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Abstract

We explored multiyear linear trends in nutrient concentrations, nitrogen (N) : phosphorus (P) ratio, and
phytoplankton biomass within the 37-yr, whole-ecosystem nutrient enrichment experiment in Lake 227 of the
Experimental Lakes Area, Canada. Based on experimental conditions, data were divided into subsets, which
included (1) the period from 1969 to 1989 when the lake was fertilized with both N and P; (2) the period from 1990
to 2005 when the lake was fertilized with P alone; and (3) the period from 1997 to 2005 when the lake was
fertilized with P alone and which also postdated a food web manipulation experiment, which left the lake without
fish. After N fertilization was halted in 1990, total N concentrations decreased, which resulted in a decrease in the
ratio of total N to total P and suggested increasing N deficiency. Chlorophyll a concentration decreased over this
same period. Phytoplankton biomass (mg m23) was highly variable during the food web manipulation experiment
but exhibited a clear decrease from 1997 to 2005, which was the longest period of monotonic change in
phytoplankton biomass over the entire 37-yr study. Collectively, these results suggest that Lake 227 has become
increasingly N-limited since N fertilization was halted and indicate that N fixation by cyanobacteria was not
sufficient to offset the decrease in external N inputs to Lake 227. Furthermore, phytoplankton biomass decreased
in response to decreased N availability, suggesting that the degree of eutrophication can be controlled by
managing N inputs concurrently with P.

The idea that phosphorus (P) ultimately controls
primary productivity in lakes has generated support for
watershed management programs that do not address
nitrogen (N) inputs (Schindler et al. 2008). This recom-
mendation has stimulated a flurry of debate regarding the
need to manage both N and P, or just P, to control
eutrophication in diverse aquatic systems (Conley et al.
2009; Paerl 2009). The P-only management approach is
based on the premise that excess N derived from N fixation
will offset imbalanced inputs of N and P from a watershed.
But over what timescale does this process occur, and how
relevant is this to aquatic ecosystem management?

Cyanobacterial N fixation in temperate lakes is generally
restricted to summer months (Howarth et al. 1988; Scott et
al. 2008; Marcarelli and Wurtsbaugh 2009). Warm water
maximizes microbial metabolism and often supports high-
est annual biomass, which increases nutrient demand in the
pelagic zone and draws down inorganic nutrient pools
(Paerl and Huisman 2008). When the N : P of inorganic
nutrient pools is low, this drawdown can exhaust inorganic
N from the water column, even in eutrophic lakes with very
high spring nitrate (NO {

3 ) concentrations, and initiate N
fixation by cyanobacteria (Scott et al. 2008, 2009).

In freshwater biofilms, cyanobacterial N fixation can
alleviate N limitation within days to weeks as fixed N
accumulates in the biofilm matrix (Scott et al. 2007).
However, this response is not as obvious in the pelagic zone
of lakes. In fact, many studies have indicated that N
fixation by phytoplankton cannot compensate for N
deficiency within a single summer (see review by Lewis

and Wurtsbaugh 2008), in large part because this process is
controlled by multiple physical–chemical factors in addi-
tion to N : P (Paerl 1990, 2009).

Another mechanism by which N fixation could alleviate
N limitation is if fixed N accumulated within a lake over
several years, ultimately increasing N concentrations to
levels that would increase the frequency and severity of P
limitation. Schindler et al. (2008) concluded that fixed N
accumulated in the sediments of Lake 227 of the Experi-
mental Lakes Area (ELA), Canada, over a multi-annual
timescale (Schindler et al. 1987), which led to increased N
regeneration rates from epilimnetic sediments in subse-
quent years, decreased the demand for new N fixation by
phytoplankton (Hendzel et al. 1994), and essentially
alleviated phytoplankton N limitation.

Although sediments can be an important source of N in
many aquatic systems (Fulweiler et al. 2007; McCarthy et
al. 2007), many lakes can have a small percentage of
sediments in contact with the epilimnion, so that the
contribution of N regenerated from sediments influencing
primary production would also be relatively small (Fee
1979). Furthermore, epilimnetic sediments can exhibit very
high denitrification rates because of warm water tempera-
tures and coupled nitrification–denitrification occurring at
an oxygenated sediment–water interface (Saunders and
Kalff 2001). Therefore, efficient denitrification in epilim-
netic sediments could offset the accumulation of fixed N.
Finally, sediments may also release P into the epilimnion
(Anderson and Ring 1999), so the ratio of N to P released
from sediments also affects the N : P of a lake. Collectively,
this information suggests that sediments may or may not
effectively accumulate fixed N and that N release into the* Corresponding author: jts004@uark.edu
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epilimnion may or may not alleviate phytoplankton N
limitation in a lake.

Using data obtained from Schindler et al. (2008), we
tested for multiyear linear trends in total N, total P, the
ratio of total N to total P (TN : TP), and phytoplankton
biomass within the 37-yr experimental period in Lake 227.
We hypothesized that the elimination of N fertilization in
1990 caused the N pool in the lake to decrease, which
subsequently decreased phytoplankton biomass. We pre-
dicted that total N concentrations decreased in years after
N fertilization was halted without a concomitant decrease
in total P, which decreased TN : TP and increased the
severity of N limitation. We also predicted that phyto-
plankton biomass, measured either directly or as chloro-
phyll a (Chl a) concentration, decreased after N fertiliza-
tion was halted. Overall, the purpose of this study was to
evaluate if cyanobacterial N fixation could sufficiently
balance N and P concentrations in Lake 227 over multi-
annual timescales.

Methods

Data presented in this paper were reported by Schindler
and colleagues from Lake 227 in ELA (Schindler et al.
2008). Lake 227 is located in northwestern Ontario,
Canada, and has an area of 0.05 km2 and a mean depth
of 4.5 m. The lake was fertilized with both N and P from
1969 to 1989 (110–308 kg N yr21 and 19.8–24.8 kg P yr21;
Schindler et al. 2008), then fertilized with only P from 1990
to 2005 (23.6–31.9 kg P yr21; Schindler et al. 2008). A food
web manipulation experiment was also conducted in Lake
227 from 1993 to 1996 (Elser et al. 2000). Northern pike
(Esox lucius) were added to the lake in 1993 and 1994,
which resulted in the elimination of all the forage fishes
(Pimephales promelas, Semotilus margarita, Phoxinus eos,
and Phoxinus neogaeus) in the lake by 1996. The pike were
removed in 1996, and the lake has been without fish since
that time.

Annual average total N concentration, total P concen-
tration, TN : TP, Chl a concentration, phytoplankton
biomass, and the Chl a : biomass ratio were gathered from
figs. 2–4 in Schindler et al. (2008) by printing graphs at 43
their original size and measuring the distance of each
observation from the x-axis to the nearest half millimeter.
The data were divided into three subsets: (1) the period
when the lake was fertilized with both N and P (1969–
1989); (2) the subsequent period when the lake was
fertilized with P alone (1990–2005); and (3) the period
following the food web manipulation experiment when the
lake was fishless and fertilized with P alone (1997–2005).
We predicted that total N concentrations, TN : TP, Chl a
concentration, and phytoplankton biomass in Lake 227
decreased after 1990 when N additions were halted.

To test these predictions, linear regression analyses were
conducted (SAS 9.1) between year and each variable for the
three data subsets (1969–1989; 1990–2005; 1997–2005) and
for all 37 yr of data. In reporting trends from linear
regression analyses, we required that the p value for slopes
be # 0.1 because of the limited number of observations
included in the analysis (as few as nine in the post–food

web experiment period). Regression analysis was conducted
on the post–food web experiment period when analyses of
the P-alone fertilization period were not statistically
significant at p # 0.1.

Results

Total P increased in Lake 227 by 1.3 6 0.7 mg P L21 yr21

from 1969 to 1989 when the lake was fertilized with both N
and P (Fig. 1A). There was no trend in total P from 1990 to
2005 (F1,14 5 0.271, p 5 0.611), from 1997 to 2005 (F1,7 5
3.396, p 5 0.108), or over the entire 37-yr experimental
period (F1,35 5 0.247, p 5 0.622). Total N concentrations
increased by 25 6 7.6 mg N L21 yr21 from 1969 to 1989,
when the lake was fertilized with both N and P, but
decreased by 21 6 5.6 mg N L21 yr21 from 1990 to 2005,
when the lake was fertilized with only P (Fig. 1B). The total
N accumulation rate from 1969 to 1989 was statistically
equivalent to the total N loss rate from 1990 to 2005,
leaving no long-term trend in total N over the entire 37-yr
experimental period (F1,35 5 0.655, p 5 0.424). There was
no trend in TN : TP over the entire 37-yr experiment (F1,35

5 0.040, p 5 0.844) nor from 1969 to 1989 (F1,19 5 0.002, p
5 0.962). However, TN : TP decreased from 1990 to 2005
(Fig. 1C). The observed change in TN : TP over the last
15 yr of the study was the result of stable total P
concentrations and declining total N concentrations. From
1996 to 2005, TN : TP was greater than the 37-yr mean in
only 2 yr, and in both cases the value was only slightly
higher.

Chl a concentrations decreased at a rate of 0.8 6
0.3 mg L21 yr21 from 1990 to 2005 (Fig. 2A). However,
there was no trend in Chl a concentration from 1969 to
1989 (F1,19 5 0.118, p 5 0.735) or over the entire 37-yr
experiment (F1,35 5 1.603, p 5 0.214). There was no trend
in phytoplankton biomass over the entire 37-yr experiment
(F1,35 5 0.050, p 5 0.824) or in the periods from 1969 to
1989 (F1,19 5 0.939, p 5 0.345) and 1990 to 2005 (F1,14 5
1.192, p 5 0.293). However, a trend of decreasing
phytoplankton biomass was apparent in the years following
the food web manipulation experiment (Fig. 2B). The
period of decreasing phytoplankton biomass from 1997 to
2005 was the longest period of monotonic change in
phytoplankton biomass over the 37-yr experimental period.
There was no trend in the Chl a : biomass ratio from 1969
to 1989 (F1,19 5 1.638, p 5 0.217), from 1990 to 2005 (F1,14

5 1.008, p 5 0.333), or from 1997 to 2005 (F1,7 5 0.083, p
5 0.782). However, Chl a : biomass decreased by 0.09 6
0.04 yr21 over the entire 37-yr experiment (Fig. 2C).

Discussion

Phytoplankton N limitation may be common in many
eutrophic lakes because of imbalanced inputs of N and P
coming from anthropogenic sources (Downing and
McCauley 1992). But, can N fixation offset N limitation
and maintain high phytoplankton biomass? Schindler et al.
(2008) concluded that, over a period of several years, N
fixation effectively alleviated N limitation in Lake 227, and
that P fertilization alone ‘‘kept the lake eutrophic, with no
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substantial changes in biomass of phytoplankton.’’ Our
reexamination of Lake 227 data does not support this
conclusion. Phytoplankton biomass has declined since 1997
(Fig. 2B), and Chl a concentration has declined since 1990
(Fig. 2A) as TN : TP decreased (Fig. 1C) and Lake 227
became increasingly N-limited.

The apparent absence of a trend in total N over the
entire 37-yr dataset is driven by equivalent rates of total N

increase from 1969 to 1989 and total N decrease from 1990
to 2005. This suggests that, when the lake was fertilized
with P alone (1990–2005), sediment N burial, washout,
and/or denitrification decreased the N pool in the lake at a
rate equivalent to its accumulation when N and P were
added in concert (1969–1989). When normalized to
epilimnetic volume and corrected for annual fixed N
inputs, the N loss rate in Lake 227 from 1990 to 2005
was , 1 g N m22 yr21. Denitrification in Lake 227 has been
estimated to be as high as 5–7 g N m22 yr21 (Chan and

Fig. 2. Reexamination of the long-term (A) Chl a, (B)
phytoplankton biomass, and (C) chlorophyll : biomass ratio data
presented by Schindler et al. (2008). Vertical dotted line (A, B)
represents the year in which lake fertilization with N was halted.

Fig. 1. Reexamination of the long-term (A) total P, (B) total
N, and (C) TN : TP ratio data presented by Schindler et al. (2008).
Vertical dotted line in all panels represents the year in which lake
fertilization with N was halted. Horizontal dotted line in (C)
represents the 37-yr mean TN : TP.
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Campbell 1980). Although more work is needed to refine
the denitrification estimates, these rates indicate that the
observed decrease in Lake 227 total N may be largely the
result of permanent N removal.

Levine and Schindler (1992) suggested that denitrifica-
tion exhibited less influence on epilimnetic N : P than
sediment N regeneration in Lakes 303 and 302S of ELA,
particularly when external N : P supply was also low. They
argued that denitrification was limited by availability of
NO {

3 , which was rapidly consumed by phytoplankton
when the N : P supply favored N limitation. However, that
study was conducted over a very short time period
compared to the multi-annual dataset from Lake 227.
The decrease observed in TN, TN : TP, Chl a, and
phytoplankton biomass in Lake 227 after halting N
fertilization suggests that the frequency and magnitude of
phytoplankton N limitation is probably increasing as N is
slowly depleted from the lake. This probability is supported
by a recent surge in N fixation rates, which were not
accompanied by an increase in cyanobacterial biomass
(Schindler et al. 2008). Nitrogen inputs from cyanobacterial
N fixation have not been sufficient to alleviate the
imbalance in TN : TP caused by both external P additions
and internal N loss through denitrification and other
permanent N removal mechanisms, as evidenced by the
decreasing TN : TP from 1990 to 2005 (Fig. 1C).

It is worth noting that the ratio of total N accumulation
to total P accumulation from 1969 to 1989 was 19.3 6 8.3
(by mass). Thus, N and P were accumulating at rates that
would indicate P limitation of algal growth, even though N
and P inputs were imbalanced toward N limitation (N : P <
5) from 1975 to 1989 (Schindler et al. 2008). This suggests
that N fixation may have kept up with excess P inputs from
1975 to 1989, when the imbalance between N and P inputs
was less severe. However, N fixation in Lake 227 from 1990
to 2005 failed to counteract N deficiency after N fertiliza-
tion was halted in 1990.

The capacity of N fixation to alleviate N limitation in
lakes is highly variable. In Lake 261 of ELA, which is
located only 3 km from Lake 227, N fixation was not
detectable during the 3 yr of P fertilization, even though the
N : P supply ratio was imbalanced toward N limitation
(Flett et al. 1980). Furthermore, only modest increases were
observed in phytoplankton biomass and primary produc-
tion in Lake 261 when it was fertilized with P alone (Fee
1979; Lewis and Wurtsbaugh 2008). In another example,
total P concentrations in Lake Okeechobee, Florida, have
steadily increased over the last 30 yr, and the lake has
experienced frequent cyanobacterial blooms as TN : TP
decreased (Havens et al. 2003). However, annual average
total N concentration in Lake Okeechobee has remained
unchanged because of sediment resuspension, which
decreases euphotic depth and limits the effectiveness of
cyanobacterial N fixation as a N source (Havens et al.
2003). But N fixation in other lakes can counteract N
deficiency, even over an annual cycle. For example,
imbalanced watershed N : P inputs (, 11 by moles) into
Lake Waco, Texas, were balanced by inputs from
planktonic N fixation (whole-lake N : P inputs < 20 by
moles) over each summer in 2003 and 2004 (Scott et al.

2008). Thus, N fixation is capable of adding large
quantities of fixed N to balance N : P within any given
year when conditions are favorable.

The constraints on N fixation can differ drastically
among different aquatic systems (Howarth et al. 1988;
Paerl 1990). Secondary limitation by micronutrients
(Wurtsbaugh and Horne 1983) or light (Lewis and Levine
1984), and/or physiologic limitations on the number of
heterocysts per cyanobacterial filament (Lewis and Levine
1984), may limit N fixation by cyanobacteria. The food
web manipulation experiment in Lake 227 clearly demon-
strated that reductions in phytoplankton biomass caused
by increased zooplankton grazing, and changes in the
relative availability of N and P controlled by consumer-
driven nutrient recycling, can also control cyanobacterial N
fixation rates (Elser et al. 2000). Another important
consideration for ecosystem-scale N : P balance is that
there is no obvious mechanism by which fixed N inputs
would ‘‘overshoot’’ balanced conditions with P (Sterner
2008). In other words, cyanobacterial N fixers will not
continue to fix N once the N pool has been sufficiently
balanced. Therefore, removal mechanisms, such as deni-
trification, can offset inputs in any given year, leading to
persistent N-limiting conditions. Previous work on benthic
N fixation supports this idea (Scott et al. 2007). Recently
fixed N accumulated in wetland metaphyton, rapidly
causing a shift to stronger P limitation during a growing
season. Nitrogen fixation rates quickly declined as fixed N
accumulated in biofilms (Scott et al. 2007). Because
metaphyton grows at the water surface, light availability
for this community was very high. Also, biofilm matrices
provide an ideal zone for nutrient retention and recycling
(Wetzel 1993), which leads to effective reutilization of fixed
N (Scott et al. 2007) and perhaps even micronutrients.
Comparable mechanisms are not apparent for planktonic
systems when fixed N is transported to sediments, where it
may then be buried or denitrified.

Schindler et al. (2008) also conclude that ‘‘controlling N
inputs could actually aggravate the dominance of N-fixing
cyanobacteria,’’ suggesting that an increase in the occur-
rence of cyanobacterially derived water quality problems
(Huisman et al. 2005) may be linked to decreased external
N inputs. However, failure to control external N inputs
also may exacerbate the proliferation of non–N-fixing
cyanobacteria, such as Microcystis. This genus is highly
competitive for reduced, inorganic N forms (Blomqvist et
al. 1994), forms toxic surface blooms affecting public health
and drinking water supplies (Ye et al. 2009), and
accumulates P during sedimentary phases (Ahn et al.
2002). The ability to accumulate and store P leads to high
N assimilation without comparable P acquisition during
bloom phases, resulting in decreased TN : TP (Ahn et al.
2002). In Lake Erie, reductions in P loading provided
temporary mitigation of mostly N-fixing cyanobacteria
blooms, but annual blooms of Microcystis have occurred
since 1995, despite no increases in external P loading
(Rinta-Kanto et al. 2009). Further, dominance of a
cyanobacterial community by species capable of N fixation
does not ensure active N fixation. This was the case in a
lake in Vermont, where the dominant cyanobacteria were
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N fixers, but N acquired via N fixation was minimal (,
9%) compared to ammonium uptake (. 80%; Ferber et al.
2004). Thus, cyanobacteria capable of N fixation may still
dominate in some cases because they also prefer ammo-
nium as their inorganic N source, but can rapidly adjust to
diurnal or short-term episodes of N scarcity by fixing N.

Although our analysis demonstrated that a decrease in
external N inputs to Lake 227 increased N deficiency and
decreased phytoplankton biomass, Lake 227 has remained
eutrophic. Therefore, the true effects of discontinuing N
fertilization will not be known until the N pool and
phytoplankton biomass reach a new equilibrium. It is
interesting to note that the amount of Chl a per unit
phytoplankton biomass has steadily decreased over the 37-
yr experiment (Fig. 2C). Schindler et al. (2008) pointed out
that Chl a : biomass is higher in Lake 227 when N is in
excess of algal requirements, which seems reasonable given
the importance of N in chlorophyll molecular structure.
Furthermore, this pattern may help explain the time lag
seen between the initiation of Chl a decline after 1990 and
the initiation of phytoplankton biomass decline after 1997.
Magnification of N deficiency caused by the continued
downward trend in total N and continued P fertilization
helps explain the continued decrease of Chl a : biomass.

What does this mean for nutrient management at the
watershed scale? Our study suggests that eutrophication
can be controlled to some extent by reducing N inputs and
supports the idea that combined N and P management is
needed for controlling eutrophication in lakes, rivers, and
estuaries along the freshwater to marine continuum (Lewis
and Wurtsbaugh 2008; Conley et al. 2009; Paerl 2009). We
recognize that reducing P inputs has the greatest potential
for reducing phytoplankton biomass in most lakes. How-
ever, N inputs also stimulate algal biomass and primary
production, particularly when combined with elevated P
inputs (Fee 1979; Elser et al. 2007). Therefore, both N and
P should be considered in watershed nutrient management
plans.
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