to TDP ratio low would tilt the

competitive balance in favor of Aphanizomenon and thereby

reduce the incidences of hepatotoxin accumulation.

4.3. Microcystin toxin

In understanding the dynamics of Aphanizomenon and Micro-

cystis blooms (i.e. population dynamics/biovolume) as well as

the ability to potentially influence environmental conditions to

produce dominance in one genus over the other, it is unwise to

consider ecological aspects without public health impacts.

Though both are considered nuisance blooms, Microcystis is

also capable of producing harmful hepatotoxins. Knowing that

toxin expression is not constant and can also be manipulated

by environmental conditions, one cannot focus solely on pop-

ulation dynamics without also paying attention to toxin

dynamics. The same conditions that may lead to Microcystis

dominance may not lead to increased toxin concentrations,

which is precisely what we found in Ford Lake. We observed

spatial variation in toxin levels that was not completely linked

to variation in biovolume. Microcystin toxin was positively

correlated with Microcystis biovolume, but only 20.5% of the

variance was explained. Trends in fluctuating toxin concen-

trations were not consistent across sampling stations or years.

Independence of toxin levels from biovolume has been

observed by others (Jacoby et al., 2000; Kotak et al., 1995; Man-

kiewicz-Boczek et al., 2006; Watanabe et al., 1989). It is possible

that this inconsistency results from changes within the Micro-

cystis bloombetweenstrains thatproduce toxins and those that

do not. Heterogeneity within Microcystis blooms has been

observed by others (Carmichael and Gorham, 1981; Kotak et al.,

1995; Watanabe et al., 1991). We did not perform genotyping, so

we are unable to explore this question with present study.

Toxin levels were positively correlated with TN:TP ratios,

and, in particular, with NO3
�. T-tests found a significant asso-

ciation between higher levels of NO3
� and higher concentra-

tions of toxin. This is consistent with Inamori et al. (2003) and

Yoshida et al. (2007) who found higher toxin levels associated

with higher concentrations of NO3
�. Jacoby et al. (2000) found

SRP significantly associated with higher microcystin, which

we did not observe. We noted a significant relationship

between SRP and Microcystis biovolume, but this association

did not extend to toxin levels.

Others have suggested that biovolume and toxin levels of

Microcystis may be dependent on cell growth phase (Inamori

et al., 2003; Kotak et al., 1995). The possibility that toxin

production is associated with bloom senescence has been

suggested by lag times between biovolume peaks and toxin

peaks (Inamori et al., 2003; Lehman, 2007). It is also possible

that the conditions optimal for cell growth are not identical to

those optimal for toxin production. These observations are by

no means universal and warrant additional study (Lee et al.,

2000; Long et al., 2001).

An important conclusion from these results, then, is that

while we can identify environmental conditions that would

predict genus dominance between Aphanizomenon and Micro-

cystis, these same conditions do not serve to predict toxicity,

because biovolume alone is not a predictor of toxin concentra-

tion. In identifying this complex relationship between Micro-

cystis and its toxicity, we have determined the most appropriate

investigative tool to be laboratory experiments, where we can

control confounding variables that abound in field studies. Only

when we understand both the factors predicting biovolume as

well as those predicting toxin expression, can we be comfort-

able designing appropriate management strategies.

4.4. Correlating biovolume and pigment

Significant positive correlations were found between Aphani-

zomenon and the pigments Chl a and PC. Aphanizomenon

Table 4 – Correlations between cyanobacteria
(Aphanizomenon and Microcystis) and pigment
concentration and microcystin toxin and environmental
conditions. Pigment correlations were calculated using
only those sampling dates dominated by the species of
interest.

Reference Correlate r2

Aphanizomenon (mm3 L�1) N¼ 31 Chl a (mg L�1)* 0.338

PC (mg L�1)* 0.503

Microcystis (mm3 L�1) N¼ 22 Chl a (mg L�1) 0.068

PC (mg L�1) 0.023

Microcystin toxin (nM) N¼ 54 NH4 (mM) 0.013

NO3
� (mM)* 0.217

DN (mM)* 0.329

TN (mM)* 0.306

SRP (mM) 0.014

DP (mM) 0.00003

TP (mM) 0.002

TN:TP (mol:mol)* 0.071

Chl a (mg L�1) 0.0003

PC (mg L�1) 0.0008

Microcystis (mm3 L�1)* 0.205

* Indicates P< 0.05.
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biovolume explained approximately 50% of the variance in PC

and 34% of the variance in Chl a. This is lower than the r2 of

0.73 reported by Brient et al. (2008) who studied a heteroge-

neous filamentous cyanobacteria community in aggregate,

and one might expect variation by species. Note that Micro-

cystis correlated poorly with both Chl a and PC in our analyses.

Other studies have also found poor correlations between

Microcystis and pigments (Bañares-España et al., 2007; Man-

kiewicz-Boczek et al., 2006). Bañares-España et al. (2007)

demonstrated that different genetic strains of M. aeruginosa

grown under the same environmental conditions produced

varying amounts of PC and Chl a. Such variability could even

occur within a single colony. This might explain the poor

correlation of biovolume to pigment concentration in our

study, but we cannot test this hypothesis because we did not

genotype our Microcystis samples.

Conversely, Ahn et al. (2004) reported a much higher

correlation between Microcystis cell counts and PC concen-

tration (r2¼ 0.632). Their estimates, however, were calculated

from mixed species samples. Microcystis and Anabaena coex-

isted in virtually equal amounts at all times when PC levels

were measured. Conclusions regarding the correlation

between Microcystis and PC cannot be disentangled from

pigment levels of Anabaena. It is our conclusion, therefore,

that unlike with Aphanizomenon, PC is an inappropriate indi-

cator for Microcystis biovolume even if the bloom is known to

be homogeneous.

5. Conclusions

The dynamics of Aphanizomenon and Microcystis blooms in

Ford Lake appear to be driven largely by NO3
� concentrations,

with higher levels shifting the selective advantage to Micro-

cystis. Selective withdrawal of hypolimnetic water success-

fully destabilized the water column and produced higher

levels of NO3
� and the near elimination of Aphanizomenon in

2006. Selective withdrawal was not associated with reduced

Microcystis biovolume or toxicity. Aphanizomenon was most

successful with a mean TN:TP ratio (mol:mol) of 48.3:1,

whereas Microcystis thrived with a mean ratio of 70.1:1.

Successful elimination of both blooms would likely require

a dramatic increase in TN:TP ratio greater than 80:1 produced

by reduced TP levels. However, microcystin toxin was posi-

tively associated with NO3
� levels. To fully address the

problem of nuisance and toxic algal blooms in Ford Lake, an

integrated approach is required that will target disruption of

cyanobacteria biovolume dynamics as well as conditions

optimally suited for toxin production.

Selective withdrawal appears to be a viable management

option for improving water quality under certain circum-

stances. It would be best complimented by a toxin-manage-

ment approach. Environmental sustainability of the

management approach will require additional experiments

and testing of theory over longer periods of time. The question

of socio-political sustainability of management options exists

in a different academic sphere from science and will require

evaluations by the local and municipal governments charged

with overseeing such operations in the context of their other

commitments and priorities (e.g., generation of hydroelectric

power).
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