
Ratios of Community Respiration to Photosynthesis and Rates of
Primary Production in Lake Erie Via Oxygen Isotope Techniques

Nathaniel E. Ostrom1, *, Mary E. Russ2, Amanda Field2,
Leah Piwinski2, Michael R. Twiss3, and Hunter J. Carrick4

1Department of Zoology and Center for Global Change and Earth Observations
Michigan State University

East Lansing, Michigan 48824

2Department of Geological Sciences
Michigan State University

East Lansing, Michigan 48824

3Department of Biology
Clarkson University

Potsdam, New York 13699-5805

4School of Forest Resources
Pennsylvania State University

8B Ferguson Building
University Park, Pennsylvania 16802

ABSTRACT. To evaluate levels of primary production and community metabolism in Lake Erie, we
conducted incubations with 18O-labelled water and determined the ratio of respiration to primary pro-
duction (R:P) during the summer and early fall of 2002. The epilimnion of Lake Erie was characterized
by δ18O values less than 0.7‰ at all times that reflects a strong contribution of O2 from primary produc-
tion. High δ18O values (maximum of 6.6‰) were common in the O2 depleted waters of the hypolimnion as
a consequence of isotope fractionation during respiration. Hypoxic conditions were evident in the central
basin in August when the fractional abundance of O2 reached a minimum value of 0.04. Rates of primary
production varied from 0.23 to 1.76 mmol-O2

.m–3.h–1, decreased from west to east in August, and were at
a minimum in the central basin in September. Ratios of respiration to photosynthesis (R:P) (determined
from the abundance and isotopic composition of dissolved O2) in the epilimnion as low as 0.45 in July
were strong evidence of net autotrophy and preceded the development of hypoxia in August. Net het-
erotrophy prevailed in August and September. The absolute values of R:P ratios were not indicative of
trophic state, however, the wide range of R:P ratios (0.45 to 20.40), fraction of O2 saturation (0.04 to
1.36), and δ18O-O2 (–6.0 to 7.5‰) values were all indicative of a eutrophic system. An average isotope
fractionation factor for respiration of 7.9‰ was determined from samples in the hypolimnion in July and
August. Based on unique fractionation factors for respiration in the water column (23.5‰) and in sedi-
ments (3‰) we calculate that 61% of hypolimnion O2 respiration occurs within sediments and 39%
occurs within the water column.
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INTRODUCTION

Deterioration of the water quality of the Laurent-
ian Great Lakes has been a consequence of human
settlement and urban and population growth over
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the last 200 years. Declines in sport and commer-
cial fisheries, windrows of dead alewives accumu-
lating on shorelines, accumulation of algae mats,
and odors emitted from decaying fish and algae
peaked in the 1960s and early 1970s and were tan-
gible indicators of undesirable water conditions
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(Sweeney 1993). Extensive legislation enacted in
the mid 1970s to restore water quality focused on
measures to reduce eutrophication. These included
limiting phosphorus loadings, a key nutrient re-
sponsible for eutrophication, and placing an empha-
sis on long term monitoring of water column
characteristics, particularly concentrations of phos-
phorus, dissolved oxygen (O2), and chlorophyll-a
(Charlton 1980a,b; Charlton and Lean 1987; Rosa
and Burns 1987). While improvements to Lake
Erie’s overall water quality are apparent, evaluation
of the restoration of the Lake Erie based on tradi-
tional water column parameters (i.e., [P] and [O2])
continues to be challenging and is exemplified by
the observation that while concentrations of P in
Lake Erie have shown recent increases there does
not appear to be a response by the phytoplankton
community (Charlton and Milne 2005). Direct mea-
surement of rates of primary production in Lake
Erie are limited (Glooschenko et al. 1973, Ostrom
et al. 2005) most likely owing to the methodologi-
cal difficulty of obtaining such measurements over
broad spatial and temporal scales. In this paper we
address the evaluation of trophic state in Lake Erie
using two oxygen isotope techniques: (1) direct
measurement of rates of primary productivity by in-
cubations with 18O-enriched water and (2) determi-
nation of the ratio of respiration to primary
production (R:P ratio) based on the concentration
and isotopic composition of dissolved O2.

The use of 18O-enriched water to evaluate rates
of primary production (18O-PP) is based on the
transfer of elemental oxygen from water to O2 dur-
ing photosynthesis. The primary advantage of this
approach is that the rate obtained is a direct mea-
sure of the production of O2 by photosystem II and,
therefore, an value for gross primary production is
obtained (Laws et al. 2000). In this manner, some
of the inherent problems in the use of [14C]-
NaHCO3, such as loss of label to dissolved organic
carbon or respired CO2, are avoided (Laws et al.
2000; Bender et al. 1987; 1999). Rates of primary
production based on H2

18O incubations are com-
monly greater than those obtained using 14C by a
factor of 2 to as much as a factor of 8 (Bender et al.
1987; 1999; Kiddon et al. 1995; Laws et al. 2000;
Luz et al. 2002). Within Lake Erie, rates based on
incubations with H2

18O, 14C and the light-dark bot-
tle were found to be of comparable magnitude,
however, 18O-PP underestimated rates based on 14C
by an average of 36% (Ostrom et al. 2005). Such
differences between productivity estimates in other
systems and Lake Erie is likely a consequence of

variation in the photosynthetic quotient (ratio of O2
production to CO2 uptake), phytoplankton commu-
nity composition, and experimental conditions (Os-
trom et al. 2005). 

The R:P ratio provides a fundamental measure of
lake metabolism and has provided insight into the
trophic state of a variety of lake ecosystems. In
contrast to most studies that obtain rates of respira-
tion and primary production by incubation, the
evaluation of R:P ratios used in this study is based
on the ambient concentration and isotopic composi-
tion of dissolved O2 (δ18O-O2)1. Consequently, an
important advantage of the oxygen isotope ap-
proach to determine R:P ratios relative to traditional
measures is that samples can be collected across a
broad range of temporal and spatial scales without
the artificial conditions imposed by incubation. Use
of the R:P ratio as a measure of trophic state is
based on the observation of a correlation of R:P
with chlorophyll-a and total phosphorus in a variety
of lakes (Jones 1992; del Giorgio and Peters 1993;
1994). Net heterotrophy in lake ecosystems results
when allochthonous inputs of organic carbon drive
respiration in excess of photosynthesis. Within eu-
trophic lakes, in situ production is sufficient to ex-
ceed the respiration of autochthonous and
allochthonous organic carbon and the environment
becomes net autotrophic (R:P < 1). In contrast,
oligotrophic environments tend to be net het-
erotrophic (R:P > 1) (Jones 1992; del Giorgio and
Peters 1993, 1994). The relationship between
trophic state and the R:P ratio has not, however,
been found to be robust across all ecosystems and
differences between systems may reflect variation
in the abundance of dissolved organic carbon and/or
methodology used to obtain rates (Carrignan et al.
2000, Hanson et al. 2003). Within Lake Superior
(Russ et al. 2004) and Grand Traverse Bay, Lake
Michigan (Field 2004) the predominance of R:P
values greater than 1.0 reflected oligotrophic condi-
tions, however; brief periods of net autotrophy were
evident that are in conflict with the use of R:P ra-
tios to define trophic state. Seasonal oscillation in
R:P ratios between net heterotrophic and au-
totrophic conditions was evident in both systems.
The observation of net autotrophy in Lake Superior
was likely the result of the summer onset of a shal-

1Stable isotope ratios for O are expressed in per mil (‰) notation:
δ18O = [(Rsample/Rstandard) – 1] × 1000

where R = abundance ratio of 18O to 16O. All δ18O-O2 values are ex-
pressed with respect to O2 in atmospheric air. O2 in air has a value of
23.5‰ with respect to VSMOW (Vienna Standard Mean Ocean Water).
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low thermocline creating a stratified water column
and a temporal decoupling of primary production
and respiration (Russ et al. 2004, Field 2004). This
study contrasts with the prior research in Lake Su-
perior and Grand Traverse Bay in applying the oxy-
gen isotope approach for evaluating R:P ratios
within a much more eutrophic system, Lake Erie. 

METHODS

All samples were collected during three research
cruises of the US EPA’s research vessel Lake
Guardian in 2002 (17–21 July, 17–21 August, and
14–18 September) at four stations forming a west-
east transect across the center of the lake (Fig. 1).
Station codings follow those used by the U.S. EPA
for these locations. Lake Erie is functionally di-
vided into three unique basins: the western, central,
and eastern. The western basin (mean depth = 7 m)
is polymictic since thermal stratification is readily
destroyed by wind-driven mixing. In contrast, the
central and eastern basins develop stable thermo-
clines and have maximum depths of 24 and 63 m,
respectively. Station locations were chosen to coor-
dinate with ongoing studies by the U.S. EPA and af-
forded an opportunity to study environments
representing a range of P levels and rates of pri-
mary production (Charlton and Milne 2005, Ostrom
et al. 2005). Temperature, chlorophyll fluorescence,
and [O2] were obtained at each station by deploy-
ment of the Lake Guardian’s SeaBird 25 CTD
equipped with a Seatech fluorometer and YSI elec-
trode. All CTD data were bin averaged at 1 m inter-
vals. Water column samples were collected in 8-L

Niskin bottles. Concentrations of O2 in water col-
umn samples were determined shortly after collec-
tion using a modified Winkler method (Carpenter
1965, Emerson et al. 1999). A subset of [O2] sam-
ples (approximately 10%) were analyzed in tripli-
cate and yielded a precision (coefficient of
variation) less than 2%. Concentrations of O2 are
expressed in terms of fractional saturation which di-
vides the observed concentration by that predicted
to occur at the ambient temperature if equilibrium
with the atmosphere is obtained (Weiss 1970). A
value of 1.0 indicates equilibrium with the atmos-
phere whereas values greater or less than one repre-
sents supersaturated or undersaturated conditions,
respectively.

Samples for the isotopic analysis of dissolved O2
were initially collected with evacuated 200-mL
glass bottles fitted with a high vacuum stopcock
(Chemglass, Inc.) following the protocol of Emer-
son et al. (1991, 1999). Sampling involved purging
the neck of the bottle with pure CO2 gas to displace
air, introducing a flow of water from the Niskin
bottle, and gradually allowing vacuum to draw
water in. As water enters the vessel it immediately
degases to create a headspace of sample gases. Ves-
sels were filled with approximately 100 mL of
water. All biological activity within the vessels and
during storage was arrested by the prior addition of
1 mL of saturated mercuric chloride followed by
drying (90°C) and evacuation. Samples were stored
with CO2 in the neck of the vessel to avoid contam-
ination from air during storage and analyzed within
2 months of collection. Prior to analysis, samples

FIG. 1. Locations of sampling stations 91M (41 50.4°N, 82 55.0°W), 43 (41
47.3°N, 81 56.7°W) , 78M (42 07.0°N, 81 15.0°W) and 15M (42 31.0°N, 79
53.5°W) in Lake Erie.
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were allowed to equilibrate at constant temperature
(28°C) with agitation for 8 hours followed by re-
moval of all but 1 mL of sample water by vacuum.
The headspace gases were then analyzed for the
isotopic composition of O2 on a GV Instruments
Prism stable isotope ratio mass spectrometer using
a gas chromatograph interface (Roberts et al. 2000).
Analysis of replicates samples (approximately 10%
of samples collected) yielded a precision better than
0.3‰. 

Incubations performed to evaluate rates of pri-
mary production using 18O-enriched water closely
followed the procedures of Bender and Grande
(1987), Kiddon et al. (1995), and Luz et al. (2002).
Water from the various depths sampled was
collected at night and promptly placed within 60-
mL pyrex serum bottles to which was added 50 to
150 µL of 95% H2

18O (Medical Isotopes, Inc.).
This resulted in a final isotopic composition of the
water of between 400 and 1,200‰ that was sub-
stantially enriched relative to the initial Lake Erie
water (–29.7‰ with respect to O2 in Air) (Ostrom
et al. 2005). Samples were incubated in vivo using
Percival Scientific, Inc. (Perry, Iowa; model I-
30BLL) growth chambers at conditions reflecting
the depth from which they were collected for a du-
ration of 12 h. Light levels within the incubators
ranged from 340–400 µE.m–2.s–1 for samples col-
lected at depths of 4 m or less. Samples incubated
from depths between 8 and 20 m were exposed to
light levels of 80-130 µE.m–2.s–1; similar to that ob-
served in the water column at depths of 10–15 m. A
12 hr incubation period reflected that used in previ-
ous studies and assured accumulation of sufficient
levels of 18O in O2 (Bender and Grande 1987, Kid-
don et al. 1995, Luz et al. 2002). Rate measure-
ments obtained at all stations in August and at Sta.
91M in September are the result of individual sam-
ples; measurements performed at the remaining sta-
tions in September were conducted in triplicate. An
additional incubation was conducted, in situ and in
triplicate, at Sta. 78M in September by deployment
on an anchored mooring line. At the end of the in-
cubation period all biological activity was ceased
by addition of 100 µL of saturated mercuric chlo-
ride. Incubation samples were transferred to the
same evacuated glass vessels for isotopic analysis
as described previously. Calculation of gross pri-
mary production is based on the initial O2 concen-
tration ([O2]i),  the change in the isotopic
composition of O2 from initial (δ18Oi) to final val-
ues (δ18Of), and the δ18O of water (δ18Owater) in the

serum bottle following addition of label by the fol-
lowing equation (Kiddon et al. 1995):

18O-PP = [O2]i(δ18Of – δ18Oi )/(δ18Owater – δ18Oi) (1)

All incubations were performed in parallel with ex-
perimental controls under identical conditions with
the exception of the addition of distilled water in-
stead of isotopically enriched water. Any shift in
δ18O during the course of the incubation in the con-
trol experiments was subtracted from the δ18Of
value prior to calculation of 18O-PP. The precision
of triplicate incubations yielded coefficient of vari-
ations from 4.1 to 42.7%. 

Ratios of R:P were calculated from the measured
values of [O2] and δ18O-O2 by the model presented
in Quay et al. (1995):

R/P = (18/16Ow αp – 18/16Og) / (18/16O αr – 18/16Og) (2)

and

18/16Og = αg{18/16Oa αs – ([O2]sol/[O2]sat)
18/16O}/{1 – ([O2]sol/[O2]sat)} (3)

where 18/16Ow is the measured natural isotopic com-
position of Lake Erie water, αp is the photosyn-
thetic fractionation factor (1.0000) (Guy et al.
1993), 18/16O is the δ18O-O2 of a sample, αr is the
fractionation factor associated with community res-
piration (0.9770) (Luz et al. 2002), αg is the gas
transfer fractionation factor (0.9972) (Knox et al.
1992), 18/16Oa is the δ18O of atmospheric O2 (Lane
and Dole 1956), and αs is the fractionation factor
corresponding to gas dissolution (1.0073) (Benson
and Krause 1984). Fractionation factors (α) are de-
fined as the ratio of the reaction rates of the heavy
to light isotopically substituted molecules. The pre-
cision of replicate samples (calculated for two
depths at two stations) yielded a standard deviation
in the R:P ratio of 0.13 or better. Because the Win-
kler [O2] measurements were based on water col-
lected from the same Niskin bottle as the δ18O-O2
samples we use Winkler values rather than the CTD
electrode data in the calculation of fractional satura-
tion and R:P ratios. 

RESULTS

Thermal Structure of the Water Column

Warm waters near or greater than 20°C were pre-
sent in the epilimnion at all stations during July,
August and September of 2002 (Fig. 2). The shal-
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low western Sta. 91M was isothermal at all times
and a cooling trend was evident from July through
September. A strong thermocline was present at
Stations 43, 78M, and 15M in July and August.
The thermocline was absent from the stations in
the central basin in September even though temper-
atures remained warm. The lack of stratification in
September was most likely a consequence of water
column mixing by wind. The thermocline occurred
at a shallower depth in July at Sta. 43 than in Au-
gust. The reverse trend was observed at Sta. 78M,
however, the difference in the depth of the thermo-
cline was only a meter. The thermocline at Sta.
15M in the eastern basin showed a gradual deepen-
ing from July through September although the
deepening of the thermocline and cooler surface
temperatures in September likely reflect the water
column mixing that was evident at stations in the
central basin.

Chlorophyll Fluorescence

Values of chlorophyll-a fluorescence (expressed
as relative fluorescence units (RFU)) exhibited a
general trend of increasing from east to west during
each sampling period (Fig. 2). RFU values were
lowest at Sta. 15M and showed little variation be-
tween sampling periods. Higher values near the sur-
face waters (upper 30 m) at Sta. 15M likely reflect
recent productivity. Within the central basin Sep-
tember was the month with highest fluorescence at
Sta. 43. High values of fluorescence in the near bot-
tom waters of Sta. 78M in July may be a conse-
quence of the recent settling of phytoplankton
material. August was the time of highest fluores-
cence at Sta. 91M.

Abundance and Isotopic Composition of O2

Concentrations of O2 from Winkler titrations and
from CTD profiles are expressed in terms of frac-

FIG. 2. Depth profiles of temperature and chlorophyll fluorescence (RFU) for July, August, and Sep-
tember at each of the sampling stations.



Community Respiration and Photosynthesis in Lake Erie 143

tional saturation where a value of 1 represents equi-
librium with the atmosphere at the in situ tempera-
ture (Fig. 3). There is good agreement overall
between the values of concentration provided from
titrations and from the CTD with a few exceptions.
Surface water values (< 2 m) provided by the CTD
were often less than those obtained by titration and
this likely reflects depletion of O2 within the elec-
trode during the equilibration period of a few min-
utes prior to deployment. Only at stations 91M and
15M in September were substantial differences in
O2 concentrations between CTD and titration pro-
files evident, however, the trends with depth were
quite similar. Concentrations in excess of saturation
were evident in the epilimnetic waters of all sta-
tions in July reflecting a time of high primary pro-
duction. All stations had slightly undersaturated
concentrations of O2 in August suggesting a period
when respiration exceeded primary production. In
September, the epilimnion of the eastern and west-

ern stations was strongly supersaturated (> 1.2);
however, the central basin was undersaturated 
(< 0.9). Concentrations of O2 at all stations, with
the exception of isothermal Sta. 91M, tended to de-
crease with depth consistent with consumption by
respiration. Depth profiles of O2 saturation were
nearly constant with time at Sta. 15M; however,
profiles in the central basin were quite variable be-
tween sampling periods. The development of hy-
poxic conditions in the central basin in July was
evident and the lowest concentrations at this time
(< 0.4) were recorded by the CTD at Sta. 43 at 20 m
(Fig. 3). Strong hypoxic conditions were evident at
the central basin stations with the lowest recorded
fraction of O2 saturation of less than 0.1 at the bot-
tom waters of Sta. 43 in August. Values for the
fraction of O2 saturation in hypolimnion were lower
at Sta. 43 in July and August than at Sta. 78M. Hy-
poxic conditions were not evident in the bottom wa-
ters of the central basin in September and O2

FIG. 3. The fraction of O2 saturation as measured by the CTD electrode (solid line) and by Winkler
titration (diamonds) in July, August, and September for each of the sampling stations. 
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saturation values tended to be constant with depth.
This consistency in O2 concentration with depth is
similar to that observed at this time in temperature
(Fig. 2) and is a reflection of water column mixing
most likely in response to wind activity. 

The stable isotopic composition of O2 within
Lake Erie was highly variable and ranged between
–6.0 and 7.5‰. Values less than 0.7‰, the value re-
flecting equilibration with the atmosphere, were ob-
served in the surface waters of all stations at all
times (Fig. 4). In general, such values reflect pri-
mary production in excess of respiration (Bender
and Grande 1987). The lowest δ18O values in sur-
face waters were present in July and the lowest
value observed, –6.0‰, was observed at this time at
Sta. 91M. Isotope values at nearly all stations and
sampling periods (with the exception of Sta. 91M in
July and August and Sta. 78M in September in-
creased with depth and coincided with declines in
O2 concentrations (Figs. 3 and 4). This trend is the
result of isotope fractionation during respiration in

which the heavy isotope is concentrated in the
residual O2 (Kiddon et al. 1993, Russ et al. 2004).
The nearly constant values with depth for the δ18O
of O2 at stations 43 and 78M in September is likely
a consequence of water column mixing that resulted
in homogeneous profiles of temperature and [O2]
(Figs. 2 and 3). 

Ratios of Respiration to Primary Production

Ratios of community respiration to photosynthe-
sis in Lake Erie varied from as low as 0.45 to as
high as 3.49 (Fig. 5). This high R:P ratio indicates
that the rate of respiration was approximately 3.5
times greater than the rate of photosynthesis. The
epilimnion of all stations in July was characterized
by R:P ratios less than 1 indicative of net autotro-
phy. Values very close to 1 prevailed in August
within the epilimnion of all stations and values ap-
proaching 1.5 were evident at stations 91M and
15M in September. R:P ratios generally increased

FIG. 4. The d18O of O2 for each of the sampling stations in July, August, and September. 
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with depth at all stations reflecting reduced photo-
synthetic O2 input to deeper waters. Homogeneous
profiles of R:P ratios with depth at all stations in
September were likely a consequence of water col-
umn mixing. 

Rates of primary production based on the H2
18O

incubation method varied from 0.20 mmol-
O2

.m–3.h–1 at Sta. 78M in September to as high as
1.77 mmol-O2

.m–3.h–1 at Sta. 91M in September
(Fig. 6). In August, rates of primary productivity
decreased from west to east across the lake. Rates
of primary production in September were at a mini-
mum at Sta. 78M in the central basin. Although all
incubations were conducted for the same time pe-
riod (12 h), productivity measured in situ at Sta.
78M was approximately half of that measured in
vivo. The results of in situ incubations are likely
more indicative of actual rates of primary produc-
tion than those conducted in vivo owing to differ-

FIG. 5. Ratios of respiration to photosynthesis (R/P) for each of the sampling stations in July, August,
and September. Open symbols indicate suspect data.

FIG. 6. Rates of primary productivity in Lake
Erie based on incubations with 18O-labelled water.
Error bars reflect one standard deviation, how-
ever, replicates were not performed in August and
at Sta. 91M in September. Rates were measured
both in vivo and in situ at Sta. 78M in September. 
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ences in light regimes between the water column
and incubator.  

DISCUSSION

Lake Erie has experienced a long history of an-
thropogenic impacts that have altered nutrient lev-
els,  trophic status and contributed to the
development and persistence of hypoxia within its
central basin (Charlton et al. 1993, 1999; Charlton
and Milne 2005). While the exact conditions that
result in hypoxia are complex, O2 depletion is a di-
rect consequence of the respiration of allochthonous
and autochthonous organic matter. Our study, there-
fore, concentrated on understanding rates of pri-
mary production and R:P ratios during the warmest
part of the year when hypoxia is most prevalent.
The development of thermal stratification precedes
development of hypoxia in the central basin of Lake
Erie (Charlton et al. 1993, Charlton and Milne
2005) and was evident in all months sampled in the
eastern basin (Sta. 15M) and in July and August in
the central basin stations (43 and 78M) (Fig. 2).
Station 91M remained unstratified, which is likely a
function of its shallow depth and susceptibility to
mixing. The development of hypoxia was clearly
evident in the central basin in July and particularly
strong in August (Fig. 3). Hypoxia was no longer
evident in the hypolimnion of the central basin in
September and was most likely a response to exten-
sive water column mixing that was indicated by the
deepening of the thermocline at Sta. 15M and dis-
appearance of stratification in the central basin. 

Our observations of a trend of an increase in
chlorophyll fluorescence (Fig. 2) and rates of pri-
mary production in August (Fig. 6) from east to
west across the lake is similar to that reported 30
years ago (Glooschenko et al. 1973) and consistent
with a greater degree of nutrient loading in the
western basin (Charlton and Milne 2005). Vertical
mixing of the water column is common in Septem-
ber and likely contributed to higher primary pro-
duction in the eastern and western basins but not in
the central basin. Comparison of 18O-PP rates to
those obtained previously in Lake Erie is dependent
on conversion of measurements in units of O2 to
those of C. Based on simultaneous incubations
using [14C]-NaHCO3 and H2

18O in Lake Erie in
2003 an average photosynthetic quotient (ratio of
O2 production to CO2 consumption) of 0.64 was de-
termined (Ostrom et al. 2005). Based on a photo-
synthetic quotient of 0.64 our rates of primary
production are within the range of those reported by

Glooschenko et al. (1973) 30 years ago, however,
our maximum value is approximately a factor of 2
lower. Without more detailed measurements in time
and space it is difficult to determine if rates of pri-
mary production in Lake Erie have changed. Conse-
quently, the evaluation of changes in the trophic
state based on rate measurements is currently lim-
ited. 

O2 Abundance and Isotopic Variation

Variation in the abundance and isotopic composi-
tion of dissolved O2 in aquatic environments is a
consequence of three predominant processes; pri-
mary production, respiration and atmospheric gas
exchange. A reasonably accurate framework for a
qualitative interpretation of isotope variation in O2
is to consider values of approximately 0.7‰ to re-
flect atmospheric input, values less than 0.7‰ to be
indicative of O2 from primary production, and val-
ues greater than 0.7‰ to be the result of O2 con-
sumption by respiration (Bender and Grande 1987).
Isotope values close to 0.7‰ are common in sur-
face waters (Ostrom et al. 2000, Russ et al. 2004);
however, the epilimnion of Lake Erie is dominated
by values consistently less than 0.7‰ (Fig. 4). This
trend indicates that the relative importance of bio-
logical activity with respect to atmospheric ex-
change is particularly important in Lake Erie
relative to more oligotrophic systems (e.g., Russ et
al. 2004). Furthermore, the occurrence of δ18O val-
ues less than 0.7‰ indicates a strong input of O2
from primary production during the summer in
Lake Erie and this is consistent with a net au-
totrophic or eutrophic community. The common oc-
currence of values of O2 saturation greater than 1 in
the epilimnion of Lake Erie (Fig. 3) is further in-
dicative of an ecosystem marked by high rates of
primary production. In July, δ18O values in the epil-
imnion were lower than other sampling periods and
the lowest values of the entire study occurred at
Sta. 91M at this time (Fig. 4). This suggests that
July was a highly productive time period, particu-
larly for the western basin; however, we lack pri-
mary production rate data to verify this. High
values of the fraction of O2 saturation are evident in
the epilimnion of the western and eastern basins of
Lake Erie in September indicative of high rates of
primary production; however, δ18O values reflect
an atmospheric influence at this time perhaps as a
consequence of the introduction of O2 from recent
wind activity. The observation of increasing δ18O-
O2 and decreasing O2 abundance with increasing
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depth in the water column is consistent with the
consumption of O2 by respiration (Kiddon et al.
1993, Ostrom et al. 2000, Russ et al. 2004). This
trend was common in Lake Erie (Figs. 3 and 4) and
particularly noteworthy in the central basin in Au-
gust and at the western basin in September. Isotope
shifts as a function of depth are similar between the
central basin stations and Sta. 15M despite the fact
that there is a much stronger decline in O2 abun-
dance in the central basin. Such differences in the
relationship between O2 abundance and isotope val-
ues may reflect variation in the fractionation factor
associated with respiration between stations. In
summary, the stable isotope and abundance data on
O2 establish July as a period of high primary pro-
duction, August as a time of strong respiration in
the central basin, and September as a period of
strong atmospheric O2 introduction. 

A convenient means of understanding O2 stable
isotope and abundance data is by use of a “quad”
plot (Quay et al. 1995, Field 2004) (Fig. 7). The in-
tersection of the solid lines in Fig. 7 (equilibrium
locus) indicates the isotope and fractional saturation
values (0.7‰ and 1.0, respectively) obtained if ex-
change with the atmosphere is the only process af-
fecting O2. Temperate lake environments likely
return to these values in winter and early spring
once low light levels and cold temperatures limit
biological activity. The distance between the inter-

section and data points is a qualitative reflection of
the degree of O2 cycling and trophic state which is
exemplified by the fact that 2 years of data within
ultra-oligotrophic Lake Superior lie between ±2‰
in δ18O and fractional saturations of 0.8 to 1.2
(Russ et al. 2004); a small range relative to what we
observed in Lake Erie. Quadrant 4 contains frac-
tional saturation values greater than 1 (supersatura-
tion) and δ18O values less than 0.7‰ that are both
indicative of O2 production by photosynthesis. The
values within quadrant II result from respiration in
which the abundance of O2 is reduced to values less
than 1 and δ18O values increase owing to fractiona-
tion during consumption. Primary production and
respiration shift the abundance and δ18O-O2 in op-
posite directions away from the central values re-
flecting equilibrium with the atmosphere. 

Within Lake Erie a large number of samples lie
within quadrant III for which O2 saturation values
indicate net heterotrophy; however, isotope values
indicate a predominance of photosynthesis over res-
piration. There are two possible mechanisms to ex-
plain this result: either (1) the equilibrium locus
values do not represent the isotope and fractional
saturation values once photosynthesis and respira-
tion initiate in early spring, and/or (2) the isotope
effects associated with respiration and photosynthe-
sis are not equal and opposite. The former is sup-
ported by the observation in Lake Superior that
even during the cold unstratified spring O2 frac-
tional saturations were less than 1; i.e. the equilib-
rium locus did not describe values for the system
prior to initiation of the spring bloom (Russ et al.
2004). The latter is exemplified by the fact that if
rates of photosynthesis and respiration are equal the
concentration of O2 will be unaffected, however, a
net isotope shift will occur. This result is a conse-
quence of the fact that primary production intro-
duces O2 without fractionation (and therefore δ18O
is linear with respect to 1/[O2]), however, respira-
tion is a strongly fractionating process (δ18O linear
with respect to ln[O2]) (see Ostrom et al. 2002 for
review). The isotope shifts resulting from primary
production and respiration are, therefore, not equal
and opposite. Consequently, as the O2 fluxes by
photosynthesis and respiration begin to predomi-
nate over that from gas exchange the location of
data points within the Quad plot will deviate pro-
gressively from the equilibrium locus. The ten-
dency for values to be concentrated within quadrant
III reflects the strong predominance of respiration
on O2 within the Lake Erie ecosystem. Environ-
ments dominated by net autotrophy would very

FIG. 7. Quad plot of the isotopic and fractional
saturation (O2 Sat.) of dissolved O2 at all stations
in Lake Erie. Open triangles indicate samples
from Sta. 15M in September. Open squares indi-
cate samples from Sta. 91M in July and Septem-
ber. All other data are indicated by solid diamond
symbols. Samples to the left of the dashed line are
all from hypolimnetic or near bottom waters. 
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likely be characterized by a common occurrence of
values in quadrant II. Overall, the wide range of O2
concentration and isotope values and tendency for
values to deviate from the equilibrium locus is a
function of the strong predominance of biological
activity relative to gas exchange. 

Ratios of R:P

As an indicator of the relative importance of rates
of community respiration and primary production,
the R:P ratio provides a measure of lake metabo-
lism. Ratios of R:P in the epilimnion of Lake Erie
(10 m or less) progressed with season from values
indicative of net autotrophy in July (0.45 to 1.03),
slight net heterotrophy in August (1.04–1.11), and
strongly net heterotrophy in September (1.12 to
1.44). The net heterotrophy and hypoxia within the
hypolimnion of the central basin of Lake Erie in
August was likely driven by metabolism of au-
totrophic materials given that primary productivity
prevailed over respiration in July. This trend is con-
sistent with the accumulation of chlorophyll in cen-
tral basin sediments in mid-summer and its
subsequent decline (Carrick et al. 2004). Rates of
primary production did not show consistent changes
from August to September (Fig. 6), therefore, the
seasonal trends in R:P ratios must be affected by
variation in rates of respiration in addition to
changes in autochthonous production. The range of
values for the epilimnion of Lake Erie (0.45 to
1.44) are not markedly distinct from the epilimnion
of the oligotrophic systems of Lake Superior (0.5 to
2.1) and Grand Traverse Bay, Lake Michigan (0.6
to 1.4) (Field 2004, Russ et al. 2004). Only upon
inclusion of values within the hypolimnion of Lake
Erie does the maximum R:P value of 3.5 distin-
guish the eutrophic Lake Erie from the other Great
Lakes.

Small but important differences in the ratio of
R:P reported can be a consequence of the methodol-
ogy used. Recently, observations of net heterotro-
phy in oligotrophic ocean regions far from shore
have been explained as a tendency for incubation
approaches to underestimate primary production
(Karl et al. 2003). The use of [14C]-NaHCO3 in in-
cubation, for example, may yield a rate intermedi-
ate between net and gross production (Howarth and
Michaels 2000). Furthermore, incubation ap-
proaches to primary production reflect the short-
term activity of the pelagic community within
bottles and may not reflect production on longer
time scales (Howarth and Michaels 2000, Hanson et

al. 2003). Production estimates based on continu-
ously deployed in situ electrodes have a greater
ability to capture episodic production events that
may be missed by short term bottle incubations
(Emerson et al. 2002, Hanson et al. 2003, Karl et
al. 2003). Continuous in situ measurements of O2
may, therefore, provide lower values for R:P ratios
than 14C-based estimates of primary productivity
and reflect longer time scales approaching the resi-
dence time of O2 (Hanson et al. 2003). The R:P ra-
tios presented in this study are based on the
concentration and isotopic composition of dissolved
O2 (equations 2 and 3). Because this measure of
R:P is based on analysis of ambient O2 and does not
involve incubation it provides a measure on a time
scale approaching that of the residence time of O2
and, therefore, the values obtained are comparable
to in situ measurements. Furthermore, an important
advantage of oxygen isotope R:P ratios relative to
electrode measurements are that they can readily be
obtained across broad spatial and temporal scales. 

During time periods in which the contrast in the
δ18O of O2 between the epilimnion and hy-
polimnion is great, the epilimnetic R:P ratio can be
influenced by the mixing of 18O enriched O2 from
deep waters. The change in δ18O that results (18∆m)
is a function of the contrast in isotope values be-
tween the epilimnion (δ18Oe) and hypolimnion
(δ18Oh), variation in the mixed layer depth (∆Z) and
depth of the mixed layer (Zm) (Sarma et al. 2005):

18∆ m = (δ18Oh – δ18Oe) × ∆Z/Zm (4)

Deepening of the mixed layer over the time frame
of the residence time of O2 would result in an in-
crease in δ18Oe and R:P that can be corrected for if
18∆m is calculated. Determination of ∆Z requires re-
peated observation of the mixed layer depth on a
time frame approaching the residence time of O2
(9–40 days). Between July and August of 2002, the
mixed layer depth increased from approximately 15
m to 19 m at station 43 (a decrease was observed at
78M). Given that August was the time of greatest
contrast in δ18O between surface (–0.8‰) and deep
waters (4.2‰) at 43, we estimate a value for 18∆m
of 0.41‰. This worst-case-scenario results in a
change in R:P ratio from our reported value of 1.06
to 1.04. We consider this is a relatively minor influ-
ence and have, therefore, made no further attempt
to correct R:P values for mixing. 

Fundamental to the application of equations 2
and 3 to determine R:P ratios based on oxygen iso-
tope values is an underlying assumption of steady
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state with respect to O2 fluxes. At steady state, the
control of gas exchange on the isotopic composition
of and abundance of O2 is offset by photosynthesis
and respiration. Based on the rates of primary pro-
duction we measured (Fig. 6) and observed concen-
trations of O2, we calculate that the turnover time
for O2 in Lake Erie (corrected for the hydraulic res-
idence time of 986 days) varies between 9 and 40
days. These values indicate a strong biological con-
trol on O2 and suggest that deviation from the
steady state assumptions is possible during periods
of high primary production. We believe there are
several data points in which equations 2 and 3 fail
to predict R:P ratios accurately. At Sta. 91M in
July, strong supersaturation is evident (Fig. 3) and
very negative δ18O values are indicative of O2 de-
rived predominantly from photosynthesis; nonethe-
less predicted R:P ratios are close to 1. At Sta. 15M
in September, a strong predominance of respiration
over photosynthesis is indicated by a moderate de-
gree of undersaturation and a very positive δ18O
value of 7.5‰ for the deepest sample. The R:P
model, however, predicts a value of 0.6 indicative
of net autotrophy. We believe that these R:P ratios
for Sta. 91M in July and the hypolimnion for sta-
tion 15M in September are erroneous. These sam-
ples are extremes in the isotope data set and suggest
that, likely as a consequence of the violation of the
steady state assumption, the oxygen isotope R:P
model is not successful for extremely high (> 7‰)
or low (< –5‰) isotope values. 

The application of R:P ratios to indicate trophic
state is based on the premise that external inputs of
organic carbon from rivers and groundwater drive
oligotrophic systems toward net heterotrophy (R >
P). In eutrophic systems, in contrast, in situ primary
production is sufficient to exceed the respiration of
both allochthonous and autochthonous material and
results in the prevalence of net autotrophy (P > R)
(Jones 1992; del Giorgio and Peters 1993, 1994).
The observation of periods or regions of net au-
totrophy within many oligotrophic environments,
however, has recently brought into question the use
of the R:P ratio as an indicator of trophic state
(Carignan et al. 2000, Hanson et al. 2003, Russ et
al. 2004). R:P ratios for surface waters in Lake Erie
varied between 1 and 1.4 in August and September
and are indicative of a predominance of net het-
erotrophy at this time, even though rates of primary
production are high in September (Fig. 6). Net au-
totrophy, however, was clearly evident in July in
Lake Erie by R:P ratios that are less than 1 for the
surface waters of all stations (Fig. 5). Lake Erie,

therefore, oscillates between a period of strong net
autotrophy in July to a period of net heterotrophy in
August and September. A very similar pattern of
seasonal oscillation in R:P ratios, with net autotro-
phy prevailing following stratification in Lake Su-
perior and net heterotrophy at other times was
evident in the oligotrophic Lake Superior and
Grand Traverse Bay, Lake Michigan (Field 2004,
Russ et al. 2004). Consequently, Lake Erie oscil-
lates between periods of net autotrophy and net het-
erotrophy in a manner and range of R:P ratios that
is similar to that observed in the oligotrophic sys-
tems of Lake Superior and Grand Traverse Bay.
Given this, the absolute values of R:P ratios are not
a satisfactory measure of the trophic state of Lake
Erie.

The vast areal extent and volume of the Great
Lakes indicates that they are inherently distinct sys-
tems relative to the smaller lakes in which most R:P
ratios have previously been reported (e.g., del Gior-
gio and Peters 1994, Carignan et al. 2000). The
input and metabolism of terrestrial organic matter
within the Great Lakes must comparatively be less
important than in smaller lakes with larger water-
shed to lake ratios. The minor influence of terres-
trial organic matter is substantiated by C and N
isotope data and C:N molar ratios that indicate a
predominance of autochthonous organic matter in
the water column and sediments of the Great Lakes
(Schelske and Hodell 1995; Ostrom et al. 1998a,
1998b; McCusker et al. 1999). Within such sys-
tems, variation in the degree of net autotrophy or
heterotrophy must be driven primarily by temporal
decoupling of primary productivity and respiration
(Biddanda and Cotner 2002, Field 2004, Russ et al.
2004). Rapid settling of spring bloom production,
for example, may result in a period of net autotro-
phy followed later in time by net heterotrophy when
fall water column mixing returns settled material to
the upper water column.

The comparatively small size (on an areal basis),
volume, and depth of Lake Erie dictate that lake
metabolism will function in a fundamentally dis-
tinct manner from the other Great Lakes. The shal-
low depth of Lake Erie results in a tendency for
extensive water column mixing and associated re-
suspension of sedimentary organic matter that may
contribute to net heterotrophy in late summer and
fall when high rates of primary production suggest
that autotrophy is expected. There exists a realistic
possibility that at least part of the predominance of
net heterotrophy in Lake Erie is driven by metabo-
lism of organic matter deposited decades ago when
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the lake was heavily impacted by excessive anthro-
pogenic phosphorus loadings. Net heterotrophy in
Lake Erie may, furthermore, be enhanced by highly
enriched coastal waters. Rates of primary produc-
tion within Sandusky Bay, a coastal embayment
near the western end of Lake Ere, were approxi-
mately 20 times greater than that occurring in the
central and eastern basins of Lake Erie (Ostrom et
al. 2005). The introduction of this material into
Lake Erie and subsequent eastward transport would
result in a misbalance of respiration and production.
Consequently, Lake Erie may not only be a system
characterized by temporal decoupling of respiration
and production but by spatial decoupling as well.
Rain events or turbidity plumes may introduce or-
ganic matter that is metabolized as it is transported
across the lake shifting the metabolic balance in
favor of respiration (Carrick et al. 2005).

The Relative Importance of
Sediment Vs. Water Column Respiration

An important component of the R:P model (equa-
tions 2 and 3) is the value used for the fractionation
factor for respiration. Respiration can proceed by a
number of different pathways that have unique
magnitudes of fractionation (Kiddon et al. 1993,
Luz et al. 2002). The net fractionation factor for an
ecosystem cannot be predicted without knowing the
relative importance of each respiration pathway and
it is best to measure this value experimentally
within the system of interest. We did not obtain a
sufficient isotope shift in dark bottle incubations to
calculate the respiration isotopic enrichment frac-
tionation factor for Lake Erie and have assumed a
value that was determined in Lake Kinneret of
23.5‰ (Luz et al. 2002). The isotopic enrichment
factor, ε, is defined here as (1/α-1)*1,000. Small
variations in the value of the respiration fractiona-
tion factor do not impart large changes in R:P ratios
(Russ et al. 2004) but variations in excess of sev-
eral ‰ will. Because of the limitation of diffusion
to the sites of respiration, consumption of O2 in
sediments has been shown to occur with little frac-
tionation (3‰) (Brandes and Devol 1997). The
δ18O-O2 values for the hypolimnion of central basin
stations in August and the eastern basin Sta. 15M in
September are all greater than 5‰ and approxi-
mately equal; however, the values of fractional O2
saturation are much lower in the central basin than
at Sta. 15M (Figs. 3 and 4). This distinction sug-
gests that the net ε value for hypolimnetic respira-

tion in the central basin in August was substantially
less than it was for the eastern basin in September. 

If a system can be considered closed and only
one process affects the concentration and isotopic
abundance of a material, the isotopic enrichment
factor, ε, can be determined by the following modi-
fication of the Rayleigh equation (Mariotti et al.
1981; Ostrom et al. 2002):

δs = δso – εln(C/Co) (5)

where the isotopic composition of the residual sub-
strate of a reaction (δs) is related to that of the ini-
tial substrate (δso), ε, and the ratio of the observed
to initial substrate concentration (C/Co). We can
apply this equation to evaluate respiration of O2 in
the hypolimnion of Lake Erie based on the assump-
tions that the initial concentration of O2 reflects that
which resulted from equilibrium with the atmos-
phere at the observed temperature and that hy-
polimnetic warming was negligible. With this
assumption C/Co can be replaced with the O2 frac-
tional saturation (O2 Sat.) and equation 5 becomes:

δs = δso – εln(O2 Sat.) (6)

If equation 6 is plotted in the coordinates of δs vs.
–ln(O2 Sat.) then the slope of the line is equivalent
to ε and the intercept is the δ18O-O2 prior to devel-
opment of the hypolimnion. Data from hypolim-
netic waters in July and August for stations 43,
78M, and 15M to yield a slope equal to ε in Figure
8. While the relationships shown in Figure 8 are
based on sparse data the r2 values (when more than
two data points are available) are excellent. To our
knowledge, this is the first time that isotopic en-
richment factors for respiration in hypolimnetic wa-
ters based on in situ data have been calculated.
Owing to sampling constraints and the narrow
depth of the hypolimnion in the central basin we
did not obtain sufficient samples to more thor-
oughly test the relationship in equation 6, however,
a more exhaustive data set from 2003 in Lake Erie
shows similar trends (Piwinski and Ostrom, unpub-
lished data). Nonetheless, the strong relationships
obtained are compelling and the low values of ε ob-
tained have important implications for calculations
of R:P ratios in the hypolimnion (as discussed
below). 

The average of estimates for the respiration ε
value in the hypolimnion of Lake Erie is 7.9‰; a
value that is substantially less than the fractionation
factor of 23.5‰ that we assumed from the water
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column of Lake Kinneret (Luz et al. 2002). While
the Lake Kinneret value of the isotopic enrichment
factor for use in the R:P model is reasonable for the
epilimnion and metalimnion of Lake Erie its use for
hypolimnion samples will provide underestimates
of R:P ratios. Revised estimates of R:P ratios for
hypolimnion samples based on an ε value of 7.9 ‰
increase. The most dramatic increase in R:P ratios
is for samples at Sta. 43 that increased from 1.5 to
7.1 in July (15 m) and from 1.7 to 20.4 in August
(20 m). This extremely high ratio of R:P clearly
distinguishes Lake Erie from the oligotrophic envi-
ronments of Lake Superior and Grand Traverse
Bay, Lake Michigan where values did not exceed
2.6 (Field 2004, Russ et al. 2004). 

The low value for ε that we report indicates that
much of the respiration of O2 in the hypolimnion of
Lake Erie occurs within sediments where expres-
sion of isotope fractionation is reduced. Based on
values for fractionation during respiration in the
water column (23.5‰) (Luz et al. 2002) and those
in sediments (3‰) (Brandes and Devol 1997) we
predict that 61% of total O2 respiration occurs
within sediments and 39% occurs within the water
column of the hypolimnion. This determination is
susceptible to diffusion of O2 across the hy-
polimnion. However, if this process had occurred
then the tendency would have been for the relation-
ship shown in Figure 8 to become non-linear, which
is not what we observe with the limited data avail-
able. 

SUMMARY AND CONCLUSIONS

While improvements to Lake Erie’s overall water
quality over the past 30 years are apparent (i.e., re-
ductions in algal blooms and decreases in turbid-
ity), evaluation of the restoration of Lake Erie
based on traditional water column parameters ([P],
[chl-a] and [O2]) continues to be elusive and is ex-
emplified by the observation that while concentra-
tions of P in Lake Erie have shown recent increases
there does not appear to be a response by the phyto-
plankton community (Charlton and Milne 2005).
Given that many of the undesirable conditions char-
acteristic of poor water quality are a direct or indi-
rect consequence of algal growth perhaps the best
measure of the health of an ecosystem or trophic
state would be direct measures of primary produc-
tion rates. Currently there are not sufficient data to
evaluate long-term trends in primary production in
Lake Erie and our results based on incubation with
18O enriched water (Ostrom et al. 2005) should
serve as a basis to evaluate future changes whether
rates are based on this technique or more traditional
approaches.

We determined the R:P ratio for the mid- to late
summer in Lake Erie, a time when the development
of hypoxia in the central basin is typically problem-
atic and related to the eutrophic nature of the lake.
We observed in July strong evidence of net autotro-
phy, indicative of eutrophic conditions, preceding
the development of hypoxia in August. Thus it is
quite likely that the net production of organic mat-
ter in July fostered the development of hypoxia, al-
though physical factors, such as depth of the
hypolimnion, are most certainly contributing fac-
tors (Charlton and Milne 2005). In August and Sep-
tember we observed net heterotrophy in the
epilimnion that, based on the relationship between
R:P ratios and trophic state proposed by del Giorgio
and Peters (1993, 1994), would previously have
been considered to reflect oligotrophic conditions.
While net heterotrophy is consistent with olig-
otrophic conditions, we contend that the predomi-
nance of R:P ratios less than 1 in July, the tendency
for R:P ratios to exhibit a wide range relative to the
oligotrophic systems of Lake Superior (R:P be-
tween 0.5 and 2.5) and Grand Traverse Bay (R:P
between 0.6–1.4), and wide range of fractional O2
abundance (0.04 to 1.36) and δ18O values (–6.0 to
7.5‰) all identify Lake Erie as a eutrophic system 

The observation of strong net heterotrophy in this
eutrophic system is likely a reflection of the metab-
olism of resuspended sedimentary organic matter in

FIG. 8. Relationship between the d 18O of O2
and the natural log of the O2 fractional saturation
for hypolimnetic waters. The slope of the line indi-
cates the isotopic enrichment factor (εε) (units in
‰) for respiration.
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addition to terrestrial inputs. As sediments may
have been deposited months to decades ago the me-
tabolism of this material decouples primary produc-
tion and respiration in time and contributes to the
observation of net heterotrophy. Furthermore, nutri-
ent loading to coastal embayments in Lake Erie
may stimulate autochthonous production and the
respiration of this material as it is introduced to
Lake Erie and progresses across the lake strongly
alters lake metabolism in favor of respiration. Con-
sequently, while absolute ratios of R:P may not be
direct indicators of trophic state they are quite valu-
able in monitoring the response of phytoplankton
and bacterial communities to seasonal and episodic
events. 

ACKNOWLEDGMENTS

We greatly appreciate the efforts of Gerald Mati-
soff, Jan Ciborowski, and other members of the
Lake Erie Trophic Study for facilitating this project.
We are indebted to the officers and crews of the
R/V Lake Guardian. The U.S.EPA Great Lakes Na-
tional Program Office generously provided support
for this project, although any opinions stated herein
are not those of the U.S.EPA. 

REFERENCES
Bender, M.L., and Grande, K.D. 1987. Production, respi-

ration, and the isotope geochemistry of O2 in the
upper water column. Global Biogeochem Cycles
1:49–59.

———, Grande, K., Johnson, K., Marra, J., Williams, P.J.
LeB., Sieburth, J., Pilson, M., Langdon, C., Hitch-
cock, G., Orchardo, J., Hunt, C., and Donaghay, P.
1987. A comparison of four methods for determining
planktonic community production. Limnol. Oceanogr.
32:1085–1098.

———, Orchardo, J., Dickson, M.-L., Barber, R., and
Lindley, S. 1999. In vitro O2 fluxes compared with
14C production and other rate terms during the JGOFS
Equatorial Pacific experiment. Deep-Sea Res. I 46:
637–654.

Benson, B.B., and Krause, D. 1984. The concentration
and isotopic fractionation of oxygen dissolved in
freshwater and seawater in equilibrium with the
atmosphere. Limnol. Oceanogr. 29:620–632.

Biddanda, B.A., and Cotner, J.B. 2002. Love handles in
aquatic ecosystems: The role of dissolved organic car-
bon drawdown, resuspended sediments, and terrige-
nous inputs in the carbon balance of Lake Michigan.
Ecosystems 5:431–445. 

Brandes, J.A., and Devol A.H. 1997. Isotopic fractiona-
tion of oxygen and nitrogen in coastal marine sedi-
ments. Geochim. Cosmochim. Acta 61:1793–1801. 

Carignan, R., Planas, D., and Vis C. 2000. Planktonic
production and respiration in oligotrophic shield
lakes. Limnol. Oceanogr. 45:189–199.

Carpenter, J.H. 1965. The accuracy of the Winkler
method for dissolved oxygen. Limnol. Oceanogr. 10:
135–143.

Carrick, H.J., Moon, J.B., and Gaylord, B.F. 2005. Phy-
toplankton dynamics and hypoxia in Lake Erie: a
hypothesis concerning benthic-pelagic coupling in the
central basin. J. Great Lakes Res. 31 (Suppl.
2):111–124.

Charlton, M.N. 1980a. Oxygen depletion in Lake Erie:
Has there been any change? Can. J. Fish. Aquatic Sci.
37:72–81.

———. 1980b. Hypolimnion oxygen consumption in
lakes: discussion of productivity and morphometry
effects. Can. J. Fish. Aquat. Sci. 37:1531–1539.

———, and Lean, D.R.S. 1987. Sedimentation, resuspen-
sion, and oxygen depletion in Lake Erie (1979). J.
Great Lakes Res. 13:709–723.

———, and Milne, J.E. 2005. Review of thirty years of
change in Lake Erie water quality. NWRI contribu-
tion # 04-167. National Water Research Institute,
Environment Canada.

———, Milne, J.E., Booth, W.G., and Chiocchio, F.
1993. Lake Erie offshore in 1990: restoration and
resilience in the central basin. J. Great Lakes Res. 19:
291–309.

———, LeSage, R., and Milne, J.E. 1999. Lake Erie in
transition: the 1990’s. In State of Lake Erie: Past,
Present and Future. M. Munawar, T.A. Edsall, and
I.F. Munawar, eds., pp. 97–124. Leiden, The Nether-
lands: Backhuys Publishers.

del Giorgio, P.A., and Peters, R.H. 1993. Balance
between phytoplankton production and planktonic
respiration in lakes. Can. J. Fish. Aquat. Sci.
50:282–289.

———, and Peters, R.H. 1994. Patterns in planktonic P:R
ratios in lakes: influences of lake trophy and dissolved
organic carbon. Limnol. Oceanogr. 39:772–787.

Emerson, S., Quay, P., Stump, C., Wilbur, D., and Knox,
M. 1991. O2, Ar, N2, and 222Rn in waters of the sub-
arctic ocean: Net biological O2 production. Global
Biogeochem. Cycles 5:49–69.

———, Stump, C., Wilbur, D., and Quay, P. 1999. Accu-
rate measurement of O2, N2, and Ar gases in water
and the solubility of N2. Mar. Chem. 64:337–347.

———, Stump, C., Johnson, B., and Karl, D. 2002. In situ
determination of oxygen and nitrogen dynamics in the
upper ocean. Deep-Sea Res. I 49:941–852.

Field, A.M. 2004. Seasonal variation in ratios of commu-
nity respiration to gross photosynthesis determined by
stable isotopes and concentrations of dissolved oxy-
gen in Grand Traverse Bay, Lake Michigan. M.Sc.
thesis, Department of Geological Sciences, Michigan
State University.

Glooschenko, W.A., Moore, J.E., Munawar, M., and



Community Respiration and Photosynthesis in Lake Erie 153

Vollenweider, R.A. 1973. Primary production in
Lakes Ontario and Erie—comparative study. J. Fish.
Res. Board Can. 31:253–263.

Guy, R.D,, Fogel, M.L., and Berry, J.A. 1993. Photosyn-
thetic fractionation of the stable isotopes of oxygen
and carbon. Plant Physiol. 101:37–47.

Hanson, P.C., Bade, D.L., and Carpenter, S.R. 2003.
Lake metabolism: relationships with dissolved
organic carbon and phosphorus. Limnol. Oceanogr.
48:1112–1119.

Howarth, R.W., and Michaels, A.F. 2000. The measure-
ment of primary production in aquatic ecosystems. In
Methods in Ecosystem Science, O.E. Sala, R.B. Jack-
son, H.A. Mooney, and R.W. Howarth, eds., pp.
72–85. New York, New York: Springer-Verlag.

Jones, R.I. 1992. The influence of humic substances on
lacustrine planktonic food chains. Hydrobiologia
229:73–91.

Karl, D.M., Laws, E.A., Morris, P., Williams, P.J. leB.,
and Emerson, S. 2003. Metabolic balance of the open
ocean. Nature 426:32.

Kiddon, J., Bender, M.L., Orchardo, J., Caron, D.A.,
Goldman, J.C., and Dennett, M. 1993. Isotopic frac-
tionation of oxygen by respiring marine organisms.
Global Biogeochem. Cycles 7:679–694.

———, Bender, M.L., and Marra, J. 1995. Production
and respiration in the 1989 North Atlantic spring
bloom: an analysis of irradiance-dependent changes.
Deep-Sea Res. 42:553–576.

Knox, M., Quay, P.D., and Wilbur, D. 1992. Kinetic iso-
topic fractionation during air-water gas transfer of O2,
N2, CH4, and H2. J. Geophys. Res. 97:20335–20343.

Lane, G.A., and Dole, M. 1956. Fractionation of oxygen
isotopes during respiration. Science 123:574–576.

Laws, E.A., Landry, M.R., Barber, R.T., Campbell, L.,
Dickson, M.-L., and Marra, J. 2000. Carbon cycling
in primary production bottle incubations: inferences
from grazing experiments and photosynthetic studies
using 14C and 18O in the Arabian Sea. Deep-Sea Res.
II 47:1339–1352.

Luz, B., Barkan, E., Yftach, S., and Yacobi, Y.Z. 2002.
Evaluation of community respiratory mechanisms
with oxygen isotopes: A case study in Lake Kinneret.
Limnol. Oceanogr. 47:33–42.

Mariotti, A., Germon, J.C., Hubert, P., Kaiser, P.,
Letolle, R, and Tardieux, P. 1981. Experimental
determination of nitrogen kinetic isotope fractiona-
tion: some principles; illustration for the denitrifica-
tion and nitrification processes. Plant and Soil 62:
413–430.

McCusker, E.M., Ostrom, P.H., Ostrom, J.E., Jeremai-
son, J.D., and Baker, J.E. 1999. Seasonal variation in
the biogeochemical cycling of seston in Grand Tra-
verse Bay, Lake Michigan. Org. Geochem.
30:1543–1557.

Ostrom, N.E., Long, D.T., Bell, E.M., and Beals, T.
1998a. The origin and cycling of particulate and sedi-

mentary organic matter and nitrate in Lake Superior.
Chem. Geol. Isotope Geosci. 152:13–28.

———, Russ, M.E., Popp, B., Rust, T.M., and Karl, D.M.
2000. Mechanisms of N2O production in the subtropi-
cal North Pacific based on determinations of the iso-
topic abundances of N2O and O2. Chemosphere—
Global Change Sci. 2:281–290.

———, Hedin, L.O., von Fisher, J.C., and Robertson,
G.P. 2002. Nitrogen transformations and nitrate
removal at a soil-stream interface: a stable isotope
approach. Ecol. Appl. 12:1027–1043.

———, Carrick, H.J., Twiss, M.R., and Piwinski, L.
2005. Evaluation of primary production in Lake Erie
but multiple proxies. Oecologia 144:115–124.

Ostrom P.H., Ostrom, N.E., Henry, J., Eadie, B.A., Mey-
ers, P.A., and Robbins, J.A. 1998b. Changes in the
trophic state of Lake Erie: Discordance between mol-
ecular δ13C and bulk δ13C sedimentary records.
Chem. Geol. Isotope Geosci. 152:163–179.

Quay, P.D., Wilbur, D.O., Richey, J.E., Devol, A.H.,
Benner, R., and Forsber, B.R. 1995. The 18O:16O of
dissolved oxygen in rivers and lakes in the Amazon
Basin: Determining the ratio of respiration to photo-
synthesis rates in freshwater. Limnol. Oceanogr. 40:
718–729.

Roberts, B.J., Russ, M.E., and Ostrom, N.E. 2000. Rapid
and precise determination of the δ18O of dissolved
and gaseous dioxygen via gas chromatography-
isotope rate mass spectrometry. Environ. Sci. Technol.
34:2337–2341.

Rosa, F., and Burns, N.M. 1987. Lake Erie central basin
oxygen depletion changes from 1929–1980. J. Great
Lakes Res. 13:684–696.

Russ, M.E., Ostrom, N.E., Gandhi, H., Ostrom, P.H., and
Urban, N.R. 2004. Temporal and spatial variations in
R:P ratios in Lake Superior, an oligotrophic freshwa-
ter environment. Journal of Geophysical Research—
Oceans 109, doi:10.1029/2003JC001890.

Sarma, V.V.S.S., Abe, O., Hashimoto, S., Hinuma, A.,
and Saino, T. 2005. Seasonal variations in triple oxy-
gen isotopes and gross oxygen production in the
Sagami Bay, central Japan. Limnol. Oceanogr. 50:
544–552.

Schelske, C.L., and Hodell, D.A., 1995. Using carbon
isotopes of bulk sedimentary organic-matter to recon-
struct the history of nutrient loading and eutrophica-
tion in Lake Erie. Limnol. Oceanogr. 40:918–929.

Sweeney, R.A. 1993. “Dead” Sea of North America?—
Lake Erie in the 1960s and ’70s. J. Great Lakes Res.
19:198–199.

Weiss, R. 1970. The solubility of nitrogen, oxygen and
argon in water and seawater.  Deep-Sea Res.
17:721–735.

Submitted: 9 August 2004
Accepted: 26 May 2005
Editorial handling: Gerald Matisoff




