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stand in for complex models &
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methane emissions from available data.
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o ICA-suggested seasonal patterns have
implications for reservoir operations.
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GRAPHICAL ABSTRACT

Indicators of Carbon Alteration (ICAs) suggest patterns
in reservoir methane emissions

Background

Indicators of methane emissions are
needed to assess risks and to refine
regional estimates based on reservoir
characteristics.

Methods

ICAs for methane emissions were
demonstrated along four causal
pathways (top center) for three
reservoirs in the Tennessee River Basin.
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higher potential for re
through reservoir ope

ABSTRACT

Reservoir operations influence emissions via multiple causal pathways. In this paper, we quantify indicators of
carbon alteration (ICAs) focused on methane. ICAs were chosen to reflect the potential for methane emission
along four causal pathways: 1) water column mixing, 2) wet-dry cycles in sediment, 3) sediment redistribution,
and 4) vegetation. We developed algorithms to calculate ICAs for three reservoirs along a longitudinal gradient in
the Tennessee River basin of the southeast US. The ICAs revealed interesting longitudinal patterns. Indicators of
both methane production and destruction increased downstream. The potential for ebullitive methane emissions
driven by sub-daily water level fluctuations and emissions mediated by vegetation were higher in downstream
mainstem reservoirs than in the upstream tributary reservoir. Along the remaining two pathways, longitudinal
patterns were equivocal (sediment pathway) or suggested decreased emissions downstream (water-column
mixing). We also observed seasonal patterns and, by combining ICAs, inferred times when ramping could be
achieved with lower risk of emissions. The ICAs demonstrated here are the first step in quantifying mechanistic
relationships between reservoir operation and methane emissions. In future, they may lead to improved oper-
ations in reservoir cascades and regional-scale estimates of emissions that account for differences among
reservoirs.
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1. Introduction

Greenhouse-gas (GHG) emissions from freshwater systems are a
growing concern (Rodriguez et al., 2018; Saunois et al., 2016). The
contribution of hydropower reservoirs to global GHG emissions is highly
uncertain (Hansen et al., 2025) and existing methods for estimating
emissions from individual reservoirs at regional scales are limited. For
example, Tier 1 and 2 methods adopted by the IPCC rely on crude es-
timates of areal emissions factors for entire countries (IPCC, 2006)
multiplied by estimates of surface area that are also highly variable
(Hansen et al., 2022).

GHG emissions from water bodies with managed flow releases, i.e.,
reservoirs, are of interest because they can potentially be reduced.
Typically, hydropower reservoirs are built in cascades because hydro-
power can be generated from the same parcel of water multiple times as
it moves downstream. Yet, only a few studies have compared longitu-
dinal patterns in methane emissions, mostly in large rivers of China (Liu
et al., 2020; Liu et al., 2016; Zhong et al., 2023). In the Upper Mekong,
methane production in sediments increased downstream (Liu et al.,
2020). In the Luanhe River, water elevation (depth) controlled methane
emissions in deeper reservoirs, whereas primary production was found
to be more important in the shallower downstream reservoir (Zhong
et al., 2023),

Indicators are one class of research tool used to quantify human in-
fluence (such as GHG emissions) (Heink and Kowarik, 2010). Indicators
are used by national (e.g., US Environmental Protection Agency) and
International (IPCC, 2006) government entities to produce regional and
global scale estimates of emissions because detailed measurement and
modeling are not feasible. Useful indicators are: 1) easily understood by
laypersons, 2) quantitative and easy to calculate or measure, 3)
acceptable in terms of implementation cost (data collection, calcula-
tion), 4) relevant to a specific management context, but also broadly
applicable to allow comparisons (e.g., among waterbodies or between
time periods), 5) sensitive to changes of interest, and 6) scientifically
justifiable. Ideally, environmental indicators should be easy to measure
or model and have a close relationship to the causal factor of interest
(Laura et al., 2000). For example, indicators of Hydrologic Alteration
(IHA) were introduced as a way to quantify the effects of river regulation
on flow regimes (Richter et al., 1996), and have successfully been used
in a wide range of studies to quantify the effects of river regulation (Eng
et al., 2017; Homa et al., 2013; McManamay et al., 2022). When com-
bined with indices of biotic integrity, IHAs have been used to evaluate
ecological responses to hydrologic alterations (Boavida et al., 2020;
Jumani et al., 2018).

The successful use of IHAs to understand anthropogenic alterations
suggests that Indicators of Carbon Alteration (ICA) could be used in a
similar manner to guide reservoir management toward reduced GHG
emissions, for example, through changes in the timing of water releases.
Although our understanding of how flow releases influence GHG emis-
sions is far from complete, a few studies have measured changes in GHG
emissions before and after significant water releases during reservoir
drawdown (Beaulieu et al., 2018; Deemer and Harrison, 2019; Harrison
et al., 2017).

We focus here on methane, which accounts for a significant fraction
of radiative forcing from reservoirs (Soued et al., 2022). Methane has a
high global warming potential compared to CO,. Unlike CO,, methane
emissions can be attributed to reservoir creation and operation (Prairie
et al., 2018). Whereas carbon will return to the atmosphere as CO5
regardless of whether it passed through algae (Prairie et al., 2018) or
where it was transported, conditions for producing and emitting
methane can be modified by human activity (Jager et al., 2022).

We build on previous research focused on methane in which we
developed a conceptual model (Fig. 1) to link reservoir water levels to
methane emissions (Jager et al., 2023). There, we identified ICAs asso-
ciated with each of four causal pathways linking water-level fluctuations
in reservoirs to methane emissions (water-column mixing, drying-
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rewetting, sediment delivery and redistribution, and plant-mediated
emissions).

In this study, we refined and augmented the initial suite of proposed
ICAs for methane (Jager et al., 2023). These were focused on the effects
of water-level fluctuations on methane emissions. But, fully under-
standing emissions also requires considering indicators related to
methanogenesis and methanotrophy, processes that create and consume
methane, respectively (Fan et al., 2022). Reservoir elevation and depth
influences the balance between production and consumption of
methane. Microbial communities that produce methane tend to domi-
nate in warm, shallow, and permanently wetted areas when reservoirs
are typically at full pool and methane may be trapped below the ther-
mocline; in contrast, methanotrophs tend to dominate in deeper sedi-
ments (Pierangeli et al., 2021; Rey-Sanchez et al., 2019).

Releases of sediment methane to the atmosphere are affected by the
timing and amounts of water released at seasonal and diurnal timescales
(Jager et al., 2023). At a diurnal timescale, water level fluctuations
(WLF) can disrupt reservoir stratification, oxygenating sediments
(Kennedy et al., 1985). Along the water-column mixing pathway, we
hypothesize that mixing induced by reservoir operation decreases
methane emissions (Jager et al., 2023). At a diurnal timescale, drying-
rewetting cycles (Maavara et al., 2020) increase dissolved oxygen con-
centrations in sediment pore water. When oxygen penetrates drying
sediments, methanotrophy is promoted and methanogenesis declines
(Lyautey et al., 2021). Diurnal fluctuations can also alter hydrostatic
pressure, which in turn can affect the release of methane from sediments
via ebullition (Beaulieu et al., 2020; Deemer and Harrison, 2019). Field
studies have found drawdown events (i.e., ramping) to be important
drivers of ebullition (Beaulieu et al., 2018; Harrison et al., 2017; Keller
et al., 2021), especially during the inundation phase (Hao et al., 2019;
Su et al., 2024). Fast drawdown may also stimulate transport of methane
produced in shallow side channels to upper layers of the main reservoir
with minimal opportunity for oxidation (Thalasso et al., 2020).

Over an extended time, seasonal drawdown exposes sediments to
oxygen, inhibiting production of or consuming methane. Prolonged
drawdown has typically been associated with increases in methano-
trophs and decreases in methanogens (Tian et al., 2023). The surface
area of sediment with anoxic conditions conducive to methane pro-
duction also declines with drawdown as water retreats toward the main
channel and forebay (Hilgert et al., 2019). Whereas the majority of
methane is produced and accumulates in deep sediment, the proportion
reaching the atmosphere is higher in nearshore areas (Thalasso et al.,
2020), and this perimeter area is smaller during drawdown.

The potential for methane generation is decreased by erosion
because locally eroded organic carbon is deposited in deeper areas of a
reservoir where methane gas produced will be exposed to oxidation
while rising through the water column. This quantity can be significant;
for example, in tropical water impoundments, nearly 40 % of organic
soils were eroded from drawdown zones over ~80 years (Felix-Faure
et al., 2019).

Finally, emergent vegetation can transport methane from sediments
in the littoral zone through tissues that facilitate gas diffusion in wetland
plants called aerenchyma (Bodmer et al., 2024). Methane emissions are
estimated to be roughly twice that in vegetated areas compared to
unvegetated areas for both methane and COy (Grasset et al., 2025).
Reservoir operations may influence the development of littoral com-
munities and, indirectly, vegetative emissions. For example, shoreline
vegetation following reservoir inundation recovers much faster in stable
reservoirs than in those with large fluctuations (Kaczmarek et al., 2025).

To illustrate the proposed ICAs, we developed algorithms to calculate
them for three hydropower reservoirs along a longitudinal gradient
(from upstream to downstream) in the southeast US. We see this as a
necessary first step toward developing improved Tier-2 national as-
sessments and toward assessing the potential for reducing methane
emissions through reservoir operations, i.e., changes in the timing and
magnitude of reservoir releases. We end by examining next steps in
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Fig. 1. Causal diagram showing hypothesized linkages between reservoir water-level fluctuations and associated changes in methane emissions via different
emission pathways (ebullitive, diffusive, and degassing). Long- (short-) term responses are shown in green (cyan). Used with permission from (Jager et al., 2023).
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refining the suite of ICAs.
2. Demonstration of ICAs in southeastern US reservoirs

This study focuses on the southeastern US. Seasonal drawdown be-
gins in autumn in storage reservoirs used for flood control, typically
lasting until spring. Drawdown ensures that enough storage capacity is
available to store water from high spring flows, water that is later used
to fulfill summer water demand. At daily timescales, some hydropower
reservoirs are operated to release more water when energy prices are
high. The increased release of water during peak, unmet electricity de-
mand results in diurnal fluctuations in water level, ‘hydropeaking’.
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We modeled three reservoirs (Guntersville, Watts Bar, Douglas) in
the Tennessee River basin in the southeastern United States that are
operated by the Tennessee Valley Authority, TVA (Fig. 2).

We quantified the proposed ICAs to estimate the effects of reservoir
operation on methane emissions at both seasonal and diurnal scales.
Quantifying these indicators identified causal pathways that are likely to
have the largest positive and negative effects on methane emissions in
each reservoir.
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Fig. 2. Schematic diagram of the Tennessee Valley Authority water control system showing three reservoirs of interest. Source: (Tennessee Valley Authority, 2004).
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3. Methods
3.1. Data

ICAs depended on static and dynamic (i.e., time series) data. Data
treated as static for our purposes (due to limited data availability)
included bathymetry and light extinction coefficients for each reservoir.
To represent bathymetry, we digitized fishing maps produced using
SonarChart™ for depth contours at 0, 5, 10, 15, and 20 m for Gunters-
ville and Watts Bar reservoirs, and at 0, 4, 10, 11, 15, and 20 m for
Douglas Reservoir (Fig. 3). Light extinction coefficients, k4, were esti-
mated from photosynthetically active radiation (PAR) measured at
depths 0, 0.5, 1, 1.5, and 2 m at six stations per reservoir in 2021-2022
and used to estimate an average Secchi depth. Morphometric and
operating characteristics of each reservoir are summarized in Appendix
A Table A.1.

Time-series data included sub-daily (15 min) and daily reservoir
elevation measurements (used for sub-daily and seasonal ICAs, respec-
tively) for water years 2006 to 2019. Missing values in 2011-12 were
imputed (Appendix B). We calculated sub-daily indicators from 15-min
elevation and flow releases from the same reservoirs (Dr. Stephen
Signore, TVA, personal comm.). Seasonal indicators were estimated
from daily reservoir levels, storage volume, and outflows (both turbine
releases and total releases) (Steyaert et al., 2022; Wang et al., 2018) over
a 20-y period. Typical patterns of seasonal operation are shown in Fig. 4.
Douglas Reservoir, impounding the French Broad River, is one of three
main tributary reservoirs. Below Douglas, the French Broad River meets
the Holston River to form the Tennessee River. Watts Bar Reservoir is on
the mainstem Tennessee River below its junctions with two tributaries,
the Little Tennessee and Clinch Rivers. Guntersville Reservoir is farther
downstream, after the Hiwassee River has joined the mainstem Ten-
nessee River.

Sub-daily indicators required cross-referencing between water
elevation and other reservoir dimensions. To simplify this, we developed
regression relationships to speed up calculation of reservoir surface area
from 15-min (sub-daily) reservoir elevation data (Table A.2). Surface air
temperatures were obtained from DAYMET (Thornton et al., 2022) for
calculations of degree days and related ICAs.

3.2. Proposed indicators of carbon alteration (ICA)

We implemented a subset of indicators proposed by Jager et al.
(2023). Calculations were performed by using the R Statistical Software
v4.3-4.4 (R Core Team, 2024). Code can be found at https://github.
com/hjager/GHG-indicators. ICAs are described in Table 1.

3.3. Simulating sub-daily indicators

Science of the Total Environment 1001 (2025) 180565

hypothesized increases or decreases in methane emissions from shallow
sediments (Fig. 1, Table 1). For each reservoir, we report the medians of
values for each 15-min period by month and water year.

Diurnal changes in wetted area along the reservoir perimeter are
especially relevant to the production and consumption of methane, and
this requires estimating perimeter from reservoir bathymetry as a
function of the daily change in reservoir elevation. For each 15-min
interval within a given day, we used log-linear interpolation to esti-
mate elevations between digitized contours and retrieved the perimeter
(i.e., length) of the associated contour. To estimate wetted perimeter
area, we integrated the log-perimeter between the daily low and high
elevations using the trapezoidal rule from calculus and then back-
transformed the result to obtain area in km? (ramp_area). We
confirmed that the algorithm converged as the change in elevation
decreased and then used 107> m as the interval. We assumed that the
slope from the upper layers continued to estimate areas below the
deepest digitized depth.

The sub-daily indicator ramp_vol frac measures daily turnover in the
volume of water and is most relevant to the water-column pathway to
methane emissions (Fig. 1a). When ramp_vol. frac is high, the opportunity
for thermal stratification in summer is lower. The resulting mixing of
water layers brings oxygenated water deeper, moderating temperatures
across the water column. Despite higher bottom temperatures, empirical
evidence suggests that the net result of mixing is lower production in
sediments due to increased oxygenation (Guérin et al., 2016). Therefore,
ramp_vol frac in summer should be negatively correlated with methane
production. Unlike wetted perimeter, it was easy to estimate the relative
change in volume (ramp_vol frac) from the extremes in daily volume (Eq.

(1).

(Vmax — Vmin)
Vmax

ramp_vol_frac = (@D)]

where

Vmax = maximum daily volume

Vmin = minimum daily volume

Similarly, the minimum and maximum within-day reservoir eleva-
tions and their times were used to characterize the duration of increases
(rise_duration) or decreases (drop_duration) in elevation in h, depending
on whether the maximum daily elevation occurred before or after the
minimum daily elevation (Eq. (2)).

drop_duration = Hmin — Hmax, Hmax < Hmin,
rise_duration = Hmax — Hmin, Hmax > Hmin,
)

where :

Emax = maximum daily elevation,

Several sub-daily indicators measure processes leading to
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Fig. 3. Bathymetry for each of the three study reservoirs, a) Douglas, b) Guntersville, and ¢) Watts Bar.
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Emin = minimum daily elevation,

H = time of Emin or Emax in h

The rate of decrease in elevation (efall rate) was also calculated from
these reference values (Eq. (3)).

Emax — Emin

Efolle = Himax — Himin

, Hmax < Hmin 3
Scour rate (scour.rate, Eq. (4)) is an indicator of sediment focusing
that can result in decreased emissions, as discussed in Jager et al. (2023).

scour_rate = Efall rate (NrTev> 4

The number of elevation reversals (Nrev) was calculated by counting
changes in the sign of elevation differences between adjacent 15-min
intervals each day, with a total of 24 x 4-1. We excluded changes
smaller than 5 % of Efall rate.

3.4. Simulating seasonal ICAs

Seasonal indicators were defined for each water year (Oct 1 to Sept
30) (Tennessee Valley Authority, 2004) and reservoir based on daily
time series of reservoir elevations (elevation, m), surface area (area, mz),
and storage volume (volume, m3).

To reach the atmosphere, methane generated in sediments must
avoid oxidation while rising through the water column, an event that is
more likely in shallow areas. Indicators that quantify seasonal changes
in wetted littoral area are therefore relevant to understanding the effects
of shallow water on emissions. We estimated littoral area on each day as
the wetted area below the surface elevation where light can still pene-
trate. Secchi depth (m), which estimates the photic layer with light in-
tensity of 1 % (Schindler, 1971) was estimated from the eq. 1.7 / kq
(Wetzel, 1983). An annual average from 1 to 3 field campaigns (n = 6
sites per reservoir per campaign) was used to estimate the depth of the
photic zone of each reservoir (Table A.1).

We characterized drawdown area (draw_area) from bathymetry and
daily reservoir elevation as described in Section 3.3 for sub-daily in-
dicators (Table 1). Draw_area estimates the area of sediment affected by
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Table 1
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Indicators of carbon alteration (ICAs) focused on methane. Run-based indicators are annual summaries of seasonal patterns.
The hypothesized direction of the ICA relationship with methane emissions is shown as positive (1), negative (|), or neutral (no arrow). Justification for most ICAs

below can be found in (Jager et al., 2023). WY = water year.

Acronym Description Units 1. Water- 2. Dry-re- 3. Sedi-ment 4. Littoral Temporal Temporal
column wetting redistr. vegeta-tion extent resolution (input
mixing cycles (output) data)

Sub-daily and seasonal indicators

Aspect_ratio Ratio of water surface area in littoral zone =~ None 1 Seasonal Daily elevation

[defined by Secchi depth] to total water (month, WY)
surface area at full pool].

Draw_area Sediment surface area between monthly km? l Seasonal Daily elevation

min. and max. elevation. (month, WY)

Efall_rate Within-day rate of decrease in elevation m/h 1 See Subdaily Subdaily

scour_rate (month, WY) elevation

Littoral_km2 Water surface area within the photic zone ~ km? 1 Subdaily Subdaily

based on Secchi depth (month, WY) elevation

Nrev Daily reversals in reservoir elevation >5%  # See Subdaily Subdaily

of daily change scour_rate (month, WY) elevation

Ramp_area Sediment surface area exposed to max. km? See ch4 _prod 1 l Subdaily Subdaily

within-day change in elevation (month, WY) elevation

Ramp_vol frac  Fraction of water volume turned over None l Subdaily Subdaily

within a day (month, WY) elevation

Scour_rate Product of within-day Efall rate and Nrev/  # em l Subdaily Subdaily

2 /h (month, WY) elevation

Run-based indicators associated with full-pool and drawdown periods

Draw_dur Duration of drawdown (longest run of days d | Seasonal (WY) Daily elevation

below median elevation)

Fpool dur Duration of fullpool (longest run of days d ) l Seasonal (WY) Daily elevation

above median elevation)

Fpool Q10 Cumulative degree days during full pool °Cd NA NA NA NA Seasonal (WY) Daily elevation

CH4_prod Fpool Q10 x Ramp_area km? 1 1 t t Seasonal (WY) Daily elevation

-<°cd

the maximum change in elevation experienced during the period of in-
terest (i.e., month).

The seasonal indicator, aspect ratio, measures the proportion of water
surface area in shallow areas. Because temperature is higher near the
surface, methane production tends to be higher in shallow areas.
Further, methane emissions are correlated with transport of water from
shallow areas to deep areas (Encinas Fernandez et al., 2016). We esti-
mated aspect ratio as the mean ratio of shallow water area (i.e., littoral
area) to maximum surface area at full pool. Shallow-water surface area
was estimated as the difference (i.e., outer ring) between the reservoir
surface area on each day and the surface area estimated at the depth of
the photic zone divided by total surface area at full pool elevation
(Encinas Fernandez et al., 2016). We used the average Secchi depth to
estimate both littoral area (littoral km2) and aspect ratio. Surface areas
were estimated by using reservoir-specific quadratic regressions with
daily depth (Table A.2). Seasonal ICAs were summarized as monthly
medians.

3.5. Simulating indicators of methanogenesis and methanotrophy

The remaining seasonal indicators are ‘run-based’ indicators that
measure cumulative metrics of methane production over periods of
seasonal drawdown and full pool by water year (Table 1). To calculate
these indicators, we partitioned annual reservoir elevation data into
runs of consecutive days above and below the median annual elevation,
Ecy, by water year (numbered 1 to 365 from Oct 1 to Sept 30). We
defined full pool and drawdown periods as the longest runs above and
below median elevation, Ec, in each water year, respectively, within the
appropriate period (after day 230 for autumn drawdown and before day
180 for spring refill). From these two runs, we defined indicators
including durations of drawdown (draw_dur) and fullpool (fpool dur),
and Julian start and end dates for each period. Differences in the timing
and duration of refill and drawdown periods among reservoirs and water
years are shown by a Cleveland plot (Appendix C. Fig. S1.1).

We developed methods for incorporating temperature into indicators
of methane production, recognizing that the effect of water-level fluc-
tuations is amplified by higher temperatures and dampened by lower
temperatures. For simplicity and due to greater daily-scale data avail-
ability, we used air, rather than reservoir water temperatures (see Sec-
tion 3.1 Data). The metric fpool Q10 quantifies the thermal production
rate for methane using parameters from the WETMETH model
(Nzotungicimpaye et al., 2021). For a given water year, Eq. (5) sums a
daily Q10 function over days, k, across the longest run of reservoir el-
evations at full pool.

(T—273.15)

fpool QI0=>"Q1p 1 (5)

Next, we developed an index of methane production that measures
the longest period (d) of continuously wetted area with warm temper-
ature. CH4 prod is a convolution of fpool Q10 with daily ramping area
along the reservoir’s perimeter, A, on day k (Eq. (6)). Thermal potential
for methane production (ch4 prod) occurs when high temperatures
(indicated by fpool Q10), full-pool duration (fpool dur), and recently
inundated or drained area (ramp_area, a sub-daily ICA) coincide.

(T, —273.15)

CH4_prod = Zk|Ak\Q10 10 (6)
3.6. Scales of variation in ICAs

We conducted an analysis of variance (ANOVA) to compare variation
among months and among water years in monthly-summarized data
using a fixed-effect model, ICA = A + B x water year + C x month. For
each reservoir and indicator, the ratio of the mean sum of squares and
residual mean sum of squares was tested as an F-statistic, with p < 0.05
considered statistically significant. In addition, we calculated pairwise
correlations between ICAs.
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4. Results

We summarized the ‘run-based’ indicators associated with methane
production and consumption. These are accumulated over days within
periods of each water year. Next, we present seasonal patterns in both
sub-daily and seasonal indicators associated with each pathway linking
reservoir operations with methane emissions. Below, Table 2 summa-
rizes all indicators for each reservoir.

We compared variation among months and among water years using
ANOVA. Among the reservoirs, the magnitudes (y-axis) of effects at both
scales, measured by the F-statistic, tended to increase downstream
(Appendix C. Table S.2.1).

4.1. Indicators of methanogenesis and methanotrophy

Thermal potential for methane production (ch4 prod) occurs when
high temperatures (indicated by fpool Q10), full-pool duration (fpool -
dur), and recently inundated or drained area (ramp_area, a sub-daily
ICA) coincide. Annual ICAs associated with production and consump-
tion were positively correlated in Guntersville (0.44) and Douglas
(0.22), but uncorrelated in Watts Bar Reservoir (0.02). Both ICAs were
negatively correlated with water year across reservoirs. More-prolonged
methanogenesis (ch4 prod) during summer full pool may be offset by
more-prolonged opportunities for methanotrophy during seasonal
drawdown (draw_dur).

Our results showed longitudinal patterns in ICAs for both production
and consumption of methane. The ICA for methane consumption
(draw_dur) decreased downstream (Fig. 5; Table 3). For production,
some years had extremely high values in Douglas (Fig. 5), but the

Table 2
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median ch4 prod was lowest upstream in Douglas Reservoir and higher
downstream in the mainstem reservoirs (Table 3). Likely, this is because
ch4 prod is a composite indicator that incorporates ramp_area, which
increases downstream.

Methanogenesis and methanotrophy determine the quantity of
methane subject to influences by reservoir operations via the four causal
pathways described below.

4.2. Water-column mixing

When the daily turnover in the volume of water, ramp_vol frac, is
high, oxygenated water will reach farther down to sediments, prevent-
ing anoxic conditions needed for methane production in summer and
promoting methanotrophy. This implies an inverse correlation between
ramp_vol frac and summer methane emissions. Note that we focused on
changes in volume rather than sediment perimeter, as perimeter is more
relevant to other pathways (e.g., dry-rewetting cycles).

During summer full-pool conditions, ramp_vol frac values were
lowest in the tributary reservoir (Douglas) and increased downstream
(Fig. 6). Seasonal patterns in downstream reservoirs were also weaker
than those in Douglas Reservoir. In Douglas Reservoir, the lowest values
of ramp_vol frac (highest emissions potential) occurred during full pool
(Fig. 6). Ramp_vol frac increased through summer, offsetting a portion of
summer methane production. The thermal opportunity for methane
production in Douglas Reservoir was higher in earlier years than in later
years (Fig. 5).

Median (interquartile range) values of indicators of carbon alteration (ICAs) focused on methane across full time series. Summaries for run-based indicators are across
water years, and the rest are across days for the full time series. Directions of influence for four pathways (water column, dry-wet cycles, sediment, and vegetation) are

positive (1), negative (|), or neutral (x). See Table 1 for details about each ICA.

Acronym Description Influence  Units Douglas Watts Bar Guntersville
Aspect_ratio Ratio of water surface area in TXXX None 0.106 (0.096-0.116) 0.133 (0.129-0.134) 0.203 (0.201-0.204)
littoral zone [defined by Secchi
depth] to total water surface
area at full pool.
CH4_prod Fpool Q10 x Ramp_area " km? - 260.03 (179.29-20,869.5) 400.5435 (0.12-2837.2) 367.98 (130.12-11,528)
°cd
Draw_area Sediment surface area between  xx | X km? 1.096 (0.592-1.794) 0.534 (0.288-0.916) 0.367 (0.292-0.498)
monthly minimum and
maximum elevation.
Draw_dur Duration of drawdown (longest  xx | X D 158.5 (128.75-180.75) 113.0 (74.0-163.0) 49.0 (41.0-61.5)
run of days below median
elevation)
Efall_rate Within-day rate of decrease in x 1l x m/h 0.0086 (0.007-0.010) 0.0094 (0.007-0.012) 0.0088 (0.007-0.011)
elevation
Fpool_dur Duration of full pool conditions XXX D 170.5 (152.0-188.0) 112.0 (45.25-132.25) 32.0 (24.5-79.0)
(longest run of days above
median elevation)
Fpool Q10 Cumulative degree days during 1111 °C-d 2989.9 (2828.5-3416.0) 2705.7 (844.84-3056.6) 880.5 (296.3-1393.5)

the longest run of high-
elevation days (i.e., full pool)
Water surface area within the
photic zone based on Secchi
depth

Nrev Reversals in reservoir elevation
per day exceeding 5 % of daily
change (out of 24 x 4-1
possible)

Sediment surface area affected
by maximum within-day
change in elevation

Fraction of water volume
turned over within a day
Product of within-day XX | X #em
Efall_rate and Nrev/2 = the /h
number of elevation drops /

day

Littoral_ km2

XX | x #

Ramp_area

Ramp_vol frac lxxx None

Scour_rate

XXX 1 km? 12.67 (11.52-13.98)

2.0 (0.0-6.25)

x1lx km? 0.0542 (0.041-0.072)

0.00041 (0.00030-0.00058)

0.0067 (0.0-0.0304)

18.05 (17.43-18.17) 53.85 (53.47-54.15)

13.2 (4.75-22.0) 20.0 (16.0-24.0)

0.1169 (0.100-0.134) 0.1263 (0.108-0.150)

0.00054 (0.00047-0.00054) 0.00060 (0.00051-0.00072)

0.0533 (0.022-0.1127) 0.085 (0.0659-0.1115)
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Fig. 5. Violin plots show the distribution of the composite ICA related to methane production [ch4_prod (km? " °C d)] and an ICA related to methane consumption
[draw_dur (d)] from water year 2006 to 2019. Quartiles for each reservoir are reported in Table 3.

Table 3
Quartiles of indicators of methanogenesis and methanotrophy and the ratio
draw_dur: CH4 prod.

Value Quartile Douglas Watts Bar Guntersville
CH4_prod 0.25 179.29 351.0 130.12
CH4_prod 0.5 260.03 400.5 367.98
CH4_prod 0.75 20,869 2837.2 11,528.0
Draw_dur 0.25 128.75 74.0 41.0
Draw_dur 0.5 158.50 113.0 49.0
Draw_dur 0.75 180.75 163.0 61.5
Ratio 0.25 0.718 0.211 0.315
Ratio 0.5 0.610 0.282 0.133
Ratio 0.75 0.009 0.058 0.005

4.3. Drying-rewetting cycles

Indicators derived from sub-daily data measured shorter-term fluc-
tuations and are especially relevant for methane emissions via

ramp_vol_frac
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ebullition. For example, faster drawdown (a high efall rate) could result
in higher potential for ebullition in reservoirs (Fig. 7), especially
following a warm season with high methane production (ch4 prod)
(Aben et al., 2017). The risk of ebullition, indicated by efall rate, was
often higher in late summer and early fall than in spring (Fig. 7, top
panel).

The area of sediment affected by sub-daily ramping, quantified by
ramp_area, increased with longitudinal position (Douglas < Watts Bar <
Guntersville) (Fig. 7, middle panel). Another sub-daily indicator, Nrev,
measured the number of short-term fluctuations that rewet sediment
(providing limiting nutrients to pores), connect methane in pores to the
atmosphere, and then lower hydrostatic pressure (potentially stimu-
lating ebullition) as the water level recedes. Nrev was lower in Douglas
than in the two downstream reservoirs (Fig. 7, bottom panel). Results
suggest that the risk of ebullition, driven by sub-daily water level fluc-
tuations in summer, was higher in Watts Bar and Guntersville reservoirs
than in Douglas Reservoir under historical operations.

' i
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Fig. 6. Indicator ramp_vol_frac measures the daily turnover in volume, an indicator with an inverse relationship with methane emissions via the water-column
mixing pathway (black arrow). Longitudinally, Douglas Reservoir is a tributary reservoir that feeds into Watts Bar, which is upstream of Guntersville on the
mainstem Tennessee River. Two heavy vertical black bars roughly delimit the period of summer full pool. Boxes enclosing the 25th-75th quartile, a horizontal bar
denoting the median among water years, and vertical bars extending to the 5th and 95th percentiles. Outliers are omitted for clarity.
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Fig. 7. Three sub-daily indicators hypothesized to have a positive relationship (black arrows) with methane emissions caused by dry-rewetting cycles. Longitudi-
nally, Douglas Reservoir is a tributary reservoir that feeds into Watts Bar, which is upstream of Guntersville on the mainstem Tennessee River. Vertical bars roughly
delimit the period of summer full pool. Boxes enclose the 25th-75th quartile, a horizontal bar denoting the median across years and vertical bars extending to the 5th

and 95th percentiles. Outliers are omitted for clarity.

4.4. Sediment delivery and redistribution

Two categories of ICAs for emissions associated with sediment are
those that measure exposure to erosion and those that measure the
erosive forces associated with water-level changes. ICAs related to
exposure showed opposite longitudinal patterns at seasonal (draw_area,
draw_dur) and sub-daily (ramp_area, scour rate) timescales. Upstream,
Douglas Reservoir experienced the longest seasonal drawdown (draw._-
dur) (Fig. 5) and the most continuously exposed area (draw _area) (Fig. 8,
top panel).

Erosive forces are captured by scouring rate, scour. rate, a compound
indicator that combines the number of within-day reversals (Nrev) with
the within-day rate of decrease in elevation (efall rate). Sub-daily ram-
p_area was higher in the two downstream mainstem reservoirs than in
Douglas Reservoir (Fig. 8, middle panel). Values of scour rate also
increased downstream, with the lowest values in Douglas Reservoir and
highest in Guntersville Reservoir. Seasonally, the three reservoirs
experienced the highest values of scour rate in late fall and spring, and
the lowest in summer (Fig. 8, bottom panel). Of the three reservoirs,
Guntersville is operated with the most stable elevations in the TVA
system due to the requirements for navigation (Tennessee Valley Au-
thority, 2004). Although the sub-daily ICAs suggest that short-term
fluctuations occur frequently, these fluctuations occur over a narrow
band of elevations (Fig. 4).
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4.5. Vegetation

Based on the conceptual model (Fig. 1), larger values of morpho-
metric ICAs littoral km2 and aspect ratio promote growth of littoral
vegetation, leading to a positive association with methane emissions via
vegetation. Aspect ratio, a seasonal indicator, measures the proportion
of reservoir surface area with depths suitable to support the growth of
littoral vegetation whereas littoral area was based on sub-daily mea-
surements. The two ICA’s were highly correlated, so using one should
suffice (Fig. S2.1).

ICAs related to littoral area pointed to higher emissions in larger
downstream reservoirs (i.e., Guntersville) (Fig. 9). This result is intuitive
because larger reservoirs should have a larger perimeter and, hence,
littoral zone, unless vegetation growth is prevented by steep banks. Our
results based on morphometry are consistent with reported patterns in
vegetated area, with Guntersville having significant macrophyte
coverage throughout much of the reservoir (Tennessee Valley Authority,
2004).

The sediment and vegetation pathways are interconnected. Severe
ramping may prevent vegetation from being established, but the rate of
erosion is likely higher in areas lacking littoral vegetation. Except for
draw _area, normalized ICA values show a consistent pattern of higher
values in the two downstream reservoirs (Fig. 10).
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X

Fig. 8. Indicators hypothesized to have a negative relationship (black arrows) with methane emissions via sediment redistribution include seasonal indicator
draw_area and sub-daily indicators ramp_area, and scour_rate. Douglas Reservoir is a tributary reservoir that feeds into Watts Bar, which is upstream of Guntersville
on the mainstem Tennessee River. Vertical bars roughly delimit the period of summer full pool. Boxes enclose the 25th-75th quartile, a horizontal bar denotes the
median among years and vertical bars extending to the 5th and 95th percentiles. Outliers are omitted for clarity.

5. Discussion

We developed ICAs to quantify emission risk via four different causal
pathways associated with water-level fluctuations (water column, wet-
dry cycles, sediment delivery and redistribution, and vegetation).
Because they can be simulated from readily available flow, temperature,
and bathymetry data, our indicators have practical value to estimate
emission risks for reservoirs of different shapes, operation regimes, and
climate conditions.

5.1. Longitudinal patterns

Our analysis suggested some interesting longitudinal patterns, some
of which compare well with studies of emissions from these reservoirs.
Rates of diffusion and ebullition increased downstream from Douglas
Reservoir to Guntersville (Bevelhimer et al., 2016). A recent study,
showed the same ranking for diffusion, but ebullition was lower in Watts
Bar than Douglas (Pilla et al., 2025). These measured emissions did not
distinguish among causal pathways or measure emissions mediated by
vegetation.

If we assume that emissions via the wet-dry cycle pathway are
ebullitive, then our results are consistent with measurements. ICAs
suggested a higher potential for methane emission driven by sub-daily
water level fluctuations (e.g., via ebullition) downstream in Watts Bar
and Guntersville reservoirs than in Douglas reservoir. This reflects the
larger perimeter area exposed to ramping in the lower mainstem
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reservoirs and is also consistent with a very high ebullition measured in
Guntersville by Pilla et al. (2025).

Comparing other pathways is more challenging. Along the sediment
pathway, results for the seasonal ICA draw_area, increased downstream,
consistent with field surveys, but not those for the two sub-daily in-
dicators. Resolving the net effect would require field studies to compare
the erosional effects of seasonal drawdown versus within-day ramping.
To verify longitudinal patterns in the field would require measuring
erosion rather than deposition because the latter is affected by trapping
in upstream reservoirs (Liu et al., 2016). Along the water-column
pathway, lower values of ramp_vol frac (higher emissions) occurred in
the upstream tributary reservoir in summer.

ICAs of methane production and consumption both increased
downstream. The thermal opportunity for methanogenesis (indicated by
ch4 prod) was lowest in the tributary reservoir and higher in mainstem
reservoirs, as was potential for consumption (indicated by draw dur).
This suggests that summer production may be offset by prolonged oxic
conditions in the drawdown zone during seasonal drawdown in down-
stream reservoirs. The net effect on emissions can be evaluated by
studies of sediment concentrations, microbial communities, and emis-
sions in the drawdown zone over an annual cycle (Beaulieu et al., 2018;
Su et al., 2024).

An interesting side note regarding the vegetation pathway. A recent
study suggests that 6 to 20 % of organic carbon produced by macro-
phytes is buried, a causal pathway not considered here. Accounting for
carbon burial in littoral zones produces a threshold; when littoral zones
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Fig. 9. Sub-daily indicators hypothesized to have a positive relationship (black arrows) with methane emissions via diffusion from littoral vegetation. Douglas
Reservoir is a tributary reservoir that feeds into Watts Bar, which is upstream of Guntersville on the mainstem Tennessee River. Heavy vertical bars roughly delimit
the period of summer full pool. Box plots show a box enclosing the 25th-75th quartile, a horizontal bar denoting the median and vertical bars extending to the 5th

and 95th percentiles. Outliers are omitted for clarity.

exceed 19 % of reservoir area, they become net carbon sinks (Grasset
et al., 2025). Here, Guntersville Reservoir is the only reservoir with an
aspect ratio above 19 % but it is very close to the threshold (Fig. 9).

5.2. Seasonal patterns

In addition to the longitudinal pattern, ICA’s revealed seasonal pat-
terns for some causal pathways. Along the water-column mixing
pathway, only one reservoir showed strong seasonal patterns in ramp -
vol frac. Douglas Reservoir experienced higher mixing in late summer,
which we hypothesize has a net negative effect on methane emissions by
oxygenating deeper water. Along the drying-rewetting cycles pathway,
indicators measuring the risk of ebullition tended to be higher in sum-
mer and fall than in spring.

ICAs with seasonal patterns can inform reservoir management de-
cisions. Specifically, reservoirs and months with higher potential risk of
ebullition during drawdown events can be identified by comparing ICAs
that measure fast drawdown (efall rate) and high production potential
(ch4 prod). To illustrate, Watts Bar Reservoir has an intermediate pro-
duction index and a high efall rate in November, suggesting that oper-
ational changes to reduce ebullition events (e.g., by delaying drawdown
or restricting ramping rates) might be more effective here than in other
reservoirs at key times when methane has accumulated over summer.

5.3. Future directions

Indicators support other components of global greenhouse gas as-
sessments (Forster et al., 2025), but not reservoir emissions. The IPCC

12

approach applies country-specific emissions factors (per unit area) for
diffusive and bubble (ebullitive) methane to the cumulative surface
areas of reservoirs inundated more than 20 years ago (IPCC, 2006).
Global estimates have been produced without first understanding
important differences among reservoirs (e.g., climate drivers,
morphology, longitudinal position, and operation). The ICAs proposed
here can refine the IPCC’s Tier 2 approach by developing mechanistic,
pathway-specific emissions factors that account for such differences.
Before this can be done, studies are needed to more thoroughly test our
hypotheses about directions of influence between ICAs and methane
emissions via different pathways. For mechanistic models, this is called
‘validation by parts’ (Collins et al., 2024). For example, previous field
studies have focused on quantifying specific events, especially those that
produce hot spots and/or hot moments (e.g., fall turnover, eutrophic
conditions in summer, drawdown) (Beaulieu et al., 2018). Another
relevant approach to model-data comparison is to contrast empirical and
model patterns along environmental gradients (Jager et al., 2000). Our
longitudinal comparison is an example of this.

Structural equation modeling (SEM) is an alternative that can be
used to infer unmeasured methane concentrations and emissions of in-
terest. Indicators serve as proxies for unobserved methane concentra-
tions and emissions, called ‘latent’ variables. A measurement model
specifies how these latent variables can be inferred from measured ICAs
and exogenous drivers (Kline, 2005). We present preliminary vision for
how this might be done in Appendix C section S3. The measurement
model includes ICAs that are influenced by each other and by exogenous
variables such as temperature, oxycline depth, and water surface
elevation (Appendix C. Fig. S3.1). Measuring covariates uniquely
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Fig. 10. Heatmaps showing average rank-normalized ICA values by month and reservoir. Rank-normalized values are quantiles relative to all ICA values (water
years, months, and reservoirs). Arrows in facets show direction of influence on methane emissions for four pathways (water-column, dry-wetting cycles, sediment,

and vegetation).

associated with the four causal pathways can help to distinguish their
effects on latent variables (Wang, 2022).

One goal of this study was to develop mechanistic ICAs that would
inform reservoir management by estimating emissions associated with
changes in water elevation. We identified one example of how ICAs
could be combined to inform the timing reservoir releases to minimize
ebullitive emissions, either by delaying drawdown or controlling
ramping rates at key times. Future research, following the lead of
(Marcon et al., 2024), can build on our work by incorporating ICA’s
related to sediment concentrations, temperature, and oxic conditions
(see S3).
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Appendix A. Overview of reservoir characteristics

Table A.1

Parameters for selected hydropower reservoirs in the Southeastern US. GRanD data from (Lehner et al., 2011). Calculated summary sta-
tistics are at full pool unless otherwise noted, for water years 2006-2019. Photic zone measures sediment perimeter area between full pool

and Secchi depth.

Parameter Douglas Watts bar Guntersville
GRanD id 1781 1797 1847

Dam longitude —83.5346 —84.7830 —86.3921
Dam latitude 35.9638 35.6288 34.4221
Year dam was completed 1943 1942 1939
Storage capacity (cubic km) 1.3346 0.4675 0.2000
Summer net dependable power (MW) 182 196 123
Shoreline (km) 825.6 1162.0 1432.3
Elevation at full pool (m asl) 303.0 225.6 181.3
Elevation at drawdown (m asl) 289.5 224.1 180.7

Refill period
Drawdown period

Mar 1 to May 15
Sep 3 to Dec 30

Apr 1 to May 15
Nov 1 to Nov 30

Apr 1 to Apr 17
Sep 3 to Dec 1

Light extinction coefficient, kq 1.340 1.027 0.975
Secchi depth (m) 2.278 1.745 1.657
Perimeter, full pool (km) 771.2 879.7 1305.9
GRanD max. depth (m) 29.4 12.0 7.8
Dam height (m) 61.26 34 29
Mean length (km) 36.6 48.1 48.9
Mean width (km) 2.3 3.2 4.4
Photic zone (kmz) 1.591 1.478 2.768

Table A.2
Regression relationships for water surface area as a function of depth, relative to full pool elevation and ramp area as a function of water surface
elevation. All parameter estimates were significant at p < 0.1.

Response Parameter Douglas Guntersville Watts Bar

Surface area (km?) Intercept 118.965 255.561 137.683
Depth (m) —7.4415 —35.1325 -11.3617
Depth? 0.12312 1.1417 0.22996
Adjusted R? 0.9927 0.9625 0.9896

Ramp area (km) Intercept —1320 —1102 —1146
Elevation (m) 9.384 13.34 11.15
Elevation? —0.016 —0.040 —0.0269
Adjusted R? 0.9995 0.981 0.9977

Appendix B. Imputation of water surface elevations

Water-surface elevation data was missing for 17 % of 15-min intervals during 2 of the 20 years (2011 and 2012) for Douglas and Watts Bar
reservoirs. Missing values in the time series were imputed as follows: For vector Z, let >,z be the cumulative value at time interval t and I be an
indicator variable allowing us to generate cumulative counts of non-missing values. Specifying N as the number of time intervals over which to average
(4 15-min periods for sub-daily ICAs), the imputed value at missing time t0 is given below.

20 = DD o
1+Zm1‘_2(m N)It’
1, 2 not missi
where I; = ’Ot Missing
, 2, missing

Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.scitotenv.2025.180565.
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Calculations were performed by using the R Statistical Software
v4.3-4.4 (R Core Team, 2024). Code can be found at https://github.
com/hjager/GHG-indicators.
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