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Abstract Many lacustrine systems, despite management efforts to control eutrophication, are hypoxic
during stratified periods. Hypoxia is a major concern,
not only for its impact on aquatic life but also for its
potential to stimulate production of the greenhouse
gases, methane (CH4) and nitrous oxide (N2O). We
investigated the drivers of hypoxia in Muskegon Lake,
a temperate dimictic freshwater estuary that experiences frequent hypolimnetic mixing due to atmospheric
forces, riverine inputs, and intrusion of oxic water from
coastal upwelling in Lake Michigan. Primary production and respiration (R) rates obtained from a d18O mass
balance model were similar to other mesotrophic
environments (0.56–26.31 and 0.57–13.15 mmol O2
m-3 day-1, respectively), although high P/R (C2 in
mid-summer) indicated there is sufficient autochthonous production to support hypoxia development and
persistence. The isotopic enrichment factor for

respiration (eobs) varied markedly and was least negative in August of both sampling years, consistent with
high R rates. Hypoxic conditions were associated with
accumulation of N2O but not CH4, and emissions of
N2O are among the highest reported from lakes. The
average N2O site preference value of 25.4% indicates
that the majority of N2O was produced by nitrification
via hydroxylamine oxidation, despite the presence of
resilient hypoxia. While it has been hypothesized that
denitrification acts as a sink for N2O in hypoxic lakes, it
is clear that Muskegon Lake functions as a strong
source of N2O via nitrification. Further considerations
of lakes as global sources of N2O thus warrant a closer
evaluation of nitrification-fueled N2O production.
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Hypoxia is a major water quality concern for inland
waters and is often accompanied by nuisance algal
blooms, declines in fisheries, and decreased recreational value (Diaz and Rosenberg 2008). The development of hypoxia is primarily a product of several
physical and biological factors in lakes and coastal
oceans: (1) a stratified water column, (2) basin shape,
and (3) respiration (R) in excess of O2 supply.
Stratification occurs as surface waters become warmer
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than bottom waters, and a thermocline isolates the
cooler lower water column (hypolimnion) from winddriven mixing with the atmosphere. When stratification
minimizes the influx of O2 to the hypolimnion, sinking
primary production or sediment organic matter drives
respiratory O2 demand. This leads to a depletion of O2
to hypoxic levels (\63 lM) (CENR 2000). Nutrientrich agricultural runoff stimulates primary production
(GPP) and subsequent R in lakes and coastal environments, which has led to an increase in the extent,
intensity, and duration of hypoxia in aquatic systems
worldwide (Livingstone and Imboden 1996; Jankowski et al. 2006; Diaz and Rosenberg 2008; Rabalais
et al. 2010; Friedrich et al. 2014). Lake Erie and the
Gulf of Mexico are examples of two systems in which
hypoxia is enhanced when the water column is
stratified in the shallow portions of their basins and
GPP is high (Rabalais et al. 2010; Scavia et al. 2014).
Ecosystem metabolism, often characterized by the
ratio of GPP to R (P/R), can thus be an important
indicator of the propensity of a system to develop
hypoxia (Hanson et al. 2003; Williamson et al. 2008).
Systems with high P/R generally display a high degree
of eutrophy (del Giorgio and Peters 1994), and given
requisite physical conditions, are prone to hypoxia.
Changes in land use and nonpoint source pollution
have resulted in increases in the incidence of hypoxia
in freshwaters, raising concerns about the production
of greenhouse gases, particularly CH4 and N2O
(Kaushal et al. 2014). Because both CH4 and N2O
have anaerobic production pathways, there is potential
for these gases to accumulate in the hypoxic or anoxic
hypolimnia of stratified lakes and be emitted rapidly
during storm-driven or seasonal periods of mixing
(Michmerhuizen et al. 1996; Riera et al. 1999;
Bastviken et al. 2004). CH4 and N2O have global
warming potentials that are 25 and 298 times higher
than CO2 over a period of 100 years, respectively
(IPCC 2007). Thus, small increases in the atmospheric
emissions of one or both of these gases could have a
dramatic impact on the greenhouse gas budget from
lakes. Despite this possibility, CH4 and N2O emissions
from lakes are markedly understudied relative to CO2
(Seitzinger et al. 2006; IPCC 2013). Measurements of
the rates of atmospheric N2O emissions from lakes are
particularly sparse, with fewer than ten published
studies (Lemon and Lemon 1981; Huttunen et al. 2003;
Wang et al. 2006; Whitfield et al. 2011; Miettinen et al.
2015; Yang et al. 2015). However, N2O emissions
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from lakes have the potential to rival those from
reservoirs, rivers, streams, and wetlands (Whitfield
et al. 2011; Morse et al. 2012; Audet et al. 2014;
Beaulieu et al. 2014), which merits a closer examination of the role of lakes in the global N2O budget.
Determining the N2O budget from lakes depends on
an understanding of the microbial pathway by which it is
produced. N2O is produced via three microbial processes
that occur under a range of redox conditions: denitrification, nitrifier-denitrification, and hydroxylamine oxidation (Wrage et al. 2001). Denitrification is generally
restricted to very low O2 levels, and as a heterotrophic
process, requires a carbon supply (Knowles 1982). The
microbial denitrification pathway involves a stepwise
reduction of nitrate (NO3-) to N2 gas, in which nitrite
(NO2-), nitric oxide (NO) and N2O are produced as
intermediates. It is estimated that 7–16% of nitrogen
applied to the terrestrial biosphere is denitrified in lakes
(Seitzinger et al. 2006), of which a small yet variable
portion (typically 0.1–6.0%) is not completely reduced
to N2 and released as N2O (Seitzinger and Kroeze 1998).
Nitrifiers reduce NO2- by the same pathway as denitrifiers (nitrifier-denitrification), producing N2O as an
intermediate product (Poth and Focht 1985; Wrage
et al. 2001). In the third pathway, nitrifiers produce N2O
as a product of the decomposition of hydroxylamine
(NH2OH) (Wrage et al. 2001). This process is
autotrophic and, in contrast to denitrification, can occur
in oxic environments. In pure cultures of nitrifiers, the
production of N2O is maximized as O2 declines,
although production ceases under anoxic conditions
(Goreau et al. 1980; Frame and Casciotti 2010).
Therefore, hypoxia provides the ideal conditions for
maximal N2O production, although the precise microbial production mechanism involved is often uncertain.
Stable isotope analyses of N2O are used to distinguish N2O production mechanisms (Ostrom and
Ostrom 2011). The relative abundance of a stable isotope within a particular material or reservoir is
reported in standard delta notation:
d¼

Rsam  Rstd
 1000
Rstd

ð1Þ

where Rsam is the isotope ratio of the sample, Rstd is the
isotope ratio of the standard, and d is reported as per
mil (%). Because N2O is a linear asymmetric
molecule, the isotopic composition of the N atom in
the central position (a) and the N atom in the outer
position (b) may be distinct. The difference between
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d15Na and d15Nb in N2O is referred to as site
preference (SP). In contrast to bulk d15N and d18O
values, SP is a conservative tracer of microbial N2O
production mechanisms that is independent of the
substrate isotopic composition (Sutka et al.
2003, 2006, 2008; Toyoda et al. 2005). In general,
denitrification and nitrifier-denitrification produce
N2O with constant SP values of -10 to 0%, whereas
hydroxylamine oxidation produces N2O with a SP
value of 33–37% (Toyoda et al. 2005; Sutka et al.
2006; Frame and Casciotti 2010; Ostrom and Ostrom
2011). N2O derived from denitrification and nitrifierdenitrification is indistinguishable on the basis of SP,
likely because the enzymes catalyzing these processes
are identical (Stein 2011). Therefore, production of
N2O from denitrification and nitrifier-denitrification
will henceforth be referred to collectively as denitrification. Fractionation in SP has been demonstrated
with a purified fungal NO reductase enzyme but not
within microbial culture which likely reflects maintenance of NO in cells at low concentration and steady
state (Yang et al. 2014). Therefore, SP is expected to
hold as a conservative, non-fractionating measure of
N2O production mechanism under in situ environmental conditions. SP analysis has been demonstrated
as an effective approach for distinguishing microbial
N2O production from denitrification versus hydroxylamine oxidation in a variety of terrestrial and aquatic
environments (e.g., Westley et al. 2006; Yamagishi
et al. 2007; Opdyke et al. 2009; Sasaki et al. 2011).
In this study, we examined the relationships among
ecosystem metabolism, hypoxia, and greenhouse gas
production and atmospheric emissions in Muskegon
Lake, MI. The relationship between P/R, the oxygen
isotopic enrichment factor for respiration (eobs), and the
development of hypoxia was also determined. In addition, we evaluated the influence of hypoxia and water
column mixing on the production and atmospheric fluxes
of CH4 and N2O. Further, we determined the microbial
pathway of N2O production in Muskegon Lake through
SP analysis and related biogeochemical indicators.
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maximum depth of 23 m (Freedman et al. 1979; Carter
et al. 2006). The lake drains the Muskegon River
Watershed, a 7032 km2 basin comprised mainly of
forest and agricultural land (Tang et al. 2005), and
discharges directly into Lake Michigan by means of a
narrow shipping channel (Fig. 1). The hydraulic
residence time of Muskegon Lake is highly dependent
on the rate of water inflow from the Muskegon River,
ranging from 14 to 70 days with a mean of 23 days
(Freedman et al. 1979; Carter et al. 2006). Historical
nutrient loading led to eutrophication and water
quality degradation of Muskegon Lake, and as a
consequence it was designated a Great Lakes Area of
Concern in 1985 (Steinman et al. 2008; U.S. EPA
2013). There has been subsequent improvement in
water quality, but Muskegon Lake remains characterized by relatively high nutrient concentrations, periodic nuisance algal blooms, and summer hypoxia in
the hypolimnion (Steinman et al. 2008; Biddanda
2012).
Buoy observatory measurements
Time series data for water temperature (2, 4, 6, 7, 9,
and 11 m), dissolved O2, pH, chlorophyll a fluorescence (2, 5, 8, and 11 m), and wind speed (1 m above
water) were obtained for the period of May to
November in 2012 and 2013 from the Muskegon
Lake Observatory (MLO). The MLO buoy was
deployed in the central part of the lake (Fig. 1) and
collected water and meteorological data during the
ice-free periods. The water depth at the MLO was
approximately 12 and 11.25 m in 2012 and 2013,
respectively, due to differences in lake water level
between the two years. Water sensors at the MLO
collected data every 15 to 30 min, and meteorological
sensors collected data every 5 min. Additional information on the MLO can be found at www.gvsu.edu/
buoy/ and in Biddanda (2012), McNair et al. (2013),
and Vail et al. (2015).
Field sampling procedure

Methods
Study site
Muskegon Lake is a 17 km2 drowned river-mouth lake
in western Michigan with a mean depth of 7 m and a

Water samples for nutrient, P/R, and greenhouse gas
analysis were collected at the MLO (Fig. 1) between
9:00 am and 12:00 noon on an approximately monthly
basis from May to September in 2012 and 2013. In
addition, intense temporal sampling was conducted
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Fig. 1 Muskegon Lake. Inset shows the location of Muskegon
Lake (star) and its watershed (light gray) within the state of
Michigan, USA. The white circle in the middle of the lake

represents the location of the Muskegon Lake Observatory Buoy
(MLO; www.gvsu.edu/buoy/)

three times over a 4-day period in August 2013. Water
samples were taken by Niskin bottle (General Oceanics, Inc., Miami, FL) at 2, 5, 8, and 11 m (2012) or
10.25 m (2013) depth. For nutrient analysis, water was
filtered (0.45 lm) and frozen upon return to the lab.
Water for determination of d18O–O2 and greenhouse
gas analyses was transferred into 250 mL glass serum

bottles and sealed without headspace with butyl rubber
septa. Biological activity was halted by adding 1 mL
of saturated HgCl2 solution to each bottle. Water
column profiles of temperature, dissolved O2, pH, and
chlorophyll a fluorescence were taken using a YSI
6600 sonde (Yellow Springs Instruments, Inc., Yellow
Springs, OH).
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Ecosystem metabolism measurements
Respiration rates were determined from lake water
collected at 2 m using a Niskin bottle. Water from the
Niskin bottle was placed into a 20 L carboy and
subsequently dispensed into 300 mL acid-washed
BOD bottles that were sealed with glass stoppers
without headspace. The BOD bottles were incubated in
the dark at in situ temperature. Dissolved O2 concentrations were then measured in triplicate each day for
four days from sacrificed bottles. O2 concentration was
measured via Winkler autotitration using a Radiometer
Analytical Titralab 650 with platinum combined Ag/
AgCl reference electrode (Weinke et al. 2014).
The d18O of dissolved O2 was determined using
water from 2, 5, 8, and 11 m into which HgCl2 was
added at the time of collection (2012) or from water at
2 m that was preserved with HgCl2 at the same time
points as the BOD bottles (2013). Water was transferred from BOD bottles into pre-evacuated 200 mL
glass vessels fitted with high vacuum stopcocks
according to Emerson et al. (1991) and Roberts et al.
(2000). The vessels were stored at room temperature
for at least 4 h to allow the water and headspace to
come to equilibrium. The headspace was then introduced to an evacuated 3 mL sampling loop and then
onto a 5 m packed molecular sieve (5 Å) column
(Alltech, Inc., Deerfield, IL) using He carrier gas
within a gas chromatograph (HP-5980, Hewlett
Packard, Ramsey, MN) interfaced to an Isoprime
isotope ratio mass spectrometer (Elementar Americas,
Inc., Mount Laurel, NJ) for determination of the d18O
of O2. Analytical reproducibility of standards was
0.3%.
The oxygen isotopic enrichment factor for respiration, eobs, was determined using a Rayleigh model
from two sets of data, (1) in situ observations of d18O–
O2 by depth in 2012 and (2) four-day bottle incubations from which d18O–O2 was measured in 2013:
eobs ¼

dso  ds
lnðO2 SatÞ

ð2Þ

where and ds is the in situ d18O–O2 value or the d18O–
O2 value at a given time point in a bottle incubation,
dso is the initial d18O–O2 value, and O2Sat is the
fractional saturation of O2 (Mariotti et al. 1981;
Ostrom et al. 2014). When ln(O2Sat) is regressed
against ds, the slope is equivalent to eobs.

Rates of GPP, R, and P/R ratios in the epilimnion
were estimated using a steady-state, mass balance
model (hereafter the 18O model; Bocaniov et al. 2012):


GPP ¼


F
Zm
O2 ðag  18:16 O  ar  18:16 OÞ  O2s ðag  as  18:16 Oa  ar  18:16 OÞ

ap  18:16 Ow  ar  18:16 O

ð3Þ


R¼



F
Zm
O2 ðag  18:16 O  ap  18:16 Ow Þ  O2s ðag  as  18:16 Oa  ap  18:16 Ow Þ

ap  18:16 Ow  ar  18:16 O

ð4Þ
where Zm is the depth of the mixed layer, O2 is the
measured concentration of dissolved O2, O2s is the
concentration of O2- at atmospheric saturation, 18:16O
is the measured oxygen isotope ratio of dissolved O2,
18:16
Ow is the measured oxygen isotope ratio of H2O,
and 18:16Oa is the isotopic ratio of atmospheric oxygen
(23.5%). ag, as, ap, and ar are the fractionation factors
associated with gas transfer (0.9972), gas solubility in
water (Benson and Krause 1984), photosynthetic
reaction rates of 18O–H2O to 16O–H2O (1.000), and
respiration (1 ? eobs/1000), respectively. d18O–H2O
was determined by off-axis integrated cavity output
spectroscopy using a Los Gatos Research Liquid
Water Isotope Analyzer (Lis et al. 2008). Analytical
reproducibility of standards was 0.2%. When direct
measurements of d18O–H2O were not available, mean
values from the remainder of the sampling period were
used.
The oxygen gas transfer rate (F) was calculated
according to Wanninkhof (1992):
F ¼ kw ðCw  Ca Þ

ð5Þ

where Cw is the dissolved O2 concentration at the
surface (measured at 2 m depth) and Ca is the
calculated dissolved O2 concentration in equilibrium
with the atmosphere (Wanninkhof 1992; Walker et al.
2010). The gas transfer coefficient (kw, in m s-1) is
calculated as:


Sc 1=2
2
kw ¼ 0:31U10
ð6Þ
600
where Sc is the Schmidt number for O2 determined by
the kinematic viscosity of freshwater divided by the
diffusion coefficient of O2 (Wanninkhof 1992) and

123

308

U10 is the wind speed 10 m above the surface
determined using the measured wind speed 1 m above
the surface and the power law relationship outlined in
Walker et al. (2010). Wind speed was measured by the
MLO and averaged over the dissolved O2 residence
time in the mixed layer (2–5 days). Because buoy data
were not available on 6 May 2013, wind speed data
were obtained from instruments at the Muskegon
County Airport (8 km from MLO) and adjusted by the
roughness lengths of flat land and water (World
Meteorological Organization 2008).
Nutrient concentrations and trace gas analysis
Samples collected in 2013 were analyzed for the
concentration of nitrate ? nitrite (NO3-), ammonium
(NH4?), and soluble reactive phosphorus (SRP). All
nutrient analyses were performed according to Standard Methods (APHA 2005). SRP was analyzed
spectrophotometrically using the ascorbic acid
method, NO3- was determined colorimetrically after
cadmium reduction, and NH4? was analyzed using the
phenate method. NO3- and NH4? were analyzed using
a wet chemistry continuous flow analyzer (Skalar
Analytical B.V., Breda, The Netherlands).
Water samples for CH4 and N2O concentration
analysis were introduced by syringe injection at
atmospheric pressure into glass serum bottles that
had been flushed with He prior to sample introduction.
The water sample was equilibrated with the remaining
headspace overnight by gentle shaking. The headspace
was then analyzed by GC-ECD-FID (Shimadzu
Greenhouse Gas Analyzer GC-2014, Shimadzu Scientific Instruments, Columbia, MD) for N2O and CH4
concentration. The dissolved concentration was calculated based on the headspace equilibrium concentration (Hamilton and Ostrom 2007). Diffusive
atmospheric emissions of CH4 and N2O (F) were
calculated by Eqs. 5 and 6, substituting the measured
concentration, saturation concentration, and Schmidt
number of CH4 and N2O for those of dissolved O2.
The isotopic composition of N2O was analyzed
upon introduction of sample water into an enclosed
0.75 L glass vessel that was previously purged of
atmospheric air using a gentle flow of He. Dissolved
gases were subsequently stripped from the water by
sparging the sample with He (Sansone et al. 1997),
which carried sample gases into a Trace Gas sample
introduction system interfaced to an Isoprime isotope
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ratio mass spectrometer (Elementar Americas, Inc.,
Mount Laurel, NJ). Analytical reproducibility for
replicate samples was 0.5% for bulk d15N and d18O,
0.75% for d15Na d15Nb, and 1.3% for SP.
The microbial origin of N2O produced in Muskegon
Lake was evaluated by several approaches. First, a
Keeling plot was employed to calculate the isotopic
composition of microbially-produced N2O (end-member) by regressing the isotopic ratios of N2O versus the
inverse concentration of N2O in measured samples and
the atmospheric end-member (Pataki et al. 2003;
Yamagishi et al. 2007). Second, apparent oxygen
utilization (AOU; O2saturation - O2measured) and DN2O
(N2Omeasured - N2Osaturation) were compared to provide evidence for nitrification-fueled N2O production
(Yoshinari 1976; Nevison et al. 2003; Bange et al.
2010). Third, D18O (d18O–N2O – d18O–O2) was calculated to evaluate the relative contributions of
hydroxylamine oxidation and denitrification (Ostrom
et al. 2000).
Statistical analyses
All statistical analyses were conducted using R
statistical software (version 3.0.2). Principal component analysis was performed on 2013 data to analyze
correlation among temperature, pH, greenhouse gas
concentrations, dissolved O2, nutrient concentrations,
and chlorophyll a fluorescence (Online Resource).
Prior to principal component analysis, each variable
was standardized to equalize variance across variables. Differences in N2O isotopic composition
between the epilimnion and hypolimnion were evaluated by Welch 2-sample t tests following tests for
distribution normality and equal variance. The relationship between AOU and DN2O was evaluated by
linear regression.

Results
Muskegon Lake displays a dimictic stratification
pattern, with periods in the spring and fall of
homogenous temperature and O2 concentration
throughout the water column (Fig. 2). The summer
period is characterized by higher surface water
temperatures than in the spring and fall and low
concentrations of O2 in the hypolimnion. When the
water column is stratified, the thermocline is located
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between 6 and 8 m. A weak to strong thermocline was
present on all sampling dates except 6 June 2012, 20
September 2012, and 11 June 2013 (Fig. 3a, e). June
sampling dates coincided with wind-driven episodic
mixing events, and 20 September 2012 coincided with
the fall mixing period. O2 concentrations in the
hypolimnion during stratified periods regularly
decreased to hypoxic levels (Figs. 2, 3b, f).
Epilimnetic GPP and R rates obtained by the 18O
model ranged from 0.56–26.31 mmol O2 m-3 day-1
and 0.57–13.15 mmol O2 m-3 day-1, respectively
(Fig. 4). The lowest GPP and R rates occurred during
September 2012 and May 2013. The highest GPP rate
occurred in August of both years, and the highest R
rate occurred in August 2012 and September 2013.
P/R ranged from 0.79–2.36, with the highest ratios
occurring in August in each year and the lowest ratios
occurring during May, June, and September (Fig. 4).
The isotopic enrichment factor for respiration, eobs,
varied by over 10% within each sampling season
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(Table 1). eobs was most negative in June 2012, May
2013, and September 2013. eobs was least negative in
August of both years. The range in eobs values was less
negative in 2012 when the in situ method was used
than in 2013 when the bottle incubation was used.
NH4?, NO3-, and SRP concentrations ranged from
2.3–44.5, 163.3–373.7, and 0.8–17.5 lg L-1, respectively (Online Resource—Fig. A1). NH4?, NO3-, and
SRP concentrations were negatively correlated with
O2 concentration and chlorophyll a fluorescence (Online Resource—Fig. A2), indicating an accumulation
of nutrients in the hypolimnion.
CH4 and N2O were supersaturated in the water
column at all times (1.1–4.8 and 3700–30,000 times
atmospheric equilibration concentration, respectively). CH4 was fairly homogeneous throughout the
water column on each sampling date with the exception of a single extremely high concentration at the
lowest sampling depth in September 2012 (Fig. 3c).
Excluding this point, the highest concentrations of

a

b

c

d

Fig. 2 a, b Temperature and c, d dissolved O2 concentration
from April to November in 2012 (left panel) and 2013 (right
panel). Data were collected by the MLO sensors placed at

various depths in the water column. Hypoxia (dissolved
O2 \ 63 lM) is indicated by a dotted line
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a

b

c

d

e

f

g

h

Fig. 3 Water column profiles at the MLO in a–d 2012 and e–
h 2013. Temperature and dissolved O2 concentration were
measured continuously throughout the water column on each

sampling date. CH4 and N2O concentrations were measured at
four depths on each sampling date. Error bars represent
standard error
Table 1 eobs values in Muskegon Lake measured by the in situ
(2012) and bottle incubation (2013) methods

Fig. 4 Primary production (GPP), respiration (R), and P/R in
Muskegon Lake in 2012 and 2013. P and R rates (open and
closed symbols, respectively) were calculated according to
Bocaniov et al. (2012) on four occasions each year from May
through September. P/R ratios (bars) were calculated by
dividing P by R. The horizontal line represents P/R = 1

CH4 throughout the water column occurred in May
2013 (Fig. 3g). N2O concentrations were also high
throughout the water column in May 2013 (Fig. 3h).
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Date

eobs (%)

Method

6-Jun-12

-16.1

In situ

10-Jul-12

-7.9

In situ

28-Aug-12

-2.3

In situ
In situ

20-Sep-12

-4.1

6-May-13

-21.1

Bottle incubation

12-Aug-13

-11.3

Bottle incubation

16-Sep-13

-23.7

Bottle incubation

Hypolimnetic N2O concentration were negatively
associated with O2 concentration, displaying accumulation in the hypolimnion during hypoxic periods
(Fig. 3).
CH4 and N2O atmospheric emissions by diffusive
evasion were low yet variable throughout the majority
of sampling dates in both years with the exception of
two dates during which emissions were 10–100 times
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a

b

Fig. 5 a CH4 and N2O emissions and wind speeds for each
sampling date in 2012 and 2013 and b CH4 and N2O emissions
converted to CO2 equivalent for each date. Wind speed was
measured by the MLO. CH4 and N2O emissions were multiplied

by their radiative forcing to obtain CO2 equivalents (IPCC
2007). The vertical dashed line represents the division between
the two sampling years

higher than other sampling dates (Fig. 5a). The first
period of high emissions occurred in September 2012
during a period of strong wind, and the second
occurred in May 2013 when concentrations of both
gases were high throughout the water column. When
converted to CO2 equivalents by multiplying emissions by 298 and 25 for N2O and CH4, respectively
(IPCC 2007), the radiative forcing of CH4 emission
was 2.1–22.9 times that of N2O (Fig. 5b).

The isotopic composition of N2O (mean ± SD) in
the epilimnion and mixed water column (d15N:
4.5 ± 0.7%, d18O: 50.1 ± 1.9%, SP: 20.0 ± 2.4%)
and hypolimnion (d15N: 0.0 ± 0.3%, d18O:
54.3 ± 0.9%, SP: 23.1 ± 1.8%) were distinct
(Table 2). Relative to the epilimnion and mixed water
column, Welch 2 sample t tests indicated that
hypolimnetic d15N–N2O values were significantly
lower (t = 15.02, df = 9.9, p \ 0.0001), d18O–N2O
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Table 2 Isotopic composition of N2O in the troposphere (Yoshida and Toyoda 2000), epilimnion/mixed water column in Muskegon
Lake, and hypolimnion of Muskegon Lake
Date

Depth
(m)

O2
(lM)

N2O (nM)

Tropospheric N2O

d18O–N2O
(%)

d15N–N2O
(%)

43.7 ± 0.9

7.0 ± 0.6

d18Na–N2O
(%)

d18Nb–N2O
(%)

N2O SP
(%)
18.7 ± 2.2

Epilimnion/mixed water column
11-Jun-13

2

281

10.96

47.9

5.4

14.4

-3.7

18.1

11-Jun-13

5

259

11.47

48.6

4.8

12.7

-3.1

15.8

11-Jun-13

10.25

188

13.05

51.3

3.5

13.8

-6.7

20.6

12-Aug-13

2

317

10.61

48.4

5.1

14.8

-4.6

19.4

12-Aug-13

5

297

13.09

50.3

4.5

16.4

-7.4

23.8

14-Aug-13

2

264

13.11

53.6

5.2

16.2

-5.9

22.0

14-Aug-13

5

262

10.47

49.7

4.1

14.1

-5.9

20.0

16-Sep-13

8

Mean
SD

209

11.42

51.0

3.4

13.5

-6.7

20.2

260
43

11.77
1.14

50.1
1.9

4.5
0.7

14.5
1.3

-5.5
1.5

20.0
2.4

146

22.10

54.9

-0.1

11.0

-12.6

25.0

Hypolimnion
12-Aug-13

8

14-Aug-13

10.25

42

29.80

54.7

-0.4

11.2

-11.9

23.1

15-Aug-13

8

99

20.09

55.2

0.3

12.1

-11.5

23.6

15-Aug-13

10.25

57

29.91

53.4

-0.3

11.5

-12.1

23.6

16-Sep-13

10.25

53

27.66

53.4

0.2

10.2

-9.8

20.0

Mean

79

25.91

54.3

0.0

11.2

-11.6

23.1

SD

43

4.54

0.9

0.3

0.7

1.0

values were significantly higher (t = -5.5, df = 10.4,
p \ 0.0001), and SP values were significantly higher
(t = -2.59, df = 10.3, p \ 0.01). The d15N, d18O,
and SP of microbially-produced N2O in Muskegon
Lake, determined by the y-intercepts of the Keeling
plot, were -3.2, 58.8, and 25.4%, respectively
(Fig. 6). AOU was positively correlated with DN2O
(Online Resource—Fig. A3; linear regression,
R2 = 0.58, t = 6.97, df = 35, p \ 0.0001). The mean
D18O value for N2O was 22.1 ± 6.0%.

Discussion
Hypoxia development and ecosystem metabolism
Hypoxia is a consequence of extensive nutrient
loading, requires the development of stratification,
and is predominant in lakes with shallow hypolimnia.
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In Muskegon Lake, hypoxia was first documented
during a period of extensive nutrient loading the late
1970s (Freedman et al. 1979), but hypoxia may be a
natural phenomenon in this system. The water column
is stratified from June through September or October,
but episodic intrusion of oxygenated Lake Michigan
water during westerly seiches is demonstrated by
increases in hypolimnetic O2 concentrations by as
much as 150 lM on daily to weekly timescales
(Fig. 2; B. Biddanda, A. Weinke, S. Kendall, and D.
Koopmans, personal communication). The observed
decline of hypolimnetic temperature from the onset of
stratification to early August, an unusual trend in
stratified systems, provides additional evidence of
upwelling-induced intrusion of cold Lake Michigan
water into Muskegon Lake. Following such hypolimnetic oxygenation events, O2 concentrations decline
rapidly (often within 12 h) to hypoxic conditions
(Fig. 2). Thus, hypoxia exhibits resilience in
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Fig. 6 Linear regression of SP, d18O, and d15N of measured
N2O with the inverse concentration of N2O at each sampling
point. In situ N2O concentrations and isotopic values are plotted
with the atmospheric N2O concentration and isotopic composition (rightmost value; Yoshida and Toyoda 2000). The
isotopic composition of microbially produced N2O is represented as the y-intercept value (Yamagishi et al. 2007)

Muskegon Lake despite a short hydraulic residence
time and evidence of the episodic intrusion of cold,
oxic water. The persistence of hypoxia in Muskegon
Lake points to a strong driving factor for O2
consumption in the hypolimnion.
The balance of GPP and R and its seasonal variation
provides insight into the development of hypoxia.
Although rates of GPP and R are lower than many
hypoxic systems (Ostrom et al. 2005; Bocaniov et al.
2012), observations of P/R in Muskegon Lake suggest
there is sufficient excess primary production to fuel
hypolimnetic respiration and hypoxia development.
P/R in the epilimnion was C1 throughout the majority
of the sampling period (Fig. 4), demonstrating net
autotrophy during the growing season between May
and September. Two earlier studies of pelagic
metabolism in Muskegon Lake similarly demonstrated
a consistent trend of P/R [ 1 during this time period as
well (Weinke et al. 2014; Dila and Biddanda 2015). In
particular, GPP was two-fold higher than R in August
of both sampling years (2.00 and 2.36 in 2012 and
2013, respectively). A portion of this surplus production from the epilimnion likely sinks into the
hypolimnion and fuels water column or sediment
respiration in subsequent days to years. Thus, despite
evidence of episodic intrusion of oxic water into the
hypolimnion, high P/R values indicate a supply of
organic matter that reaches the hypolimnion to fuel
strong O2 consumption and persistent hypoxia.
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While water column respiration has been demonstrated as the primary driver of hypoxia in systems
such as Lake Erie and the Gulf of Mexico (Conroy
et al. 2011; McCarthy et al. 2013; Ostrom et al. 2014),
respiration in organic matter-rich sediments can
enable hypoxia to establish at more moderate nutrient
loading than would be expected (Turner et al. 2008). A
combination of water column and sediment respiration
thus likely fuels hypoxia establishment and resilience
in Muskegon Lake. While water quality indicators
have neared or exceeded remedial action plan targets
for reducing eutrophication (Michigan DEQ 2011),
summer hypoxic conditions have persisted and will
likely persist for many years. Two potential explanations are that (1) remediation of eutrophication in
Muskegon Lake is insufficient to reduce hypoxia or (2)
hypoxia is a natural feature of this system.
Seasonal variation in eobs
The magnitude of isotopic fractionation of O2 during
respiration, eobs, is generally assumed to be a constant,
but substantial variation has been observed in this
study and other estuarine and coastal marine ecosystems (Quiñones-Rivera et al. 2007; Lehman et al. 2009;
Fry and Boyd 2010; Ostrom et al. 2014). Isotopic
fractionation during respiration takes place when O2 is
consumed by oxidative respiratory enzymes such as
cytochrome oxidase (Feldman et al. 1959). If diffusion
limits the supply of O2 to the respiratory enzyme, then
the expression of isotopic fractionation by the enzyme
is reduced (Ostrom et al. 2014). For instance, isotopic
discrimination approaching 0% has been observed for
respiration in sediments where diffusion is expected to
be slow, limiting the movement of O2 into the cell
(Brandes and Devol 1997). In contrast, isotopic
discrimination in the water column is generally quite
large and assumed to be constant (e.g., -21.2%),
because diffusion is not expected to limit the supply of
O2 to the respiratory enzyme (Quiñones-Rivera et al.
2007; Fry and Boyd 2010). In Muskegon Lake, eobs was
evaluated by two approaches: bottle incubation and the
in situ method. eobs values obtained by bottle incubation reflect only water column respiration, whereas eobs
values obtained by the in situ method reflect both water
column and sediment respiration. Indeed, the eobs
values obtained from the in situ method were less
negative than those obtained from the bottle incubation
method (Table 1), likely reflecting a greater influence
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of sediment respiration on the eobs values than in the
bottle method. Nonetheless, values for eobs obtained by
the bottle incubation method varied by over 10%, even
in the absence of sediment respiration and were least
negative during the summer stratified period in
Muskegon Lake. This is in agreement with Ostrom
et al. (2014), who proposed that eobs in the water
column might in fact approach 0% when R rates are
high and that eobs may correlate with rates of total
respiration beneath the thermocline (water column and
sediment respiration). Low eobs values in August are
thus indicative of high R, supported by the highest
water column R observed at this time in 2012 (Fig. 4).
The observation of marked seasonal variation in
eobs indicates that eobs in the water column should not
be assumed to be constant, as is often the case. For
example, if an eobs value of -21.2% had been
incorporated into the 18O model rather than the
measured value of -11.3% in August 2013, the
GPP and R rates for Muskegon Lake would have been
overestimated by factors of 2.0 and 3.3, respectively.
Further, the subsequent calculation of P/R would have
yielded a value of 1.41 rather than 2.36. Accurate
assessments of ecosystem metabolism by models that
utilize eobs thus require that variation in eobs be
incorporated into P/R models.
Greenhouse gas concentrations and emissions
On a global basis, freshwater ecosystems support a
variety of microbial processes that emit CH4 and N2O,
important greenhouse gases (IPCC 2007). Fluxes of
greenhouse gases arising from the lower water column
and sediments vary as a function of wind mixing and
with the development and deterioration of thermal
stratification (e.g., Fallon et al. 1980). In many systems,
CH4 accumulates in anoxic waters beneath the thermocline as a result of anaerobic methanogenesis in both the
water column and sediments (Bastviken et al. 2004).
This suggests that O2 and CH4 should be negatively
correlated. Contrary to observations in other temperate
dimictic lakes (Fallon et al. 1980; Striegl and Michmerhuizen 1998), profiles of CH4 in Muskegon Lake
revealed no apparent connection between hypoxic
conditions and high CH4 concentrations (Fig. 3). With
the exception of one date that occurred during a
seasonal mixing event near the sediment–water interface (20 September 2012), accumulation of CH4 within
the hypolimnion was not observed in Muskegon Lake.
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This lack of hypolimnetic accumulation could relate to
low CH4 production, elevated oxidation of CH4, or
evolution of CH4 to upper water column and atmosphere (Fallon et al. 1980; Striegl and Michmerhuizen
1998; Huttunen et al. 2006).
Despite the lack of hypolimnetic accumulation,
diffusive CH4 emissions from Muskegon Lake were
comparable in magnitude and range to those in other
lakes of similar size (Bastviken et al. 2004; OrtizLlorente and Alvarez-Cobelas 2012). Owing to strong
winds and high epilimnetic concentrations, high
emissions of CH4 were observed in September 2012
and May 2013 (Figs. 3c, g, 5a). While CH4 emissions
were measured at a single location in Muskegon Lake
and thus provide limited ability to extrapolate to the
lake as a whole, our results indicate that sampling on a
seasonal basis is important to capture variability in
CH4 emissions from lakes.
In contrast to CH4, hypolimnetic production of N2O
was evident by a negative correlation between N2O and
O2 (Online Resource—Fig. A2), indicating that periods of hypoxia and water column turnover could be
strong regulators of N2O emissions from this system.
Indeed, N2O was markedly supersaturated in the
hypoxic hypolimnion, potentially setting the stage for
high emissions to the atmosphere during periods of
water column turnover. Diffusive emissions of N2O
measured at the MLO were lowest during stratified
periods and highest during the development or breakdown of stratification. Periods of exceptionally high
emissions, up to two orders of magnitude greater than
those during the stratified period, are among the highest
reported for natural lakes (Lemon and Lemon 1981;
Huttunen et al. 2003; Wang et al. 2006; Whitfield et al.
2011; Miettinen et al. 2015; Yang et al. 2015). In fact,
only one study has reported higher atmospheric fluxes
of N2O than those observed in Muskegon Lake (Wang
et al. 2006). While limited spatial sampling restricts the
ability to evaluate the absolute N2O emissions from
Muskegon Lake, our results illustrate wide variation in
N2O fluxes on seasonal time scales. Total annual fluxes
may thus be dominated by a few brief periods of high
emissions during mixing events following hypolimnetic accumulation (Fig. 5a), emphasizing the importance of temporal sampling to capture important
periods of N2O emissions from lakes.
When diffusive emissions of CH4 and N2O are
converted into CO2 equivalents (IPCC 2007), the
radiative forcing of CH4 always exceeded that of N2O
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in Muskegon Lake (Fig. 5b). However, the radiative
forcing of N2O in this study closely approached that of
CH4 on several occasions, indicating that N2O is an
important contributor to total greenhouse gas emissions from this environment. Nonetheless, the number
of publications reporting lacustrine CH4 emissions is
over six-fold greater than those reporting N2O emissions (Whitfield et al. 2011; Ortiz-Llorente and
Alvarez-Cobelas 2012), reflecting a need for greater
attention to N2O in studies that measure greenhouse
gas emissions.
Determination of microbial origin of N2O
The marked differences in the d15N, d18O, and SP of
N2O between epilimnetic/mixed water column samples
and hypolimnetic samples point to distinct sources,
namely atmospheric exchange and microbial N2O
production, respectively (Table 2). It is therefore
expected that the isotope composition of N2O samples
collected from Muskegon Lake reflects a mixture
between atmospheric and microbially derived N2O,
with microbial production stimulated by hypoxic
conditions in the hypolimnion (Goreau et al. 1980;
Knowles 1982). Treating the atmospheric isotopic
composition (Table 2; Yoshida and Toyoda 2000) and
the microbial isotopic N2O composition (unknown) as
isotopic end members in Muskegon Lake, regressing
the isotopic composition of measured N2O by the
inverse N2O concentration yields the isotope composition of microbially-produced N2O as the y-intercept
(Fig. 6; Pataki et al. 2003; Yamagishi et al. 2007).
While d15N–N2O (-3.2%) and d18O–N2O (58.8%)
values obtained from the mixing model are heavily
dependent on the isotopic composition of source
material, SP (25.4%) has been shown to be a conservative tracer, enabling the distinction of production
from hydroxylamine oxidation (nitrification) from that
by denitrification (Ostrom and Ostrom 2011). SP was
therefore used as the primary indicator of the microbial
N2O production mechanism in this study. When SP
values of 33 and -10 to 0% are considered as endmembers for N2O production via hydroxylamine
oxidation and denitrification, respectively (Sutka et al.
2006; Frame and Casciotti 2010), the observed SP of
25.4% indicates that 77–82% of in situ production of
N2O is derived from hydroxylamine oxidation.
Because reduction of N2O by denitrification is
likely under low-oxygen conditions and has a marked
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fractionation effect on its isotopic composition (Popp
et al. 2002; Westley et al. 2006; Ostrom et al. 2007;
Yamagishi et al. 2007), reduction must be considered
as a possible influence on SP in Muskegon Lake that
may bias interpretations of microbial sources. If
substantial reduction occurs, d15N and d18O values
of N2O tend to positively correlate because the
conversion of N2O to N2 preferentially leaves 15N
and 18O in the residual N2O. Similarly, N2O reduction
results in elevated SP values in the residual N2O pool
because the isotopic discrimination is more pronounced in the a than the b position (Westley et al.
2006). However, a negative correlation was found
between d15N–N2O and d18O–N2O in Muskegon Lake
(Online Resource—Fig. A4a; linear regression,
R2 = 0.68, t = 4.87, df = 11, p \ 0.001), which
suggests that N2O reduction is not an important
process. Moreover, while the d18O–N2O and SP values
were positively correlated, the observed slope of 0.78
differed substantially from the expected slope of 0.45
arising from the fractionation of N2O during reduction
(Online Resource—Fig. A4b) (Ostrom et al. 2007;
Opdyke et al. 2009). Therefore, we conclude on the
basis of stable isotopic indicators that N2O reduction
was not important in removing N2O from Muskegon
Lake, supporting our interpretation of hydroxylamine
oxidation as the predominant N2O production pathway
on the basis of SP. Further, while it has been posited
that lakes may act as sinks for N2O under anoxic
conditions (Lemon and Lemon 1981; Beaulieu et al.
2014, 2015), N2O reduction was not demonstrated as
an appreciable pathway in Muskegon Lake. A potential explanation for the absence of appreciable N2O
reduction is the evidence of intrusion of oxic water
into the hypolimnion; although hypoxia reestablishes
quickly in this system, complete anoxia does not
develop for long periods, which could inhibit the
complete reduction of N2O by denitrification.
Stoichiometric relationships can also be examined
to determine N2O production pathways. A positive
relationship between AOU and DN2O has been
attributed to N2O production by nitrification, as AOU
is a tracer of organic matter remineralization that
produces the substrates for nitrification (Yoshinari
1976; Nevison et al. 2003; Bange et al. 2010). Indeed,
AOU was positively correlated with DN2O, and NO3and NH4? concentrations increased in the hypolimnion
throughout the stratified period (Online Resource—
Figs. A1, A2), providing a further indication that
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nitrification is the primary N2O production mechanism
under hypoxic conditions in Muskegon Lake.
Additional insight into the microbial origin of N2O
can be provided by its d18O composition. The
oxidation of NH4? to hydroxylamine incorporates an
initial oxygen atom from O2, and further oxidation to
NO3- derives oxygen from H2O (Dua et al. 1979;
Hollocher et al. 1981; Andersson and Hooper 1983;
Kumar et al. 1983). N2O production by hydroxylamine
oxidation therefore reflects the isotopic composition
of O2, whereas denitrification produces N2O with a
d18O value influenced both by O2 and H2O. Given that
O2 is generally enriched in 18O by at least 23.5%
relative to H2O, D18O values are high when hydroxylamine oxidation dominates and are lower when
denitrification dominates. For example, Ostrom et al.
(2000) observed a shift in D18O values from approximately 23% at the surface to approximately 13% at
300 m depth in the Pacific Ocean that was interpreted
as a transition in N2O production from hydroxylamine
oxidation to denitrification. Similarly, Muskegon Lake
D18O values (22.1 ± 6.0%) are consistent with production via hydroxylamine oxidation.
The microbial origin of N2O from hydroxylamine
oxidation was confirmed by multiple lines of isotopic
and stoichiometric evidence, demonstrating that
Muskegon Lake is as a nitrification-driven source of
N2O to the atmosphere. Previous studies have shown
that denitrification can dominate N2O production in
some eutrophic lakes (Lemon and Lemon 1981; Wang
et al. 2006) and that increased availability of organic
carbon and nutrients has the capacity to stimulate
denitrification (Taylor and Townsend 2010). Further,
Beaulieu et al. (2014, 2015) have demonstrated that
reservoirs have the capacity to alternate between a
source and a sink of N2O depending on the degree of
hypolimnetic anoxia and the timing of water column
turnover. Our results conversely indicate the capacity
for ample supplies of organic matter and nutrients to
fuel N2O production via denitrification lakes is not
ubiquitous. Together, this body of work demonstrates
that N2O dynamics in lakes are more complicated than
previously thought, and constraining the role of lakes
in the global N2O budget will entail (1) distinguishing
between nitrification and denitrification pathways of
N2O production, (2) evaluating N2O reduction as a
potential sink for N2O, and (3) investigating water
column turnover events as opportunities for brief yet
intense periods of N2O emissions.
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Conclusion
Hypoxia persists in Muskegon Lake despite episodic
intrusions of oxic water from Lake Michigan into the
hypolimnion. We demonstrate net autotrophy in the
epilimnion and substantial variation in eobs in late
summer, consistent with delivery of autotrophic
material to the hypolimnion followed by high rates
of respiration. The presence of hypoxia in Muskegon
Lake not only supports N2O production via nitrification but also results in exceptionally high N2O
emissions to the atmosphere, among the highest
reported from lakes, during seasonal water column
mixing events. A complete understanding of the
impact of hypoxic lakes on the global greenhouse
budget will rely on quantification of atmospheric
fluxes, particularly during seasonal transitions in
stratification. This study adds to the emerging narrative of inland waters as sources of globally significant
greenhouse gas emissions to the atmosphere.
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