NUTRIENT AND LIGHT LIMITATION EFFECTS ON PHYTOPLANKTON BIOMASS IN OWASCO LAKE (NEW YORK, USA)

Tim Sellers, Adam Colandrea (KC ’08) and Josh Lankford (KC ’08)

Center for Aquatic Research

Division of Natural Sciences and Mathematics

Keuka College

Keuka Park, NY 14478

tsellers@mail.keuka.edu

1/27/08

Introduction

Phytoplankton biomass and production is directly related to water quality and potential eutrophication in most lake systems (Smith et al. 2006).  Phytoplankton (= suspended algae) sit at the base of most lake food webs, utilize dissolved chemical nutrients and light for photosynthesis and growth, and provide most of the fixed carbon that powers the lake ecosystem.  As such, they integrate watershed inputs and the lake food web.  Significant increases in phytoplankton biomass are associated with nuisance and harmful algal blooms, depletion of oxygen in hypolimnetic waters, fish kills, and drinking water disinfection byproducts (Schindler 2006, Smith et al. 2006, Jack et al. 2002).  Hence, lakes need phytoplankton, but too much spells trouble.      

Phytoplankton biomass is regulated by a number of causes including “bottom up” factors such as nutrient species and availability and light intensity (Schindler 2006) and “top down” controls, including mussel and zooplankton grazing (Smith et al. 2006, Hodgson 2005).  Phytoplankton biomass is typically measured by quantifying the concentration of the photosynthetic pigment chlorophyll in a water sample as all phytoplankton have chlorophyll.  Thus, chlorophyll concentration is a surrogate measure for phytoplankton biomass and a common limnological synonym for the aggregate of these organisms.  Chlorophyll concentrations can vary widely in lakes over time, location and depth (Carpenter 1996, Fee 1976).  Linking watershed effects and lake management with changes in phytoplankton requires knowing what causes the variation in chlorophyll across these spatial and temporal scales and what factors limit the growth of phytoplankton.

A limiting factor is any component (e.g., a chemical nutrient, light availability, etc.) that when added to the system results in a significant increase in the response variable (e.g., phytoplankton growth).  Knowing what (and when) factors limit phytoplankton growth and biomass allows researchers and managers to better manage lake food webs (e.g., fish stocking and species introductions) and watershed inputs into a lake system.  While dissolved and particulate nutrient concentrations in lake dictate, in part, the potential phytoplankton biomass, paired dissolved nutrient concentrations and chlorophyll levels do not always tell the same story.  Limitation bioassay experiments are tools to determine limiting factors of natural phytoplankton communities and provide accurate limitation assessments (Sterner 1994).  Potentially limiting nutrients are added to phytoplankton samples in microcosms (e.g., flasks).  Algal (phytoplankton) growth rates are measured over time and evaluated among the control (i.e., no nutrient additions) and various nutrient addition treatments.  Significant differences in growth rates between nutrient treatments versus controls demonstrate the factors limiting algal growth.

Nutrient inputs, especially phosphorus, have long been implicated in driving the growth and maintenance of high phytoplankton biomass in freshwater lakes (Schindler 2006).  However, other chemical nutrients (e.g., nitrogen, silica, iron) have been shown to stimulate and/or regulate algal growth (Heckey and Kilham 1998, North et al. 2007) and nitrogen and phosphorus co-limitation has been common (Goldman et al. 1990).  Additionally, nutrient limitation intensity and type can vary over time, by location (including depth), and by phytoplankton species.

While nutrients garner the lion-share of attention in regulating phytoplankton biomass, other factors such as light and grazing can be important.  Too much light can cause a reduction in phytoplankton via photoinhibition and photorespiration, and too little light results in too little energy to sustain their growth.  The depth distribution of these organisms can reflect their light needs as less light is found in deeper waters.  In addition, phytoplankton populations can influence their own light climate as large population sizes reduce light penetration.  Like nutrients, light limitation intensity and type can vary over time, by location, and by phytoplankton species.  

The historical and current levels of phytoplankton, nutrient loading, and watershed inputs in Owasco Lake are covered by Halfman et al. (2008, this volume).  This study investigates bottom up controls on seasonal and site variations in pelagic phytoplankton biomass in Owasco Lake during the summer of 2007.  Monthly nutrient and light limitation bioassay experiments were used to detect limiting factors and correlate these with field nutrient data.  In addition, temperature and chlorophyll depth profiles were used to explain factors relating to phytoplankton growth regulation.            

Methods

Sample dates and locations

Limnological data and water samples from Owasco Lake were collected two times per month from June through September 2007.  Sample locations corresponded to sample sites 1 (42° 52.4’ N, 76° 31.35’ W) and D (42° 47.1’ N, 76° 29.0’ W) as detailed in the “Owasco Lake, New York: Water Quality and Nutrient Sources” (Halfman et al. 2008, this volume).  Site 1 was located in the northern portion of the lake, and Site D was on the southern portion.  There is a general northerly water flow such that waters run from the southern inlet (close to Site D) towards the northern outlet (close to Site 1).     

Field Collection

A CTD meter was used to collect depth profiles of common limnological data (including temperature, underwater irradiance, and fluorescence that are central to this study) at each sample site.  CTD details are described elsewhere in this volume (e.g., Halfman et al.).         

Whole water samples were collected at a depth of 2 meters from the mixed surface layer (epilimnion) using a Nisken, non-metallic water sampler.  (Whole water lake samples contained the natural phytoplankton community and ambient nutrients.)  Eight liters were collected at each site and stored in 1-L opaque, plastic, acid-washed bottles (Nalgene).  Bottles were stored and transported in a cooler at ambient temperature.  Total time between lake sampling and the beginning of each experiment ranged between four and six hours.             

Underwater light levels and downwelling light attenuation coefficients (Kd) were measured and calculated (respectively) from downwelling irradiance (photosynthetically active radiation, or PAR) measurements made from either the Seabird CTD (described in Halfman et al. 2008) or from Li-Cor underwater and surface sensors.  Subsurface irradiance was measured at 1-m depth intervals from surface to 15 m (starting at 0.1 m) using Li-Cor 192SA cosine-corrected upwelling and downwelling sensors. Surface irradiance measurements were recorded using a Li-Cor 190SA flat-plate quantum sensor. Simultaneous measurements were recorded from all three sensors using a Li-Cor 1200 data logger, and two replicate profiles were obtained at each sampling location.

Epilimnetic dissolved and particulate nutrient concentrations for Site 1 and Site D were collected and analyzed by Halfman et al., described elsewhere in this volume.    

Lab Experiments

Two concurrent nutrient limitation bioassay experiments (NLBE) were conducted once a month from June through September using water collected from sites 1 and D.  Each experiment used a 4 x 3 factorial design with four treatments (Control (C), Nitrogen (N), Phosphorus (P) and Nitrogen + Phosphorus (NP)) and three replicates of each treatment.  Nutrient concentrations of the sample waters were unknown at the beginning of each experiment, and nutrient additions were calculated to significantly elevate ambient nutrient concentrations from known historical values (Halfman et al. 2006).  Control treatments received no additional nutrients; N treatments received 300 μg N-NO3 L−1 (as NaNO3); P treatments received 70 μg SRP L−1 (as NaH2PO4 ·H2O); and NP treatments received both nitrogen and phosphorus additions in amounts described above.  After transport to the laboratory, water samples from each site were pooled (eight liters per site), mixed, and allocated into four large ‘treatment’ flasks where nutrient additions were made.  Nutrient addition amounts were calculated to ensure 97% whole lake water and 3% nutrient addition to minimize sample dilution; DH2O was added to C treatments at the same dilution factor.  Each treatment replicate contained 450 ml of the mixed treatment water in a glass, acid-washed 500-ml Erlenmeyer flask.  Flasks were incubated for 72 hours in an environmental chamber with constant shaking at ambient (field) water temperature and 16:8 (L:D) photoperiod.  Light was provided by cool, white fluorescent bulbs, and neutral density shade cloths were used to reduce light intensity to epilimnetic levels.  


Immediately after the flasks were placed in the environmental chamber (Day 0) in vivo algal fluorescence (a measure of phytoplankton abundance) was measured, and chlorophyll a and nutrient samples were collected.  Algal fluorescence (Turner Designs Aquafluor) was measured every 24 hours, and nutrient and chlorophyll a concentrations were measured again at the end of the experiment (72 hours or Day 3).  Aliquot samples were collected, sent overnight and nutrient concentrations (N-NO3, P-PO4 (Soluble Reactive Phosphorus), and P-TP (Total Phosphorus)), were measured by the Department of Environmental Science and Biology at SUNY Brockport.

Two concurrent light limitation bioassay experiments (LLBE) were conducted once a month from July through September (on different dates from the corresponding NLBE dates) using water collected from sites 1 and D.  Each experiment used a 4 x 3 factorial design with four light treatments (four light levels ranging from ~ 8 to 80 μmol photons m-2 s-1) and three replicates of each treatment.  Light treatments were achieved by using different numbers of layers of neutral density shade cloth covering the flasks.  In June 2007 the LLBE pooled samples from both Site 1 and Site D.  This experiment used a 6 x 3 factorial design with six light treatments (six light levels ranging from ~ 8 to 80 μmol photons m-2 s-1) and three replicates of each treatment.  Each treatment replicate contained 450 ml of the lake sample (plus a small spike of N and P to reduce any nutrient limitations) in a glass, acid-washed 500-ml Erlenmeyer flask.  Flasks were incubated for 72 hours in an environmental chamber with constant shaking at ambient (field) water temperature.  Light was provided as described above with a 16:8 (L:D) photoperiod.  Algal fluorescence was measured every 24 hours from Day 0 (= 0 hour) through Day 3 (= 72 hours).        

Changes in the proportions of the phytoplankton community size were measured in both the NLBE and LLBE studies.  The relative proportion of large phytoplankton (individual cells and/or colonies > 35 μm) and small phytoplankton (< 35 μm) were measured on samples from all treatments at Day 0 and Day 3.  Algal fluorescence of samples was measured on whole water (i.e., small plus large size groups) and the filtrate from whole water filtered through a 35 μm sieve (i.e., small size group only).  The large size group proportion was calculated as the difference in algal fluorescence of the whole water sample minus the filtrate sample.     

Data Analysis

Water column irradiance was corrected for changing cloud cover using surface values.  Down-welling light attenuation coefficients (Kd) were calculated by least-squares linear regression of natural log–transformed irradiances values against depth where Kd is the negative slope of the equation (Kirk 1994).  MATLAB Curve Fitting Toolbox (The Mathworks 2007) was used to exclude data affected by boat shadow and to calculate Kd.  The 1% light penetration values were calculated from Kd values as the natural log of 0.01 divided by Kd.  Percent phytoplankton biomass above and below the thermocline was calculated by integrating (trapezoidal method) chlorophyll fluorescence depth profiles.    

NLBE and LLBE studies used algal (= phytoplankton) growth rates as the experimental response variable.  Algal growth rates were calculated from linear regressions of the natural logarithms of fluorescence as a function of time and are expressed as a per day rate (d-1).  A one-way analysis of variance (ANOVA), using nutrient treatments as categorical variables, was performed on 72-hour growth rate data for each experiment to assess resource limitation by nutrients.  Post hoc tests (Student Neuman Keuls) were performed on significant models to detect particular treatment effects (e.g., nitrogen versus phosphorus limitation).  All statistical analyses were performed using SigmaStat 3.5.

Results

Limnological field data


Depth profiles of temperature and phytoplankton abundance (Figs. 1 – 4) demonstrate that the lake was thermally stratified throughout the summer months with a more pronounced stratification at Site 1 (north, outlet) compared with Site D (south, inlet), and the epilimnion depth at both sites increased between June and September.  The June 4th profile showed that phytoplankton biomass depth distributions (as measured by CTD-based fluorescence) differed sharply between Sites 1 and D.  Site 1 had a well-defined thermal stratification and a similarly shaped phytoplankton distribution with the highest chlorophyll in the epilimnion (Figure 1).  In contrast the thermal stratification was less pronounced at Site D, and the phytoplankton distribution showed several peaks from just below the surface down through 30 m.  Temperature and phytoplankton distribution patterns showed little between-site variation (at a given date) through the remainder of the samples (Figures 1 – 4).  


The depth of the peak phytoplankton biomass showed marked changes over the sampling period.  June and July samples showed distinct deep chlorophyll maximums (DCM) at or below the thermocline in the thermally cooler metalimnion (Figures 1 and 2).  The August and September samples showed the majority of the phytoplankton moved up from the metalimnion into the epilimnion (Figures 3 and 4).  The phytoplankton biomass depth distribution shapes were correlated to the temperature profiles.


Peak phytoplankton biomass was greatest in late July and averaged approximately 4 μg L-1 for both sites (July 23rd samples, Figure 2).  Phytoplankton biomass was lowest in August and September and averaged approximately 1.6 μg L-1 for both months (Figures 3 and 4).  June showed a moderate phytoplankton biomass and average between 1.6 and 3.0 μg L-1 (Figure 1).  


Epilimnetic dissolved and particulate nutrient concentrations showed little seasonal and between-site variation (Figure 5).  Both total phosphorus and soluble reactive phosphorus showed slight seasonal increases, and dissolved nitrate concentrations remained statistically stable over the course of four months.  Surface chlorophyll a concentrations showed a minor unimodal seasonal distribution with highest levels in late July (Figure 5).


Site 1 seasonal Kd values ranged between 0.25 and 0.38 m-1.  This translates to a 1% light penetration depth of between 18 and 12 meters, respectively.  (The 1% light penetration depth is the depth at which phytoplankton production gains are balanced with respiratory losses.  Below this level, phytoplankton do not have enough light for sustainable growth.)   Site D seasonal Kd values ranged between 0.24 and 0.33 m-1.  This translates to a 1% light penetration depth of between 19 and 14 meters, respectively.  Maximum Kd values for Site 1 occurred in early July, and in late July for Site D.                    

Nutrient Limitation Bioassay Experiments


Phytoplankton growth rates (d-1) in control treatments (i.e., no nutrient additions) ranged from less than zero to 0.18 corresponding to a loss in population size to a population doubling time of approximately 92 hours.  The greatest growth rates (~ 0.3 d-1) were observed in nutrient amended treatments and corresponded to a population doubling time of 55 hours.  ANOVA models showed some form of nutrient limitation in all experiments except the June and August Site 1 assays (Figures 6 and 8, Site 1).  All other experiments showed either phosphorus limitation and/or a nitrogen and phosphorus co-limitation for the natural phytoplankton assemblage (Figures 6 – 9), including all experiments performed with Site D phytoplankton.


Nutrient limitation bioassays in August were unique in that they showed negative growth rates for both the control and nitrogen added treatments and only small positive growth rates for the phosphorus-enriched treatments (Figure 8).  All other experiments showed positive growth in all treatments.  The greatest difference between control and nutrient added treatments occurred in the September samples (Figure 9).  

Light Limitation Bioassay Experiments 


Phytoplankton growth rates in response to light intensity treatments showed distinct seasonal variation, but little between-site variation.  In the June experiment, collected water from Sites 1 and D were pooled together at the start of the experiment; therefore, no between-site distinctions can be made (Figure 10).  However, July through September experiments (Figure 10), which did feature separate site treatments, showed little between site variations.


Phytoplankton growth in June showed a unimodal response
with the highest growth rates at intermediate light levels and significantly lower growth rates at lower and higher light levels.  However, the June experiment’s lowest light treatment (~ 3 μmol photons m-2 s-1) was significantly lower than the low light level treatment for the July through September experiments (~ 8 μmol photons m-2 s-1).  July growth rates were highest at the lowest light levels (July’s low light level corresponded to June’s intermediate light level), and growth decreased with higher light.  Phytoplankton growth in August was maximal at the intermediate light levels (~ 41 μmol photons m-2 s-1) and significantly lower at both higher and lower light intensities.  September growth rates were highest at the highest light levels (~ 90 μmol photons m-2 s-1) and mimicked “traditional” growth versus irradiance curve models.  


Both July and August experiments showed higher growth rates at Site 1, compared with Site D, at the lowest light levels (Figure 10).  All other site-paired growth rates were statistically equivalent.

Discussion

Owasco Lake phytoplankton growth was limited by dissolved nutrient availability as indicated by the majority of nutrient limitation bioassay experiments.  The limiting nutrient was always phosphorus, although there were incidences of nitrogen and phosphorus co-limitation.  While nutrient availability did regulate phytoplankton growth, underwater light intensity was also found to be an important factor regulating this pelagic community.  This study only focused on “bottom up” factors (i.e., nutrient and light availability) of phytoplankton growth and did not investigate the roles of “top down” factors, such as grazing by zooplankton.  However, this is covered, in part, in the chapter by Brown et al. (this volume).


Phosphorus has been implicated as the primary limiting nutrient in freshwater systems for many years.  Other studies have shown that the standing biomass of phytoplankton is proportional to the phosphorus input to the lake system; the findings of this study agree with past work and knowledge.  This study highlights the need to control and limit phosphorus inputs into Owasco Lake in order to prevent problems associated with algal blooms and eutrophication.           


Phytoplankton use nutrients in specific stoichiometric ratios and these ratios can regulate growth rates more than simple nutrient availability.  Redfield (1958) and Klausmeier et al. (2004) have demonstrated that a typical phytoplankton cell will use 16 atoms of nitrogen for every one atom of phosphorus, or a 16:1 (atomic) N:P ratio.  In this sense, there is a distinct connection between the available dissolved nutrients in the lake and the phytoplankton that uptake and use the nutrients for growth.  In systems with dissolved N:P ratios greater than 16:1, phytoplankton are considered phosphorus limited; in systems with ratios less than 16:1, phytoplankton are considered nitrogen limited.  The mass ratio equivalent is 7.2:1 N:P.  This study uses mass concentrations, not atomic.  Measured dissolved nitrate and SRP concentrations in Owasco Lake were consistently and significantly above the 7.2:1 ratio (range 230 - >1,000) indicating the phytoplankton should be strongly phosphorus limited.  This suggests that an additional input of nitrogen should not stimulate more algal growth; however additional phosphorus inputs should yield more phytoplankton growth.  While N:P ratios suggest nutrient limitation, other factors can limit the growth potential of phytoplankton.  Nutrient limitation bioassay experiments actually test this assumption by spiking phytoplankton samples with potentially limiting nutrients (Heckey and Kilham 1998).  Deviations between the monthly results of NLBE and N:P ratios suggest factors other than nutrients may be limiting phytoplankton growth at that time or location.  This study found phosphorus (or a co-limitation of N and P) limited algal growth in six of eight experiments (four monthly experiments, each with two site experiments).  The remaining two showed a trend towards limitation, but no statistically significant treatment effects.  It is clear that Owasco Lake phytoplankton are nutrient limited most of the warm-season time; however, other factors (such as light intensity and grazing) are also involved.


Owasco Lake is similar to other Finger Lakes (e.g., Keuka Lake) in that there is a periodic deep chlorophyll layer (DCL) or algal plate.  A DCL is a thin (by depth) but significant layer of phytoplankton that develops at or below the thermocline, in the metalimnion.  This means much of the phytoplankton biomass actually exists many meters below the surface, and as such, there is little visual evidence of the algae.  (For example, depending on the sample site and date, June samples showed that between 53 and 75% of the algal biomass was distributed below the thermocline and above the 1% light penetration depth.)  A DCL is a relatively common phenomenon in fairly clear-water (oligotrophic to mesotrophic) lakes (Fee 1976, Sawatzky et al. 2006).  While the factors leading to the development and maintenance of the DCL are not fully known (Pilati and Wurtsbaugh 2003) it is clear that the phytoplankton in the layer are responding, in part, to light intensity.  Because a DCL occurs in relatively clear water systems, more light is able to penetrate deeper, and phytoplankton in shallower depths may experience too much light resulting in photoinhibition or photorespiration.  Phytoplankton at deeper levels can experience a more favorable light climate and also (potentially) have a greater nutrient environment from the sedimentation and remineralization of dead phytoplankton and other organic matter (Wurtsbaugh et al. 2001).  Depth profiles of fluorescence show a full or partial DCL existed in Owasco Lake at both sites during June and July (Figures 1 and 2).  The DCL disappeared and was non-existent during the August and September samples (Figures 3 and 4), and between 85 and 95% of the algal biomass was above the thermocline.  The full reasons for this seasonal upward shift in phytoplankton distribution are not known but are most likely related to species shifts in phytoplankton community (from diatom dominated to cyanobacteria dominated) and changes in zooplankton grazing characteristics (Clegg et al. 2007, Pilati and Wurtsbaugh 2003).


While zooplankton and nutrient availability may have influenced the phytoplankton depth distributions, experimental evidence suggests light intensity played a large role.  Light limitation bioassay experiments showed phytoplankton, while collected at a depth of 2 m, grew optimally at light levels typically found at much greater depths.  Down-welling light attenuation coefficients (Kd) provide a measure of water clarity.  A higher Kd signifies reduced light penetration, and a lower Kd is correlated with more transparent water.  Using Kd and surface irradiance measurements, the light intensity at any depth can be calculated.  June and July LLBE (Figure 10) showed highest growth rates at irradiances (≈ light intensity) similar to those occurring at the depths of the observed DCL (Figures 1 and 2).  Growth rates were lower or even negative at higher irradiances in LLBE.  However, there was a shift in increased growth rates at higher irradiances in the August and September LLBE (Figure 10).  Depth profile distributions in August and September did not show any DCL, and the majority of the phytoplankton biomass resided in the shallow, high light intensity epilimnion (Figures 3 and 4).  Thus, phytoplankton communities both tolerated and thrived at higher light intensities in the later months.


The changing distribution of phytoplankton biomass throughout the water column has been described in terms of light availability, but the initial development of the DCL is most likely a function of nutrient availability.  As described above, the area just below the thermocline can often be replete with nutrients; however, this study did not measure nutrient concentration depth profiles so confirming this for Owasco Lake is not possible at this time.  It is recommended that this study be completed, as well as depth profiles of alkaline phosphatase (AP) activity.  Essentially, AP activity is a measure of plankton (both bacterio- and phytoplankton) phosphorus stress.  High AP activity can show where in the water column phytoplankton are most affected by nutrient limitation.  This data can help explain patterns of phytoplankton distribution and help to predict how phytoplankton could respond to changes in watershed use and inputs.         


Despite the variety of mechanisms related to phytoplankton growth and regulation described above, the reduction of nutrient inputs (primarily phosphorus) is paramount.  Both the field data and the NLBE completed in the study stress the importance of phosphorus control and reduction in controlling phytoplankton biomass in Owasco Lake.        

Acknowledgements

We thank J. Halfman, M. Brown and their students for their help in the field. We also thank Keuka College students Sean Thompson and Cedric Mpoy for their laboratory assistance.  This work was funded by a grant from New York State to researchers at the Finger Lakes Institute to study water quality in Owasco Lake.  

References

Carpenter, S. R., J. F. Kitchell, K. L. Cottingham, and D. E. Schindler 1996. Chlorophyll variability, nutrient input, and grazing: Evidence from whole-lake experiments. Ecology 77: 725-735.

Clegg, M. R., S. C. Maberly, and R. I. Jones 2007. Behavioral response as a predictor of seasonal depth distribution and vertical niche separation in freshwater phytoplanktonic flagellates. Limnol. Oceanogr 52: 441-455.

Fee, E. J. 1976. The vertical and seasonal distribution of chlorophyll in lakes of the Experimental Lakes Area, Northwestern Ontario: Implications for primary production estimates. Limnol. Oceanogr. 21: 767-783.

Goldman, C. R., E. R. Marzolf, and J. J. Elser 1990. Phosphorus and Nitrogen Limitation of Phytoplankton Growth in the Freshwaters of North America: A Review and Critique of Experimental Enrichments. Can. J. Fish. Aquat. Sci. 47: 1468-1477.

Hecky, R. E., and P. Kilham 1988. Nutrient Limitation of Phytoplankton in Freshwater and Marine Environments: A Review of Recent Evidence on the Effects of Enrichment. Limnol. Oceanogr. 33: 796-822.

Jack, J., T. Sellers, and P. A. Bukaveckas 2002. Algal production and trihalomethane formation potential: an experimental assessment and inter-river comparison. Can. J. Fish. Aquat. Sci. 59: 1482-1491.
Kirk, J. T. O. 1994. Light and Photosynthesis in Aquatic Ecosystems,  ed. Cambridge University Press.

Klausmeier, C. A. 2004. Optimal nitrogen-to-phosphorus stoichiometry of phytoplankton. Nature 429: 171-174.

Morris, D. P., and W. M. Lewis 1988. Phytoplankton Nutrient Limitation in Colorado Mountain Lakes. Freshwater Biology FWBLAB 20.

North, R. L., S. J. Guildford, R. E. H. Smith, S. M. Havens, and M. R. Twiss 2007. Evidence for phosphorus, nitrogen, and iron colimitation of phytoplankton communities in Lake Erie. Limnol. Oceanogr 52: 315-328.

Pilati, A., and W. A. Wurtsbaugh 2003. Importance of zooplankton for the persistence of a deep chlorophyll layer: A limnocorral experiment. Limnol. Oceanogr. 48: 249-260.

Redfield, A. C. 1958. The biological control of chemical factors in the environment. American Scientist 46: 205-221.

Sawatzky, C. L., W. A. Wurtsbaugh, and C. Luecke 2006. The spatial and temporal dynamics of deep chlorophyll layers in high-mountain lakes: effects of nutrients, grazing and herbivore nutrient recycling as growth determinants. J. Plankt. Res. 28: 65-86.

Schindler, D. W. 2006. Recent advances in the understanding and management of eutrophication. Limnol. Oceanogr. 51: 356-363.

Smith, V. H., S. B. Joye, and R. W. Howarth 2006. Eutrophication of freshwater and marine ecosystems. Limnol. Oceanogr. 51: 351-355.

Sterner, R. W. 1994. Seasonal and Spatial Patterns in Macro-and Micronutrient Limitation in Joe Pool Lake, Texas. Limnol. Oceanogr. 39: 535-550.

Wurtsbaugh, W. A., H. P. Gross, P. Budy, and C. Luecke 2001. Effects of epilimnetic versus metalimnetic fertilization on the phytoplankton and periphyton of a mountain lake with a deep chlorophyll maxima. Can. J. Fish. Aquat. Sci. 58: 2156-2166.

Hodgson, J. Y. S. 2005. A trophic cascade synthesis: review of top-down mechanisms regulating lake ecosystems. Bios 76: 137-144.

List of Figures

Figure 1.  Depth profiles of temperature and chlorophyll (fluorescence) for Site 1 and Site D on the two sampling days in July (July 2 and July 23).  All sites and dates show the existence of a deep chlorophyll layer (DCL).     

Figure 2.  Depth profiles of temperature and chlorophyll (fluorescence) for Site 1 and Site D on the two sampling days in June (June 4 and June 18).  All sites and dates show the existence of a deep chlorophyll layer (DCL). 

Figure 3.  Depth profiles of temperature and chlorophyll (fluorescence) for Site 1 and Site D on the sampling day in August (August 20).  Both sites show no deep chlorophyll layer (DCL), and the bulk of the phytoplankton biomass is in the epilimnion.    

Figure 4.  Depth profiles of temperature and chlorophyll (fluorescence) for Site 1 and Site D on the two sampling days in September (September 3 and September 24).  All sites and dates show no deep chlorophyll layer (DCL), and the bulk of the phytoplankton biomass is in the epilimnion. 

Figure 5.  Epilimnion concentrations of total phosphorus, soluble reactive phosphorus, nitrate and chlorophyll a.  Closed circles represent Site 1 data; open circles are Site D data.  Error bars are standard deviations.

Figure 6.  72-hour growth rate results of nutrient limitation bioassay experiments for June samples.  Top figure is Site 1 data; bottom figure is Site D data.  Letters (A,B) represent statistical significance as designated by Student Neuman Keuls post hoc tests from significant one-way ANOVA models.  Treatments with different letters are statistically significant (p < 0.05).  Error bars are standard deviations.        

Figure 7.  72-hour growth rate results of nutrient limitation bioassay experiments for July samples.  Top figure is Site 1 data; bottom figure is Site D data.  Letters (A,B) represent statistical significance as designated by Student Neuman Keuls post hoc tests from significant one-way ANOVA models.  Treatments with different letters are statistically significant (p < 0.05).  Error bars are standard deviations.        

Figure 8.  72-hour growth rate results of nutrient limitation bioassay experiments for August samples.  Top figure is Site 1 data; bottom figure is Site D data.  Letters (A,B) represent statistical significance as designated by Student Neuman Keuls post hoc tests from significant one-way ANOVA models.  Treatments with different letters are statistically significant (p < 0.05).  Error bars are standard deviations.        

Figure 9.  72-hour growth rate results of nutrient limitation bioassay experiments for September samples.  Top figure is Site 1 data; bottom figure is Site D data.  Letters (A,B) represent statistical significance as designated by Student Neuman Keuls post hoc tests from significant one-way ANOVA models.  Treatments with different letters are statistically significant (p < 0.05).  Error bars are standard deviations.     

Figure 10.  72-hour growth rate results of light limitation bioassay experiments for all four monthly samples.  Error bars are standard errors.    
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