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ABSTRACT

Food limitation effects on life history traits of lake zooplankton have been well documented but few studies have examined
linkages between population growth rates and food resources in riverine environments. In rivers, allochthonous inputs of par-
ticulate organic matter may mitigate food limitation effects allowing density-independent mechanisms associated with washout
(discharge) and feeding interference (turbidity) to assume greater importance. We experimentally manipulated densities of
commonly occurring riverine zooplankton (Bosmina longirostris and cyclopoid copepods) within 2000 l mesocosms containing
ambient or algal-enriched food resources. The experiment was repeated through time (July, August, September) to represent the
range of zooplankton densities and food resource levels observed in the Ohio River during warm-water, low-flow conditions.
High growth rates and low sensitivity to density-dependent effects were observed during July when particulate organic carbon
(POC) and chlorophyll concentrations were highest. Lower growth rates and stronger response to density-dependent effects
were observed during August and September experiments when POC and chlorophyll concentrations were lower. Direct manip-
ulations of algal abundance resulted in higher growth rates when gains in chlorophyll were accompanied by increases in the
edible size fraction (September experiment). Algal C concentrations were found to be a significant predictor of variation in
population growth rates for Bosmina but not cyclopoids. Algal C concentrations in the Ohio River rarely fell below experimen-
tally derived minimum food thresholds but were often below saturation thresholds suggesting that population growth rates were
constrained by autochthonous food resources despite the prevalence of allochthonous carbon. Copyright# 2005 John Wiley &
Sons, Ltd.
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INTRODUCTION

Linkages between zooplankton life history traits and the quantity and quality of their food resources have recently

been the subject of much attention (see reviews by Gulati and DeMott, 1997; Sterner and Schulz, 1998). Food

resources have been shown to influence zooplankton energy reserves (Tessier and Goulden, 1982), time of devel-

opment (Hansen and Hairston, 1998), population growth rate (Rothhaupt, 1990), and community biomass and egg

production (Lampert and Schober, 1980). Zooplankton species occurring in riverine environments are generally

similar to those found in lakes but we know of no prior studies that have assessed population growth rates as a

function of the quantity or quality of food resources. Hydrologic conditions in riverine environments impose stress-

ful conditions on zooplankton arising from turbulent mixing, population dilution (from upstream and tributary

inputs) and feeding interference (from suspended particulate matter). The net effect of these processes, coupled

with predation by benthic and pelagic planktivores, may be to maintain low population densities and thereby miti-

gate food resource limitation.

Large rivers support diverse and at times abundant zooplankton communities (Basu and Pick, 1997; Gosselain

et al., 1998; Viroux, 1999) suggesting that resource levels may be adequate to sustain population growth in
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excess of mortality from predation and advection. Chlorophyll concentrations in rivers vary over a range that

encompasses oligotrophic and eutrophic lakes with peaks in algal abundance typically occurring during low flow.

Correlations between zooplankton abundance and chlorophyll have been reported for a number of rivers suggest-

ing that autochthonous carbon may be an important food resource (De Ruyter van Steveninck et al., 1992; Pace

et al., 1992; Admiraal et al., 1994; Basu and Pick, 1997). During periods of elevated discharge, terrestrial organic

matter dominates riverine seston. Allochthonous materials are predominantly detrital carbon of low food quality

but their abundance may compensate for low quantities of more nutritious food resources (algae, bacteria). Alter-

natively, high concentrations of non-algal seston may have deleterious effects on riverine zooplankton, either

directly by interfering with feeding mechanics (Saunders and Lewis, 1988; Pace et al., 1992; Jack et al., 1993)

or indirectly, by diluting the intake of nutritionally important dietary elements (N, P, fatty acids and lipids). There-

fore, while it is likely that riverine zooplankton exhibit greater reliance on allochthonous food resources, it is

unclear whether this dependency promotes or offsets food limitation.

Food resources may be characterized as limiting or non-limiting based on species-specific delineations of mini-

mum and saturating resource levels (Lampert and Schober, 1980; Osenburg and Mittelbach, 1996; Sterner and

Schulz, 1998). Food resources above a minimum threshold are required for the growth and reproductive success

of an individual and to maintain a population growth rate sufficient to offset losses. Increases in resource levels

above the minimum threshold are accompanied by increases in individual and population growth rates until a satur-

ating food threshold is achieved. Species-specific differences in minimum and saturating thresholds have been

reported and these differences can in part explain zooplankton distribution patterns (DeMott and Kerfoot, 1982;

Tessier and Goulden, 1987; Gliwicz, 1990; Santer and Lampert, 1995). Species exhibiting low minimum thresh-

olds may be more successful in environments with poor or highly variable resource levels while species exhibiting

high maximum growth rates are favoured by resource-rich environments (Gliwicz, 1990, 2001; Huggett, 2001).

Characterizing food resources in the environment relative to minimum and saturating thresholds may therefore

provide insight into the severity and frequency of food limitation and its importance in structuring zooplankton

communities.

Phytoplankton are regarded as the predominant and nutritionally important food resource for many types of

zooplankton and measures of algal biomass such as chlorophyll are widely used to characterize zooplankton food

resources (Hanson and Peters, 1984; Santer and Lampert, 1995; DeStasio et al., 1995). Delineation of minimum

and saturating food thresholds from measures of algal abundance is complicated by two factors. First, algal food

resources vary in quality depending on edibility and nutritional factors such as minerals (N, P), fatty acids and

lipids (Urabe and Watanabe, 1992; Sterner et al., 1993; Muller-Navarra, 1995a, 1995b; DeMott and Muller-

Navarra, 1997). Poor food quality may constrain zooplankton growth rates even in environments where algal abun-

dance is relatively high (Sterner and Schulz, 1998). Second, many zooplankton are capable of utilizing non-algal

food resources that include allochthonous organic matter (Grey et al., 2001), bacteria (King et al., 1991) and, for

predatory species, ciliates, heterotrophic nanoflagellates and small crustaceans (Jack and Gilbert, 1993; Stoecker

and Capuzzo, 1990). Many species previously regarded as ‘herbivores’ or ‘predators’ have been shown to utilize

a wide range of food resources, though their importance to growth and reproduction remain poorly understood

(Sanders et al., 1996; Makino and Ban, 2000).

We quantified population growth rates of two commonly occurring taxa from the Ohio River in 2000 l meso-

cosms containing natural autochthonous and allochthonous food resources. To assess food limitation we compared

population growth rates during varying resource conditions that arise from seasonal patterns in riverine particulate

organic carbon (POC) and chlorophyll concentrations. Our approach was similar to that of other ‘assay’ experi-

ments (e.g. Williamson et al., 1996) in which zooplankton growth responses are used as a metric to characterize the

quantity and quality of food resources. Typically, these experiments are conducted at zooplankton densities near or

below ambient to ensure that density-dependent effects do not arise through food resource depletion. To determine

whether food limitation could arise through resource depletion we simultaneously quantified population growth

rates over a range of zooplankton densities. Zooplankton reliance on autochthonously derived food resources was

tested in two of the three experiments by manipulating incident light levels to achieve variable algal abundance.

We predicted that: (1) riverine zooplankton were food-limited and that variation in population growth rates at

ambient densities would be correlated with food resource levels; (2) food limitation could arise through exploita-

tive competition resulting in negative density-dependent effects; and (3) food limitation was dependent on auto-
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chthonous production and therefore enhancements in algal C concentrations would result in higher population

growth rates. Conversely, if riverine environments were food-saturated, or if zooplankton were reliant on

allochthonous food resources, then variation in zooplankton and algal abundance would have little effect on zoo-

plankton population growth rates.

METHODS

Mesocosm experiments were conducted at the Ohio River Experimental Station (ORES) located 40 km northeast

of Louisville, Kentucky. The facility is situated along the banks of the Ohio River at a location near the midpoint of

a navigation pool formed by the McAlpine Dam (30 km downriver). The Ohio River is regulated along its 1578 km

length by 20 low-head dams that maintain a minimum navigable depth of 3m. Water residence time within the

McAlpine Pool is less than 2 days during high flow (typically January–April) but may be as long as 30 days when

the river is at base flow (July–October). Hydrology, physical–chemical conditions and phytoplankton production

within the pool are described in detail by Sellers and Bukaveckas (2003). Phytoplankton and zooplankton com-

munities of the lower Ohio River are characterized in Thorp et al. (1994) and Wehr and Thorp (1997).

Experiments were conducted in July, August and September. Experimental units were opaque fibreglass tanks

(2000 l) that were filled by pumping water from the Ohio River through a 63 mm net to remove macrozooplankton.

Tanks were then inoculated with macrozooplankton using the contents of 63 mm net tows collected from the main

channel of the river. Zooplankton were carefully transferred from a 120 l holding container into the experimental

tanks to avoid injury to the animals. For each experiment, tanks were stocked in groups of three or four at low

(<5� ambient), moderate (5–10� ambient) and high (>10� ambient) densities. Realized starting densities were

variable even among ‘replicate’ tanks resulting in semi-continuous gradients ranging from less than 1� ambient

up to 36� (July), 20� (August) and 12� (September) ambient. We calculated the concentration factor (CF¼ ratio

of initial stocking density to ambient river density) of each tank for use in statistical analyses of density-dependent

effects. Variable algal abundance was achieved by manipulating incident light levels using shade cloth (August and

September experiment only). Light levels in the river and the tanks were measured with a Li-Cor SA flat-plate

quantum sensor (model 192) and Li-Cor 1000 data logger. Attenuation coefficients were used in combination with

tank dimensions and river morphometry to derive estimates of daily mean irradiance (see Sellers and Bukaveckas

(2003) for details). The High Light treatment approximated light conditions in the shallow (3–5m) upper pool

where positive algal growth rates are observed. The Low Light treatment simulated deeper depths (9–12m) occur-

ring in the lower pool where net phytoplankton production is near zero. Fourteen tanks were used in the July

experiment and eighteen tanks were used in the August and September experiments (nine each for High and

Low Light treatments).

Initial and final zooplankton densities were determined by collecting three replicate net tows (63 mm net; sample

volume¼ 19 l for each tow) from each tank after mixing the tank to ensure uniform distribution of animals. Experi-

ments lasted 10–14 days and population growth rates were calculated as the change in the number of individuals

over time (r¼ ln Nt–ln N0 day
�1, where Nt is the final density and N0 is the initial density). Exponential growth was

confirmed by selective samples taken at mid-experiment. Population growth rates were calculated for Bosmina

longirostris and cyclopoid copepods, which together accounted for greater than 90% of macrozooplankton bio-

mass in the river and the mesocosms. Analyses of a subset of initial and final samples from each experiment

revealed that cyclopoids were predominantly (>95%) Diacyclops sp. withMesocyclops sp. accounting for a minor

proportion of the total. Population growth rates of cyclopoids included adults and copepodites. Density-dependent

effects were tested by univariate regression using the concentration factor as a predictor of population growth rates.

The effects of variable shading levels were tested by deriving separate regressions for High and Low Light tanks

and determining whether differences in slopes and intercepts were statistically significant (t-test).

Food conditions in the river and the mesocosms were quantified using measurements of chlorophyll and POC to

estimate algal and non-algal C resources. Water samples were collected every 3 days and filtered through 0.45 mm
and 25 mm filters. Filters were extracted in acetone for 12 hours and chlorophyll a was measured fluorometrically

(Turner 10-AU fluorometer) with acid correction (Arar and Collins, 1997). The edible fraction was calculated as the

difference between total (>0.45 mm) and non-edible (>25 mm) chlorophyll (Lampert, 1987). Chlorophyll concen-

trations were converted to algal C equivalents based on a 20:1 C:Chl ratio. This ratio was determined empirically
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during mesocosm experiments in which varying shading levels were used to obtain variable yields of POC and

chlorophyll in the absence of macrozooplankton grazers (Sellers and Bukaveckas, 2003). POC was regressed

against chlorophyll (R2¼ 0.90; p< 0.001) and the slope of this line was used to estimate the C:Chl ratio. POC

was collected on 0.5 mm filters, dried and analysed with a Perkin-Elmer 2400 series II CHNS/O analyser. Non-algal

C was estimated by subtracting algal C from POC. Food resources within each tank were characterized based on

average algal or non-algal C concentrations during the experiment. Variation in population growth rates as a func-

tion of food resources was modelled for the pooled dataset (three experiments) using a Michaelis–Menton formu-

lation:

r ¼ rmax � Foodð Þ
K þ Foodð Þ

where rmax (maximum growth rate at saturating food levels) and K (half saturation constant) were coefficients

derived from least squares regression. Food (algal or non-algal C) and r (population growth rate) were measured

variables comprising a single observation for each experimental unit (mesocosm). Solving the Michaelis–Menton

model for the food concentration at which the population growth rate was zero yielded an estimate of the minimum

food threshold. We defined the saturating food threshold as the food concentration at which the population growth

rate was within 25% of rmax.

Physical and chemical data were collected every 3 days throughout the experiment to compare tank and river

conditions. Comparable abiotic conditions in the tanks and river were maintained by replacing 20% of the water in

the mesocosms with river water every 3 days. Macrozooplankton were captured by filtration of outflowing water

through a 63 mm net and returned to the tanks. Filtration of inflowing water (63 mm net) prevented the introduction

of new individuals. Temperature, dissolved oxygen, and pH were measured in the river and mesocosms using a

Hydrolab SONDE IV. Turbidity was measured using a HACH 2100P turbidity meter. Three submersible pumps

circulated water in the tanks with a combined strength sufficient to pump a volume of water equivalent to the tank

volume every hour. To characterize zooplankton densities in the river, samples were collected monthly during May

to October of 1998 and in July, August and September 1999 at the start of each experiment. Triplicate 25 l samples

were taken from a depth of 1m in the main channel and pumped through a 63 mm net. Tank and river samples were

narcotized with CO2, and preserved with sugared formalin (Haney and Hall, 1973). Zooplankton were identified

using an Olympus SZX12 stereomicroscope. Body lengths were measured at the start and end of each experiment

but no significant changes in mean length were detected in response to treatment effects. The incidence of egg-

bearing individuals was too low to permit analyses of treatment effects on egg ratios.

RESULTS

River discharge for dates corresponding to the mesocosm experiments ranged from 100 to 600m3 s�1 (Figure 1)

and was below the long-term monthly average discharge for this period (c. 1000m3 s�1; Sellers and Bukaveckas,

2003). River temperature and turbidity data were used to characterize seasonal variability and to allow compar-

isons with tank conditions. The July experiment was conducted when river temperatures rose from 26 to 30�C
while the August experiment was conducted during a period of comparable temperatures anteceding the summer

maximum (Figure 1). By the September experiment, river temperatures had declined to 20–22�C. Temperatures in

the tanks were within 2�C of those measured in the river except during the August experiment when cool nights

resulted in greater heat loss from the tanks. High Light tanks were warmer than Low Light tanks but differences

were always less than 1�C. River turbidity levels were low (< 10 NTU) during all three experiments (Figure 1).

Turbidity levels were somewhat higher during the July experiment (5–7 NTU) compared to the August and

September experiments (2–4 NTU). Turbidity levels in the tanks were within 2 NTU of the river except during

the July experiment when the tanks were 4–5 NTU lower.

In both the river and the mesocosms, highest average chlorophyll concentrations occurred in July (10–12 mg l�1)

with lower concentrations (<6 mg l�1) observed in August and September (Figure 2). POC concentrations in the

river and the mesocosms followed a similar pattern with highest average values in July (20mg l�1) and lower

598 D. L. GUELDA ET AL.

Copyright # 2005 John Wiley & Sons, Ltd. River Res. Applic. 21: 595–608 (2005)



values (1mg l�1) in August and September. Algal C expressed as a proportion of POC was low during July (1%)

and higher (>5%) in August and September. Low Light tanks exhibited food conditions similar to those measured

concurrently in the river as indicated by comparable levels of total chlorophyll, edible chlorophyll, POC and algal

C:POC. Among High Light tanks, total chlorophyll concentrations averaged 3–4 mg l�1 higher than those observed

in the river and the Low Light tanks (p< 0.001 excluding river versus High Light in September). The High Light

treatment resulted in large increases in the amount of algal carbon relative to POC (August¼ 29%,

September¼ 20%) due in part to low POC concentrations at this time. Increases in algal C were accompanied

by increases in the edible chlorophyll fraction in September but not August. Overall, the edible fraction repre-

sented about one-third of total chlorophyll.

Figure 1. Discharge of the Ohio River near Louisville, KY (USGS no. 03294500) for dates corresponding to mesocosm experiments
(upper panel). Temperature (middle panel) and turbidity (lower panel) of mesocosms and the Ohio River (at Westport, KY) during July, August
and September (1999) experiments. *, Low Light tanks; *, High Light tanks; !, the river. Data shown are means and standard error of all

tanks in each treatment (some error bars not visible)
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Bosmina densities in the river ranged from <1 to 2 individuals (ind.) l�1 during 1998–1999 with no consistent

seasonal trends (Figure 3). Cyclopoid densities were more variable ranging from 1 to 23 ind. l�1 with peak den-

sities occurring in late-summer 1998 and low densities (<5 ind. l�1) throughout 1999. Zooplankton densities in the

mesocosms were within the range of those observed in the river with the exception of the September experiment

during which the highest stocking levels exceeded densities observed in the river (Table I). Univariate regressions

using concentration factors (CF) as a predictor of population growth rates were derived for each experiment and all

models were found to be significant (Figure 4, Table II). Regression models accounted for 44–65% of the variation

in Bosmina growth rates and 24–68% of the variation in cyclopoid growth rates. When starting densities were at

or near river densities (CF¼ 1), positive population growth rates were observed in all three experiments for both

Bosmina and cyclopoids. Bosmina growth rates at ambient densities were highest in July (r¼ 0.35 d�1) and lower

in August and September (r¼ 0.15 and 0.11 d�1, respectively). Growth rates of cyclopoids were highest in August

(r¼ 0.28 d�1) and lower in July and September (r¼ 0.14 and 0.18 d�1, respectively). Growth rates declined for

both taxa and in all experiments at higher starting densities. For a range of concentration factors from 1 to 10,

regression models predict modest reductions in Bosmina r (from 0.35 to 0.30 d�1) during July and large decreases

during August (0.15 to 0.01 d�1) and September (0.11 to�0.06 d� 1). Negative growth rates among Bosmina popu-

lations were observed during the August experiment at starting densities exceeding 10� ambient (4 of 5 tanks) and

during the September experiment at starting densities exceeding 6� ambient (6 of 8 tanks). Growth rates in July

were always positive despite the broad range of concentration factors (up to 36� ). For cyclopoids, regression

models predict small reductions in population growth rates with increasing density (CF¼ 1–10) during July (from

0.14 to 0.11 d�1) and August (0.28 to 0.21 d�1) and a large decrease during September (0.18 to �0.03 d�1). Nega-

tive growth rates were observed during the July experiment at starting densities greater than 30� ambient (3 of

6 tanks) and during the September experiment at starting densities greater than 6� ambient (6 of 8 tanks).

During the September experiment, density had the greatest negative effect on r (slope¼ 12–15% of intercept)

and accounted for the greatest proportion of variation in r (56–68%) for both Bosmina and cyclopoids. Density

Figure 2. Food resource conditions of mesocosms and the Ohio River based on total chlorophyll (A), edible chlorophyll (B), POC (C) and
algal carbon as percentage of POC (D). R denotes average river conditions during each experiment (with standard error). L and H are average

values and standard errors for Low Light and High Light tanks (no Low Light treatment in July)
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effects were weakest (1–2% of intercept) and correlation coefficients were lower (0.26–0.44) during the July

experiment. In August, cyclopoid growth rates exhibited little change over the range of stocking densities

(slope¼ 3% of intercept; R2¼ 0.24) whereas Bosmina growth rates exhibited strong density-dependent responses

(slope¼ 9% of intercept; R2¼ 0.65). Seasonal variation in the relative strength of the density effect reflected stron-

ger treatment effects (slope c. �0.02) and lower growth rates (intercept <0.20 d�1) during the September experi-

ment. No significant effects from variable shading levels were detected for either Bosmina or cyclopoids during the

August experiment since population growth rates in High and Low Light tanks were similar for corresponding

Figure 3. Densities of Bosmina and cyclopoid copepods (predominantly Diacyclops) in the Ohio River at Westport, KY during 1998 and 1999
(1999 samples correspond to mesocosm experiments)

Table I. Average and range of initial densities for Bosmina and cyclopoid copepods in meso-
cosms during July, August and September experiments

Organism Month Initial density (ind. l�1)

Average Range

Bosmina
July 1 0.1–1.9
August 2 0.3–4.4
September 11 0.1–26

Cyclopoids
July 19 3–42
August 7 0.5–21
September 16 4–37
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densities (Figure 4). In September, Bosmina and cyclopoid growth rates in High Light tanks were greater than

those observed in Low Light tanks and separate regressions revealed significant differences in model parameters.

For both Bosmina and cyclopoids, y-intercepts were significantly different (p< 0.03 and p< 0.001, respectively)

with higher values for regressions from High Light tanks (Table II). For cyclopoids, the slopes of the regression

lines were also significantly different (p< 0.001) although direct comparisons were complicated by the smaller

density gradient attained in the High Light treatment (1–7� ) relative to the Low Light treatment (1–12� ).

We tested the utility of algal and non-algal C concentrations as predictors of population growth rates using a

Michaelis–Menton formulation and the pooled dataset for three experiments. Algal C concentrations were found to

Figure 4. Bosmina and cyclopoid population growth rates (r) as a function of density in experimental mesocosms. Density is expressed as the
ratio of initial stocking density to ambient river density.*, Low Light tanks;*, High Light tanks. Lines denote least squares regressions with

associated statistics presented in Table II
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be a significant predictor of variation in growth rates for Bosmina but not cyclopoids (Figure 5). The overall model

was highly significant (p< 0.001) but accounted for a relatively small proportion of the variation in r (R2¼ 0.33).

Growth rates generally increased over a range of algal C concentrations between 20 and 200 mg l�1 and were

consistently high at concentrations between 200 and 400 mg l�1. Model parameters were significant

(rmax¼ 0.23� 0.03 d�1; K¼ 9.2� 0.7; p< 0.001) and yielded estimates for minimum and saturating food thresh-

olds at 40 and 180 mg l�1 (respectively). Eleven mesocosms exhibited average food resource levels below the esti-

mated minimum threshold and population growth rates were negative in four of these. The highest algal C

concentration at which negative growth rates occurred was 83 mg l�1. Twelve tanks contained algal C concentra-

tions in excess of the estimated saturating threshold and positive growth rates were observed in all of these

(average¼ 0.22 d�1). Threshold values were compared to algal C concentrations measured in the upper, middle

and lower reaches of the McAlpine Pool during 1998 and 1999 (Figure 5). Algal C concentrations in the river

typically exceeded the minimum threshold for sustaining positive growth rates except during the early part of

the growing season (May–June). Algal C in the river rarely exceeded the saturation threshold with the exception

of an algal bloom occurring in the middle and lower pool during July 1999. Food resource models based on non-

algal C did not account for a significant proportion of variation in growth rates for either Bosmina or cyclopoids.

DISCUSSION

Population growth rates of Bosmina and cyclopoid copepods were negatively correlated with initial stocking den-

sities. Variation in growth rates along the density gradient may have arisen from a variety of mechanisms including

competition, predation and food resource depletion. Interference competition has been shown to reduce population

growth rates under conditions of severe crowding (Burns, 1995) but we regard this as unlikely given the densities

and resource levels used in these experiments. Concentration factors for our study were comparable to those

reported in various lake enclosure experiments (Vanni, 1987; Vanni and Temte, 1990; Spencer and Ellis, 1998)

but resulting densities were lower due to sparse zooplankton abundance in the river at the time of our experiments.

Table II. Model equations predicting population growth rates of Bosmina and cyclopoid copepods in experimental mesocosms
based on concentration factors (CF¼ ratio of initial stocking density to ambient river densities). Separate regressions were
derived for High Light (HL) and Low Light (LL) treatments during the September experiment. Values in parentheses denote
the standard error of the regression coefficients. N denotes the number of experimental units (mesocosms)

Organism Month Model r2 P N

Bosmina July r¼�0.005(CF)þ 0.353 0.44 <0.001 12
(0.001) (0.038)

August r¼�0.015(CF)þ 0.161 0.65 <0.001 17
(0.003) (0.023)

September r¼�0.019(CF)þ 0.130 0.56 <0.001 17
(0.004) (0.025)

HL r¼�0.013(CF)þ 0.141 0.45 <0.001 8
(0.005) (0.021)

LL r¼�0.015(CF)þ 0.070 0.50 0.019 9
(0.005) (0.039)

Cyclopoids July r¼�0.003(CF)þ 0.139 0.26 0.037 14
(0.001) (0.039)

August r¼�0.008(CF)þ 0.290 0.24 0.026 17
(0.003) (0.026)

September r¼�0.023(CF)þ 0.199 0.68 <0.001 18
(0.004) (0.024)

HL r¼�0.034(CF)þ 0.276 0.82 <0.001 9
(0.005) (0.025)

LL r¼�0.015(CF)þ 0.110 0.81 <0.001 9
(0.002) (0.020)
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Average starting densities for Bosmina ranged from 1 to 11 ind. l�1 and were below peak densities previously

observed in the Ohio (37 ind. l�1; Thorp et al., 1994) and other large rivers such as the Rideau (65 ind. l�1; Basu

and Pick, 1997). Average cyclopoid densities ranged from 7 to 19 ind. l�1 within the mesocosms. Ohio River con-

centrations typically do not exceed 25 ind. l�1 (Jack and Thorp, 2000; this study) although much higher values

have been reported in other rivers (600 ind. l�1; Marneffe et al., 1996). Our estimates of population growth rates

are based on enumeration of copepodites and adult stages and therefore reflect variable rates of recruitment from

nauplii stages. The observed reduction in population growth rate with increasing density may in part be due

to higher rates of predation by the carnivorous adults and older copepodites on nauplii (Williamson, 1980).

We cannot discount the possibility that cyclopoids also preyed upon co-occurring macrozooplankton (principally

Bosmina) but inter-experiment differences in growth rates did not follow patterns expected from a predator–prey

interaction. Cyclopoids exhibited moderate growth rates when Bosminawere most abundant (September) and Bos-

mina exhibited their highest growth rates when cyclopoids were most abundant (July). Low predation rates on

Bosmina may be due to the relatively small size of cyclopoids used in these experiments (length¼ 250–1500 mm).

Inter-experiment differences in Bosmina growth rates and their response to variable stocking densities were con-

sistent with the hypothesis that food limitation and density-dependent effects play a role in regulating the abun-

dance of riverine zooplankton. In July, high seston concentrations corresponded to high growth rates and low

sensitivity to variation in stocking densities. Growth rates were lower and declined with increasing initial density

during the August and September experiments when algal and non-algal C concentrations were low. We conclude

that high seston concentrations during July were sufficient to offset food limitation despite apparently poor food

quality (low proportion of algal C). Positive growth rates were observed over a broad range of concentration factors

and suggest that July densities were well below the resource-based carrying capacity. Lower growth rates and

greater sensitivity to density-dependent effects during August and September suggest that Bosmina populations

Figure 5. Upper panel: Bosmina population growth rates (r) as a function of algal C concentrations during July (*), August (&) and
September (~) experiments. Regression line derived from Michaelis–Menton model (R2¼ 0.33, p< 0.001). Lower panel: algal C concentra-
tions in the upper, middle and lower reaches of the McAlpine Pool during 1998 and 1999. Dashed lines represent the minimum and saturating

food thresholds derived from the Michaelis–Menton model
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experienced greater food limitation at this time. Lower water temperature during the September experiment

(c. 22�C) may have also contributed to lower growth rates. Modest increases in the proportion of algal C (10%

of POC in August, September experiments) were insufficient to compensate for declines in seston concentration

and resulted in growth rates less than half of those measured in July.

Direct manipulations of algal abundance (High Light tanks) resulted in higher zooplankton growth rates when

gains in chlorophyll were accompanied by increases in the edible size fraction (September experiment). These

findings suggest that changes in food quality associated with autochthonous production may be an important com-

ponent of food limitation. Declines in chlorophyll and POC concentrations were observed in some tanks but these

did not follow trends in stocking densities or growth rates as would be expected if resource depletion and exploi-

tative competition had occurred. Increased grazing at higher stocking rates may have resulted in the depletion of

particularly nutritious food resources that were not reflected in bulk measurements of chlorophyll and POC. For

small cladocerans such as Bosmina, particle size may be as important a determinant of food quality as nutritional

differences between algal and non-algal C. Prior work has shown that Bosmina specializes on larger particles than

do co-occurring Daphnia species (DeMott and Kerfoot, 1982). Maximum growth rates during the September

experiment (High Light tanks) were below minimum values for July suggesting that improvements in food quality

alone were insufficient to compensate for reductions in food quantity following the late summer decline in seston

concentrations.

Inter-experiment differences in cyclopoid growth rates did not follow seasonal changes in seston concentrations.

Growth rates were higher in August and September than in July despite substantially lower algal and non-algal C

concentrations. It is unlikely that low growth rates during the July experiment were due to negative effects arising

from high concentrations of suspended particulate matter. High seston concentrations did not impact Bosmina

populations (which exhibited maximum growth rates during the July experiment) and copepods are known to

be tolerant of turbid conditions (Hart, 1988; DeMott, 1989). Laboratory and field studies have documented the

importance of algal C for cyclopoid growth and reproduction (Hansen and Santer, 1995; Makino and Ban,

2000; Grey et al., 2001) but we did not find algal C to be a significant predictor of variation in population growth

rates. Shifting dietary preferences associated with changing stages in their life cycle complicates interpretation of

cyclopoid responses to experimental manipulations. Adult copepods and older copepodites are largely carnivorous

while young copepodites and nauplii are predominantly herbivorous. Early stages may benefit directly from in-

creases in algal abundance while older stages benefit indirectly from associated increases in their prey. Protists and

rotifers are often abundant in rivers but variation in their densities is poorly reflected in bulk measures such as POC.

Small prey (<63 mm) including ciliates, heterotrophic nanoflagellates and some rotifers would be unaffected by

pre-filtration and subsequent stocking such that predator:prey ratios should follow predator density gradients. This

may account for the overall success of the univariate models in explaining variation in growth rate based on con-

centration factors.

Algal C concentrations accounted for a significant proportion of the variation in Bosmina growth rates suggest-

ing that autochthonous production may be important despite the predominance of non-algal C in our system. The

importance of algal C was apparent during the September experiment when increases in chlorophyll among High

Light tanks were accompanied by significant increases in Bosmina growth rates. These results are consistent with

correlative findings showing a positive relationship between Bosmina and algal biomass in the Hudson River (Pace

et al., 1992). Chlorophyll was also found to be a good predictor of Daphnia growth rates in a detritus-dominated

tidal freshwater system (Muller-Solger et al., 2002). Cyclopoid growth rates also increased in High Light tanks

during the September experiment but our data do not allow us to determine whether this was a direct effect of

cyclopoids feeding on algae or an indirect effect due to increased abundance of small prey. Our threshold algal

C concentration for sustaining positive growth rates of Bosmina (40 mg l�1) is somewhat lower than a previously

reported minimum requirement for this species (70 mgC l�1; Gliwicz, 1990). Our minimum thresholds are com-

parable to those reported for a variety ofDaphnia species fed high quality algal food (20–60 mgC l�1; Kreutzer and

Lampert, 1999). Algal C concentrations in the Ohio River rarely fell below the minimum requirement to sustain

positive growth rates of Bosmina indicating that the river provided a generally favourable environment supporting

zooplankton production. This result is consistent with our concurrent finding that the mainstem Ohio River acts as

a net source of zooplankton with outputs from the river exceeding inputs from tributary sources (D. L. Guelda and

P. A. Bukaveckas, unpublished work). The saturation threshold concentration was fourfold higher (180 mgC l�1)
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and algal C concentrations in the river rarely exceeded resource-saturated levels. These findings suggest that rea-

lized population growth rates in the river are constrained by food resource availability. Studies of lake plankton

have shown that high light environments can diminish food quality by increasing C:P ratios of algae (Sterner et al.,

1998). It is unclear whether similar processes operate in riverine environments but we cannot discount the possi-

bility that increases in food quantity (measured as CHLa) in our High Light treatments may have been partly offset

by reductions in food quality. Despite this, we observed significant population growth responses.

In summary, our findings support the hypothesis that riverine zooplankton experience food limitation but sug-

gest that these effects are limited to late summer when seston concentrations decline below 1mg l�1. During this

time, Bosmina and cyclopoid growth rates were less than half of their resource-saturated growth rates. In our

experimental setting, food limitation was offset by autochthonous production when algal C concentrations

exceeded 20% of POC (September High Light tanks). In the river, however, variation in food resources was largely

driven by allochthonous inputs since algal C concentrations were typically between 3 and 10% of POC. Allochtho-

nous inputs to rivers and other advective systems (reservoirs, estuaries) may act to subsidize zooplankton produc-

tion while decoupling its linkage to algal food resources. Predation may also play an important role in mitigating

food limitation effects. Our previous mesocosm experiments have shown that the effects of planktivory by zebra

mussels and larval fish reduce population growth rates of Bosmina and cyclopoids by a magnitude comparable to

that observed in this food limitation study (Jack and Thorp, 2000, 2002).
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