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ABSTRACT 

iii 

A factorial mesocosm experiment was conducted with two total 
nitrogen: total phosphorus ratios (12:1 and 40:1; by mass) and two 
levels of zooplanktivory by Perca flavescens (present or absent). 
Zooplankton biomass was higher and Daphnia pulicaria dominated the 
zooplankton community in the absence of fish, while rotifers were 
dominant in the fish treatments. Chlorophyll a and the biomass of 
Aphanizomenon flos-aquae, Oscillatoria sp., and 'edible' algae were 
higher in the fish treatments. In the no fish treatments, chlorophyll 
a and absolute Aphanizomenon biomass were higher in the high TN:TP 
treatment. The relative biomass of Aphanizomenon and Hicrocystis 
aeruginosa was greatest in the low TN:TP, no fish treatment. 

Two mesocosm experiments were conducted, one under ambient 
nutrient conditions and another under nutrient enriched conditions, in 
which a gradient in Daphnia pulicaria biomass was established by 
manipulating fish zooplanktivory . Chlorophyll a was negatively 
related to mean Daphnia biomass over the entire experiment in both 
experiments. However, significant negative effects during the period 
of bloom growth occurred only in the ambient experiment. Biomass of 
Aphanizomenon flos-aquae and flagellates were negatively related to 
mean Daphnia biomass only in the ambient experiment. Overall, 
negative relationships between Daphnia biomass and algal biomass 
occurred more frequently and were stronger in the ambient (lower 
nutrient) experiment. 

Six experiments were conducted to test for nutrient limitation 
and the effects of Daphnia grazing on phytoplankton. N-limitation 
(chlorophyll a) was evident throughout the growing season with P
limitation occurring in August, October, and December. Growth rates 
were nutrient limited in 35% of the taxa, 15% by N, 15% by P, and 5% 
by both Nand P. Chlorophyll a increased with DaphnIa biomass twice, 
decreased once, and was unaffected three times. Overall, 40% of all 
taxa showed no significant response to the Daphnia gradient, 20% 
decreased, 33% responded unimodally, and 8% increased. Aphanizomenon 
dominance in Agency Lake was due to its grazing resistance and to its 
nitrogen fixing capabilities. Hicrocystis, which was also grazing 
resistant, appears to take advantage of transient elevated ammonia 
concentrations to become established and then relies on zooplankton 
regenerated nutrients to maintain growth into the autumn. 
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INTRODUCTION 

Blue-green algal dominance in lakes has been related to several 

environmental factors: 1) High summer epilimnetic temperatures which 

may favor blue-green algae (Tilman and Kiesling 1984; KcQueen and Lean 

1987; Smith, et al. 1987); 2) Blue-greens have lower light 

requirements than green algae and diatoms (Zevenboom and Kur 1980) and 

may be favored under conditions of high algal biomass (Smith 1986) or 

low euphotic to mixed layer depth ratios (Reynolds and Walsby 1975; 

Zevenboom and Kur 1980); 3) Blue-green algae are able to regulate 

their buoyancy and can rise to the surface where light and C02 are 

more available, or accumulate at a depth where conditions are 

favorable (Paerl and Ustach 1982; Steinberg and Hartmann 1988; Klemer 

and Konopka 1989); 4) Shapiro (1990) postulates that blue-greens are 

able to outcompete other algae under the high pH/low C02 conditions 

that accompany eutrophication; 5) Smith (1983a,b; 1986) has shown that 

blue-green dominanc~ typically occurs when the epilimnetic total 

nitrogen to total phoaphorus (TN:TP) ratio is <29 by mass. Blue-green 

algae are generally regarded to be superior nitrogen competitors 

because of the nitrogen fixing capabilities of some species and the 

ability of other species to take up combined, inorganic nitrogen at 

low concentrations. For these reasons, blue-greens tend to dominate 

in lakes where the supply of nitrogen is low in comparison to 

phosphorus (Smith 1983a, b, 1986); and 6) Due to their morphology and 

toxic properties, some blue-green species are .not grazed effectively 



by filter-feeding zooplankton (cf. Lampert 1987). Preferential 

grazing on other more edible algal species may allow blue-greens to 

proliferate by reducing resource competition. 

2 

The trophic cascade model (Carpenter et al . 1985) predicts that 

a combination of nutrient (bottom up) and predation/herbivory (top 

down) effects will structure phytoplankton communities (Carpenter 

1988), where maximum phytoplankton biomass is determined by nutrient 

availability but actual biomass may be affected by top down forces 

(Mcqueen et al. 1989; Mcqueen 1990). Top down effects on 

phytoplankton biomass are complicated by taxonomic differences in 

grazing efficiency and by differential grazing rates of a single 

,zooplankton taxon on the available phytoplankton species. Many blue

green species may by rejected by zooplankton or not grazed as 

efficiently because of toxic properties (Porter and Orcutt 1980; 

Lampert 1981a, b; Nizan et al. 1986; Fulton and Paerl 1987 1988; 

Gilbert 1990) , size (Holm et al 1983) , or morphology (Porter and 

Orcutt 1980; Lampert 1981a; Porter and McDonough 1984 ; Hartmann 1985 ; 

Gilbert 1990; Gilbert and Durrand 1990; Gliwicz 1990) . Zooplankton 

can also affect phytoplankton indirectly by the excretion of 

biologically available nitrogen and phosphorus (Lehman 1980; Lehman 

and Scavia 1982; Scavia et al. 1984; Sterner 1986; Sterner 1989a). In 

addition to facilitating the transfer of nutrients from edible algae 

to inedible species, zooplankton excretion can alter the nutrient 

supply ratio (Sterner 1990; Sterner et al. 1992), and potentially 

affect phytoplankton competitive relations. 

The purpose of this study was to investigate the effects of 

nitrogen and phosphorus concentrations, nitrogen to phosphorus ratios, 



and zooplankton grazing on the native phytoplankton community of 

Agency Lake, Oregon. Each of the three chapters focuses on a 

different aspect of the overall study . 

3 

Chapter 1 describes a long-term (26 days), mesocosm experiment 

with two levels of total nitrogen: total phosphorus ratios and two 

levels of fish zooplanktivory. This experiment was intended as a 

pilot project to investigate the relative impacts of N:P ratios and 

zooplankton grazing on phytoplankton biomass and community structure. 

The results of this experiment led to the design of the experiments in 

Chapter 2. 

Chapter 2 compares the results of two mesocosm experiments 

conducted to determine the effects of a gradient in fish 

zooplanktivory on zooplankton density and biomass, and phytoplankton 

biomass under ambient nutrient conditions in Agency Lake and under 

nutrient enriched conditions. These experiments were designed to test 

several hypotheses of Mcqueen et al. 1986 regarding trophic 

interactions in lake communities: 1) Top-down forces are greatest near 

the top of the food web; 2) Top down effects on lower trophic levels 

become weaker with increasing trophic status of the lake; 3) The 

maximum biomass of a trophic level is controlled from below by 

nutrient availability. 

Chapter 3 consists of a series of six in situ microcosm 

experiments conducted between September, 1990 and October, 1991 . Each 

experiment included a nitrogen/phosphorus bioassay to assess nutrient 

limitation, and a gradient in the density of Daphnia pulicaria 

(without nutrient addition) to determine the effect of Daphnia on 

phytoplankton biomass and growth rates at discreet times throughout 



the year . These results were then applied to the observed seasonal 

patterns of phytoplankton succession, zooplankton succession, and 

nutrient concentrations to interpret the mechanisms responsible for 

phytoplankton succession. 

4 



CHAPTER 1 

An Experimental Study of the Effects of Zooplanktivory and 
Nitrogen: Phosphorus Ratios on Phytoplankton Biomass and Community 

StrUcture in Agency Lake, Oregon 
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IntroductIon 

The trophic cascade model of Csrpenter et al. (1985) predicts 

that a combination of both nutrient (bottom up effects) and 

predation/herbivory (top down) effects will structure the biomass and 

composition of phytoplankton and zooplankton communities (Carpenter 

1988; Mcqueen et al. 1989; Mcqueen 1990) . In aquatic communities 

where fish predation maintains the population of large-bodied, filter

feeding zooplankton at low levels, phytoplankton biomass is typically 

high (Hrba~ek et al. 1961; Andersson et al. 1978; Lynch and Shapiro 

1981). 

In contrast, in lakes where vertebrate planktivores are absent 

or scarce, large-bodied cladocerans tend to dominate the zooplankton 

community and the biomass of all phytoplankton species is often 

suppressed (Lynch and Shapiro 1981; Osgood 1983; Shapiro and Wright 

1984; Spencer and King 1984; Reinertsen et a1 . 1990). However, an 

important exception to this trend is the frequent occurrence of blooms 

of the blue-green alga Aphsnizomenon flos-aquae in lakes having few or 

no zoop1anktivorous fish, and correspondingly dense populations of 

large-bodied Daphnia spp . (e . g . D. pulicaria, D. pulex: Hrba~ek 1964; 

Lynch 1980; Lennon 1981; USACE 1982; Ganf 1983; Komarkova 1983; 

Vyhna1ek 1983; Andersson and Cronberg 1984) . Aphsnizomenon blooms are 

of particular importance to water quality, since their collapse can 

result in oxygen depletion and fishki11s (Ayles et al. 1976; Barica 

1978). 
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The factors producing the AphsnIzomenon-DaphnIa association have 

been the subject of extensive research, but the mechanisms behind this 

relationship are still poorly understood . AphsnIzomenon flos -aquae is 

filamentous and often forms large (>20 mm) flake-like colonies (Drouet 

1951). Experimental feeding studies indicate that colonies larger 

than 1.5 mm in length are not grazed upon by DaphnIa (Holm et al. 

1983) . Lynch (1980) postulated that the formation and maintenance of 

A. flos-aquae blooms requires (1) high Daphnid grazing pressure, which 

reduces the competitive ability of small phytoplankton species; and 

(2) the presence of an oxygenated sediment surface which provides a 

refuge from grazing for akinete (resting spore) germination and flake 

formation to occur. By growing on the sediment surface prior to 

migration into the water, colonies can grow to an ungrazeable size 

before entering the water column. 

Kanipulations of ponds (Hrbatek 1964; Lynch 1980; Andersson and 

Cronberg, 1984) and experimental enclosure studies (Lynch and Shapiro 

1981; Ganf 1983; Komarkova 1983) have consistently demonstrated the 

dependence of Aphenizomenon dominance on the presence of dense 

populations of large-bodied DaphnIa . Although AphsnIzomenon flake 

recruitment from the sediments could not be demonstrated , Ganf (1983) 

noted that AphsnIzomenon bloom initiation was preceded by a breakdown 

in thermal stratification and oxygenation of a previously hypoxic 

sediment surface . 

AphenIzomenon flos -aquae often occurs in shallow, eutrophic , 

polymictic lakes, where its ability to rapidly rise to the surface 

during calm periods may shade out other phytoplankton (Zevenboom and 

Kur 1980) and provide better access to atmospheric C02 (Paerl and 
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Ustach 1982; Steinberg and Hartmann 1988; Klemer and Konopka 1989; 

Shapiro 1984, 1990). In Clear Lake, California the collapse of the 

Aphanizomenon bloom in midsummer was positively related to thermal 

stability, which resulted in less wind mixing of nutrient-rich 

sediment. Nutrient depletion, particularly iron, in the water column 

may have caused the bloom collapse (Horne 1975). Observations of 

AphanIzomenon blooms in Canadian prairie pothole lakes suggest that 

phosphorus deficiency also plays an important role in bloom collapse 

(Healey and Hendzel 1976). 

Barica et al . (1980) demonstrated that AphanIzomenon blooms were 

prevented or at least were less intense in enclosures which had 

received weekly or semi-weekly nitrogen additions (NH4+ or N03-)' The 

maintenance of high N:P ratios, both in these enclosures and in a 

small, Canadian prairie lake, shifted the phytoplankton community from 

Aphanizomenon dominance to small chlorophytes and cryptomonada. The 

increased availability of combined , inorganic nitrogen may have 

decreased the relative competitive ability of AphanIzomenon. 

In this study I examined the relative effects of nutrients and 

zooplanktivorous fish predation on the zooplankton and phytoplankton 

communities of Upper Klamath Lake, Oregon. Specifically this 

experiment was designed to determine: 1) does intense DaphnIa grazing 

promote AphanIzomenon dominance or growth; 2) do low TN:TP ratios 

promote Aphanlzomenon (or cyanobacterial) dominance. 

Study SIte Upper Klamath Lake is located in south-central 

Oregon along the eastern slope of the Cascade Mountains. Lake surface 

area varies with water depth, but at the summer mean depth of 2.4 _, 

the total surface area including adjoining Agency Lake is 31,300 ha 
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(Table 1.1). The Link River Dam at Klamath Falls, Oregon, is operated 

by the U.S. Bureau of Reclamation and regulates lake level between 

1252.7 and 1254.6 m elevation (USAGE 1982). Extensive wetlands 

originally surrounded the lake, but most (except a small area, mostly 

within the Upper Klamath Wildlife Refuge) have been converted to 

irrigated pasture or cropland since the 1920's. 

Water column total phosphorus concentrations (USAGE 1982) and 

chlorophyll a concentrations are high (Figure 1.1; Table 1.1). Due to 

the shallowness of the lake basin and the large fetch, wind mixing 

occurs on a daily basis and surficial sediments are frequently 

resuspended (Hazel 1969). This mixing provides a potential mechanism 

for nutrient returns from the sediments to the water column and USAGE 

(1982) estimates that approximately 13.5% of the total phosphorus load 

is derived from internal loading. 

Although Upper Klamath Lake historically has been eutrophic, it 

sppears that conditions have become worse over the past five decades. 

When the lake was first sampled in 1913, the summer plankton community 

was dominated by diatoms, with blue-green algae comprising less than 

10% of the sample based on cell numbers; Aphanizomenon was not present 

(Kemmerer et al . 1923). Subsequent studies have employed varying 

methodologies, but a trend of increasing dominance by blue-green algae 

is evident (Phinney and Peek 1961). Presently, the phytoplankton 

community is dominated from June-August by a bloom of the blue-green 

alga Aphanlzomenon flos-aquae which comprises 90~99% of the total 

algal biomass followed by a bloom dominated by Aphanizomenon and 

Hicrocystis aeruginosa with Gleotrichla echinulata colonies common 

(Klamath Tribe, unpublished data) . Daphnia pullcaria (sometimes 



Table 1.1 . Selected physical, chemical, and biological 
characteristics of Upper Klamath Lake, Oregon. (Morphometric data 
from USACE, 1982; total phosphorus and chlorophyll a (ug L-l) (July
September, 1989-90)-Klamath Tribe, unpublished data). 

Minimum Mean Maxi_ 

Depth (m) 1.8 2.4 3 . 0 
Surface Area (ha) 24,300 31,300 36,400 
Total Phosphorus 56 . 0 274.7 1048.0 
Chlorophyll a 0.4 189.4 1209.6 

10 
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identified as D. schroedleri) is the dominant zooplankter throughout 

most the year, but the highest densities (exceeding 100 individuals L-

1, 6000 ug dry wt. L-1, and 95% of total zooplankton biomass) occur 

during the summer Aphanizomenon blooms (USACE 1982; Klamath Tribe U.S. 

Bureau of Reclamation unpublished data). No data are currently 

available on the temporal or spatial relationship between Daphnia and 

planktivorous fish but die1 fluctuations in dissolved oxygen 

concentration (>14 and <1 mg 02 L-l) and high pH values (>10) during 

July and August probably restrict fish habitat in the lake (Klamath 

Tribe, unpublished data) and thus severely restrict p1anktivory. 

Methods 

The experiment was carried out in twelve 380-liter plastic 

livestock watering tanks located on the shore of Agency Lake. 

Sediment samples collected from Agency Lake were pooled in a large tub 

and approximately 40 liters (5-6 cm depth) were added to each tank to 

provide a source of akinetes and to mimic the sediment water interface 

of the lake. A two-way ANOVA experimental design was employed with 

two different total nitrogen:tota1 phosphorus (TN:TP) ratios: ambient 

(ca. 12-14:1 by mass; LNP) and high (45:1; HNP). Two levels of 
'-

zoop1anktivory were then established in the tanks by manipulating the 

numbers of yellow perch, Perea flavescens (+F: 3 fish/tank; NF: no 

fish). These fish were trapped from the mouth of the Yil1iamson 

River, the main inflow to Upper Klamath Lake, and acclimated on site 

for one week prior to the initiation of the experiment. The mean body 

mass of each fish was 5.5 g and no mortality occurred during the 

course of the experiment. Initial total phosphorus concentration in 
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these tanks was 181 ± 4 ug L-l (± 1 std. error) and total phosphorus: 

total nitrogen ratios were manipulated by the addition of reagent 

grade NaN03 in order to avoid the potential toxicity problems 

associated with ammonia, high pH and high temperature . 

Three replicates of each of the four treatment combinations 

(LNP/NF; LNP/+F; HNP/NF; HNP/+F) were used. The 12 tanks were filled 

with water from Agency Lake on the morning of September 11, 1990, 

using a gas powered pump, and sampled two days later for initial total 

nitrogen and total phosphorus concentrations, after the sediment had 

settled. The treatments were then assigned randomly, and the tanks 

were sampled the next morning. Plastic Shadescreen was placed over 

each tank after filling to prevent insects (primarily Dipterans) from 

-
entering the tanks and to lower the . intensity of the sunlight in the 

tanks. Previous experiments had shown that direct sunlight was 

detrimental to Aphanizomenon in the tanks, presumably because the 

shallow tanks (depth-D.6 m) did not provide a refuge.from excessive 

ultraviolet radiation. 

Sampling Methods Integrated water samples were collected from 

each tank at approximately one week intervals by rapidly lowering a 

clear Plexiglass tube to just above the sediment surface and capping 

the bottom. Three integrated samples from each tank were then pooled 

and subsampled for analyses of ammonia (phenol-hypochlorite); total 

nitrogen (persulfate digestion); nitrate (cadmium reduction); soluble 

reactive phosphorus (ascorbic acid); total phosphorus (persulfate 

digestion and ascorbic acid); and chlorophyll a and phaeopigments 

(90% ethanol). All analyses followed APHA (1985) with the exception 

of ammonia (Chaney and Marbach 1962) and of chlorophyll a and 



phaeopigments (Nusch 1980). Temperature, pH, dissolved oxygen and 

conductivity also were measured weekly with a Hydrolab Surveyor II 

submersible sonde that had been calibrated just prior to use . 

14 

Phytoplankton samples were preserved in acidic Lugol's iodine 

solution and counted in a Sedgewick-Rafter cell. Approximately 20-30 

cells from each sample were measured and biovolume calculated as the 

product of average cell volume and cell density for each algal group 

(Wetzel and Likens 1979). Phytoplankton biovolume estimates were 

converted to biomass by assuming 1 mm3-l mg fresh weight. The biomass 

of Aphanizomenon flos -aquae, Hicrocystis aeruginosa, and Oscillatoria 

sp. were calculated individually . The biomass of flagellates, and 

non-mucilaginous, unicellular and colonial green algae (all < 20ua in 

greatest dimension) were summed and referred to ·as 'edible' algae. 

The relative biomass of each major algal group was then calculated as 

a proportion of the total biomass. 

Zooplankton samples also were collected weekly by lowering a 12-

L Schindler-Patalas trap with a 64 um mesh net into the center of each 

tank, after gentle mixing of the tank with a plastic paddle to more 

evenly distribute the zooplankton within the water column. These 

samples were preserved in an ethanol~glycerine solution (Pennak 1989). 

Crustacean zooplankton were then counted in the entire sample; all 

animals counted were measured until at least 50 of the most common 

taxa had been encountered or all animals had been measured. 

Crustacean biomass was calculated using the length~weight regressions 

of KCCauley (1984). Rotifers numbers were estimated from subsamples 

counted at 100x; their biomass was calculated by estimating biovolume 
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of each taxon. and assuming a constant dry weight:wet volume ratio of 

0.10 {Bottrell et al. 1976). 

Data AnalysIs The objectives of the data analysis were to 

determine the treatment effects on: 1) nutrient concentrations and the 

biomass of phytoplankton and zooplankton; 2) the time course of 

nutrient concentrations and of the biomass of phytoplankton and 

zooplankton; and 3) the relative biomass (dominance) of the major 

algal and zooplankton taxa. In order to assess treatment effects. 

both total and linear contrasts were calculated using ANOVA with 

repeated measures (Winer 1971; Gurevitch and Chester 1986). The total 

contrast (the sum of the observed values of "a given variable over all 

sample dates) was used to evaluate the effects of experimental 

treatments on nutrient concentrations. and on the biomass and relative 

biomass of phytoplankton and zooplankton over the entire experiment. 

The lInear contrast tests whether the slope of the best-fitting 

straight line through the measurements over time varies with 

treatment. and thus te~ts whether the time course (trajectory) of the 

variable over time differs among treatments. Although higher order 

(quadratic and cubic) contrasts were also calculated. they did not add 

significantly to the analysis (p>o.05). 

Prior to analyses. the biomass and abundance data were log

transformed (loglO(x+l» to reduce heterogeneity and Bartlett's test 

of the assumption of homogeneous variance was conducted. The one 

violation of Bartlett's test is noted in the text. The log

transformed data conformed to the assumptions of symmetry and equality 

of the covariance matrices required by this analysis. An arcsine 

square root transformation was also made for all percentage data to 
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help produce a more normal distribution prior to analysis (Viner 

1971). A significance level of (p<O . OS) was used in all statistical 

analyses (SYSTAT 5.0; Vilkinson 1990). 

Result6 

NutrIent concentratIons Total phosphorus (TP) concentrations 

were significantly higher (P<O . OS) in the LNP/NF treatment (Figure 

1.2a), with no significant differences detected among the other three 

treatments. The total contrast for soluble reactive phosphorus (SRP) 

also revealed a similar pattern of significantly higher (P<0.02l) 

concentration in the LNP/NF treatment (Figure 1.2b) . However, the 

linear contrasts for both TP (p>O . 268) and SRP (p>O . 869) revealed no 

significant differences in the rate of change in concentration among 

treatments. 

The total contrast for total nitrogen concentrations (TN) 

revealed significantly lower (p<O.039) TN in the fish (+F) treatments 

(Figure 1 . 2c) but the linear contrast revealed no differences among 

treatments in rate of change of TN with time (p>o . 72S) . 

Nitrate/nitrite-N concentrations were also lower (P<O.OOOS) in the +F 

treatments (Figure 1 . 2d) compared to the NF treatments; moreover, a 

significant fish effect (P<O.OOS) in the linear contrast indicated a 

more rapid rate of decrease in nitrateJnitrate-N in the F treatments . 

Neither the total nor linear contrasts demonstrated any significant 

treatment effects on ammonia-N concen~rations . Measured TN:TP ratios 

were not significantly affected by the fish treatment (P>O.99) nor did 

they change significantly after the nutrient addition (P>O.6S) (Figure 

1.2e) . However, the ratio of total inorganic nitrogen to soluble 
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reactive phosphorus (TIN:SRP), probably more indicative of the actual 

supply ratio, was significantly higher in the high TN:TP treatment 

(P<O.OOl), and rate of decline was also greater in the high TN:TP 

treatment (P<O . 04) (Figure 1.2f). 

Phytoplankton Biomass Chlorophyll a concentrations also were 

significantly affected both by the TN:TP ratio and by fish (Figure 

1.3a). In the absence of fish , the total contrast for chlorophyll a 

concentration (Figure 1.3b) showed significantly higher (P<O.009) 

concentrations in the high TN : TP treatment but in the presence of 

fish, no TN:TP ratio effect was observed (Table 1.2) . Chlorophyll a 

was also significantly higher in the presence of fish (p<O.0005) in 

both the low and in the high TN:TP treatments . The linear contrast 

revealed a similar pattern. The linear trajectory over time was 

always significantly higher in the +F treatments (P<O.002) and 

significant TN:TP effects were observed only within the NF treatments 

(p<O.029) (Figure 1.3c) . Bartlett's test detected a significant 

heterogeneity of variance (P<O.027) in the total contrast 

phytoplankton biomass data and so these data were not analyzed. 

Phytoplankton Species Composition Over the course of the 

experiment, Aphanizomenon flos-aquae biomass was significantly greater 

in the high TN :TP treatment in the absence of fish (P<O.015). 

Aphanizomenon biomass also was higher in the presence of fish 

(P<O.009) (Figure 1.4a) . Among the four treatments, absolute 

Aphanizomenon biomass was highest in the HNP/+F treatment and lowest 

in the LNP/NF treatment . When trends in algal dominance were 

analyzed, the total contrast for relative biomass also showed 
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significant fish (p<O.OOl) and interaction (P<O.049) effects. While 

the greatest Aphanizomenon relative biomass occurred in the LNPjNF 

treatments, and the lowest in the LNP/+F treatment, there was no 

significant difference between the two no fish treatments (Figure 

1. 4b). 

The total contrast for Hicrocystis ssruginoss biovoluae revealed 

a significant interaction effect (P<O.017). Hicrocystis absolute 

biomass was lowest in the HNP/+F treatment (Figure 1.4c) and its 

relative biomass was highest (p<O.017) in the absence of fish (Figure 

1.4d). The linear contrast revealed no significant treatment effects 

on its rate of increase. 

Both the total (Figure 1.4e) (P<O.003) and linear contrasts (not 

shown) (p<O.005) for Oscillstoris sp. biomass revealed a significant 

fish effect. Both Oscillstoris absolute biomass and its rate of 

increase were higher in the presence of fish, but were unaffected by 

TN:TP treatment". Oscillstoris relative biomass was not significantly 

affected by any treatment. 

Both edible algae biomass (single and multicellular green algae 

and flagellated species) (total contrast, p<O.0005) (Figure 1.5a) and 

their rate of change (linear contrast, p<O.0005) (not shown) were 

significantly greater in the presence of fish, reflecting this group's 

susceptibility to high grazing pressure in the no fish treatments 

(Figure 1.5a). In the low TN:TP ratio treatments, the presence of 

fish resulted in a significantly greater proportion of edible algal 

species (p<O.Ol) (Figure 1.5b). No significant difference in the 

relative biomass of edible algae was observed in the high TN:TP 

treatments. 
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Table 1.2. Simple main effects (total contrast) for phytoplankton biomass 
variables . (+)-positive response, (-)-negative response, n . s.-not significant 
P>O . OS; *-P<O.OS, **-P<O.Ol , ***-P<O.OOl 

TN :TP Effect Fish Effect 

Variable No Fish Fish Low TN :TP High TN :TP 

Chlorophyll a +* n~ s. +** +** 
A.. flos-aquae +* n.s. n . s. +* 
OscIllatorIa n. 8. n.8. +* +* 
H. aeruginosa n.8. -* n.8. -* 
Edible n.8. n.s. +*** +** 
Filamentous +* n.s. n . s. +** 
Colonial n.s. n . s. n.s. n . s. 
Total B1-gr . n.s. n . s . n . s. +* 



(a) Chlorophyll I concentration 
150 

:i' 
" "- "-'" 100 " -= " "-

" f-" // "i "- "- 0 Low TN:TP, No Flah // "-,,- "- '" >. t::. High TN:TP, No Flah .c 

/ ---- "- '<'" ... • Low TN:TP, Flah 0 "- '" "-~ 50 1// -- ~ High TN:TP, Fish .2 
.c "-U 

"-
"-

-~ 
0 

0 10 20 30 

Days 

(b) Total contrast chlorophyll I (c) Un.ar contrast chlorophyll I 

10 .--------,~-------.--------, 

8 

t----~ 
-,or-

'i. 'i. 
~ 

.. 7 ; 
~ .. 
o 

G 
~ 

e 6 
-1 -

15 

4L---___ --'-___ --' ___ ---J 
-2 ~-------~'--------~'----~~ 

low high 

TN:TP Rallo 

~ Fish Treatment 
o No Fish Treatment 

low high 

TN:TP Rollo 

Figure 1.3. Chlorophyll I re.ponseto tha experimentei treatments; s) mean 
(± 1 S.E.) of chlorophyll I concentration, b) total contralt (t 1 S.E.) of log
transformed data, c) linear contrast I± 1 S.E.) of log-transformed data. 



I 
1 
l 

~ 
~ 
~ 

(a) Total contr .. t AplJllnizont.non (b) Rolatlvo blome .. Ap/lllnizomllnon 
20 r--------,---------r--------, 3 .0 

111 

18 

17 

18 

15 

14 

14 

13 

12 

8 

7 

II 

18 

111 

14 

,2 

,0 

8 

/1 

r/ / I 
2 .5 ~ 

~D 
2 .0 

x 

/A • ~ 
;; 
u ' .5 • Y 

1.0 
, 

Low Hl9h Low High 

TH:TP Rotlo TH:TP Rotlo 

(c) Total contrast MleroeYILt/il (d) Rel.tlve bloma .. MleroeYILt/1 
2 .5 

~ ~ ~ 

~ t-\4 
\ 

\f 

2.0 

l! 

I '.5 
~ t/ X 

• 1.0 
~ 
;; 
l! • 

0.5 

0 .0 
Low High Low High 

TH:TP Ratio TH:TP Ratio 

(e) Total contrast Oilel/ll<oril 
, 

t/~ 
r 

~ ~ -

low high 

TH:TP Rotlo 

Figure 1.4. Totel contrast of blomess snd relative blomese of Aplulnizomtlnol1 
nO'-lqul., Mlerocy,ll, l.ru"ll1o'l, and O,el/illoril ap. (± 1 S.E.; legend 
aa In Figure 1.3b). 

-



(a) Total contr .. t '.dlbl.' bloma .. (b) L1naar contrast '"dible' bioma .. 
2~ r--------.---------r--------, o 

22 1-------+ -1 

20 
+--- J ---T 

• • • • -2 
'" '" ~ ~ 

• 18 • :ii :ii 
'ii :ii -3 
w 

~ 
-111 

r -4 
1~ 

12 
, , 

-5 
low high low high 

TN:TP Ratio mTP Ratio 

(c) 'Edible' alg88 relative blomaa. 
II 

• 
~ • 

~ c 
• 5 r -2i 

~i 'ii 
w 

i 
u 
; ... 
• ~ 

~ 
c .. 
u :c 

3 
Low High 

TN:TP Ratio 

Flgur. 1,5. Total contra.t of blomaa. and relative blomaa. of 'edible' algae 
(± 1 S.E.; legend e. In Figure 1.3b), See text for definition of edible algae group. 



24 

Total filamentous algae biomass (Aphanizomenon flos-aquae, 

Osciliatoria sp. , Heiosira sp. , plus miscellaneous filamentous blue

green species) revealed significant TN:TP effects (P<O.017) only in 

the no fish treatments and a significant fish effect (P<O.002) . The 

highest absolute biomass of filamentous algae occurred in the presence 

of fish, and the lowest absolute biomass was observed 1n the LNPjNF 

treatment (Figure 1.6a). There were no significant treatment effects 

on the relative biomass of filamentous algae . 

Absolute biomass of the large, colonial blue-green algae 

(Aphanizomenon flos-aquae plus Hicrocystis aeruginosa) species showed 

a marginally significant TN :TP ratio effect (P<O . OS2) and a 
significant fish effect (P<O.021). Their absolute biomass was 

greatest in the HNP/+F treatment and lowest in the LNPjNF treatment 

(Figure 1 . 6b); however, the relative biomass of colonial blue-green 

algae was significantly higher in the absence of fish (p<O.Ol) (Figure 

1.6c) . No significant difference in their rate of change in biomass 

over time was detected. 

Total blue-green algal biomass was highest in the presence of 

fish and lowest in the LNP/NF treatment (Figure 1.6d). However, blue

green relative biomass was highest in the LNP/NF treatment and lowest 

in the LNP/F treatment (not shown). 

Zooplankton The TN:TP ratio had no significant effects on 

either zooplankton biomass or community structure in this study (Table 

1 . 3). However, the presence of fish caused significantly lower total 

zooplankton biomass (p<O . OOl) (Figure 1.7a), lower DaphnIa pulicaria 

biomass (p<O.OOl) (Figure 1.7b), lower copepod biomass (P<O.OOS) 
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(Figure 1.7c), and higher rotifer biomass (P<0.0005) (Figure 1.7d) 

than did the treatments without fish (Table 1.3) . The zooplankton 

communities were dominated, both numerically and on a biomass basis, 

by rotifers in the fish treatments and by Daphnia pulicaria in the no 

fish treatments (Figure 1.8a-d). No significant differences in 

Daphnia fecundity were detected within the no fish treatments; 

unfortunately, Daphnia density in the fish treatments was too low to 

allow a similar analysis of fecundity . 

Discussion 

Higher soluble reactive phosphorus concentrations in the low 

TN:TP, no fish treatments may have resulted from a combination of low 

phosphorus demand (due to low phytoplankton biomass: Figure 1.3) and 

high zooplankton excretion rates (due to high zooplankton biomass: 

Figure 1 . 7). Total phosphorus concentration also was highest in the 

low TN:TP, no fish treatment, in contrast to Drenner, et al. (1990) 

where total phosphorus concentration was higher in the presence of 

fish at high (10:1 and 45:1) TN:TP supply ratios. Kazumder, et al . 

(1989) found that fish effects on epilimnetic TP concentrations 

varied, depending on whether the enclosures were fertilized. However, 

the fraction of TP sedimenting was consistently lower with fish 

(Kazumder et al. 1992). The shallowness of the my experimental tanks , 

lack of a hypolimnion, and the mixing of the tanks before sampling may 

account for some of these differences . Also, high Daphnia grazing 

pressure and the subsequent excretion of phosphorus in a soluble form 

may have lowered phosphorus sedimentation rates and ~aintained higher 



concentrations of both total and soluble reactive phosphorus in the 

water column . 
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Significantly lower nitrate/nitrite concentration and a faster 

rate of decrease in the fish treatments probably resulted from algal 

uptake. The significantly lower total nitrogen concentration in the 

fish treatments (within TN:TP treatments) contrasts with Drenner, et 

a1 . (1990) who noted no fish effect. This may also have resulted from 

higher rates of phytoplankton sedimentation in the fish treatments. 

The TN:TP ratio was a poor predictor of TIN:SRP ratios 

(r~.5l). While TN:TP ratios did not change significantlly over the 

course of the experiment, TIN:SRP decreased significantly (P<0.04) in 

the high TN:TP, treatments . A regression analysis of all data, except 

on day 1 when then treatments were established, showed that TIN :SRP 

was negatively correlated with total zooplankton biomass in both TN :TP 

treatments, but that the relationship was stronger (higher r2 and more 

negative coefficient) in the high TN:TP treatments. These 

observations are consistent with Sterner (1990), and illustrate the 

potential effect of zooplankton on resource ratios and algal 

competitive relations (Sterner, et a1. 1992). 

Both the TN :TP ratio and fish strongly influenced phytoplankton 

biomass and species composition (Figures 1.3-6, 1 . 9). In contrast , 

the data presented here suggest that fish predation was the dominant 

factor affecting zooplankton biomass and composition ; no significant 

TN:TP effects on zooplankton were observed. Planktivory by Peres 

flaveseens kept zooplankton biomass low , and shifted the zooplankton 

from a community dominated by Daphnia puliearia to one dominated by 

rotifers (Figure 1.7, 1 . Sc-d). This shift resulted in a higher total 



Table 1.3. Probability values of the ANOVA: with repeated measures 
(total contrast) for biomass and relative biomass of zooplankton 
communities. (+)-positive response, (-)-negative response, n.s.-not 
significant P>O.OS; *-P<O.OS , **-P<O.Ol, ***-P<O.OOl 

Biomass Relative Biomass 

Variable N:P Fish N:P*Fish N:P Fish N:P*Fish 

Total Zoopl. n.s. -** n.s. 
Cructacean n.s. -** n.s. n.s . -*** n.s. 
Copepoda n. s. -* n. s. n. s. n.S. n . s. 
D. pul1carla n.s. -** n.s. n . B. -*** n . s. 
RotiferB n. s. +*** n.B . n. s. -*** n . B. 
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phytoplankton biomass and a greater proportion of edible algae in the 

presence of fish (Figure l . 9c-d). 

The combination of intense grazing by Daphnia and low TN:TP 

ratios shifted the phytoplankton community toward dominance by 

Aphanizomenon flos-aquae and Hlcrocystis aeruginosa (Figure 1.9a-b). 

Similar trends toward dominance by Aphanizomenon in the presence of 

large Daphnia have been frequently observed (Ganf 1983; Komarkova 

1983) , although absolute Aphanizomenon biomass has been found both to 

decrease (Ganf 1983 ; Vyhnalek 1983) or increase (Lynch and Shapiro 

1981; Komarkova 1983) under heavy zooplankton grazing pressure. 

Preferential grazing on small, edible species allowed Aphanizomenon 

and Hi crocystis to increase their proportion of the total 

phytoplankton biomass under conditions of heavy grazing pressure 

(McCauley and Briand 1979; Carpenter 1989 ; Liebold 1990) . This shift 

toward less edible species also agrees with the findings of others 

(Fott 1975; DeMott and Kerfoot 1982 ; Osgood 1983; Vanni 1987; Kerfoot 

et al . 1988) in non-Aphanizomenon systems. 

A correlation analysis of all data after the initial sampling 

date showed that all major algal groups (except Hicrocystis aeruginosa 

and the colonial blue-green group composed largely of Hicrocystis) 

were negatively correlated with Daphnia pulicaria biomass (P<0.05) and 

with total crustacean zooplankton biomass (P<0.05) . However , only the 

large , colonial blue-green algae, Aphanizomenon (P<0.005) and 

Hicrocystis (P<0 . 05), increased in relative biomass with increasing D. 

pulicaria and total crustacean zooplankton biomass . Both algal 

species have been shown to be inferior food resources for crustacean 

herbivores due to their unmanageable size, poor nutritional quality, 



and possible toxic properties (Holm et al. 1983; Holm and Shapiro 

1984; Fulton and Paerl 1987; Lampert, 1987; Gliwicz 1990). 
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Although strong effects of nitrogen and phosphorus on both 

phytoplankton biomass (Sakamoto 1966; Dillon and Rigler 1974; Prairie 

et al. 1989) and species composition (Smith 1983a 1983b, 1986, 1990; 

Smith et al. 1987) have been demonstrated empirically, the magnitude 

of the TN:TP ratio effects on total phytoplankton biomass was found to 

be smaller than the effect of Daphnia grazing in this experiment. The 

TN:TP effects may have been moderated by differential regeneration of 

Nand P by zooplankton, which greatly affected TIN:SRP ratios. The 

strong effects of fish zooplanktivory on phytoplankton biomass and 

community structure in this study were a result both of changes in 

zooplankton biomass, and a shift to a small-bodied zooplankton 

community. These effects typically have been seen where fish have 

been introduced to fishless systems dominated by large-bodied 

cladocerans (Losos and Hete§a 1973; Shapiro et al. 1982; Lynch and 

Shapiro 1981; Schoenberg and Carlson 1984; Reinertsen et al. 1990). 

In previous enclosure studies Daphnia pulex has been found to exert a 

much greater negative effect on phytoplankton abundance than smaller 

zooplankton species, both under nutrient enriched and unenriched 

conditions (Vanni 1984 , 1986; Drenner et al. 1989). 

The indirect effects of fish predation are more difficult to 

assess . A reduction in total zooplankton biomass and average body size 

by fish predation potentially provides a greater and higher quality 

food base for the surviving zooplankters due to the increases both in 

the biomass and the proportion of edible phytoplankton species . This 

could increase fecundity of cladocerans in the presence of fish, 



34 

partially offsetting predation losses (Vanni 1986) . However, no TN:TP 

effects on Daphnia fecundity were detected in the NF treatments. 

Nutrient regeneration by zooplankton may also be very important 

depending on relative regeneration rates of specific nutrients and the 

requirements of the phytoplankton species present (Lehman and Scavia 

1982; Scavia et al. 1984; Sterner 1989a). However, the eutrophic 

state of these mesocosms may have reduced the importance of nutrient 

regeneration to phytoplankton because zooplankton regenerated nitrogen 

and phosphorus should be most important to phytoplankton when 

concentrations of these elements are low . 

In this study, phytoplankton biomass generally was negatively 

affected by the absence of fish (high Daphnia grazing), and was 

positively affected by higher TN:TP ratios only in the presence of 

intense Daphnia grazing. Phytoplankton community structure shifted 

toward large colonial blue-green algae species under conditions of low 

TN:TPratios with high grazing pressure. The magnitude of the effects 

of Daphnia grazing on both phytoplankton biomass and community 

structure illustrate the need for further research into the nature of 

the relationship of nutrient supply and zooplankton grazing to 

phytoplankton biomass and community structure. In particular, 

emphasis should be given to the effects of intermediate levels of 

Daphnia density on phytoplankton, in addition to the low and high 

densities discussed here. 



CHAPTER 2 

Effects of Daphnia pulicaria on Aphanizomenon flos -aquae 

biomass along Gradients of Nutrients and Fish Predation 
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Introduction 

In lakes where fish predation keeps the populations of large

bodied , filter-feeding cladocerans low, phytoplankton biomass is 

typically high (Hrba~ek et al. 1961; Andersson et al. 1978; Lynch and 

Shapiro 1981). In contrast, in lakes where vertebrate planktlvores are 

scarce, large-bodied Daphnia species tend to dominate the zooplankton 

community and phytoplankton biomass is often suppressed (Lynch and 

Shapiro. 1981; Osgood 1983; Shapiro et al. 198Z; Shapiro and Wright 

1984; Spencer and King 1984; Reinertsen et al. 1990). An exception to 

this trend is the frequent occurrence of blooms of the blue-green alga 

Aphsnizomenon flos-aquae in lakes with dense populations of large-bodied 

Daphnia (e.g. D. pulicaria, D. pulex; Hrbacek 1964; Knutson 1970; Losos 

and Hetesa 1973; Lynch 1980; Lennon 1981; USAGE 1982; Ganf 1983; 

Komarkova 1983; Vyhnalek 1983; Andersson and Gronberg 1984; Pechar and 

Fott 1991). 

Aphsnizomenon flos-aquae is a filamentous, nitrogen-fixing, blue

green alga which often forms large (>20mm) 'grass blade' or 'flake-like' 

colonies (Drouet 1951). Blooms of Aphanizomenon with this flake 

morphology are typically associated with high Daphnid densities. Pond 

manipulations (Hrbacek 1964; Lynch 1980; Andersson and Gronberg 1984) 

and experimental enclosure studies (Lynch and Shapiro 1981, Ganf 1983; 

Komarkova 1983; Vyhnalek 1983; Chapter 1) have consistently demonstrated 

the dependence of Aphanizomenon dominance on dense populations of large

bodied Daphnia. However, Aphanizomenon biomass has been observed both 
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to increase (Hrb~cek 1964; Lynch and Shapiro 1981; Komarkov4 1983; 

Anderson and Gronberg 1984) or decrease (Ganf 1983; Vyh~lek 1983; 

Ghapter 1) in response to intense Daphnia grazing pressure. Lynch 

(1980) postulated that Aphanizomenon bloom formation and maintenance 

requires: 1) high Daphnid grazing pressure, which reduces the 

competitive ability of small phytoplankton species; and 2) the presence 

of an oxygenated sediment surface, which provides a refuge from grazing 

for akinete germination and flake formation to occur . Experimental 

feeding studies have indicated that colonies larger than 1.5mm in length 

were not grazed upon by Daphnia (Holm et al. 1983). Thus, colonies may 

first grow to an ungrazeable size on the sediment surface before 

migrating into the water column (Osgood 1983) . E~trophic lakes, where 

Aphanizomenon blooms typically occur, also frequently become nitrogen 

limited during the growing season suggesting that Aphanizomenon 

dominance results from both its nitrogen fixing capabilities and its 

resistance to grazing (Sterner 1989ba) . 

Although the co-occurrence of Aphanizomenon with high Daphnia 

density is well documented, the nature of this relationship is not yet 

well understood. The general objectives of this study were to test 

several predictions of Mcqueen et al. (1986) with regard to trophic 

interactions in lakes: 1) Top-down forces are greatest near the top of 

the food web; 2) Top down effects on lower trophic levels become weaker 

with increasing trophic status of the lake; 3) The maximum biomass of a 

trophic level is controlled from below by nutrient availability. More 

specifically, I examined the effects of Daphnia grazing on phytoplankton 

biomass along a gradient of Daphnia biomass under both ambient nutrient 

concentrations (in a eutrophic lake) and also under nutrient enriched 
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conditions to determine: 1) does Daphnia grazing have an impact 

(positive or negative) on total phytoplankton biomass and particularly 

on Aphanizomenon biomass under the ambient nutrient conditions occurring 

in Agency Lake during the bloom; and 2) do Daphnia effects on 

phytoplankton biomass differ following nutrient enrichment? 

Study Site Agency Lake, located in south-central Oregon, is 

contiguous with and considered part of the Upper Klamath Lake system 

(USACE 1982). The combined lakes are large (31,300 ha), shallow (2.4m 

mean depth), and experience massive summer Aphanizomenon flos-aquae 

blooms (Phinney and Peek" 1961; Killer and Tash 1967) which coincide with 

dense populations of Daphnia pulicaria (USEPA 1983; Klamath Tribe and 

U.S. Bureau of Reclamation, unpublished data). 

Hethods 

Experimental Treatments: Two experiments were conducted during 

July-August, 1991 to assess the effects of a gradient of Daphnia 

pulicaria biomass on Aphanizomenon flos-aquae under both ambient water 

quality conditions in Agency Lake and under nutrient enriched 

conditions. These experiments were conducted in 380-liter livestock 

water tanks (Rubbermaid) located on the south shore of Agency Lake. 

Daphnia density in the tanks was manipulated using zooplanktivorous 

fish. The fish (blue chubs; Gila coerulea) were collected at the mouth 

of the Williamson River (the major tributary to Upper Klamath Lake) with 

an electroshocker and acclimated for at least three weeks on site. 

In the ambient nutrient experiment, which ran July 1-13 1991, 

Daphnia density was manipulated by varying the time that fish were 

allowed to forage in a tank. The four treatments (three replicates 
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each) consisted of no fish (no predation), and two fish placed in each 

tank for periods of one half day (low predation), one day (medium 

predation), or two days (high predation) per week. Mean fish mass was 5 

grams . A large mesh dip net (0 . 5 cm) was used to remove the fish from 

the tanks. On each day that fish were manipulated in any tank, all 

tanks were stirred with the net to ~ccount for any effects of agitation. 

The tanks were filled by bucket with lake water and, after the initial 

sampling, the predation treatments were haphazardly assigned to the 12 

tanks. The experiment was run until the Aphanizomenon bloom in the 

tanks crashed (13 days) and the tanks were sampled on days I , 8, and 13 

for nutrients, chlorophyll B, and both phytoplankton and zooplankton 

biomass and community structure. 

The nutrient enriched experiment was subsequently run July 30-

August 11. Nutrients were added in the form of a commercial, 

concentrated algal growth medium, Guillard #2 (Guillard 1975). A total 

of approximately 120 ug phosphorus L-l and 1800 ug nitrogen L-l were 

added in three equal .pulses (days 1 , 3, and 5) over the first week of 

the experiment . Because of the excessive time involved in manipulating 

the zooplankton density by adding or removing fish several times per 

week, in this experiment zooplankton density was manipulated by varying 

the number and size of fish added to each tank, and the fish were left 

in the tanks for the duration of the experiment. Blue chubs were sorted 

into three size classes: 1) small: less than 2 g, 2) medium: 2-4 g, and 

3) large: 4-7 g. Treatments consisted of no fish (no predation), two 

small fish (low predation), one small and one medium fish (medium 

predation), and one medium and one large fish (high predation). The 

tanks were filled by bucket on July 29 and sampled early the next day. 
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On July 30 the predation treatments were applied haphazardly to the 12 

tanks and then the first nutrient addition was made. This experiment 

was also run until the Aphanizomenon bloom collapsed (13 days) and the 

tanks were sampled on days I, 5, 8 (chlorophyll a, zooplankton, ~nd 

phytoplankton only), and 13 for nutrients, chlorophyll a, and both 

phytoplankton and zooplankton biomass and community structure. 

Sampling Methods : Integrated water samples were collected from 

each tank by rapidly lowering a clear Plexiglass tube to just above the 

sediment surface and capping the bottom. Three samples from each tank 

were pooled and subs amp led for analyses of ammonia (phenol 

hypochlorite) ; total nitrogen (persulfate digestion) ; nitrate\nitrite 

(cadmium reduction); soluble reactive phosphorus (ascorbic acid); total 

phosphorus (persulfate digestion and ascorbic acid) , and chlorophyll a 

and phaeopigments (90% ethanol) . All analyses followed APHA (1981) 

except for ammonia (Chaney and Marbach 1962), and chlorophyll a and 

phaeopigments (Nusch 1980). Phytoplankton samples were preserved in 

acidic Lugol ' s iodine , solution , and later identified and enumerated in a 

Sedgewick-Rafter cell at 100-200x . Phytoplankton biovolume was 

estimated by measuring at least ten cells of each dominant taxon per 

sample and converting to biomass by assuming 1 mm3_1 mg fresh weight . 

The biomass of several taxa (small chlorophytes and cryptomonads) was 

summed before analysis (referred to here as ' edible ' algae) because only 

Chlamydomonas sp . was sufficiently abundant for individual analysis. 

Zooplankton samples were collected by lowering a l2-L Schindler

Patalas trap with a 64 um mesh net into the center of each tank, after 

gentle mixing with a plastic paddle to more evenly distribute the 

zooplankton within the water column . These samples were preserved in 
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alcohol-glycerin (Pennak 1989) for subsequent identification, 

enumeration, and length measurements using a dissecting microscope. 

Three Bubsamples from each sample from the ambient nutrient experiment 

were counted and lengths were measured on the first 20 individuals 

encountered. For each sample from the enriched experiment the entire 

sample was counted and lengths were measured on the first 20 individuals 

encountered . Biomass estimates were made using the mass-length 

regression equations of KcCauley (1984) . 

Statistical Analyses: The algal blooms followed similar 

trajectories in both experiments (Figure 2 .1): an initial 'growth phase' 

was followed by a rapid decline after day 8. In order to evaluate 

Daphnia effects, the experiments were divided into three periods for 

analysis: 1) 'overall ' : all sample dates; 2) 'growth phase': includes 

all sample dates prior to day 13 (to determine Daphnia effects on bloom 

growth); and 3) 'decline phase': includes all sample dates except day 1 

(to determine Daphnia effects on a declining phytoplankton bloom). 

Total contrasts were computed for the growth phase and overall , while 

linear contrasts were computed for all three time periods described 

above using a repeated measures analysis of variance (Yiner 1971; 

Gurevitch and Chester 1986) . Kean Daphnia biomass during the period was 

chosen as the independent variable . The total contrast (the sum of the 

observed values of a given variable over all sampled dates in the time 

interval of interest) was calculated and regressed against mean Daphnia 

biomass to evaluate Daphnia effects on phytoplankton biomass. The 

linear contrast tested whether the slopes of the best-fitting straight 

line through the measurements over time varied with treatment (whether 

the trajectory of phytoplankton biomass over time was related to Daphnia 
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biomass). Quadratic contrasts were calculated, but were difficult to 

interpret and added little to the analysis . 

Prior to. analysis, the phytoplankton and Daphnia biomass data were 

log-transformed (10g10 (x+l» to reduce heterogeneity and help stabilize 

the variance. The log-transformed data conformed both to the assumption 

of homogeneous variaQce (Bartlett's test) and to the assumptions of 

symmetry and equality of the covariance matrices required by the 

repeated measures analysis. A significance level of P<O.OS was used for 

all statistical analyses (Systat 5 . 0; Wilkinson 1990). 

Results 

Prior to the nutrient additions and treatment applications, the 

initial nitrogen, phosphorus and chlorophyll a concentrations, and 

Daphnia biomass were higher in the nutrient enriched experiment (P<0 . 05) 

(Table 2.1; Figures 2.1 and 2.2) . However, the initial phytoplankton 

and zooplankton communities were similar in composition, with 

Aphanizomenon flos-aquae and Daphnia pulicaria being the dominant 

species. The manipulation of fish resulted in a wide range of Daphnia 

biomass in the tanks by the end of each experiment (Figure 2 . 2) but the 

largest increase in Daphnia biomass in both experiments occurred between 

the last two sampling dates while the Aphanizomenon bloom was in 

decline. A t-test was used to compare mean Daphnia biomass in the no 

predation treatment in the ambient experiment with the no predation 

treatment in the nutrient enriched experiment and to compare mean 

Daphnia biomass in the high predation treatments between the two 

experiments. No significant difference in mean Daphnia biomass (t-test) 

was detected in either 
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Table 2.1. Initial conditions in ug L-l unless otherwise noted 
(mean and standard error). The unenriched experiment ran July 1-13, 
1991 and the enriched experiment ran July 30-Aug 11, 1991 . 

Ambient Enriched 

Parameter mean S.E . mean S.E. 

Temperature (C) 20.3 0.1 19.2 0.3 

Total phosphorus 150 4 487 10 

Soluble reactive P 52 3 317 4 

Total nitrogen 1712 39 2545 113 

Nitrate-N <10 <10 

Ammonia-N <10 64 11 

Chlorophyll a 93.7 5 .4 133.6 8.8 
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analysis, indicating that the range of Daphnia biomass was similar in 

both experiments. 

A repeated measures analysis of variance (total contrast) of total 

phosphorus and total nitrogen concentrations (Figures 2.3-4) revealed no 

significant effects of Daphnia biomass in either experiment. Changes in 

both total phosphorus 'and total nitrogen over time in the ambient 

experiment were correlated with the changes in chlorophyll a 

concentration (P<O.OOl) while changes in total phosphorus and total 

nitrogen over time in the enriched experiment corresponded to the 

nutrient additions. Total contrasts of soluble reactive phosphorus and 

ammonia revealed a significant (P<O.05) positive effect of Daphnia 

biomass (Figures 2.3-4) on their concentrations, probably a result of 

greater zooplankton excretion with increased Daphnia biomass (Lehman 

1980). 

In the first experiment, the total contrast of chlorophyll a 

revealed a significant negative response to Daphnia during the growth 

phase (P<O.Ol, r2-0.49), and overall (P<0.05, r2-0.30) (Table 2.2; 

Figure 2.5). By comparison, under enriched conditions in the second 

experiment a significant negative response was found overall (P<O.05, 

r2-0.34) but not during the growth phase. Linear contrast analyses 

revealed significant negative effects on chlorophyll a overall and in , 

the decline phase in both experiments (Table 2.3; Figure 2.6). While 

Daphnia grazing appeared to have a negative effect on chlorophyll a, 

this effect was less pronounced in the nutrient enriched experiment and 

the relationship was stronger (higher r2) during the decline phase of 

the bloom. 
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Table 2.2 . ANOVA with repeated measures, total contrast of 
phytoplankton biomass against mean Daphnia biomass. All significant 
relationships were negative. Overall-all sample dates, Growth phase
all sample dates except day 13. n.s. -non-significant (P>O.05), *
(P<O.05), **-(P<O .Ol), ***-(P<O.OOl) . 

Overall Growth Phase 

Variable Ambient Enriched Ambient Enriched 

Chlorophyll a ** * * n . s. 

A . flos-aquae · * n.s. * n . s. 

Chlamydomonas sp . *** * 
Edible algae * n . s . n . s . n. s . 



Table 2.3. ANOVA with repeated measures linear contrast of 
phytoplankton biomass against mean Daphnia biomass. All 
significant relationships were negative . Overall -all sample 
dates, Growth phase-all sample dates except day 13. Decline 
phase-all dates except day 1 . n . s. -non-significant (P>O.OS). 
*-(P<O.OS) . ** - (P<O.Ol), ***-(P<O.OOl) . 

Overall Growth Decline 

Variable Amb Enrich Amb Enrich Amb Enrich 

Chlorophyll a * * n.s. n.S. *** * 

A. flos -aquae n.s. n . s . n . s. n . s. n.s. * 

ChlamydolllOnas ** * n . s . 

Edible * n.s. n . s . n . s. n . s. n. s . 
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Aphanlzomenon biomass responded negatively to Daphnia in the 

ambient experiment overall (total contrast; P<O.05, r2-0.3l) and in the 

growth phase (P<O.05, r2-0.28), while in the enriched experiment no such 

response was found (Figure 2.7). The linear contrast analyses revealed 

a significant negative response in the decline phase of the enriched 

experiment, suggesting a more rapid rate of decrease of Aphanizomenon 

biomass with increased Daphnia during the bloom collapse. The biomass 

of Chlamydomonas sp., a green alga common in the ambient experiment, 

responded negatively to Daphnia biomass both overall (P<O.OOl, r2-0.64) 

and during the growth phase (P<O.05, r2-0.30) (Figure 2.8). Similarly, 

the linear contrast analyses revealed a more rapid rate of decline in 

Chlamydomonas biomass with increased Daphnia biomass except during the 

decline phase. The total contrast for the 'edible' algae group revealed 

significant negative effects overall only in the ambient experiment 

(P<O.05, r2-0.30) (Figure 2.9). 

Discussion 

The bloom patterns observed in both experiments were quite 

similar: an initial period of rapid growth led to a peak in biomass at 

5-8 days, which was followed by a rapid decline (Figure 2.2). Potential 

causes of Aphanizomenon bloom collapse include; phosphorus limitation 

(Healey and Hendzel 1976; Pechar 1992), iron limitation (Horne 1975), a 

sudden drop in water temperature (Barica 1978), and infection by 

pathogens (Daft et al. 1985). It is unlikely that phosphorus limitation 

was important here given the high soluble reactive phosphorus 

concentration, especially in the enriched experiment. Likewise, iron 

limitation (Horne 1975) was unlikely in the nutrient enriched experiment 
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because iron was included in the algal growth medium. Water temperature 

was relatively stable over the course of both experiments (range 17.9-

22.1oC) and no decrease was noted prior to bloom collapse (unpublished 

data). Also, water temper~ture was always above the temperature in 

Agency Lake (17°C) when the Aphanizomenon bloom typically begins. No 

data were collected to assess the role of pathogens on Aphanizomenon, so 

that the specific cause of bloom collapse is unknown. However, the 

similarity in the timing of bloom collapse suggests that the same 

mechanism may have been responsible in both experiments. 

The effects of DaphnIa grazing on total phytoplankton biomass 

varied not only between the ambient and unenriched experiments, but also 

varied temporally within each experiment. Daphnia exerted a negative 

impact on chlorophyll a in both experiments overall; however, only under 

relatively nutrient poor (ambient) conditions did grazing result in 

lower chlorophyll a concentrations during the initial growth phase of 

the bloom (Figures 2.1 and 2.5). The lack of siginificant Daphnia 

effects on chlorophyll a trajectory over time during the growth phase 

(linear contrast) and the significant linear contrasts of chlorophyll a 

in the enriched experiment overall and in the decline phase indicate 

that the effects of grazing on total phytoplankton biomass were 

concentrated during the period of bloom collapse (Figure 2.6). 

A significant negative effect of grazing on Aphanlzomenon biomass 

occurred only in the unenriched experiment, suggesting that the greater 

availability of nutrients in the enriched experiment offset grazing 

losses. The significant linear contrast in the decline phase of the 

enriched experiment suggests that grazing may have induced a more rapid 

rate of decrease in Aphanlzomenon biomass in a senescent bloom. 
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Certainly no positive effects of Daphnia on Aphanizomenon biomass were 

observed as had been reported elsewhere (Hrbacek 1964; Lynch and Shapiro 

1961; Komarkova 1963; Pechar 1992). Similarly, the biomass of edible 

species was negatively affected only in the unenriched experiments 

(Figure 2.9). 

The net effect of Daphnia grazing on phytoplankton is the SUA of 

the direct negative impact of consumption and the indirect positive 

effects of nutrient regeneration (Sterner 1969a). If we assume that 

individual Daphnia clearance rates (water volume ug Daphnia biomass-I) 

were similar in both experiments, then the positive effects of nutrient 

regeneration should have been stronger in the more nutrient poor 

(ambient nutrient) experiment. However, the negative impact of. Daphnia 

on total phytoplankton biomass (chlorophyll a), on Aphanizomenon 

biomass, and on edible algae biomass was greater under ambient 

conditions as indicated by the stronger statistical relationship (higher 

r2-values of the ambient experiment analyses) of Daphnia biomass to the 

dependent variables. ' The lack of significant Daphnia effects on 

Aphanizomenon biomass and edible algae biomass in the nutrient enriched 

exper~ment could have been due to several factors. First, algal loss 

rates may have been offset by higher algal growth rates due to the 

nutrient enrichment. Second, high Aphanizomenon biomass may have 

interfered with Daphnia feeding (Gliwicz 1960) thereby lowering the 

clearance rate . Filamentous blue-green algae can mechanically interfere 

with Daphnia feeding and force the animal to eject the filaments from 

the feeding apparatus (Porter and Orcutt 1980). This increases 

energetic costs of feeding and effectively lowers clearance rates. 

Finally, because Daphnia clearance rates decrease with increasing algal 
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density above the incipient limiting concentration of algae, Daphnia 

clearance rates may have been lowered in response to the higher algal 

densities in the nutrient enriched experiment (Sterner 1989a). Lower 

clearance rates translate into lower algal loss rates due to grazing. 

Lower algal loss rates in the enriched experiment, alone or combined 

with higher algal growth rates due to the nutrient enrichment, could 

account for the differences in Daphnia grazing impact between the two 

experiments. 

The results of this study generally agreed with the predictions of 

McQueen et al. (1986). 

1) Top down effects are strongest near the top of the food 

web. Fish predation had substantial impacts on Daphnia 

biomass in both the ambient and nutrient enriched 

experiments. 

2) Top down effects on lower trophic levels become weaker with 

increasing trophic status of the water body. The negative 

impacts of Daphnia grazing were less pronounced (lower r2_ 

values) under nutrient enriched conditions. 

3) The maximum biomass of a trophic level is controlled from 

below by nutrient availability. Maximum total phytoplankton 

biomass (chlorophyll a) was higher in the nutrient enriched 

experiment. Empirical analyses have also shown a strong 

positive relationship between maximum Aphanizomenon biomass 

and mean total phosphorus concentration (Smith et al. 1987; 

Pechar 1992). 
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No significant difference was detected in mean or maximum Daphnia 

biomass in the no predation treatments between the ambient and nutrient 

enriched experiments over the course of the experiments (t-test, 

P>O.05). This suggests that the ' higher phytoplankton biomass in the 

nutrient enriched experiment was not transferred to the primary 

consumers (Daphnia). This is not unexpected since large (>1.5 mm) 

Aphsnizomenon colonies are grazing resistant (Holm et al. 1983). If the 

experiments had been run over a longer time scale, Daphnia biomass in 

the enriched experiment may have been higher as the nutrients in the 

Aphsnizomenon biomass were released through decomposition and cycled 

through bacteria and algae into an edible form. 

It is generally accepted that, over a wide range in trophic state, 

the top down effects of herbivory on 'phytoplankton biomass are buffered 

in more eutrophic systems (Mcqueen et al. 1986; Benndorf 1987; Mcqueen 

et al. 1989; Carney 1990) . This uncoupling at the zooplankton

phytoplankton interface with increasing trophic state is partially a 

result of a trend of increasing cyanobacterial relative biomass with 

increasing algal biomass (Smith 1990). However, given the overwhelming 

dominance of Aphanizomenon in both experiments (>95% of initial algal 

biomass), it is unlikely that this played a role here . Instead it 

appears that under nutrient enriched conditions, algal losses 

(Aphanizomenon and 'edible' species') to Daphnia grazing were offset by 

growth. Vanni et al. (1990) suggested that a threshold density of 

cyanobacteria exists, above which Daphnia grazing has no significant 

impact on phytoplankton biomass. 

Whole lake manipulations of aquatic food webs, planned 

(biomanipulation; Shapiro et al. 1982) and natural (fish kills), have 
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shown that the effectiveness of zooplankton grazing to reduce algal 

biomass decreases with high phosphorus loading (Benndorf 1987, 1990; 

Jeppesen et al. 1990; Riemann et al 1990; Vanni et al. 1990) . Vanni et 

al. (1990) found that Daphnia were much more effective in reducing 

phytoplankton biomass in Lake Mendota, Wisconsin when total phosphorus 

concentration was low, due to a reduction in external phosphorus 

loading, than when total phosphorus was high. Comparisons of the 

effectiveness of biomanipulation in lakes across a trophic gradient also 

indicates that zooplankton grazing is more effective in controlling 

algal biomass in less eutrophic systems (Benndorf 1990; Jeppesen et al . 

1990). The results presented in this paper also support these 

conclusions and should be considered when seeking to improve water 

quality through biomanipulation of aquatic food webs . 



CHAPTER 3 

Seasonal Variation in Nitrogen and Phosphorus Limitation and 

the Effects of Daphnia pulicaria grazing on Phytoplankton 

Biomass and Growth in a ~ypertrophic Lake 
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Introduction 

Seasonal succession of freshwater phytoplankton communities is 

fairly consistent from year to year within a lake, and succession 

among lakes varies with trophic state (Reynolds 1984; Sommer et al. 

1986). Although the mechanisms behind phytoplankton succession are 

not well understood (Sommer 1989), knowledge of seasonal variation in 

abiotic and biotic conditions is integral to current conceptual models 

(Reynolds 1984; Sommer et al . 1986). The relative importance of 

nutrient limitation and zooplankton grazing on phytoplankton varies 

seasonally in lakes (Reynolds 1984; Lehman and Sandgren 1985; Sommer 

et al. 1986; Bartell et al. 1988; Vanni and Temte 1990). Several 

mechanisms may be responsible for this variability . Seasonal changes 

in nutrient availability will determine nutrient limitation of 

phytoplankton. Likewise, changes in grazing pressure resulting from 

the seasonality of zooplankton biomass and community structure 

determine the potential magnitude of grazing impacts on phytoplankton. 

However, changes within the phytoplankton community itself can affect 

the impact of both nutrient limitation and zooplankton grazing 

(Sterner 1989b; Vanni and Temte 1990) . For example, a shift to 

nitrogen fixing cyanobacteria in the summer can permit continued 

phytoplankton growth when inorganic nitrogen supplies are low, or 

shifts to inedible or unpalatable phytoplankton species can alter the 

impact of zooplankton grazing independent of grazer biomass or 

community composition. 
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In a series of six experiments, modelled after Lehman and 

Sandgren (1985), I examined the seasonal changes in the impacts of 

nutrient limitation (nitrogen and phosphorus) and zooplankton grazing 

(Daphnia pulicaria) on phytoplankton biomass and growth in a 

hypertrophic lake. These results will be used with the observed 

changes in the zooplankton and phytoplankton communities and nutrient 

concentrations to interpret the mechanisms involved in phytoplankton 

succession in Agency Lake, Oregon. Because of the high phosphorus 

loading, high phosphorus concentrations, low concentration of 

combined, inorganic nitrogen, and dominance of nitrogen-fixing 

cyanobacteria, Agency Lake has been assumed to be nitrogen limited 

(USEPA 1983). However, studies conducted in lakes of varying trophic 

status (Bergquist and Carpenter 1986; Dorazio et al. 1987; Fahnenstiel 

and Scavia 1987; Scheda and Cowell 1988; Vanni and Temte 1990) have 

demonstrated that seasonal changes in nutrient limitation can occur 

even in eutrophic lakes (Vanni and Temte 1990). 

Study Site AgencY ,Lake is located in Klamath County (south

central), Oregon and is considered to be a part of the Upper Klamath 

Lake system. The lake system is shallow (mean depth-2.4 m) and 

hypertrophic (USACE 1982) . The spring phytoplankton bloom, primarily 

diatoms and flagellates (Cryptomonas spP . , Chlamydomonas sp . , and 

Rhodomonas minuta) , is followed in early June by an Aphanizomenon 

flos-aquae bloom. This bloom peaks in July and is followed in August 

by an extended bloom of A. flos-aquae and Microcystis aeruginosa which 

persists until late October . Zooplankton biomass is dominated year

round by the large-bodied, herbivorous cladoceran Daphnia pulicaria 

with smaller peaks of cyclopoid copepods (Diacyclops thomasi) in the 
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spring and calanoid copepods (Epischura nevadensis) in the summer and 

fall. Peak Daphnia biomass typically coincides with the summer blue

green algal blooms of Aphanizomenon flos-aquae and Hicrocystis 

aeruginosa (Figure 3 . 1). Peak concentrations of nitrogen and 

phosphorus also coincided with chlorophyll a peaks in the summer, 

while ammonia concentrations were highest just after bloom collapse. 

Soluble reactive phosphorus concentrations were high throughout the 

summer (75-325 ug-P L-l) and nitrate/nitrite was undetectable during 

the growing season (Klamath Tribe and U.S. Bureau of Reclamation, 

unpublished data). 

Hethods 

Six experiments were conducted during 1991-92: September 2S

October 1, 1990; October IS-IS, 1990; December 2-5, 1990; August IS

IS, 1991; September 20-23, 1991; and September 2S-0ctober 1, 1991. 

Each experiment consisted of a nutrient (nitrogen and phosphorus) 

bioassay and a gradient in the population density of Daphnia 

pulicaria. These experiments were conducted in 4-liter plastic 

cubitainers. The cubitainers were filled from a 3S0-L plastic 

livestock tank filled approximately half full with water from Agency 

Lake . Frequent stirring of the tank with a plastic paddle was 

necessary to keep the algae thoroughly mixed. Water samples were 

collected from this holding tank and analyzed to determine the initial 

concentration of chlorophyll a (hot ethanol extraction), soluble 

reactive phosphorus (ascorbic acid), total phosphorus (persulfate 

digestion), nitrate/nitrite (cadmium reduction), ammonia (phenol 

hypochlorite), total nitrogen (persulfate digestion) and 
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phytoplankton. All chemical analyses followed APHA (1981) except for 

chlorophyll a (Nusch 1980) and ammonia (Chaney and Marbach 1962). The 

bioassay treatments consisted of: 1) no nutrient addition; 2) 1000 ug 

KN03-N L-l; 3) 100 ug K2HP04-P L-l; and 4) 1000 ug KN03-N L-l plus 100 

ug K2HP04-P L-l. There were three replicates of each treatment except 

in the September-October 1990 experiment when there were two 

replicates of each treatment and the September-October 1991 experiment 

which had four replicates of the control and combined Nand P 

treatment. 

The zooplankton gradient was established by adding D. pulicaria 

from a tank culture to the cubitainers, resulting in densities ranging 

from five to 125 individuals per liter. Daphnia biomass was often 

very high in the lake (Figure 3.2) and these densities are within 

previously observed values in Agency Lake (USACE 1982; unpublished 

data). In order to evaluate the effects of low Daphnia densities on 

algal growth, beginning in September 1991, I also reduced the 

zooplankton densities prior to administering the nutrient and 

zooplankton treatments. It was not possible to filter zooplankton out 

without also removing much of the Aphanizomenon and Hicrocystis which 

dominated at this time . While filling the tank, the water was 

filtered through a 100 um mesh which removed nearly all Daphnia and 

much of the Aphanizomenon and Hicrocystis. The contents of the net 

were then immersed in carbonated water for 4-5 minutes to kill the 

zooplankton and then mixed back in the filtered lake water in the 

tank. Zooplankton counts at the end of the experiment of all 

cubitainers to which no Daphnia were added confirmed that the live 

Daphnia density consistently was reduced to less than 2 individuals 
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per liter. The nutrient treatments were then applied as described 

above. Because of the algal scums present during the growing season, 

the cubitainers were anchored just below the water surface and 

incubated three or four days in Agency Lake, except the December 1990 

experiment, when the cubitainers were suspended at approximately one 

half the Secchi depth (0.5 m). 

At the end of each experiment the cubitainers were retrieved and 

subsampled. Chlorophyll samples were filtered onto a GF/C glass fiber 

filter and analyzed as described above. A 100 ml sample for 

phytoplankton identification and enumeration was preserved in acid 

Lugol's solution and later counted in a Sedgewick-Rafter cell. 

Biovolume calculations were based on measurements of least ten cells 

of each dominant taxon from each sample and biomass was estimated 

assuming 1 mg-l mm3 fresh weight . Taxon-specific growth rates (r, d-1) 

were calculated as 

r-[ln(F/I)]/t 

where F and I are the final and initial concentration of a taxon 

(biomass, mg L-l) and t is the length of the experiment (days) (Lehman 

and Sandgren 1985). Nutrients were analyzed at the end of the 

September-October 1991 experiment only. 

The remaining volume of water was filtered through a 80 um mesh 

to collect the zooplankton which were then preserved in an ethanol

glycerin solution (Pennak 1990). All samples were counted in their 

entirety and length was measured on 50 Daphnia per sample (unless 

fewer individuals were counted) using a dissecting scope with an 

ocular micrometer. Lengths of approximately 50% of the copepods (which 
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were present in relatively small numbers) were also measured. Biomass 

was estimated from the appropriate length-mass regression equation in 

MCCauley (1984). 

Statistical Analyses The effects of Daphnia biomass on total 

phytoplankton biomass (chlorophyll a) was determined by regressing 

chlorophyll a concentration against Daphnia biomass in all cubitainers 

with no nutrients added. Linear regressions were done with both 

untransformed and log-transformed data and the better fit was selected 

based on mean square error. Significant regressions (p<0.05) were 

considered proof of significant Daphnia effects (Lehman and Sandgren 

1985). 

Growth rate (r) was considered the dependent variable to 

determine taxon-specific responses to zooplankton. Previous studies 

(Elser et al. 1987; Vanni and Temte 1990; Elser and Goldman 1991) have 

shown that r can be a quadratic or unimodal function of zooplankton 

biomass and that growth rates often show a better fit- to log

transformed zooplankton biomass data. Therefore, both linear and 

quadratic regressions of r against untransformed and log-transformed 

Daphnia biomass were done. Phytoplankton taxa were classified 

according to their response to Daphnia (Lehman and Sandgren 1985): 1) 

no response; 2) decreasing growth rate; 3) unimodal response, (i.e . , r 

highest at intermediate Daphnia biomass or a quadratic function of 

Daphnia biomass whose first derivative decreases with increasing 

Daphnia biomass); and 4) increasing growth rate. 

The significance of nutrient addition for chlorophyll a 

concentration and taxon-specific growth rates was determined by ANOVA 

(p<O.05) with log-transformed Daphnia biomass data as a covariate in 
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the equation. Daphnia biomass data were included in the assessment of 

phytoplankton response because Daphnia biomass sometimes did vary 

among the nutrient bioassay cubitainers and many of the phytoplankton 

taxa were shown to be sensitive to Daphnia. A taxon was considered 

colimited by Nand P when the response to both the +N and the +P 

treatments was non-significant and the combined +N+P treatment was 

significant. 

Results. 

Initial water quality conditions are tabulated in Table 3.1 and 

initial phytoplankton composition is presented in Figure 3.2. Daphnia 

effects on total phytoplankton biomass (chlorophyll a) varied over the 

course of the experiment (Figure 3 . 3, Table 3.2). In the August 1991 

experiment, total phytoplankton biomass was not significantly affected 

by Daphnia (p>O.65, r2-0.00) (Figure 3.3) but was limited by both N 

and P (Figure 3.4, Table 3 . 3). Growth rates of three of the six taxa 

sufficiently abundant for analysis, Chlamydomonas sp., Euglena sp., 

and Schroederia setiger~, were reduced by Daphnia, one, Aphanizomenon 

flos-aquae, was unaffected and two, Oscillatoria sp. and Rhodomonas 

minuta, displayed unimodal responses (Figure 3.5, Table 3.2). Three 

taxa showed significant responses to nutrient additions. 

Aphanizomenon flos-aquae was P limited, Rhodomonas minuta was N 

limited, and Chlamydomonas sp. was stimulated by both N anQ P 

additions. 

Total phytoplankton biomass was not significantly affected by 

Daphnia in the September 1991 experiment (r2-0.00, p>O.84) but it was 

N limited (p<O.05) (Figures 3.3-4). Growth rates of three taxa , 
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Table 3 . 1. Initial conditions in Agency Lake during nutrient 
bioassay/Daphnia gradient experiments . 

Sep- Sep-
Aug 91 Sep 91 Oct 90 Oct 91 Oct 90 Dec 90 

Temperature (oC) 24 21 15 16 13 2 

Nutrients (ug/L) 
Total P 29B 421 142 451 195 69 
Sol. Reactive P 215 325 51 253 157 13 
Total N 1412 11BB 912 1447 2228 70B . 
NH3-N 24 69 26 <20 186 <20 
(N02-+N03-)-N <20 <20 <20 <20 <20 117 

Chlorophyll a (ug/L) 34.Bl 69.27 42.4B 47.51 37.17 5. 64 



Table 3.2. Response of chlorophyll. concentration and 
phytoplankton growth rates (r. d- l ) to the Daphnia pullcaria 
gradient. Responses are tabulated as ; 1) (N)-no significant 
response; 2) (D)-decreasing r. 3) (I)-increasing r; 4) (U)
unimodal response; 5) (-)-taxon to rare for analysis . 

S.p- Sep-

Aua9l Sopal Oct90 Oct9l Oct90 Do090 

Cyanophyta 
Aphsnizomenon flos-aquae N 
Hicrocystis aeruginosa 
Gleotrichla echlnulata 
Oscillatoria sp. U 

Chlorophyta 
Chlamydomonas sp. 
Cryptomonas sp. 
Rhodomonas minuta 
Schroederia setlgera 

Chrysophyta 
Cycloteilli sp . 
Fragilaria crotonensls 
Navicula sp. 
Unknown 

Euglenophyta 
Euglena sp. 

Chlorophyll a 

D 

U 
N 

D 

N 

N 
N 

D 

U 

D 
N 

U 

D 

N 

N 
I 
I 
N 

N 
N 

N 
N 

I 

N 
I 

U 

U 
U 
U 

U 

I 

N 
N 

N 

D 

D 

N 

N 

U 
U 

U 

N 

U 

D 
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Table 3.3. Response of chlorophyll a concentration and 
phytoplankton growth rates (r, d- 1 ) to nitrogen and phosphorus 
addition. Responses are tabulated as: 1) (0)- no response; 2) 
(N)-nitrogen limited; 3) (P)-phosphorus limited; 4) (*)-colimited 
by nitrogen and phosphorus; 5) (-)-taxon too rare for analysis. 

Sep- Sop-

Au&~l SepDl OctVO Oct~l OctDO Oec5lO 

Cyanophyta 
Aphanlzomenon flos-aquae P N 0 P 0 0 
Hlcrocystls aeruglnosa 0 * N,P P 
Gleotrlchia echinulata 0 
Osclllatoria sp. 0 0 0 0 0 

Chlorophyta 
Chlamydomonas sp . N,P 0 0 0 
Cryptomonas sp. 0 0 0 
Rhodomonas mlnuta N 0 0 0 
Scenedesmus sp. 0 
Schroederla setigera 0 N 

Chrysophyta 
Cyclotella sp. 0 
Fragllaria crotonensis 0 0 0 
Navicula sp. 0 
Unknown N,P 

Euglenophyta 
Euglena sp. 0 0 0 * 

Chlorophyll a N,P N N N P P 
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Oscillatoria sp ., Rhodomonas minuta and Euglena spp., decreased; two, 

Chlamydomonas sp . and Fragilaria crotonensis, responded unimodally; 

and three, Aphanizomenon flos-aquae, Hicrocystis aeruginosa and 

Schroederia setigera, showed nO significant response (Figure 3 . 6). A 

significant N limitation was observed for Aphanizomenon and 

Schroederia setigera only (Table 3 . 3). 

In the September-October 1990 experiment, total phytoplankton 

biomass showed a significant positive response to Daphnia (P<0 . 02, 

r2-0.69) (Figure 3.3) due to the positive effects on the growth rates 

of Hicrocystis aeruginosa (p<0 . 04, r2-0.76) and Gleotrichia echinulata 

(p<0 .02 , r2-0 . 85) (Figure 3.7, Table 3.2). Two phytoplankton samples 

from the low Daphnia biomass treatments were lost and consequently are 

missing from the analyses of individual taxa. Both Chlamydomonas sp. 

and Cryptomonas sp. showed marginally significant negative effects of 

Daphnia (p<O . lO) , which may have been affected by the loss of the 

phytoplankton samples from the two low Daphnia biomass treatments. 

Total phytoplankton biomass was N limited (Figure 3.4) and 

Hicrocystis , which was colimited by Nand P, was the only nutrient 

limited taxon (Table 3.3). 

Total phytoplankton biomass was positively affected by Daphnia 

in the September -October 1991 experiment (Figure 3.3), largely due to 

the positive effect on Hicrocystis aeruginosa growth rate (p<O.003, 

r2-0.50) (Figure 3 . 8, Table 3.2). Aphanizomenon flos-aquae displayed 

a marginally significant response (p-O .056, r2-0.2l) to Daphnia . 

Growth rates of all other taxa responded unimodally to Daphnia . Total 

phytoplankton biomass was N-limited (Figure 3.4) . Aphanizomenon 



responded to P enrichment and Hicrocystis responded to both Nand P 

enrichment (Table 3.3) . No other taxa were nutrient limited . 
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Total phytoplankton biomass in the October 1990 experiment was 

not significantly affected by Daphnia (p>O.13, r2-0.23) (Figure 3.3) 

nor were the growth rates of the dominant taxa, Aphanizomenon flos

aquae (p>O . 30, r~.04) and Hicrocystis aeruginosa (p>O.48, r~.OO). 

Only Chlamydomonas 8pp . (p<O.OS, r~.42) and Fragilaria crotonensis 

(P<O.Ol, r2-0.6S) were negatively affected by Daphnia (Figure 3.9, 

Table 3.2). Total phytoplankton biomass was phosphorus limited 

(Figure 3.4) as was Hicrocystis aeruginosa (Table 3.3). 

In the December experiment Daphnia exerted a negative effect on 

total phytoplankton biomass. (p<0.02, r2-0 .47) (Figure 3.3). 

Cryptomonas sp . , Rhodomonas minuta, Euglena spp., and Cyclotella sp. 

showed a unimodal response to Daphnia, and Aphanizomenon flos-aquae 

and an unidentified diatom showed no response (Figure 3.10, Table 

3.2). Total phytoplankton biomass was phosphorus limited (Figure 3.4, 

Table 3.3). Euglena sp. was colimited by Nand P and the unidentified 

diatom was limited by both Nand P (Table 3 . 3). 

Discussion 

In situ experiments-Nutrient limitation and Daphnia grazing are 

strong factors in controlling phytoplankton biomass and species 

composition (Reynolds 1984; Lehman and Sandgren 1985; Sommer et al. 

1986; Bergquist and Carpenter 1986; Bartell et al. 1988; Vanni and 

Temte 1990). In this study, thirty-five percent of the species 

abundant enough for analysis were limited by nitrogen, phosphorus, or 

both (Table 3 . 4) with an equal number of taxa limited by each (Table 
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3.3) . Of the six times this experiment was conducted, chlorophyll a 

concentration increased in response to nitrogen addition three times, 

to phosphorus addition twice, and to both one time (Table 3.3) . These 

results were unexpected in this hypertrophic lake, where high 

phosphorus concentrations (Figure 3.1) and low N:P ratios (annual mean 

10:1) suggest that N-limitation should predominate. The phosphorus 

limitation noted in the August 91 and the October 90 experiments, when 

soluble reactive phosphorus concentration was> 150 ug-P L-l, suggests 

that SRP is not always in a form readily available to phytoplankton 

(Rigler 1968). 

Daphnia effects on phytoplankton growth rates varied by species 

and also varied among experiments for a given species . Overall, 40% 

of the taxa were not significantly affected, 20% decreased, 33% 

responded unimodally, and 8% increased (Table 3.4) . All three 

instances of increased growth rates involved large, colonial blue

green algae (Hicrocystis aeruginosa and Gleotrichia echinulata) and in 

two of the cases the taxon was nutrient limited . This suggests that a 

combination of grazing resistance and zooplankton regenerated 

nutrients (Figure 3.11) was responsible for the increase in r (Lehman 

and Sandgren 1985 ; Bergquist and Carpenter 1986 ; Vanni and Temte 

1990) . Studies have shown that zooplankton can affect phytoplankton 

nutrient status (Elser et al. 1988; Bergquist and Carpenter 1986 ; 

Moegenburg and Vanni 1991), and can potentially affect competitive 

relations through differential rates of nutrient regeneration (Sterner 

1990; Stern~r et al . 1992) However, because the net effect of 

zooplankton grazing on phytoplankton is the sum of the direct negative 

effect of consumption and the indirect positive effects of nutrient 



Table 3.4. Percentage of nutrient limited phytoplankton 
taxa in all experiments broken down by limiting nutrient and 
Daphnia effect. Taxa which were limited by both Nand P 
were tallied as both N-limited and P-limited. The sum of 
the numbers down a column may not equal the value in the 
'All' row due to rounding errors and taxa which were tallied 
as limited by Nand P. 

Limiting Zooplankton Effect 
Nutrient None Decreasing Unimodal Increasing All 

None 23 15 25 3 65 
Nitrogen 8 3 3 3 15 
Phosphorus 10 3 0 3 15 
Col1mitation 0 0 3 3 5 

All 40 20 33 8 
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regeneration (Sterner 1989a), the absence of a significant impact on 

a taxon may represent a balance between grazing and nutrient 

regeneration (Sterner 1989a; Vanni and Temte 1990). Although only 17% 

of the taxa which showed a unimodal relationship with DaphnIa biomass 

were nutrient limited, the frequency of unimodal responses (33%) of 

growth rate (Tables 3.2 and 3.4) to DaphnIa suggests that many species 

may·respond positively to nutrient regeneration at low DaphnIa 

densities but are suppressed by intense grazing at high DaphnIa 

densities. 

Phytoplankton succession In Agency Lake In the spring DaphnIa 

biomass was relatively low and the phytoplankton community was 

dominated by flagellates and centric diatoms . DaphnIa and 

Aphanizomenon biomass increased simultaneously in early June with near 

complete dominance by AphanIzomenon . Previous mesocosm studies 

conducted near Agency Lake have shown that although AphanIzomenon 

biomass was lower in the presence of large DaphnIa populations, 

flagellates and small celled species were more strongly affected by 

grazing (Chapter 1). Intense grazing pressure and low concentrations 

of combined, inorganic nitrogen favored the N-fixing Aphanizomenon at 

this time. The simultaneous mid-summer declines in both DaphnIa and 

phytoplankton biomass suggest that factors other than grazing 

(nutrients, light) are responsible for the bloom collapse. The lack 

of quantitative data on fisK populations, fish biomass, and fish 

distribution make it impossible to determine the cause of the decline 

in Daphnia abundance . Potential causes include: 1) lack of food due 

to the collapse of the phytoplankton bloom; and 2) increased fish 

predation with lower phytoplankton biomass because of better water 



quality (Chapter 1) or less interference of Aphanizomenon flakes on 

zooplanktivory by visually oriented planktivores (Shapiro 1990b). 
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The second phytoplankton peak, in August, consists primarily of 

Aphanizomenon with Hicrocystis aeruginosa becoming a co-dominant in 

September. The August 91 and September 91 experiments confirmed the 

resistance of these dominant species to Daphnia grazing (Figures 3.5 

and 3.6). The species negatively affected by Daphnia comprised a 

minor·portion of total biomass (Figures 3.3, 3.5 and 3.6). 

Hicrocystis does not become common until after the collapse of the 

first summer bloom in July. At this time ammonia concentrations are 

high due to the decomposition of algal biomass (Campbell et al. in 

press). Hicrocystis cannot fix nitrogen and it may depend .on 

transient, elevated ammonia levels to become established, as noted by 

Sterner (1989b). The persistence and continued increase in 

Hicrocystis biomass in autumn, when ammonia concentration is low, is 

probably related to the zooplankton regenerated Nand P as indicated 

by the positive response of Hicrocystis growth rates to Daphnia when 

it was either co-limited by Nand P (Sep-Oct 90) or limited by both N 

and P (Sep-Oct 91). Nutrient analyses at the end of the experiment 

revealed positive relationships between Daphnia biomass and both 

ammonia concentration and soluble reactive phosphorus concentration 

(Figure 3.11). Although these relationships cannot be used to 

estimate N or P regeneration rates (because of simultaneous algal 

uptake), it does suggest that nutrient regeneration combined with 

resistance to grazing was responsible for the increase in Hicrocystis 

biomass in the autumn (Sterner 1986; Sterner et al. 1992). 
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As blue-green algal biomass declined in the autumn, probably due 

to declining water temperature, the phytoplankton community shifted to 

dominance by flagellates and diatoms again. By December, Daphnia 

exerted a negative impact on total phytoplankton biomass (Figure 3.3), 

although Aphanizomenon, present in small quantities, was still 

unaffected (Table 3.2). 

Previous studies have shown that the relative importance of 

nutrient limitation and zooplankton grazing varies seasonally in 

eutrophic lakes (Vanni and Temte 1990). This study suggests that the 

same is true in the hypertrophic Agency Lake. During summer and early 

fall, N-limitation is strong and Daphnia have no effect or a positive 

impact on ' total phytoplankton biomass. In late fall and winter P

limitation was evident and increased susceptibility to Daphnia grazing 

was seen as the phytoplankton community shifted to dominance by 

diatoms and flagellates. These variations in the relative strength of 

nutrient and zooplankton effects on phytoplankton biomass and 

community structure reflect the interdependence of zooplankton and 

phytoplankton biomass and community structure. Species that are 

susceptible to grazing tend to be dominant in the winter and spring 

when Daphnia biomass is low, while large, colonial blue-green algae 

tend to dominate when Daphnia biomass is high. 

In a homogeneous environment, a community limited by a single 

resource should become dominated by a single superior competitor 

(Tilman 1976; Tilman 1982), but heterogeneity in a resource (pulsed 

nutrient supply) and tradeoffs between competitive ability and 

susceptibility to predation can promote coexistence (Tilman 1980: 

Sommer 1984, 1985). Agency Lake in late spring is relatively 
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homogeneous; the water column is mixed to the sediment surface and 

contains very low concentrations of combined, inorganic nitrogen. For 

AphanLzomenon there is no tradeoff between competitive ability for 

nitrogen and resistance to grazing (Sterner 1989b) . Early summer 

dominance by AphanLzomenon is a result of its clear superiority as a 

nitrogen competitor and its relative resistance to grazing. In 

contrast, HLcrocystLs must utilize transient, elevated ammonia 

concentrations (plus its relative resistance to grazing) to become 

established, and then utilize zooplankton regenerated nutrients to 

maintain growth rates when combined, inorganic nitrogen concentrations 

are low . For the flagellates and diatoms in Agency Lake, dominance 

depends upon unfavorable conditions for blue-green algae (low 

temperature) and low grazing pressure, while persistence during blue

green dominance is probably achieved through rapid growth rates, 

dormant stages in the sediments (diatoms), and utilization of 

zooplankton regenerated nutrients. 



CONCLUSION 

The results of this study generally agree with similar previous 

studies and observations. Fish zooplanktivory was the dominant factor 

affecting zooplankton biomass and community structure (Chapters 1 and 

2) . . Intense predation by fish led to decreased total zooplankton 

biomass (Chapter 1 and 2) and a shift in dominance from Daphnia 

pulicaria to rotifers (Chapter 1). Phytoplankton biomass was 

controlled by both predation (top down) and by nutrients (bottom up). 

Negative grazing effects were greatest on small, flagellated 

phytoplankton species (Rhodomonas minuta, Chlamydomonas sp., 

Cryptomonas sp., and Euglena sp.) and although the large, colonial 

Cyanobacteria were sometimes negatively affected by grazing (Chapters 

2 and 3), the magnitude of the impact was generally less than on 

smaller species. The effect of zooplankton grazing on phytoplankton 

also depended upon nutrient status in that the negative impacts of 

grazing were less when nutrient concentrations were high (Chapters 1 

and 2). 

Both nutrient availability and nutrient ratios affected 

phytoplankton biomass and community structure. Total phytoplankton 

biomass tended to be higher at high N:P ratios, while Aphanizomenon 

relative biomass (dominance) was higher at low N:P ratios even though 

combined, inorganic nitrogen concentrations were relatively high in 

all treatments (Chapter 1). Likewise, in Chapter 2, total 
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phytoplankton biomass was higher under nutrient enriched conditions. 

Aphanizomenon 

dominated under both ambient and nutrient enriched conditions, 

possibly because of the low N:P ratios in both. 

Phytoplankton biomass and community structure in Agency Lake was 

influenced by several factors: 1) high annual phosphorus loads, both 

external and internal; 2) low concentrations of combined inorganic 

nitrogen during most of the growing season and low nitrogen to 

phosphorus ratios; 3) intense grazing pressure by dense populations of 

Daphnia pulicaria; 4) nutrient regeneration by zooplankton. Agency 

Lake is eutrophic (high phytoplankton biomass) because of the 

extremely high nutrient loads (Killer and Tash 1967) ,and shallowness 

of the basin (USACE 1982). However, the phytoplankton community 

composition (dominance by large, colonial Cyanobacteria) was 

determined by both differential algal mortality rates to Daphnia 

grazing (the relative resistance of phytoplankton to zooplankton 

grazing) and to phytoplankton requirements for nitrogen and phosphorus 

relative to the available supply. The dominant phytoplankton species, 

Aphanizomenon flos-aquae (Chapters 1, 2 and 3) and Hicrocystis 

aeruglnosa (Chapter 3), were shown to be grazing resistant. Although 

Aphanizomenon was negatively affected by zooplankton grazing under 

some circumstances (Chapters 1 and 2), Aphanizomenon biomass (Chapters 

1 and 2) and growth (Chapter 3) was usually affected less than other 

phytoplankton taxa, particularly flagellates. The nitrogen fixing 

capabilities of Aphanizomenon gave it a competitive advantage under 

conditions of low nitrogen availability (Chapters 2 and 3) or low N:P 

ratios (Chapter 1). In late spring when nitrate and ammonia 
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concentrations were low and the Daphnia population was increasing 

Aphanizomenon dominated . In contrast, Hicrocystis did not become 

established until ammonia concentrations were high following the 

collapse of the Aphanizomenon bloom. Hicrocystis was the only species 

to demonstrate increased net growth rate in response to increased 

Daphnia biomass (Chapter 3) apparently due to zooplankton regenerated 

nutrients (Figures 3.3 , 3.7, 3.8 and 3.11). 

The complexity of the forces which structure phytoplankton 

communities precludes any simple answer to the 'top down vs . bottom 

up' question . 
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