Science of the Total Environment 636 (2018) 610-620

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science orre
Total Environment

Metalimnetic oxygen minima alter the vertical profiles of carbon dioxide L))

and methane in a managed freshwater reservoir

Check for
updates

Ryan P. McClure ®*, Kathleen D. Hamre ?, B.R. Niederlehner ?, Zackary W. Munger °, Shengyang Chen €,
Mary E. Lofton ¢, Madeline E. Schreiber ®, Cayelan C. Carey ?
@ Department of Biological Sciences, Virginia Tech, Blacksburg, VA 24061, USA

b Department of Geosciences, Virginia Tech, Blacksburg, VA 24061, USA
€ School of Civil Engineering, University of Sydney, Sydney, NSW 2006, Australia

HIGHLIGHTS

Metalimnetic oxygen minimum zones
(MOMs) commonly develop in fresh-
water reservoirs.

Dissolved greenhouse gases and emis-
sions were monitored in a reservoir
with MOMs.

MOMs altered the seasonal profiles of
CH,4 and CO, in the water column.
Methane (CH4) accumulated in the
MOM:s that developed both monitoring
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Evaluation of MOMs on GHGs is critical
as reservoir construction increases.
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ABSTRACT

Metalimnetic oxygen minimum zones (MOMs) commonly develop during the summer stratified period in fresh-
water reservoirs because of both natural processes and water quality management. While several previous stud-
ies have examined the causes of MOMs, much less is known about their effects, especially on reservoir
biogeochemistry. MOMs create distinct redox gradients in the water column which may alter the magnitude
and vertical distribution of dissolved methane (CH,) and carbon dioxide (CO,). The vertical distribution and dif-
fusive efflux of CH4 and CO, was monitored for two consecutive open-water seasons in a eutrophic reservoir that
develops MOM:s as a result of the operation of water quality engineering systems. During both summers, elevated
concentrations of CH,4 accumulated within the anoxic MOM, reaching a maximum of 120 pM, and elevated con-
centrations of CO, accumulated in the oxic hypolimnion, reaching a maximum of 780 pM. Interestingly, the larg-
est observed diffusive CH, effluxes occurred before fall turnover in both years, while peak diffusive CO, effluxes
occurred both before and during turnover. Our data indicate that MOM s can substantially change the vertical dis-
tribution of CH4 and CO, in the water column in reservoirs, resulting in the accumulation of CH,4 in the
metalimnion (vs. at the sediments) and CO, in the hypolimnion.
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1. Introduction

Human-made reservoirs are major contributors of diffusive carbon
dioxide (CO,) and methane (CH,) effluxes to the atmosphere
(Deemer et al., 2016). Despite their small global surface area relative
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to naturally-formed lakes (Downing et al., 2006), reservoirs may con-
tribute up to 36.8 Tg CO, yr~ ! and 13.3 Tg CH,4 yr ! to the atmosphere,
representing approximately 1.3% of gross anthropogenic CO, equivalent
emissions (Deemer et al., 2016). Reservoir construction is increasing
globally to satisfy the demands for renewable energy, agriculture, and
drinking water (Zarfl et al., 2015); thus, determining the factors that
control the magnitude of diffusive CO, and CH,4 efflux from reservoirs
is critical for constraining the global carbon (C) budget (Cole et al.,
2007; Tranvik et al., 2009).

Reservoir CO, and CH4 dynamics are controlled in part by dissolved
oxygen (DO) concentrations in the water column and at the sediments.
Many reservoirs exhibit anoxic hypolimnia (DO concentrations
<0.5 mg L™') that accumulate high concentrations of CH4 during the
summer stratified period. As a result, peak diffusive CH,4 efflux in these
reservoirs generally occurs on the day of fall turnover when the CH, in
the anoxic hypolimnion reaches the upper mixed layer (e.g., Musenze
et al., 2014; Rasilo et al., 2015). As CH, diffuses upward through the
water column to the surface during turnover, most of it will be oxidized
to CO, upon contact with oxic waters, resulting in peak CO, diffusive ef-
flux rates during turnover as well (Bastviken et al., 2004).

In contrast to reservoirs that develop anoxic hypolimnia, some reser-
voirs instead develop metalimnetic oxygen minima (MOMs), or zones
of depleted DO in the middle of the water column (Thornton et al.,
1990), which may affect CH4 and CO, vertical profiles. In a review of
the literature, we identified 40 reservoirs in which MOMs were reported
(Appendix 1, Table I), or a MOM was observed in a figure but not re-
ported explicitly in the text (Appendix 2, Table I). Many of these reser-
voirs developed MOMs during the stratified period and were managed
with engineered systems used to improve water quality. An analysis
of the morphometric characteristics of these reservoirs suggests that
MOMs can form in a wide range of varying-sized reservoirs (Table 1).

MOM:s can form in reservoirs due to both natural processes and
human management. Several natural processes were identified as
drivers of MOMs in the literature review, including the lateral entrain-
ment of low-oxygen or nutrient and organic-rich water from inflows
that stimulates microbial respiration in the metalimnion (Effler et al.,
1998; Joehnk and Umlauf, 2001; Shapiro, 1960; Bolke, 1979); and set-
tling of organic matter from the surface that slows at the thermocline
and is consumed, subsequently depleting DO (Kreling et al., 2017;
Thornton et al., 1990). In addition to natural processes, water that is
discharged from a reservoir's dam at a depth that corresponds with
the thermocline can exacerbate the development of a MOM in reser-
voirs by increasing the internal flows that entrain upstream nutrients
toward the intake (Williams, 2007).

Water quality management systems that are commonly deployed in
reservoirs, such as hypolimnetic oxygenation (HOx) and epilimnetic
mixing (EM) systems, also promote the development of MOMs
(Gerling et al., 2014; Chen et al., 2017, 2018). HOx systems can result
in MOMs when laterally-entrained low-oxygen water depletes DO con-
ditions in the metalimnion (Chen et al., 2017, 2018), and the hypolim-
nion is successfully oxygenated due to HOx operation (reviewed by
Gerling et al.,, 2014). HOx systems can also generate a MOM if they are
unable to oxygenate the entire hypolimnion, leaving low DO water
just below the thermocline (e.g., Gerling et al., 2014). Similarly, opera-
tion of EM systems can increase the lateral entrainment of nutrient-

Table 1

rich turbid water from shallow upstream regions to the reservoir's
metalimnion in the lacustrine zone (Munger et al., 2016; Chen et al.,
2017,2018).

The development of MOMs may create redox gradients within the
water column that affect the vertical distribution of CO, and CHy4 in
the water column and the magnitude and timing of diffusive efflux.
For example, if a MOM becomes anoxic, it may accumulate elevated
concentrations of CH4 in the middle of the water column instead of
the hypolimnion. Moreover, MOMs may also alter the timing of peak
CH,4 and CO, emissions. If CH, is present in a MOM, deeper mixing
into the water column due to storms or other disturbances could entrain
low-oxygen metalimnetic water to the surface, thereby resulting in in-
creased CH, and CO, diffusive effluxes before turnover.

We conducted a whole-reservoir monitoring study to examine how
MOM:s in reservoirs affect CHy and CO, water column concentrations
and diffusive CH4 and CO, emissions during two consecutive summers.
MOMs were developed by operating a HOx and EM system in a eutro-
phic drinking water reservoir that has previously exhibited MOMs
(Chenetal., 2017; Gerling et al., 2014, 2016; Munger et al., 2016) during
the open-water seasons of 2015 and 2016. The EM system was operated
independently from the HOx to stimulate lateral entrainment of nutri-
ents from upstream and to further promote the development of the
MOM (following Chen et al., 2018). HOx and EM systems are increas-
ingly being used to suppress hypolimnetic anoxia and algae blooms in
lakes and reservoirs globally (Chen et al., 2017; Liboriussen et al.,
2009; Singleton et al., 2010; Beutel and Horne, 1999); however, to our
knowledge there are no studies that specifically investigate the effects
of HOx and EM operation on MOMs and their consequences for green-
house gas (GHG) dynamics.

Throughout the whole-reservoir monitoring study, we measured
the effects of the MOMs on the vertical profiles of CO, and CH, in the
water column and diffusive CH4 and CO, effluxes. We predicted that
CH4 would accumulate in the MOM after it had become anoxic, in com-
parison to CO,, which would accumulate in the oxygenated hypolim-
nion because of HOx operation and increased aerobic respiration rates
at the sediments. We also predicted that any CH,4 that accumulated in
the MOM would result in increased CH, diffusive effluxes if strong
winds or mixing events occurred during summer stratified conditions,
decoupling the timing of peak diffusive effluxes from fall turnover. In
contrast, CO, diffusive efflux was predicted to peak during turnover be-
cause CO, accumulated in the hypolimnion would not be able to reach
the upper mixed layer until the entire water column mixed at the end
of the summer stratified period (following Vachon and del Giorgio,
2014).

2. Materials and methods

2.1.1. Site descriptions

The whole-reservoir manipulations to generate and monitor MOMs
were conducted in Falling Creek Reservoir (FCR). FCR is a small (surface
area = 0.119 km?), shallow (Zmax = 9.3 M, Zmean = 4.0 m), eutrophic,
drinking water reservoir located in Vinton, Virginia, USA (37.30°N,
79.84°W) (Fig. 1). The reservoir was constructed in 1898 and is
owned by the Western Virginia Water Authority (WVWA) and has
one primary inflow stream from an upstream reservoir that contributes

Summary statistics of morphometric characteristics of reservoirs that have reported or observed but not explicitly reported MOMs. S.E. refers to standard error of the mean; S.D. refers to

standard deviation of the mean.

Volume (km?) Maximum depth (m) Minimum depth (m)

Surface area (km?) Perimeter (km) Catchment area (km?) Elevation (m)

Mean 3.2 73 34
Median 0.7 58 25
Minimum 0.01 9.0 3
Maximum 37 200 210
S.E. mean 13 9.3 74

S.D. mean 7.5 50 38

85 370 32,000 540
44 240 4000 340
0.4 4.0 7.0 27
650 3800 420,000 2300
25 120 14,000 98
140 670 85,000 560
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Fig. 1. Bathymetry map of FCR and the five reservoir sampling sites. All water chemistry
data were collected at the primary sampling site (red dot) and additional dissolved
oxygen and temperature profiles were collected at upstream sites (yellow dots). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

the majority of the water into the reservoir (Gerling et al., 2016). FCR is a
dimictic reservoir and is thermally stratified generally between April to
October (Gerling et al., 2016; Munger et al., 2016).

2.1.2. Hypolimnetic oxygenation (HOx) and epilimnetic mixing (EM)
systems

In 2012, the WVWA deployed a side stream supersaturation HOx
system and a bubble plume EM system in FCR to improve the water
quality (Gerling et al., 2016, 2014; Munger et al., 2016). The HOx in-
creases DO concentrations just above the sediments in the hypolimnion
by pumping hypolimnetic water onshore to an oxygen saturation cham-
ber, where 95% pure oxygen gas is dissolved into the water. The super-
saturated water is pumped back into the hypolimnion at the same
depth from where it was extracted and is mixed throughout the entire
hypolimnion while not disrupting thermal stratification or water tem-
perature (Gerling et al., 2014). The well-oxygenated hypolimnion due
to HOx operation prevents the release of reduced metals and nutrients
from the sediments (Gerling et al., 2014; Munger et al.,, 2016). The EM
injects bubbled air into the epilimnion and upper metalimnion of FCR
to mix the surface waters and decrease cyanobacterial blooms (Chen
et al.,, 2017, 2018). When the EM is deactivated, operation of the HOX
strengthens the thermocline and thermal stratification of the reservoir,
generating suitable conditions for organic carbon decomposition and
the entrainment of inflowing low DO water from the sediments to

create MOM:s at the thermocline. The HOx is generally activated through
the entire summer stratified period in FCR, while the EM is only acti-
vated intermittently as needed.

MOMs have formed in FCR in all summers during the operation of
both engineered systems (Chen et al., 2017; Gerling et al., 2016, 2014;
Munger et al., 2016). The HOx and EM can be operated independently
to develop MOM:s in FCR, which allowed us to examine the CO, and
CH4 dynamics in the presence of MOMs in the reservoir. For a detailed
description of the HOx system, refer to Gerling et al. (2014), and for a
detailed description of the EM system, refer to Chen et al. (2018).

2.1.3. HOx and EM operation

The HOx and EM were operated to create MOMs in FCR throughout
the monitoring periods of 2015 and 2016 (Table 2) in collaboration with
the WVWA. The HOx was activated each spring when DO reached ~50%
saturation at the sediments and was operated almost continuously until
one month after turnover. The EM was activated both summers using
short aeration pulses to mix the epilimnion and upper metalimnion to
stimulate the lateral entrainment of upstream organic nutrients into
the pelagic zone of FCR. The engineered systems' operation allowed us
to create distinct MOMSs and strong redox gradients in the water column
during the monitoring period.

The HOx system was operated throughout both summer stratified
periods to develop MOM:s for studying water column CO, and CH,4 dy-
namics. The oxygen addition rate to the hypolimnion in all the activa-
tion periods varied between 12.5 and 20 kg d ™!, with a recycled flow
rate during oxygenation periods of 227 L min—"' (Table 2). At this flow
rate, the total hypolimnetic volume was circulated through the HOx
every 20-30 days. In 2015, from 5 May to 20 November, the HOx was
activated to maintain suitable conditions for water treatment, except
for a one-week interval in June and a 1.5 h interval on 28 July
(Table 2). In 2016, the HOx was operated from 18 April through 11 No-
vember, and the oxygen addition rate also varied between 12.5 and
20 kg 0, d™!, with the same recycled flow rate as 2015 (227 L min™;
Table 2). The HOx remained activated throughout the entire stratifica-
tion period in 2016.

2.14. Field and laboratory data collection

We monitored the physical and chemical conditions in FCR to deter-
mine how CO, and CH4 dynamics responded to the presence of MOMs.
Depth profiles for temperature and DO concentrations were measured
using a SBE 19 plus CTD profiler (Seabird Electronics, Bellevue, WA,
USA) coupled with a SBE 43 DO sensor. The CTD and SBE 43 sensors
were calibrated to the manufacturer's specifications at Seabird Electron-
ics annually before each monitoring season. CTD profiles were collected
at the deep hole and four upstream sites (Fig. 1) to compare conditions
along the reservoir continuum. Temperature profiles were used to

Table 2

Schedule and magnitude of oxygen and air addition from the hypolimnetic oxygenation
system (HOx) and epilimnetic mixer (EM) during the monitoring periods in 2015 and
2016. Dates not listed below were days when both the HOx and the EM were not in use.

Dates of activation 0, addition rate (kg  Air addition rate (kg

d—") d—")
5May - 1 June 2015 (HOx) 15 0
1 June 2015 (3 h) (EM) 0 1.02 x 10°
3 June 2015 (4 h) (EM) 0 1.02 x 10°
8 June - 23 June 2015 (HOx) 12.5 0
22-24 June 2015 (48 h) (EM) 12.5 4.07 x 10°
23 June - 27 July 2015 (HOx) 20 0
28 July - 8 August 2015 (HOx) 15 0
8 August - 20 November 2015 20 0
(HOx)
18 April - 11 November 2016 (HOx) 15-20 0
25 May 2016 (6 h) (EM) 0 1.02 x 10°
27 June - 28 June (24 h) 2016 (EM) 0 44 x10°
25 July - 27 July (48 h) 2016 (EM) O 2.05 x 10°-1.02 x
106




R.P. McClure et al. / Science of the Total Environment 636 (2018) 610-620 613

calculate thermocline depths and the depths of the top and bottom of
the metalimnion for each sample date using rLakeAnalyzer (Read
et al., 2011), a package in the R statistical environment (R Core Team,
2016). Fall turnover was determined as the day that the temperature
at 1 m equaled the temperature at 8 m using observations collected
every 15 min throughout the monitoring period by two optical INW
D02 DO sondes (Seametrics, South Kent, WA, USA).

From March through November in both years, we measured weekly
depth profiles of CH4 and CO, concentrations in the water column.
Water samples were collected with a 4-L Van Dorn sampler (Wildlife
Supply Co., Yulee, FL, USA) at seven depths (0.1, 1.6, 3.8, 5.0, 6.2, 8.0,
and 9.0 m) at the deepest site in the reservoir. Water samples for CHy
and CO, analysis were transferred from the Van Dorn sampler into rep-
licate 20-mL serum vials using gravity flow through a tube, overflowing
the vials. The vials were immediately capped without headspace and
kept on ice until analysis within 24 h. Volume-weighted CH4 and CO,
concentrations were calculated by summing each greenhouse gas
depth concentration multiplied by the volume of its corresponding
layer from the bathymetry map (Fig. 1) and then dividing this value
by the total volume in the water column.

Standard methods from the U.S. EPA method RSKSOP-175 (Hudson,
2004) were adapted to generate headspace in the samples and deter-
mine the dissolved concentrations of CO, and CHy4 in the water column.
At the time of analysis, a 2-mL helium (He) headspace was created by
displacing 2-ml of water with He in a closed system using two syringes
simultaneously. The 2-mL headspace was equilibrated with the water
sample by shaking the 20-mL serum vials at 300 rpm for 15 min at
room temperature. After the samples were equilibrated, the 2-mL head-
space in the sample vials were injected into a gas chromatograph (GC;
SRI, model 8010) equipped with a flame ionization detector (FID) and
thermal conductivity detector (TCD). The oven temperature in the GC
was 35 °C and the carrier gas used for the separation was He with a
flow rate of 15 mL min~—". The retention times for CH, on FID and CO,
on TCD were 1.3 and 2.8 min, respectively. Dissolved CO, and CH4 con-
centrations in the water were back-calculated from the observed head-
space concentrations using Henry's law (Sander, 2015). The median
relative percent difference between replicate determinations of dis-
solved concentrations was 8.3 and 11.2% for CH4 and CO,, respectively.

2.1.5. CO, and CH, diffusive efflux

We calculated the diffusive CO, and CH,4 efflux from the surface of
FCR into the atmosphere for each day CO, and CH,4 samples were col-
lected. The concentrations of the CO, and CH4 samples collected at the
reservoir's surface (0.1 m) were applied to the surface diffusive efflux
equation to determine the efflux at the time of collection:

Flux = k x ([Csurf} _[Cair]) (1)

where k is the gas transfer velocity or piston velocity (m d~!), the depth
of the water column that equilibrates with the atmosphere over time
(Wanninkhof, 1992), and C,,rand Cy;- are the concentrations of CO,
and CH4 at the reservoir surface and the atmosphere directly above
the water surface, respectively.

The k value that corresponded with each sampling day was calcu-
lated with the LakeMetabolizer package in R (Winslow et al., 2016),
using the U10 corrected daily mean wind speed and air temperature
measured from the Roanoke Airport in 2015 (~11 km from FCR), and a
meteorological station deployed on FCR's dam in 2016. The Cole
model (Cole et al., 2010) within the LakeMetabolizer package was
used because it is considered a conservative model to calculate k
among piston velocity models (Dugan et al., 2016). The 2015 atmo-
spheric concentrations of CO, were measured at an eddy-flux covari-
ance tower at the Tilden Meyers AmeriFlux US-WBW Walker Branch
Watershed, Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA
(AmeriFlux BASE Dataset; https://ameriflux.lbl.gov), the closest site
with available atmospheric CO, concentrations that represented a

similar land cover to FCR's forested watershed and the national average
atmospheric CH4 concentrations from the Carbon Dioxide Information
Analysis Center (http://cdiac.ornl.gov/pns/current_ghg.html) as our at-
mospheric CH,4 concentrations. In 2016, air samples were collected
above the water's surface in the serum vials and sealed with a crimper
to calculate the ambient CH4 and CO, atmospheric concentrations.

3. Results
3.1. Seasonal characteristics

3.1.1. Inflow and precipitation dynamics

FCR exhibited slightly different inflow rates and precipitation totals
between the 2015 and 2016 seasons. FCR received ~258 mm of precip-
itation during the 2015 monitoring season (31 March - 7 December
2015) and ~197 mm during the 2016 season (30 March - 11 November
2016). The mean inflow rate of the primary inflow into FCR was 0.05 +
0.03 (1 S.D.) m>s~! for 2015 and 0.08 & 0.04 m> s~ for 2016. Draw-
down of the upstream reservoir for repairs between the 2015 and
2016 seasons was responsible for the variability of the annual inflow
rates to FCR and resulted in mean residence times of 127 + 116
(1S.D.) days for 2015, and 46 + 23 days in 2016 (Appendix III, Fig. 1).

3.2. Temperature and oxygen profiles

3.2.1. 2015 MOM development

Near-continuous operation of the HOx with pulses from the EM suc-
cessfully regenerated MOM s after each EM mixing event while main-
taining thermal stratification in FCR (Fig. 2). Two MOMs developed
during the 2015 monitoring period, one that lasted from 8 to 22 June
and one that lasted from 1 July to fall turnover on 5 October (Fig. 2B).
During the development of the first MOM, DO concentrations at 5 m
(the depth of the center of the MOM) decreased by 0.12 mg L~ ' d ™!,
resulting in a DO concentration in the MOM on 22 June that was
>7 mg L™! lower than volume-weighted DO concentrations in either
the epilimnion above or the hypolimnion below. The 48 h EM activation
on 22-24 June (Table 2) initially disrupted the MOM (Fig. 2B), however,
a second MOM rapidly re-formed at 5 m four days after the EM activa-
tion. This MOM exhibited a mean DO concentration of 0.7 + 0.3
(1S.D.) mg L™ ! and extended horizontally upstream from the dam to
the inflow throughout the length of the reservoir (Fig. 3A, B). No further
EM events occurred in 2015 and the second MOM that developed
persisted until turnover disrupted the water column on 5 October.

The epilimnion and hypolimnion remained well-oxygenated in
2015. After the HOx was activated on 5 May, the hypolimnion main-
tained preseason DO concentrations, except for a short period when
the HOx was temporarily deactivated during 1 June to 8 June 2015
(Table 2). After the HOx was activated again on 8 June, DO at 9 m was
replenished and exhibited a mean concentration of 8.4 4+ 0.3 mg L™!
until the end of the season (Fig. 2B). Similar to the hypolimnion, FCR's
epilimnion was never depleted of DO in the 2015 season and remained
above 6.3 mg L™! the whole season.

3.2.2. 2016 MOM development

Four sequential MOMs formed as a result of HOx and EM operation
during the 2016 season. After the HOx had been activated on 18 April,
a weak MOM developed between 3.8 and 5 m that persisted until 30
May (Fig. 2D), the same day we activated the EM (Table 2). Immediately
after the EM was deactivated, DO concentrations at 5 m decreased and a
second MOM developed that persisted until 26 June, with a minimum
DO concentration of 4.8 mg L™ ! (Fig. 2D). The EM was activated again
on 26 June (Table 2) to generate a larger DO gradient between the
metalimnion and other layers. DO concentrations at 5 m immediately
decreased after the second EM deactivation, forming a MOM that be-
came anoxic within 14 days and persisted for one month. The EM was
activated a third time on 24 July, and after deactivation DO
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concentrations again decreased and an anoxic MOM developed within
ten days. The final MOM remained anoxic between 3.8 and 6.2 m
depth for 57 days and extended horizontally upstream from the dam
to the inflow (Fig. 3B) until fall turnover on 9 October (Fig. 2D).

Hypolimnetic and epilimnetic DO concentrations remained elevated
during the 2016 season (Fig. 2D). The HOx was activated on 18 April
(Table 2) in 2016 and DO concentrations at 9 m depth were
> 7.2 mg L~ ! the entire season. In 2016, the HOx system was never
deactivated for repairs and remained operational through fall turnover.
Similar to 2015, the epilimnion was never depleted of DO in the 2016
season and remained above 6.6 mg L™! (Fig. 2D).

3.3. Water column GHG dynamics

3.3.1. 2015 Dissolved CH, dynamics

Elevated concentrations of CH,4 in the MOMs were observed in both
seasons, resulting in substantial variation in the CH, depth profiles
(Fig. 3B, D; Fig. 4). In 2015, CH,4 concentrations at 5 m remained <0.19
UM during the first MOM. However, after the second MOM became an-
oxic on 6 July, CH4 concentrations at 5 m increased by 4.4 uM d~,
reaching the highest observed CH,4 concentration in the water column
(75 uM) on 31 August. The gradient in CH4 concentrations throughout
the water column on 31 August was large: CH4 concentrations in the
metalimnion were ~24x and ~120x greater than in the epilimnion
and hypolimnion, respectively. Over the next four weeks, CH, concen-
trations within the MOM remained between 47 and 75 pM until mid-
September. CH,4 concentrations at 5 m declined from 72 pM to 6.4 pM
between 14 and 28 September and continued to decline until 5 October,

the day of fall turnover. After turnover, CH4 concentrations at 5 m were
< 0.2 uM through the end of the 2015 monitoring period.

CH4 concentrations remained low in the hypolimnion and epilim-
nion in comparison to concentrations in the MOM (Fig. 4A). The HOx
maintained oxic conditions in the hypolimnion for a majority of the
2015 season, resulting in CH4 concentrations <0.3 pM. CH4 concentra-
tions in the epilimnion also remained low throughout most of the mon-
itoring period. However, there was one substantial increase in
epilimnetic CH4 on 14 September 2015, the same day when the highest
CH,4 concentration was observed in the metalimnion. On this sampling
day, which also coincided with elevated winds up to 9.5 m s~ ' but no
precipitation (Fig. 5), CH4 concentrations at 0.1 m increased from 0.2
UM to 4.2 uM. After turnover on 5 October 2015, CH4 concentrations
throughout the water column decreased to <1.0 pM.

3.3.2. 2016 Dissolved CH,4 dynamics

CH,4 accumulated in the MOM again in 2016, exhibiting slightly
higher concentrations than in 2015. No detectable CH,4 accumulated in
the first and second MOMs that developed in May and June (Fig. 3C).
However, after the third MOM became anoxic on 11 July, CH4 concen-
trations increased by 0.27 uM d~!, reaching 3.5 uM by 24 July. When
the fourth MOM became anoxic, CH4 concentrations at 6.2 m increased
rapidly by 3.3 uM d ! and peaked at the highest observed concentration
over both years on 9 September (128 uM; Fig. 4C). The peak MOM CH4
concentration in 2016 was 1.7-fold higher than the peak CH, concentra-
tion in the MOM on 14 September 2015. CH, concentrations in the
MOM remained between 53 and 128 uM until FCR turned over on 9
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Fig. 3. Dissolved oxygen concentrations measured at five sites (represented by the vertical black lines) on a transect up the reservoir from the deepest sampling site to the upstream
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of dissolved CH4 and CO, represent the water column profiles from (C) 24 August 2015 and (D) 26 August 2016.

October, after which concentrations remained <0.2 pM in the water col-
umn for the remainder of the monitoring period.

During the 2016 season, CH4 concentrations in the epilimnion and
the hypolimnion remained <1.0 and 38 M, respectively, and no sub-
stantial CH, increases in the epilimnion were observed in the late sum-
mer, unlike in 2015. Like most of the 2015 season, epilimnetic CH,4
concentrations remained <1 uM throughout the 2016 season. However,
the maximum CH,4 concentrations at the sediments in 2016 were ele-
vated compared to 2015, from 0.3 uM in 2015 to 38 M in 2016.

3.3.3. 2015 Dissolved CO, dynamics

In comparison to elevated CH4 concentrations in the MOM, CO, con-
centrations were highest in the oxygenated hypolimnion (Fig. 4B, D).
When the HOx was activated on 5 May 2015, CO, concentrations at
9 m steadily increased throughout the summer stratified period and
peaked at 793 pM on 21 September. CO, concentrations at 9 m then
remained elevated (674-793 puM) until fall turnover on 5 October,
after which CO5 in the hypolimnion decreased rapidly. Within two
weeks after turnover, CO, at 9 m had decreased to 68 uM and remained
between 45 and 68 1M for the rest of the monitoring period.

CO,, concentrations increased in both the metalimnion and epilim-
nion, but never reached the elevated concentrations observed in the hy-
polimnion. After the second MOM developed in 2015, CO, at 5 m
increased to 476 uM on 21 September before fall turnover, after which
CO, concentrations decreased to <90 pM through 7 December
(Fig. 4B). Epilimnetic CO, concentrations at 0.1 m remained <37 pM

during the development of both MOMs early in the season, and then ex-
hibited two elevated peaks in the late season, one on 14 September -
the same day as the peak in epilimnetic CH,4 — and another during turn-
over on 5 October. After turnover, CO, concentrations at 0.1 m remained
>45 uM for the rest of the monitoring period.

3.3.4. 2016 Dissolved CO, dynamics

CO,, concentrations again were highest near the sediments in 2016,
but were lower than 2015. After the HOx was activated in April 2016,
CO, concentrations at 9 m increased at a constant rate to 112 pM within
33 days of operation. Between 25 May and 27 July, CO, concentrations
ranged between 112 and 202 pM and then increased over the next
32 days at a rate of ~4.6 uM d ! before peaking at 330 M on 30 Septem-
ber, ~52% lower than CO, concentrations in 2015. CO, concentrations at
9 m remained elevated until fall turnover on 9 October, after which CO,
in the hypolimnion decreased rapidly. By 14 October, CO, at 9 m had de-
creased to 26 pM and remained between 26 and 12 puM for the rest of the
monitoring period.

CO, dynamics in the metalimnion and epilimnion during 2016 ex-
hibited largely the same patterns observed in 2015. When the HOx
was activated in 2016, CO, in the bottom of the MOM (6.2 m) increased
at a rate of 1.5 uM d™ !, reaching a peak of 327 uM on 30 September
(Fig. 4D). Epilimnetic CO, concentrations at 0.1 m were < 24 uM during
the development of the first two MOMs early in the season, and then ex-
perienced two elevated peaks, one during the final EM activation (27
July) and the second at fall turnover (9 October). Epilimnetic CO,
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concentrations increased by 2.1 uM d~! during the final EM (24-28
July) and peaked at 14 pM. During turnover, epilimnetic CO, concentra-
tions increased by 2.5 uM d ! and peaked at 19 uM. After turnover, CO,
concentrations at 0.1 m remained >12 pM through the rest of the mon-
itoring period.

3.4. Diffusive CH4 and CO- effluxes

3.4.1. 2015 Diffusive CH, and CO, effluxes

FCR was consistently a source of CH, to the atmosphere via diffusive
efflux both years, with the highest atmospheric exchange of CH, occur-
ring on 14 September 2015, two weeks after the MOM reached its peak
CH4 concentration (Fig. 4A) and three weeks before fall turnover
(Fig. 5). The highest observed CH, efflux on 14 September was likely
due to an elevated concentration of CH, at 0.1 m and elevated wind
speeds (Fig. 5A). Efflux rates decreased to <1 mmol CH; m~2d~' by
21 September, which coincided with decreased CH, concentrations in
the water column. However, FCR remained thermally stratified for
three additional weeks after the large diffusive CH, efflux (Fig. 5B).
Turnover in 2015 was likely initiated by a second large storm that oc-
curred between 2 and 4 October, with an accumulated precipitation of
20 mm of rain during those 3 days and average daily wind speeds
wind speeds up to 10 m s~ . However, there was no substantial diffu-
sive CH, efflux observed during turnover or during any of the EM
mixing events in 2015.

Unlike for CHy4, FCR fluctuated between a CO, source and sink in
2015. CO, was initially a source to the atmosphere between 7 April
and 5 May 2015, as thermal stratification set up. FCR then became a

CO, sink (negative efflux) from 5 May until 14 September and then
shifted back to a CO, source (positive efflux) on 14 September
(Fig. 5B). Between 7 and 14 September diffusive effluxes substantially
increased, from —4.57 to 135 mmol CO, m~2 d . The elevated CO,
flux observed on 14 September was the second highest efflux of CO, ob-
served during the two-year monitoring period and was coincident with
the peak diffusive CH, efflux. Diffusive CO, efflux rates remained ele-
vated during the following five weeks, and peaked on the day of fall
turnover (Fig. 5B). The three EM events in 2015 had no detectable ef-
fects on diffusive CO, effluxes.

3.4.2. 2016 Diffusive CH, and CO; effluxes

The peak diffusive CH,4 efflux in 2016 again occurred prior to turn-
over, though its magnitude was much lower than in 2015 (Fig. 5D).
FCR was again consistently a source of CH,4 to the atmosphere in 2016,
however, the highest diffusive CH, efflux occurred on 7 June,
>4 months before turnover after the first EM of the 2016 season
(0.7 mmol CH, m—2 d~"). For the rest of the season, diffusive efflux
rates remained <0.7 mmol CH; m—2 d~ . Like 2015, there was no ele-
vated CHy4 efflux that occurred during seasonal turnover (9 October).

Diffusive CO, effluxes also shifted between a source and a sink dur-
ing the 2016 season. There were no substantial increases in the diffusive
CO, effluxes during the first two EM events in 2016, but FCR changed
from a CO, sink to a source during the third EM. The day before the
third EM (24 July), the diffusive efflux sink was —3.3 mmol CO,
m~2d~!, and after three days of EM operation (Table 2), the CO, diffu-
sive flux had increased to 7.7 mmol CO, m~2 d . Within one week, CO,
efflux had become negative and FCR remained a sink until 6 October,
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three days before turnover. Between 6 and 9 October, CO, diffusive ef-
fluxes increased by 10 mmol CO, m~2 d~!, and peaked on turnover
(20 mmol CO, m~2 d™1). The peak diffusive CO, effluxes in 2016
were substantially lower than the peak diffusive CO, effluxes in 2015.

4. Discussion

The MOM: s that formed in a eutrophic drinking water reservoir over
two summers had large effects on the vertical profiles of CH, and CO- in
the water column. HOx and EM operation coupled with consistent sea-
sonal thermal stratification were likely the most important contributors
to the development of the MOMSs, which in turn altered CH4 and CO, dy-
namics. In both years, the highest concentrations of CHy in the water
column were observed within the MOMs, while the highest concentra-
tions of CO, were observed in the oxygenated hypolimnion (Fig. 4). Our
results from FCR are in contrast to reservoirs with anoxic hypolimnia,
where CH4 generally accumulates in the hypolimnion and CO5 in the
metalimnion (Bastviken et al., 2004 ). The changes in CO, and CH,4 verti-
cal distribution in the water column may have also influenced the phe-
nology of the peak diffusive CH4 and CO, effluxes from the surface
(Fig. 5).

4.1.1. MOM effects on CH4 and CO, profiles

Late summer MOMs accumulated more CH, in the metalimnion of
FCR than early summer MOM:s. This pattern may be a result of lateral en-
trainment of CH, from shallow upstream sediments, the depth of the
thermocline (Fig. 3A, B), and the overall warmer temperatures in the
water column later in the sampling seasons. Oxygen depletion in
nutrient-rich upstream sediments of FCR likely also resulted in high
rates of methanogenesis, causing an increase of CH4 within the MOM
as high CH4 water flowed from upstream sediment sites to the deepest

sampling site. Goudsmit et al. (1997) suggests that horizontal transport
of CH4 may be faster than hydraulic residence time in smaller lakes,
which supports the expectation that it would take only a few weeks
for elevated CHy-enriched water to laterally entrain from anoxic
metalimnetic sediments (between sites 20 and 30 in Fig. 1; Fig. 3) to
the deep sampling site despite longer residence times in FCR when
the MOMs developed. The shorter mean residence time observed in
2016 may also explain why CH, concentrations in the MOM were higher
than 2015 (Fig. 4A, C). Faster entrainment of low oxygen water from the
shallow upstream sediments likely transported more CH,4 from the shal-
low anoxic sediments to the deep sampling site of FCR. While lateral
transport of CH4 from sediments was likely the primary source of CHy
accumulating in the MOMs (sensu Encinas Fernandez et al., 2016),
some CH4 may have also been produced in the anoxic metalimnion
and oxic epilimnion (Bogard et al., 2014). Additional measurements,
such as the analysis of '>C-CH, isotopes from the littoral to pelagic
zones (following DelSontro et al., 2017), analysis of sediment fluxes of
CH,4 and terminal electron acceptors from multiple depths, and evalua-
tion of seasonal dissolved organic carbon and total carbon stocks are
needed to determine the source of CH4 in the MOM in FCR.

There was a very high accumulation of CO, in the hypolimnion of
FCR during both years, especially the 2015 season, which is likely due
to stimulated aerobic respiration rates via HOx operation (Carey et al.,
2018). HOx operation in FCR increases the hypolimnetic oxygen de-
mand (HOD; Gerling et al., 2014), largely by increasing rates of aerobic
respiration of organic matter, resulting in CO, production. FCR has never
been dredged, resulting in the accumulation of a substantial mass of or-
ganic C in its sediments during its ~115 years since construction
(Gerling et al., 2016). This organic C can then support high rates of
CO, production during HOx operation (Carey et al., 2018). However,
the continued use of the HOx might also mineralize organic C in the
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sediments faster than it can be replenished annually, which might ex-
plain why hypolimnetic CO, was lower in 2016 than in 2015 (Fig. 4D).
Similar increases in hypolimmetic respiration rates have been observed
in other reservoirs with HOx systems (Gantzer et al., 2009a; Moore
etal., 1996) and the evaluation of CO, production in these systems is im-
portant for determining the long-term C balance of managed lentic
ecosystems.

The mineralization of organic C into CO, from HOx operation may
have substantial implications for long-term C burial in reservoirs and
alter waterbody C dynamics. While FCR shifted between a CO, sink
and a source during both seasons, the summation of CO, diffusive ef-
fluxes across both seasons suggest that the reservoir may be a net
source of CO, to the atmosphere. However, we note that our monitoring
period excluded several months each year, including the dynamic ice-
on and ice-off periods that can account for 17% and 24% of annual CO,
and CH,4 emissions, respectively (Denfeld et al., in press). Moreover,
we were unable to sample ebullition, a major pathway of reservoir
CH, effluxes (Deemer et al., 2016). Consequently, additional monitoring
is needed to determine the long-term effects of HOx and EM operation
on reservoir C storage and GHG balance.

4.1.2. Diffusive CH, and CO, efflux phenology

FCR was consistently a source of CH4 to the atmosphere through
both monitoring periods. In both years, fall turnover did not result in
the highest annual peaks in diffusive CH, effluxes, contrary to previous
studies conducted in waterbodies without MOMs (e.g., Bastviken et al.,
2004). Our data suggest that the peaks in CH, diffusive efflux were tem-
porally decoupled from turnover because of the presence of MOMs. The
development of MOMs in the middle of the water column resulted in
CH,4 accumulation closer to the water's surface than would otherwise
occur if the hypolimnion was anoxic, resulting in greater sensitivity of
CH,4 to surface mixing events. Consequently, MOMs could result in ele-
vated diffusive CH,4 effluxes during the summer stratified period prior
to turnover, though it is important to consider that the differences in
sensitivity to storms between years suggest that other processes, such
as thermal stratification and mixing, likely also affect diffusive CH, ef-
fluxes from reservoirs with MOMs.

Diffusive CO, effluxes varied between a source and sink but also
peaked before turnover and became elevated again during turnover
both years. The elevated pre-turnover CO-, effluxes were likely due to
a combination of the oxidation of CH4 when the MOM mixed from
strong storms in 2015 and EM events that mixed CH,4 in the MOM in
2016. During the first CO, peak observed in September 2015, it is likely
that some of the MOM CH, that entrained into the epilimnion during
the wind storm on 14 September oxidized into CO,. This also occurred
on 29 July 2016, when the EM was activated for 48 h to develop the
final MOM of the season (Table 2), and CO, diffusive effluxes peaked
both during and shortly after the mixing. By comparing the volume-
weighted mass of CH, in the surface waters (0.1-1.6 m), with the
volume-weighted mass of CH4 in the MOM (3.8-5 m) on 14 September
2015, it is estimated that as much as 95% of the CH, in the MOM that
mixed into the epilimnion was oxidized into CO,, which may explain
why FCR reverted from a CO, sink to a substantial CO, source within
one week (Fig. 5C, D).

The second peak in diffusive CO, effluxes from FCR coincided with
turnover on both seasons. It is likely that the secondary peaks were
due to mixing of CO, that had accumulated in the hypolimnion through-
out the summer into the surface waters during turnover. Thus, the
timing and magnitude of diffusive CO, effluxes may also be affected
by the presence of MOMs. If hypolimnia remain oxic during the devel-
opment of MOMs, especially in reservoirs with engineered systems
like HOx, diffusive CO, emissions could exhibit two peaks, as was ob-
served in FCR: one CO, peak from oxidized CH, if the MOM mixes into
the epilimnion prior to turnover, and a second CO, peak when the
whole water column is homogenized during turnover.

Both diffusive CH,4 and CO, effluxes were substantially lower in 2016
compared to 2015 (Fig. 5C, D). This may be a result of the difference in
the depth of the metalimnion between years. In 2015, the bottom
depth of the metalimnion ranged between 4 and 5 m throughout the
monitoring period, while the bottom depth of the metalimnion ranged
between 5 and 6.5 m in 2016 (Fig. 3). Induced EM events in other stud-
ies have shown that artificial mixing will deepen both the thermocline
and lower metalimnetic boundary in waterbodies (Chen et al., 2017;
Cantin et al, 2011). Deeper thermocline depths will consequently result
in deeper MOMs (Chen et al., 2017, 2018), as was observed in 2016
(Fig. 4D). Thus, the deeper depth of the 2016 MOMs may have hindered
surface mixing from entraining metalimnetic water, preventing CHy
from mixing to the surface. The strength and duration of EM events in
2016 were greater compared to 2015 (Table 2), yet diffusive CH4 and
CO, effluxes were lower, suggesting that the wind-driven mixing events
in 2015 may have had a greater effect than the EM on epilimnetic
mixing and diffusive effluxes in FCR.

4.1.3. Additional important considerations

Both temporal variability in diffusive flux and limited sampling spa-
tial coverage result in potentially large underestimates of seasonal CHy
and CO, emissions (Wik et al., 2016). Although this study had limited
spatial sampling resolution, the aim was to capture a high temporal res-
olution of CH4 and CO, dynamics in the water column while using
engineered water quality systems to generate MOMs over two seasons.
The peak diffusive CH, effluxes that preceded turnover in both 2015 and
2016 were likely in part a result of the MOM development and the
depths at which the MOMs formed. The accumulation of CH, in the
MOM:s and not in the hypolimnion suggests that high temporal fre-
quency sampling for CH4 and CO, concentrations throughout the
water column is critically important for reservoirs with engineered sys-
tems to improve water quality, because infrequent monitoring at only
the surface can underestimate diffusive CH, and CO, effluxes if they
are accumulating at unique sub-surface depths in the water column
(such as in MOMs).

Although CH,4 and CO, were measured at only one sampling site in
FCR, weekly CTD profiles collected at four upstream sites (Fig. 3A,
B) demonstrated that the MOMs extended throughout the reservoir,
suggesting that CH4 and CO, dynamics at the deepest site may be repre-
sentative of upstream conditions. The development of two prominent
MOMs in 2015 and three MOMs in 2016, and the observed metalimnetic
concentrations of CHy, along with the CO, observed in the oxygenated
hypolimnion, strongly support that MOMs alter both the vertical profile
of dissolved CH,4 and CO, in the water column and may change the
timing of diffusive CH,4 and CO, effluxes to the atmosphere.

4.1.4. Engineered water-quality systems and reservoir C dynamics

This study investigated the effects of engineered systems de-
signed for water quality management on reservoir CH4 and CO, dy-
namics. As noted above, it cannot be concluded from these data
that the use of HOx and EM engineered systems will exacerbate res-
ervoir GHG emissions. Instead, the current study was designed to ex-
plore how these systems might influence seasonal CH4 and CO,
dynamics. As one of the first studies to our knowledge that examines
the effects of water quality management systems on GHGs, our work
provides a foundation for future applications. For example, HOX sys-
tems could be used to study the effects of oxygen on organic C burial
at the whole-ecosystem scale. In conjunction, the use of the EM can
also be used to simulate large storms, which are expected to increase
in many regions (Prein et al., 2017) that can affect thermal stratifica-
tion and GHG fluxes. Thus, while the design of HOx and EM systems
are primarily designed for improving water quality, we suggest that
they may be used to further study the role of lakes and reservoirs in
the global C cycle.
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5. Conclusions

Experimentally-derived MOMs from HOx and EM operation accu-
mulated CH, in the metalimnion and CO, in the well-oxygenated hypo-
limnion in FCR, creating a dissolved GHG profile pattern that contrasts
with observations from waterbodies without MOMs. The MOMs caused
CH,4 to accumulate in the water column closer to the surface instead of
at the sediments, and potentially was the cause of peak diffusive GHG
emissions before seasonal turnover. Consequently, increases in both
global reservoir construction and the use of engineered systems in
those reservoirs to improve drinking water quality may result in an in-
creased occurrence of MOMs, which in turn may change seasonal CHy
and CO, dynamics.
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