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Abstract

We describe the relationships between summer average total phosphorus (TP) and the biomass of six major
phytoplankton taxonomic groups from 91 north temperate lakes. Both regression and a locally weighted smoothing
(LOWESS) analyses show that all groups increase with TP but over different nutrient ranges. At nutrient extremes,
i.e. very low and high levels of TP, the few taxonomic groups that dominate total biomass are generally dissimilar.
In oligotrophic and eutrophic lakes, most group biomass curves show corresponding increases or decreases, but
different rates of change. The curves converge at intermediate TP levels (~10-30 p.g liter~') where there is increased
equitability among algal groups. In highly eutrophic lakes, the slope of the total biomass curve decreases, as do all
the relative abundances of all groups except blue-greens and diatoms. We conclude that the curvilinearity of the
TP-total biomass curve is not attributable to a single taxonomic group, because all groups show some nonlinearity
in relation to TP. We suggest that morphological diversity, differential herbivory, and, in particular, mixing regime

may explain some of the observed patterns.

There is a well-established, positive relationship between
nutrient loading and productivity in lakes (e.g. Schindler
1978), which is most readily apparent as increasing phyto-
plankton biomass with eutrophication (Nicholls and Dillon
1978). Growth of phytoplankton may be limited by one of
several nutrients (e.g. phosphorus, nitrogen, carbon, silica)
in a manner that has been related to cellular stochiometric
ratios (e.g. Hecky and Kilham 1988), but in the majority of
temperate zone lakes, annual productivity is most frequently
phosphorus limited (e.g. Smith 1982).

Numerous studies have shown that phytoplankton taxo-
nomic composition and species diversity change with in-
creasing nutrient levels (e.g. LaZerte and Watson 1981;
Smith 1990) and that these changes are related to differences
among taxa in nutrient uptake, storage, growth, and loss rates
(Kalff and Knoechel 1978; Reynolds 1984). In temperate-
zone lakes, oligotrophic systems support minimal phyto-
plankton biomass with low species diversity and are gener-
ally dominated by nanoflagellates belonging to the Chryso-
phyceae and Cryptophyta or by cyanobacterial or chloro-
phyte picoplankton (e.g. Pick and Caron 1987; Willén et al.
1990). Moderate enrichment results in higher and more sea-
sonally variable levels of phytoplankton biomass, along with
increased taxonomic diversity (Sommer et al. 1986). In these
mesotrophic systems, most algal taxonomic groups are rep-
resented over the growing season, especially Bacillariophy-
ceae (diatoms), Chlorophyta (green algae), Cryptophyta, and
Dinophyta, as well as Cyanobacteria and Chrysophyceae
(e.g. Rosén 1981; Eloranta 1986). Eutrophic and hypereu-
trophic lakes sustain very high average algal biomass often
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dominated by very few taxa, usually Cyanobacteria, diatoms,
or in some water-bodies, chlorococcales or dinoflagellates
(e.g. Paerl 1988b; Padisak and Dokulil 1994; Jensen et al.
1994).

Surprisingly, there are few quantitative comparisons of
changes in the average biomass of major phytoplankton taxa
with nutrient levels among lakes, although some studies have
measured changes in the average proportions (%), or dom-
inance, of some algal divisions (Smith 1990; Duarte et al.
1992; Chow-Frazer et al. 1994). Shifts in phytoplankton tax-
onomic structure with enrichment have been documented by
extensive single sample surveys of lakes (e.g. Rosén 1981;
Eloranta 1986; Willén et al. 1990) and have been qualita-
tively described in excellent reviews of general successional
dynamics (e.g. Reynolds 1984; Hecky and Kilham 1988) and
of individual taxonomic groups (e.g. Paerl 1988a; Sandgren
1988; Willén 1991). These shifts have been successfully pre-
dicted for individual species on a local scale (i.e. within
lakes) using resource-competition models (e.g. Tilman 1982;
Sommer 1993) and more complex mechanistic models (e.g.
Smith et al. 1987; Varis 1993). Furthermore, several studies
have empirically described the increase of cyanobacterial
biomass with total phosphorus in north temperate (Smith
1986; McQueen and Lean 1987) and subtropical lakes (Can-
field et al. 1989); however, similar quantitative relationships
for other major groups have not, to our knowledge, been
derived.

In previous work, we and other authors have shown that
algal biomass measured as either chlorophyll a (Chl a) or
algal biovolume varies nonlinearly with total phosphorus
(TP) (McCauley et al. 1989; Prairie et al. 1989; Watson et
al. 1992), and we suggested that this curvilinearity reflects
nonuniform growth and loss rates of one or more compo-
nents of the total phytoplankton community. We tested the
idea that this nonlinearity can be explained by differences in
the responses to enrichment of two functional size fractions
with high and low susceptibility to zooplankton grazing
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Table 1. Partial regression coefficients for least-squares multiple regression analyses of the relationships between phosphorus (TP) and
total biomass, chlorophyll @, and taxonomic group biomasses. Analyses performed on log-transformed summer epilimnetic averages (based
on a minimum of five samples; all estimates in g liter-'). Level of significance given in parentheses (NS = not significant); N = number

of observations (lake-years).

Variable N Log(TP) [Log(TP)]? [Log(TP)J? Intercept Model F R?
Total biomass 204 1.792 (0.0001) —0.254 (0.0016) 1.379 (0.0001) 245.8 (0.0001) 0.71
Chl a 92 1.731 (0.0001) —0.245 (0.0001) —0.972 (0.0001) 289.8 (0.0001) 0.86
Cyanobacteria 202 2.97 (0.0001) —0.45 (0.0001) —0.613 (0.0001) 162.4 (0.0001) 0.62
Chlorophyta 140 0.757 (0.0001) 0.920 (0.0001) 35.9(0.0001) 0.21
Bacillariophyceae 138 0.964 (0.0001) 1.323 (0.0001) 119.4 (0.0001) 047
Chrysophyceae 115 NS
Cryptophyta 141 1.439 (0.0002) —0.299 (0.0152) 0.958 (0.0009) 42.5(0.0001) 0.23
Dinophyta 135 1.360 (0.0049) —0.488 (0.0236) 0.819 (0.0126) 12.1 (0.0001)  0.16

(“edible” vs. ““inedible” fractions; Watson and McCauley
1988; Watson et al. 1992). We observed that, as predicted
by theory (McCauley et al. 1988), edible algal biomass
shows a minimal increase, whereas the inedible fraction ex-
hibits a significant, nonlinear growth over the entire TP
range. These differences result in a marked discontinuity in
phytoplankton community size structure, such that oligotro-
phic lakes are dominated by small edible algae, mesotrophic
systems have similar average levels of both size fractions,
and in eutrophic systems, inedible algae show increasing
dominance (Watson et al. 1992). Furthermore, these patterns
are not explained by differences in productivity (Watson and
McCauley 1988), which implies that differential grazing
losses play an important role in modifying the responses of
phytoplankton communities to enrichment.

Clearly, functional size and taxonomic divisions are often
strongly correlated. In fact, some generally observed
changes in phytoplankton taxonomic structure with enrich-
ment compare with those shown by edible or inedible algae.
For example, there is a general decrease in the proportion
of Chrysophyceae (which include many edible taxa) and an
increase in the abundance and proportion of large, inedible
Cyanobacteria with nutrient enrichment (Nicholls and Dillon
1978; Smith 1990). Therefore, if differential grazing gener-
ates a curvilinear total biomass—TP curve, we might expect
to see groups dominated by nanoplankton (Cryptophyta and
to some extent Chrysophyceae) to show little change with
enrichment, as we previously observed for the edible algal
fraction (Watson et al. 1992).

The purpose of this paper is to synthesize observations of
the average summer biomass of the most commonly reported
taxonomic groups from a large number of different studies
and to seek patterns describing changes in the biomass of
each group with total phosphorus across lakes. We examine
whether the observed nonlinear TP—phytoplankton relation-
ships (e.g. McCauley et al. 1989; Watson et al. 1992) can
be accounted for by changes in any of the taxonomic groups.
In addition, we quantify the relationships between relative
(%) biomass of each taxonomic group and TP among lakes.
These analyses are based on the average phytoplankton tax-
onomic composition of a wide range of north temperate
lakes and are restricted to the summer period to minimize
the effects of seasonal large-scale environmental changes as-
sociated with any dimictic lakes in the dataset.

Ideally, estimates of nutrient uptake and loss rates for in-

dividual taxa could be used to make a priori predictions of
how the abundances of taxonomic groups might vary with
phosphorus enrichment. However, despite the fact that there
are excellent detailed studies of individual taxa (e.g. Lehman
and Sandgren 1985), parameter estimates for single species
are few relative to the vast number of known taxa, and
among-study variation in estimates for a single species may
be as significant as interspecific differences (e.g. Wood et al.
1992). Furthermore, the considerable heterogeneity of size,
morphology, and physiology within many taxonomic groups,
coupled with environmental stochasticity, make quantitative
predictions at a higher taxonomic level seem elusive. We
therefore choose to first establish empirical relationships and
then develop testable hypotheses, based on some key mech-
anisms that affect phytoplankton dynamics, to explain some
of the trends we observe.

Data and analyses

The data used in this analysis were obtained from a syn-
thesis of published studies and reports and include only es-
timates of summer seasonal mean biomass and total phos-
phorus concentrations found in north temperate lakes. Re-
cently manipulated (e.g. fertilized, dredged, acidified,
stocked, etc.) and dystrophic lakes were not included. Most
of data are in the form of euphotic zone composite averages,
based on a minimum of five samples over a growing season.
Data from 91 lakes were used; different years within a given
lake were treated as separate observations in the analyses
(205 lake-years). The range of TP associated with this da-
taset is extensive (3—1,300 wg TP liter~'), although there are
fewer observations (N = 5) from ultraoligotrophic lakes (<5
pg TP liter™') than in our previous empirical studies
(McCauley et al. 1989; Watson et al. 1992). The largest num-
ber of observations (46%) is from mesotrophic systems (10—
30 g TP liter'), whereas hypereutrophic measurements
(>100 g TP liter') represent 14% of the data. A copy of
the dataset can be obtained at a nominal charge from the
Depository of Unpublished Data, CISTI, National Research
Council Canada, Ottawa, Ontario K1A 0S2.

Systematics are continuously evolving (cf. Wood et al.
1992) and often differ among investigators. Most studies in
this dataset divided total phytoplankton biomass estimates
among up to six major taxonomic groups (Table 1), identi-
























