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Abstract

The roles of nitrogen, phosphorus, silicon, and trace nutrients in limiting algal growth were studied
over a 1-yr period in three sites of a recently impounded, warm monomictic reservoir in north-central
Texas using factorial dilution assay experiments. When lake temperature was > 15°C, nutrients limited
realized growth rates to half or less of potential growth. Nutrient limitation was obliterated in the fall by
floods. Density stratification was not a prerequisite to nutrient limitation in spring. Both macro- and
micronutrients were important in terms of frequency of experiments showing limitation and in terms of
quantitative degree of limitation. Horizontal variability in the degree of limitation was absent; however,
shallower sites showed more incidence of multiple nutrient limitation compared to a deep, near-dam site.

In spite of the central role that nutrient lim-
itation plays in the functioning and structure
of freshwater pelagic ecosystems, a number of
major issues remain poorly described, and
some points continue to be controversial. To
a large extent, this controversy lingers due to
lack of data of sufficient resolution to address
the questions. This paper is concerned with
several such questions: the degree to which
macro- and micronutrients limit actual growth
rates compared to nutrient-saturated maxima,
seasonal and spatial patterns, and the depen-
dence of nutrient limitation on physical hab-
itat structure. -

Recent literature contains a wide range of
opinions about how nutrients limit algae. Some
investigators argue that nutrients determine
standing algal biomass but growth rates are at
or near maximum at all times (Goldman et al.
1979; Harris 1986). Others suggest that nutri-
ent limitation is frequently interrupted or has
many shifts in the identity of the limiting el-
ement, as in the “contemporaneous disequi-
librium” hypothesis (Richerson et al. 1970).
Still others characterize nutrient limitation as
chronic and in a quasi-steady state that is well
represented by the Droop or Monod models
(Sommer 1989, 1991).
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Seasonal shifts in nutrient limitation are of-
ten commented on but seldom explicitly mea-
sured. The contemporary paradigm for tem-
perate lakes is that phytoplankton become
increasingly limited by nutrients as the phys-
ical habitat progresses from cool and well mixed
to warm and stratified. However, precise con-
trolling mechanisms are not well known; for
example, is nutrient limitation primarily con-
trolled by increasing biotic activity brought on
by temperature increases, or is stratification
necessary to induce limitation? In the PEG
succession model (Sommer et al. 1986), nu-
trient limitation is said to follow an earlier
phase of rapid algal growth and a clear-water
phase; this account puts nutrient limitation
under simultaneous control by temperature and
grazing—not necessarily control by stratifica-
tion. Seasonal dynamics have been referred to
as a shift from r- to K-selection (Kilham and
Kilham 1980; Sommer 1981) because of a hy-
pothesized shift from high growth rates to
strong limitation of growth, but the extent to
which actual growth rates and resource-satu-
rated growth rates change is poorly under-
stood.

A major problem is a lack of studies with
sufficient temporal resolution to resolve sea-
sonal patterns in growth-rate limitation at any-
thing but the coarsest of time scales. In their
review, Elser et al. (1990) reported that for only
20 lakes (32% of 62 total) were enrichment
experiments performed on more than four
dates. Also, most studies have been conducted
on systems with dimictic mixing regimes and
large annual fluctuations in epilimnetic, but
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not hypolimnetic, temperature—a distinctly
biased sample. Temperate-tropical differences
in nutrient limitation have been hypothesized
but have not been empirically well explored.
A recently advanced hypothesis (Kilham and
Kilham 1990) stated that temperate lakes pos-
sess physically dominated nutrient cycles, while
tropical lakes exist in a state of “endless sum-
mer,”” with chronic biologically controlled nu-
trient cycles.

The large number of warm monomictic res-
ervoirs in the southern U.S. occupy an inter-
mediate position on a temperate-tropical gra-
dient. Hydrographically and morphometrically,
a reservoir differs significantly from most nat-
ural lakes. For one thing, reservoirs contain a
prominent horizontal heterogeneity (Kennedy
and Walker 1990; Urabe 1990). A general
model of limitation in reservoirs (Kimmel et
al. 1990) proposed that nutrient availability
decreases and light availability increases from
uplake (near the inflow) to downlake (near the
dam). Accordingly, phytoplankton are pre-
sumed to be light limited in the uplake end
and nutrient limited in the downlake end. Al-
kaline phosphatase activity has been found to
increase in an uplake—downlake transect in res-
ervoirs in Tennessee (Elser and Kimmel 1985).

There is very little information about the
importance of trace nutrients compared to N,
P, and Si in controlling growth rates of fresh-
water algae. Recent interest in trace metal lim-
itation in high macronutrient areas of the
world’s oceans (Chisholm and Morel 1991) has
expanded the amount of information available
on those systems, but this debate has not yet
generated much literature pertaining to fresh-
waters. There are scattered reports of growth
stimulation caused by addition of chelators or
metals to freshwater algal assemblages (Chang
et al. 1992; Goldman 1960, 1972; Sakamoto
1971; Schelske 1962; Schelske et al. 1962), but
any generalization is still impossible. One study
on a series of reservoirs of varying ages in the
boreal zone of Manitoba (Jackson and Hecky
1980) indicated that newly impounded reser-
voirs of high humic content experience a tem-
porary surge in humic-Fe binding, lowering
algal productivity through Fe limitation. In
later years, humic materials decrease, lessen-
ing their influence on algal growth.

In this paper, nutrient limitation through
one 12-month season is assessed with a large
series of factorial dilution bioassay experi-
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ments along with consideration of relevant
physical and chemical parameters in three sites
in a reservoir. Careful attention to definitions
is necessary; “nutrient limitation” means dif-
ferent things in different studies (Howarth
1988). Here, nutrient limitation is indicated
by instantaneous growth of algae in bioassays
that use measurements of chlorophyll and ses-
ton C.

Methods

Site description—Joe Pool Lake (97°0'W,
32°35'N) is an impoundment of Mountain
Creek and Walnut Creek in the Trinity River
drainage in north-central Texas (Fig. 1). Nei-
ther creek is impounded above Joe Pool Lake.
Reservoir construction began in 1981, filling
began in 1986, and public navigation began in
summer 1989. Atnormal pool, 159.1 m above
sea level (msl), surface area is 30.2 km? and
volume is 0.218 km3. At 161.8 msl (close to
the maximum observed during this study), area
is 38.5 km? and volume is 0.312 km? (mor-
phometric and hydrologic data supplied by U.S.
Army Corps of Engineers). Total drainage area
is 601 km?2. Outflow occurs at 144 msl.

Epilimnetic pH ranges from 7.6 to 8.0, al-
kalinity averages 1.8 meq liter—! with little
variation, and conductivity averages 420 uS
cm~!. The water is not brown stained. Total
dissolved solids (Texas Water Commission
Water Quality Inventory) average 220 mg li-
ter—1.

Lake level was at normal pool for most of
the study, except for two floods (Fig. 2). Water
residence time, calculated from measured dai-
ly outflows, evaporation, and lake volumes,
was 2.5 yr for the entire study period and had
a minimum value of 44 d (during the first
flood).

Three sites were sampled: site B near the
dam and sites A and C in each of the arms
(Fig. 1). At all three sites, summer clinograde
oxygen profiles indicate incomplete mixing,
even though temperature gradients at sites A
and C are small (Fig. 3). A distinct thermocline
was present at site B between early June and
late September 1991. The areal extent of the
hypolimnion is a very small fraction of the
total lake area (note the small area below 12.8
m, Fig. 1). From October 1991 on, isothermy
and orthograde oxygen profiles were seen lake-
wide. Neither O, depletion nor a distinct ther-
mocline had reestablished at the conclusion of
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Fig. 1.
pool (163.4 msl). Depth isopleths given as meters below normal pool. Heavy line indicates a paved highway which
crosses the lake. Sample sites A, B, and C, are indicated.

this study. The mixing regime in the lake is
best characterized as warm monomictic with
a weak temperature gradient during summer-
time.

Field samples and analysis—On experimen-
tal dates, a single sampling site was visited.
Temperature and oxygen were recorded at me-
ter intervals (YSI model 33 meter), as was pho-
tosynthetically active radiation (PAR) (LiCor
model LI-185B meter, 47 collector). Secchi
depth was taken with a 23-cm disk. Water from
2-m depth was taken with a 4-liter horizontal
Van Dorn sampler along with an integrated
sample (described below). Lake water was
strained through 153-um Nitex in the field and
transported in low density polyethylene car-
boys.

In the laboratory, the 2-m sample was used
for CHN analysis (two replicates filtered onto
precombusted GF/F filters that were dried,
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stored desiccated, and measured with a Perkin-
Elmer model 2400 CHN analyzer); pigment
analysis (two replicates filtered onto non-pre-
combusted GF/F filters, extracted with abso-
lute methanol at room temperature overnight
with no grinding, and chlorophyll and pheo-
pigments measured with the trichromatic
spectrophotometric method of Marker et al.
1980); and total N and P (TN and TP) (samples
frozen for later analysis with persulfate diges-
tion: N—D’Elia et al. 1977; P—Wetzel and
Likens 1991). Measurable turbidity (white) re-
mained after persulfate digestion for TP on
some dates. Consequently, turbidity blanks
were run for all samples (lake water, persulfate
digested, and treated with acid-molybdate but
not ascorbic acid). Filtrates (0.2-um cellulose
nitrate) were analyzed for NO; (copperized Cd
reduction, flow rate optimized for maximum
recovery), NO,, soluble reactive Si and P (SRSi



