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INTRODUCTION

Algal growth in most North American temperate
lakes is thought to be phosphorus (P) limited
(Schindler 1977), and lake trophic status is rou-
tinely defined in terms of total phosphorus (TP)
concentration. Prior to the implementation of the
Great Lakes Water Quality (GLWQ) agreement in
1972 mean summer TP concentrations in Lake Erie
were 1.33, 0.45, and 0.47 µmol L–1 in the west, cen-
tral, and eastern basins, respectively, and chloro-
phyll a concentrations were 13.8, 6.1, and 4.9 µg
L–1 (Charlton et al. 1999). The west basin was clas-
sified as eutrophic and the central and east basins
mesotrophic. Phosphorus controls, as a result of the
GLWQ agreement, and chlorophyll a reduction as a
result of the Dreissena (zebra and quagga mussel)
invasion (Nicholls et al. 1999) have resulted in sig-
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ABSTRACT. Reduction of phosphorus (P) inputs to Lake Erie since the 1970s have resulted in lower
mean total phosphorus (TP) concentration in the lake and lower mean chlorophyll a concentration. In
this study we examine indicators of phytoplankton nutritional status to determine whether the observed
decrease in TP concentration has resulted in a strongly P deficient phytoplankton community. Phyto-
plankton nutrient status measurements including alkaline phosphatase activity (APA), P and nitrogen (N)
debt, PO4 turnover time and particulate carbon (C), N and P stoichiometric ratios, were made in all three
basins of Lake Erie from May through October in 1997. The phytoplankton in the western basin only
infrequently showed signs of nutrient deficiency over the May through October sampling season. Phyto-
plankton in the large central basin were moderately P deficient during the stratified season except for a
period of strong deficiency in July, the time of maximum heat content and strong stratification. The east-
ern basin became moderately P deficient with the onset of stratification and remained moderately P defi-
cient over the entire stratified season and no indications of extreme deficiency were observed. Compared
to several other lakes in the same geoclimatic region as Lake Erie, including Lake Superior, the phyto-
plankton community was not strongly nutrient deficient. 
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nificant reduction in TP and chlorophyll a concen-
trations in all three basins. The west basin mean
summer TP and chlorophyll a (0.57 µmol L–1 TP
and 5.6 µg L–1 chl a, respectively) are now typical
of a mesotrophic lake and the central and east basin
mean summer TP and chlorophyll a concentrations
(0.27 and 0.26 µmol L–1 TP and 1.8 and 2.0 µg L–1

chl a, respectively) are typical of oligotophic lakes
(Charlton et al. 1999). Lower chlorophyll a concen-
trations in response to P controls were initially, at
least, perceived as a positive outcome of the GLWQ
agreement. Recently, however, concerns have been
raised regarding the impact of lower TP concentra-
tions on primary production and fish production of
Lake Erie (Ryan et al. 1999). Although the relation-
ship between primary production and fish produc-
tion is complex, there are studies including Lake
Erie demonstrating a statistically significant rela-
tionship between primary production and fish pro-
duction (Downing et al. 1990). An important
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question to ask before responding to any requests
for relaxation of P controls is: Will more P result in
higher algal growth rates leading to higher primary
productivity and improved fish production? 

Measurement of phytoplankton growth rates in
natural communities is difficult. However, phyto-
plankton growth rates are highly correlated to their
nutritional status. Phytoplankton that are severely P
deficient have lower growth rates than phytoplank-
ton that are not P deficient, providing their specific
growth rates are not limited by physical factors
such as light or some other nutrient (Healey and
Hendzel 1979a, Falkowski and Raven 1997). The
concept of phytoplankton nutrient deficiency mea-
surements is based on the premise that the cellular
constituents, nutrient uptake, and certain enzymatic
activities will vary in predictable ways depending
on the nutritional status of the phytoplankton cell.
Nutrient status measurements are particularly useful
when it is difficult to quantify “available” nutrient
concentrations because growth limiting concentra-
tions of some nutrients such as Fe and P are below
readily measurable concentrations. In combination
with water chemistry measurements and physical
measurements, such as light extinction and depth of
stratification, phytoplankton nutrient status mea-
surements can provide valuable information about
the factors regulating the rate of phytoplankton
growth. 

While there is an excellent historical record of
seasonal chlorophyll a and nutrient chemistry for
Lake Erie (Charlton et al. 1999), the only other sea-
sonal nutrient status study on Lake Erie was by
Lean et al. (1983) who measured phosphorus defi-
ciency at a central station in the central and eastern
basins from April through October in 1979. More
recently there have been several experimental stud-
ies examining the effect of nutrient amendments on
Lake Erie phytoplankton (Twiss et al. 2000, Wil-
helm et al. 2003, DeBruyn et al. 2004). The sea-
sonal nutrient status measurements made in 1997
should provide information about whether Lake
Erie phytoplankton in the post P reduction, post
Dreissena invasion period, are strongly nutrient de-
ficient and whether there is a gradient in severity of
nutrient deficiency that parallels the gradient in
trophic status that exists along the east west axis of
the lake. If phytoplankton are strongly P deficient
an increase in P should result in an increase in phy-
toplankton growth rate leading to higher primary
productivity. However if phytoplankton are not
strongly P deficient, it suggests that some other nu-
trient (such as N or iron (Fe)) or factor (such as

light or grazing) is controlling growth or that phyto-
plankton are already growing at or near their maxi-
mum growth rates. Therefore information on
nutrient status would be useful to future decisions
about altering concentrations and P loading to Lake
Erie.

METHODS 

Study Area 

Lake Erie is the second smallest (by surface area)
of the Laurentian Great Lakes with a surface area of
25,657 km2 and drainage of 58,800 km2. The De-
troit River supplies 80% of the water input to Lake
Erie. With its shallow average depth of 17 m Lake
Erie has the shortest water retention time of the
Laurentian Great Lakes (2.6 years). It is morpho-
metrically divided into three distinct basins: the
shallow western basin (mean depth 7.4 m), the large
central basin (mean depth 18.5 m) which is sepa-
rated from the deep eastern basin (mean depth 24.4
m ) by the Pennsylvania ridge (Fig. 1). Detailed in-
formation about the lake can be found in two spe-
cial issues of the Journal of Great Lakes Research
(Boyce et al. 1987 and Makarewicz and Bertram
1993).

Field Sampling 

All three basins of Lake Erie were sampled from
the CCGS Limnos at approximately monthly inter-
vals from May through October in 1997 (Fig. 1).
Samples were routinely taken from a depth of 5 m
or less if the upper mixed layer was shallower than
5 m, using an 8-L PVC Niskin bottle on a General
OceanicsTM Rosette sampler. Samples were stored
in dark carboys until measurements were made on
board ship which was usually less than 4 hours
from the time of sampling. Temperature profiles
were recorded using a Seabird™ profiler. The depth
of thermal stratification was considered to be the
depth where temperature change exceeded 1°C per
m. Water column light attenuation (Kd) was deter-
mined from vertical profiles of photosynthetically
active radiation (PAR) made using a LICOR quan-
tum probe with a cosine sensor and mean PAR in
the mixed layer was calculated using the following
equation (Guildford et al. 2000). 

Mean PAR = I0((1 – e–K
d

Z)(KdZ)–1)

where I0 is PAR at depth zero and z is the depth of
the mixed layer.
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Laboratory Procedures

Total dissolved nitrogen (TDN), total dissolved
phosphorus (TDP), TP and soluble reactive silica
(SRSi) measurements were made at the National
Laboratory for Environmental Testing (NLET) at
the Canada Centre for Inland Waters (CCIW) fol-
lowing their preservation and analytical procedures
(Environment Canada 1979). Particulate C, N, and
silica (Si) were measured in the Analytical Labora-
tory at the Freshwater Institute (Stainton et al.
1977). Total N (TN) is the sum of TDN and particu-
late N, total Si (TSi) is the sum of SRSi and partic-
ulate Si, and particulate P is the difference between
TP and TDP. Chlorophyll a was measured fluoro-
metrically (Stainton et al. 1977). Glass fibre filters
with a nominal pore size of 0.8 µm (GF75, Advan-
tec MFS Inc.) were used for all filtrations except
particulate Si which used a polycarbonate mem-
brane with a nominal pore size of 0.2 µm (Poretics).

Measurements to determine the nutritional status
of algae consisted of three seston composition ra-
tios and four metabolic indicators. The seston ratios
were particulate C: particulate N (C:N), particulate

C: particulate P (C:P), and particulate C: chloro-
phyll a (C:chl). Particulate N and P and chlorophyll
a, change in relation to C in algae that are deficient
in nutrients and /or light (Healey 1975). The meta-
bolic nutrient status indicators were nitrogen debt
(N debt), phosphorus debt (P debt), and alkaline
phosphatase activity (APA). We also measured PO4
turnover time, using 33P-PO4. Algae growing at low
growth rates because they are deficient in either N
or P will take up more of that nutrient per unit
chlorophyll a than algae not deficient in that nutri-
ent (Healey and Hendzel 1980). This uptake by N
or P deficient algae was termed “N or P debt” by
Healey and Hendzel (1980). Similarly, high demand
for PO4 relative to supply will cause faster phos-
phate turnover times (Lean and Nalewajko 1979).
For the N debt assay, 100 mL of unfiltered sample
was enriched with ammonium chloride (final con-
centration of 5 µmol L–1). Ammonium was mea-
sured (Stainton et al. 1977) on triplicate
sub-samples at the beginning and end of incubation
in the dark at room temperature for 24 h. Nitrogen
debt was calculated as the N removed over a 24-h

FIG. 1. Map of Lake Erie showing location of sampling stations. Not all stations were sam-
pled on each cruise.
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period per unit of chlorophyll a (Healey 1977).
Phosphorus debt was measured in a similar way to
N debt except that potassium di-hydrogen phos-
phate (KH2PO4) was added (final concentration 5
µmol L–1). Soluble reactive P (SRP) was measured
on triplicate sub-samples (Stainton et al. 1977) at
the beginning and end of a 24 h. incubation. Phos-
phate turnover time was estimated from the rate of
removal of carrier-free 33P-PO4 from the dissolved
phase (Bentzen and Taylor 1991). APA was mea-
sured fluorometrically (Healey and Hendzel 1979b)
using 5-µM o-methyl-fluorescein-phosphate as the
substrate. Parallel determinations were made of
total and dissolved (< 0.2 µm) activities in order to
distinguish between APA associated with particles
and APA in solution. The difference was reported
as particulate activity and this was normalized to
chlorophyll a. Values indicative of nutrient defi-
ciency for the seston and metabolic indicators are
given in Table 1.

Data Analysis

Seasonal data for most of the variables are pre-
sented as box plots in order to show the spread and
variability in the data as completely as possible.
Data for correlations were logarithmically trans-
formed (base 10) to achieve more normal distribu-
tions and variances independent of their means. All
statistical analyses were done using SYSTAT
(Wilkinson 1990).

RESULTS

Temperature, Stratification, and Light

To illustrate the progress and degree of thermal
stratification in Lake Erie over the months of our
study (May to October) we plotted temperature pro-
files from a centrally located offshore station from
each of the three main basins (Fig. 1). We chose
station 357 with a depth of 11 m in the western
basin, station 84 with a depth of 24 m in the central
basin, and station 23, the deepest location in the
lake (60 m), in the eastern basin. During the first
cruise in early May, there was no significant strati-
fication in these basins (Fig. 2). There was a slight
inverse stratification evident in the eastern basin.
The temperature in the western basin was 10°C and
this was 3°C greater than the central basin and 7°C
higher than the eastern basin. A strong west to east
temperature gradient was imposed by the different
depths of the basins early on in the phytoplankton
growing season. The west basin temperature re-
mained 2–5°C higher than the east and central
basins until the lake began to cool in September
(Fig. 2). The western basin showed various degrees
of thermal stratification from June to September.
Station 357 and other stations in the western basin
are so shallow that stratification and de-stratifica-
tion may occur throughout the summer months de-
pending on the wind conditions. The larger deeper
basins are slower to warm, cool, and mix compared
to the western basin. Temperatures in the epilim-
netic waters became more similar in the three
basins as the summer progressed and the depth of

TABLE 1. Values indicative of presence or absence or degree of nutrient deficiency for nutrient status
indicators used in this study. C = particulate carbon; N = particulate nitrogen; P = particulate phospho-
rus; chl = chlorophyll a; TT = turnover time. Values are based on Healey and Hendzel (1979a) except for
PO4 TT which is based on Lean et al. (1983). 

No Moderate Extreme
Indicator Nutrient Deficiency Deficiency Deficiency Deficient

C:Na N < 8.3 8.3–14.6 > 14.6
C:Pa P < 129 129–258 > 258
C:Chlb N or P < 4.2 4.2–8.3 > 8.3
N debtc N < 0.15 >0.15
P debtd P < 0.075 >0.075
APAe P < 0.003 0.003–0.005 > 0.005
PO4 TTf P > 60 < 60 < 10
a atomic ratio
b µmol C .µg chl–1

c µmol N. µg chl–1

d µmol P. µg chl–1

e µmol P. µg chl h–1

f min
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FIG. 2. Representative monthly temperature profiles from each basin for each of the
cruises. The stations were 357 (western basin), 84 (central basin) and 23 (eastern basin).
The dates were May (6–9 May), June (2–5 June), July (1–3 July), August (29–31 July), Sep-
tember (26–28 August) and October (6–8 October). 
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the epilimion also became very similar in the cen-
tral and east basins during August and September. 

Mean PAR (Fig. 3) was less than 10% of surface
light in the western basin in May and June due to
the high light attenuation coefficient (Kd) which oc-
curred because of the high concentration of particu-
late material in the water column. In the eastern
basin mean PAR was low in May because of the
deeply mixing water column. By mid summer, Kd

was lower in all basins and less variable in the cen-
tral and eastern basins. As a consequence mean
PAR in the mixed layers of the basins was deter-
mined primarily by zmix (Fig. 3).

Nutrients

In Lake Erie the three different basins exhibited a
wide range of TN, TP, and TSi concentrations with

FIG. 3. Box plots of vertical attenuation coefficient (Kd), mixing depth (zmix), and
mean PAR in the surface mixing layer by basin and month in 1997 for each of the
five cruises from May to October 1997. For each box the central horizontal line is
the median, the lower and upper edges of the box comprise the interquartile range
within which 50% of the values occur. The bars extending above and below the
boxes can represent a range around the median 1.5 times the interquartile range or
they indicate the maximum and minimum values (if they are less than 1.5 times the
interquartile range). Values beyond 1.5 times the interquartile range are indicated
by an asterisk (*) and values 3 times the interquartile range by an open circle (o).
When only one line is plotted, this represents the median without enough data
points to calculate the distribution. 
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TABLE 2. Mean and standard deviation (italics) for total (T) and particulate (P) C, N, P and Si, (µmol
L–1) and chlorophyll a (µg L–1). Number of samples is given in parentheses.

TN TP TSi Chl a PC PN PP PSi

Whole lake 49.5 0.45 32.7 4.1 33.4 3.9 0.25 6.7
(52) 24.9 0.29 26.1 3.3 20.7 2.2 0.20 6.9

Western 64.8 0.71 60.5 5.9 47.6 5.5 0.41 11.1
(17) 38.5 0.36 23.4 3.9 29.5 2.6 0.24 9.6

Central 42.2 0.35 18.8 3.7 27.9 3.4 0.20 5.7
(23) 9.5 0.14 12.0 2.9 10.2 1.6 0.11 4.0

Eastern 42.6 0.30 17.3 2.0 24.1 2.7 0.12 2.5
(12) 8.0 0.14 12.4 0.8 6.4 1.0 0.09 1.5

FIG. 4. Box plots by month for each basin of total dissolved nitrogen (TDN), total
dissolved phosphorus (TDP), and soluble reactive silica (SRSi). Units are µmol L–1.
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seasonal mean concentrations all higher in the west-
ern than in the central and eastern basins (Table 2).
The dissolved fractions of these plant nutrients re-
spond to biological uptake and changes in concen-
tration over time can suggest when a critical
nutrient might be in short supply in the different
basins. TDN remained readily detectable, never
falling below 28 µmol L–1, and showed little sea-
sonality in all three basins (Fig. 4). Nitrate was
readily detectable, always exceeding 15 µmol L–1.
Ammonium, which is the form of N most available
to phytoplankton, was not routinely measured in
this study. TDP was highly variable in the western
basin, but never less than 0.1 µmol L–1 (Fig. 4).
TDP declined in the central and eastern basin with
the onset of stratification (Fig. 4) and concentra-
tions less than 0.1 µmol L–1 TDP persisted in the
central and eastern basins until de-stratification.
TDP concentration remained lower for longer in the
eastern basin (Fig. 4). Soluble reactive Si remained
high in the western basin but did exhibit a clear mid
summer depletion pattern. Lowest concentrations of
SRSi (less than 0.5 µmol L–1) were measured in the
central basin in July (Fig. 4). 

Indicators of Phytoplankton Biomass 

In the central and eastern basins of Lake Erie,
chlorophyll a and other particulate fractions, includ-
ing particulate C, N, P, and Si, were highly correlated
(Table 3) while in the western basin chlorophyll a
was not significantly correlated to any of the particu-
late fractions (Table 3). However, when the data
from the months of May and June (periods of weak-
est stratification and spring runoff) were removed
from the correlations for the western basin, the
agreement and levels of significance between chloro-
phyll a particulate C, N, P, and Si were more similar
to those of the central and eastern basins (Table 3).
The seasonal pattern for chlorophyll a, particulate C
and Si (Fig. 5) demonstrate how closely these indica-
tors of phytoplankton biomass co-varied from May
through October in the central and eastern basins. In
the western basin the particulate C and Si were un-
correlated to chlorophyll a during May and June in-
dicating that at this time in the western basin much
of the particulate material was non-algal and likely
derived from spring terrestrial runoff and re-suspen-
sion due to wind mixing.

As was observed with the total nutrient concen-
trations (Table 2), mean chlorophyll a concentra-
tions for the May to October period were
significantly higher in the western basin than in the
central and eastern basins. Particulate N, P, and Si
followed a similar spatial (Table 2) and seasonal
pattern (Fig. 5) among and within the three basins.
Western basin particulate concentrations were
higher than central and eastern basins and the cen-
tral basin concentrations were slightly, but consis-
tently, higher than the eastern basin. Chlorophyll a
in the central basin ranged from a low monthly me-
dian concentration of 1.0 µg L–1 in July to a high of
6.5 µg L–1 in October, exhibiting a classical spring
high, summer low, and fall rise pattern (Fig. 5). Par-
ticulate C and Si followed the same pattern (Fig. 5).
In the eastern basin both spring and fall chlorophyll
a concentrations were low relative to the central
basin. In the western basin monthly median chloro-
phyll a concentrations varied less over the sampling
period and did not exhibit distinctive peaks or min-
ima in any month. Particulate concentrations in the
western basin fell from high spring values to values
more comparable to the other basins.

Indicators of Phytoplankton Nutrient Status

In Lake Erie in 1997, the eastern basin C:Chl
ratio was consistently in the range indicative of nu-
trient (either N or P) deficiency (Fig. 6). The central

TABLE 3. Pearson correlation matrix for indi-
cators of biomass. PC = particulate C, PN = par-
ticulate N, PP = particulate P, PSi = particulate Si.
Data were log transformed. Bolded values repre-
sent data with p values less than the significance
level 0.05. Correlations for the western basin were
done with and without data from May and June.

Chl a PC PN PP

Western basin PC 0.04
May–Oct PN 0.31 0.92

PP 0.25 0.76 0.66
PSi 0.11 0.72 0.54 0.90

Western basin PC 0.71
July–Oct PN 0.85 0.96

PP 0.70 0.91 0.90
PSi 0.32 0.70 0.60 0.76

Central  basin PC 0.88
May–Oct PN 0.90 0.98

PP 0.75 0.60 0.66
PSi 0.73 0.67 0.67 0.69

Eastern basin PC 0.81
May–Oct PN 0.94 0.91

PP 0.81 0.70 0.90
PSi 0.40 0.21 0.28 0.30
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basin C:Chl ratios were on average lower but still in
the range indicative of nutrient deficiency. In the
western basin, C:Chl ratios were high in May and
June but below the values observed in the eastern
and central basins for the remainder of the sampling
season. The N debt assay and the particulate C:N
ratio indicated N deficiency in the western basin in
May and June (Fig. 6). The indicators of N defi-
ciency in the western basin in May and June are
puzzling because NO3 concentrations were on aver-
age 50 µmol L–1 in May and June in the western
basin. In the central basin during the months of
May to August, N deficiency was indicated at some
of the stations while in September and October N
debt and C:N were in the no N deficiency range at
all the stations in the central basin. In the eastern
basin, no N debt measurements were made until

July. C:N was high at all the east basin stations in
May indicating N deficiency (Fig. 6). Although N
debt and C:N ratios remained in the “no” to “mod-
erate” range during the remaining months sampled
in the eastern basin, the values did not drop to low
levels in September and October as they did in the
central and western basins. Overall, the measures of
N deficiency indicated no strong consistent N defi-
ciency across the three basins.

During July and October rates of APA were mea-
sured that indicated P deficiency in the western
basin but otherwise all the indicators were in the no
P deficiency range (Table 4 and Fig. 7). In the cen-
tral basin, all indicators of P deficiency, with the
exception of P debt (data not shown), indicated P
deficiency at most stations during July through Sep-
tember. C:P ratios, APA rates and PO4 turnover

FIG. 5. Box plots by month for each basin of chlorophyll a (µg L–1), particulate
carbon (C) (µmol L-1), and particulate silica (Si) (µmol L-1).
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times in July, August, and September indicated
moderate to extreme P deficiency in the central
basin (Fig. 7). The eastern basin is different from
the other basins in that, with the exception of the P
debt assay (data not shown), all the indicators of P
deficiency were in the P deficient range for all the
months sampled. As noted with the indicators of
phytoplankton biomass, the central basin experi-
enced larger excursions of values over the sampling
season. The strongest indications for P deficiency,
as indicated by C:P and APA, in the lake, were

measured in the central basin during July when dis-
solved nutrient concentrations (Fig. 4) and particu-
lates (Fig. 5) also showed a strong minimum.
Overall the measures of P deficiency indicate no P
deficiency in the western basin, severe P deficiency
in the central basin only during July, and sustained
moderate P deficiency in the eastern basin from
May to October. Agreement for indicators of P defi-
ciency was best among C:P, APA and PO4 turnover
time. P debt did not appear to be as sensitive as the
other P deficiency indicators in Lake Erie.

FIG. 6. Box plots by month for each basin for indicators of phytoplankton nutrient
deficiency; C:Chl a (µmol C µg chl–1) is a general indicator of nutrient deficiency, N
debt (µmol N µg chl–1) and particulate C:N (molar) are specific for N. Values below
the lower horizontal dashed lines denote no deficiency values above the lower
dashed line are moderately deficient and values above the upper dashed line indicate
extreme deficiency When only one horizontal dashed line is present the values are
indicative of presence or absence of deficiency. Criteria for nutrient deficiency are
based on Healey and Hendzel (1979a) and are given in Table 1.



82 Guildford et al.

FIG. 7. Box plots by month for each basin for indicators of P deficiency; particu-
late C:P (molar), alkaline phosphatase activity (APA) (µmol P µg chl h–1), and PO4
turnover time (minutes). Horizontal dashed lines for C:P and APA are the same as
described for Figure 6 except they indicate P deficiency. The criteria for PO4
turnover time is based on Lean et al. (1983) and values below the line are indicative
of moderate P deficiency.

TABLE 4. Mean and standard deviation (italics) for indicators of nutrient status. Number of samples for
most of the indicators in parentheses. C:Chl (µmol ug–1), N debt (µmol N µg Chl–1), C:N (molar), C:P
(molar), APA (µmol P µg Chl h–1), P debt (µmol P ug Chl–1), PO4 TT (min). TT = turnover time. Values
indicating presence and degree of nutrient deficiency are given in Table 1.

C:Chl N debt C:N C:P APA P debt PO4 TT

WholeLake 11.3 0.167 8.6 175 0.015 0.048 1,801
(52) 9.6 0.316 1.6 119 0.017 0.047 4,256

Western 12.6 0.178 8.4 129 0.007 0.062 1,418
(17) 16.0 0.402 1.8 47 0.009 0.043 1,344

Central 9.3 0.191 8.5 189 0.018 0.034 2,563
(23) 3.3 0.294 0.9 145 0.020 0.040 5,574

Eastern 13.4 0.074 9.3 212 0.021 0.058 51
(12) 4.5 0.123 2.3 119 0.015 0.065 48
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DISCUSSION

Western Basin

Phytoplankton in the western basin of Lake Erie
did not appear to be strongly nutrient deficient dur-
ing our study in 1997 except for the puzzling indi-
cations of N deficiency in May and June. The
western basin, although exhibiting reduced P con-
centrations since the implementation of the GLWQ
agreement in 1979 (Charlton et al. 1999), still has
relatively high P concentrations and continues to
have high N concentrations. Several factors, includ-
ing shallow depths, light limitation, and grazing,
may prevent the development of strong nutrient de-
ficiency. 

The shallow depth of the western basin ensures
that stratification is not persistent (Ackerman et al.
2001) so nutrients can be rapidly regenerated from
sediments and thereby maintaining nutrient concen-
trations at relatively high concentrations in the
euphotic zone. As well as high nutrient concentra-
tions, shallow depths would cause re-suspension of
sediments and lower mean PAR in the mixed layer.
Mean PAR in the western basin during May and
June is in the range that could result in light limita-
tion of some species of phytoplankton (Hecky and
Guildford 1984, Fahnenstiel et al. 2000, Smith et
al. 2005). After June the light environment in the
shallow west basin does improve and light limita-
tion may be relieved. However given the dynamic
nature of the shallow western basin it is likely that
there are intermittent wind driven re-suspension
events that would result in short term light defi-
ciency and at the same time contribute new nutri-
ents to the water column, both phenomenon which
would lessen nutrient deficiency.

Grazing could be a factor contributing to the lack
of phytoplankton nutrient deficiency in the western
basin compared to the central and eastern basins.
Zooplankton abundances are generally higher in the
western basin (Johannsson et al.1999, Stockwell et
al. 2002, MacDougall et al. 2001). Daphnia, a most
effective grazer of phytoplankton, comprises the
majority of the zooplankton biomass in the offshore
western basins during the months of May to July
(Johannsson et al. 1999, MacDougall et al. 2001).
Since the early 1990s Dreissena spp. have become
abundant benthic grazers in Lake Erie. Although
density and biomass estimates of Dreissena indicate
that relative to the eastern and central basins the
western basin Dreissena biomass is not exceptional
(MacDougall et al. 2001), the shallow depth and
smaller volume of the western basin compared to

the central and east basins means that the ratio of
water to mussels is greatest in the western basin. Of
the three Erie basins, the western basin exhibited
the greatest decrease in chlorophyll a concentration
and increase in water transparency following the in-
vasion of the zebra mussels. Charlton et al. (1999)
reported that chlorophyll a decreased by almost 3.0
µg L–1 from 1984 to 1996 compared to 0.7 and 0.4
µg L–1 in the east and central basins, respectively.
Transparency as indicated by Secchi disk depth in-
creased by 2.2 m in the western basin during the
same post Dreissena invasion period and only 0.5
m in the east basin and not at all in the central basin
(Charlton et al. 1999).

Although the western basin had high nutrients
and low mean PAR in 1997 and nutrient deficiency
was infrequently observed, it is a dynamic environ-
ment. For example Wilhelm et al. (2003) observed
a significant response to P enrichment of water
from the western basin in July 2001. In our study,
our most sensitive indicator of P deficiency, APA,
indicated severe deficiency in July 1997. Despite
this dynamic behavior, the general condition in the
western basin compared to the eastern and central is
nutrient sufficiency. 

Central Basin

The central basin was more frequently P deficient
than the western basin and there was a dramatic de-
cline in particulate matter and in plant nutrients
throughout the central basin in July 1997. The
strongest indicator values for P deficiency that we
observed for the entire lake in 1997 were observed
in the central basin at this time. Lean et al. (1983)
measured phosphate turnover time in the central
basin in 1979 and found a similar patter with long
turnover times in May and June and much shorter
turnover times during the strongly stratified period
in July and August. In July 1997 dissolved Si was
drawn down to 0.5 µmol L–1 in the central basin
during July, which is a concentration that would be
potentially limiting for the growth of diatoms
(Ragueneau et al. 2000). When diatoms become nu-
trient deficient their sinking rates increase (Waite et
al. 1997) and that may explain the rapid decline in
biomass at that time. Preserved phytoplankton sam-
ples from offshore stations in the central basin were
inspected quantitatively (H. Kling, Algal Ecology
and Taxonomy Inc.) to determine the composition
of the phytoplankton community over the months
when we observed the dramatic fluctuations in par-
ticulate matter in the upper mixed layer. In June di-
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atoms made up 80 % of total phytoplankton bio-
mass (265 mg m–3). The dominant species were
Stephanodiscus hantzschii, Actinocyclus normanii,
and Fragilaria crotonensis. Biomass in the samples
taken in early July was down to 115 mg m–3 and di-
atoms made up only 22% of the total biomass. By
early September sample biomass increased to 170
mg m–3 and the diatoms, dominated by Fragilaria
crotonensis, made up over 70% of the samples bio-
mass. Thus it appears from the indicators of nutri-
ent deficiency (strong indications of P deficiency),
measures of dissolved Si (declining to limiting con-
centrations), and the decrease and change in phyto-
plankton composition (disappearance of diatoms
from the epilimnion) that the phytoplankton in the
central basin were likely growing at high or posi-
tive growth rates until July when, at the period of
maximum thermal stratification, P became limiting
to the phytoplankton population in general and Si
became limiting to the diatom population which
formed a major part of the total phytoplankton pop-
ulation. This event of concurrent P and Si limita-
tion, followed by sedimentation of most of the
particulate matter from the epilimnion in July and
the rapid rebound in biomass in August when the
thermocline deepened, is significant to the under-
standing of the productivity of the central basin, es-
pecially with respect to the changes as a result of P
reductions. 

Over the years of high P loading and eutrophica-
tion of Lake Erie, Si became depleted as the growth
and sedimentation of diatoms exceeded the Si sup-
ply (Schelske et al. 1983). With the implementation
of P controls on detergents and waste treatment
plants an increase in SRSi concentration would be
expected assuming Si loading remained unchanged.
In the early 1980s mean SRSi concentrations were
3 µmol L–1 in the central and eastern basins and
14.5 µmol L–1 in the western basin (Lesht and
Rockwell 1985, 1987). In our study the mean SRSi
concentrations were 5 to 6 times higher than re-
ported by Lesht and Rockwell. This increase in the
Si has likely contributed to the increase in diatom
abundance reported by Makarewicz et al. (1999). A
similar observation has been made in Lake Michi-
gan by Barbiero et al. (2002). 

Eastern Basin

Phytoplankton biomass as indicated by chloro-
phyll a and particulate matter was lower in mean
concentration and less variable in the eastern basin
compared to the central basin. However, mean total

and mean dissolved nutrient concentrations were
similar in the eastern and central basins. If phyto-
plankton biomass was lower in the eastern basin as
a result of nutrient limitation, it would be expected
that the nutrient status indicators would indicate
greater deficiency. The pattern we observed was
that of a persistent but moderate nutrient deficiency
on average greater than the central basin and lasting
into October. In October the eastern basin was still
stratified while the central basin was isothermal
throughout its maximum depth and nutrient defi-
ciency was relieved. A similar temporal pattern in
1979 was reported by Lean et al. (1983). The ex-
treme deficiency we observed in the central basin in
July was not observed in the eastern basin. The
maintenance of only moderate deficiency rather
than development of extreme deficiency suggests
that other factors may have limited phytoplankton
biomass in the eastern basin. One such factor might
be that an unmeasured nutrient is more deficient.
For example Twiss et al. (2000) have reported the
occurrence of Fe limitation in the eastern basin. Al-
ternatively, grazing intensity might be higher in the
eastern basin and exerting greater control on phyto-
plankton biomass resulting in greater nutrient re-
generation. Unfortunately, with the data available
from this study we cannot chose among these ex-
planations. Physically, the eastern and central
basins were similar with respect to summer mixing
depth and transparency so that mean PAR was not
limiting phytoplankton growth and nutrient de-
mand. It is possible that the eastern basin experi-
enced extreme nutrient deficiency similar to the
central basin in July but such an event did not occur
during our cruises. 

Lake Erie in Perspective

On average the phytoplankton of Lake Erie were
not strongly N or P deficient in 1997. With the ex-
ception of early July in the central basin, our mea-
sures of phytoplankton nutrient status indicated that
phytoplankton were only moderately P deficient
during the stratified season in the central and east
basin and not P deficient at all in the mainly un-
stratified western basin. All of the indicators of nu-
trient status used in this study have been used in
similar long term studies in several large lakes
within the same geoclimatic region of Canada. In
order to place Lake Erie results in perspective with
these other lakes, two of the P deficiency indicators
(C:P and APA) were plotted (Fig. 8) for Lake Erie,
Southern Indian Lake (Hecky and Guildford 1984),
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and eight lakes from the Northwestern Ontario
Lakes Size Series Study (NOLSS) (Guildford et al.
1994). The values for C:P and APA for Lake Erie
fall in the middle (eastern and central basins) to low
(western basin) range of these lakes, and TP con-
centrations for Lake Erie basins similarly fall in the
middle of the range for TP (Fig. 8). Among the
group of lakes there is a trend for increasing P defi-
ciency with decreasing TP concentration. However
there are lakes with mean TP concentrations very
similar to the Lake Erie central and eastern basin
average concentrations that are more P deficient as
indicated by both APA and C:P. 

If phytoplankton are not severely N or P deficient
and if no other factor is controlling growth, then the
phytoplankton should be growing at a higher
growth rate than phytoplankton that are strongly
nutrient deficient. Although we do not have actual
growth rates, we are able to compare photosynthetic
parameters Pb

m and αb, from the same group of
lakes. Lake Erie phytoplankton had higher Pb

m and
αb than any of the other lakes (Table 5). The lakes
from the Northwestern Ontario Lakes Size Study
(NOLSS), including Lake Superior, that had similar
or lower TP, were more P deficient than Lake Erie
(Fig. 8), and had lower photosynthetic parameters
(Table 5). Stations from the Southern Indian Lake
study (Hecky and Guildford 1984; 4B, 6C, and 6E
in Fig. 8) had higher concentrations of TP and had
higher values for Pb

m and αb than NOLSS but
lower than Lake Erie. Light attenuation was high in
Southern Indian Lake because of eroding shorelines
and high turbidities (Table 5), and the phytoplank-
ton were light limited (Hecky and Guildford 1984). 

We conclude based on comparison with other
lakes that Lake Erie phytoplankton photosynthetic
parameters are higher than other lakes because the
phytoplankton are not strongly P deficient nor light
limited. Phosphorus may be regenerated more effi-
ciently in Lake Erie and consequently extreme nu-
trient deficiency rarely occurs. The mechanism
explaining this more efficient regeneration is be-
yond the scope of this study. However, we speculate
that Lake Erie may have a relatively optimal combi-
nation of light, nutrient supply rates and ratios al-
lowing the phytoplankton to achieve high rates of
primary productivity at low TP concentrations
(Smith et al. 2005). Our data suggest there is not a
simple relationship between TP and algal growth
and that more information about P regeneration is
required before there is any alteration of P manage-
ment in Lake Erie.

FIG. 8. Comparison of mean TP and indicators
of P deficiency for several lakes in the same geo-
climatic area as Lake Erie. SIL is the Southern
Indian Lake study (circles) (Hecky and Guildford
1984) and sites 6C, 6E, and 4B are located on
Southern Indian Lake while Wood Lake is a
nearby lake monitored during the SIL study.
NOLSS is the Northwest Ontario Lake Size Study
(squares) (Guildford et al. 1994, Fee et al. 1992),
Lake Erie data are from this study (triangles). TP
is total phosphorus (µmol L–1), APA is alkaline
phosphatase activity (µmol P µg Chl h–1), and C:P
is the molar ratio of particulate carbon to particu-
late phosphorus. Horizontal dashed lines for C:P
and APA are the same as described for Figure 6
except they indicate P deficiency. 
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