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Waterfalls enhance regional methane
emissions by enabling dissolved methane
to bypass microbial oxidation
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River waters are significant sources of atmospheric methane whose local emissions increase with river
slope and turbulence. However, when integrated regionally, the amount of dissolved methane
released to the atmosphere is uninfluenced by local changes in turbulence when no additional loss
mechanisms are present. Here we tested the hypothesis that waterfalls enhance both local and
regional atmospheric methane emissions if microbial methane oxidation is significant in river waters.
Rates of net atmospheric emission and net aerobic methane oxidation were measured in river waters
containing waterfalls across western New York revealing that methane oxidation can diminish
atmospheric emissions when turbulence is less. However, at waterfalls, 88 + 1% of the dissolved
methane supersaturation was released to the atmosphere, increasing net methane emission rates
substantially beyond oxidation (0.1-16.2 x 10°nM d™' for waterfall emission; 10-39 nM d™" for
oxidation), and ultimately enhancing regional methane emissions by enabling dissolved methane to

bypass an oxidative sink.

Freshwater environments naturally emit significant quantities of methane (CH,)
to the atmosphere, despite lakes and rivers covering a relatively small percentage
of global surface area'. The CH, emissions from all freshwater environments,
indluding lakes, reservoirs, streams, and rivers (8-73 Tg CH,yr ") are a sig-
nificant component of natural (220-350 TgCH,yr ') and anthropogenic
emissions (330-335 Tg CH, yr™')’. Riverine systems release ~26.8 Tg CH, yr ',
representing a large portion of freshwater CH, emissions’.

The source of CH, in rivers is generally thought to arise from microbial
methanogenesis in river sediments, however, geologic sources, and trans-
port from leaking gas wells, landfills, and agriculture have all been identified
(e.g., refs. 3-7). Once dissolved in river water, CH, has one of two fates:
aerobic oxidation or emission to the atmosphere. At present, there are few
published studies of aerobic CH, oxidation rates in river water, and these
few results show that CH, oxidation can be either insignificant or the
dominant removal mechanism (e.g., refs. 8-11). The widely variable nature
of aerobic CH, oxidation in river waters mirrors more comprehensive
datasets from seawater which similarly display CH, turnover times due to
aerobic oxidation of several days to several decades (e.g., ref. 12). The dif-
ferences in aerobic oxidation rates have been attributed, at least in part, to
differences in environmental conditions, biogeochemical conditions, and
measurement techniques (e.g., refs. 12-14). Aerobic CH, oxidation has also

displayed increasing rates with increases in dissolved CH, concentration'>'*,

suggesting that the relatively high concentrations of dissolved CH, in river
water could support faster rates of aerobic oxidation than what has been
observed in background seawater.

In addition to aerobic oxidation, supersaturated concentrations of
riverine CH, can also be lost due to atmospheric emission, the rates of which
are increased by river turbulence'”"®. Turbulence in rivers and streams
increases the surface area of water which in turn decreases the equilibration
time between dissolved gases and the atmosphere, a process known as
reaeration”’. To quantify the amount of gas exchange that occurs between
the atmosphere and waters due to reaeration, reaeration coefficients have
been calculated. Reaeration coefficients are a rate constant with units of
time ™, characterizing this first-order equilibration process with units of
moles per volume per time. (As a point of comparison, gas transfer velocities
have units of distance per time and characterize gas flux with units of moles
per area per time.) The inverse of the reaeration constant represents the
turnover time for riverine CH, due to atmospheric emission which has been
shown to range from 0.008 to 10 d**~**. While atmospheric emission has the
potential to be a larger sink of CH, than oxidation in riverine systems, this
comparison of turnover times highlights that relatively fast rates of oxida-
tion can indeed act as a biofilter, removing significant quantities of CH, that
would otherwise be emitted to the atmosphere. This comparison further
suggests that in regions of heightened turbulence, atmospheric emission can
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overwhelm microbial oxidation and other CH, loss mechanisms from
river water.

Few studies have examined how turbulence affects CH, emission in
freshwater environments, and studies examining waterfalls specifically are
limited. Steps, features that generally cause disruptions of flow in rivers and
streams, have been investigated for their ability to enhance dissolved gas
exchange with the atmosphere'****. However, only one previous study has
quantified CH, emission rates from waterfalls, with other greenhouse gases
like CO, receiving more attention to date. Natchimuthu et al.”” examined
how gas emission changed with stream slope, finding that waterfalls have
larger emissions of CH, and CO, compared to regions of streams with lower
slopes. Previous research has established that natural waterfalls, and similar
artificial structures, act as emission points for CO,. Leibowitz et al.¥ studied
waterfalls as sources of CO, to the atmosphere in the Preto River in Brazil
and found 41%, 14.2%, and 19% decreases in pCO, between sites above and
below three waterfalls on the Preto River. The decreases in pCO, were
attributed to the agitation produced by the waterfalls.

Other studies have examined the effect of artificial dams and tur-
bines on CO, concentrations’ . These anthropogenic structures also
produce agitation in river water, thus acting similarly to waterfalls to
increase the river water surface area and decrease the time for the water
and atmosphere to reach equilibrium. Kemenes et al.” found CO,
degassing at the Balbina dam in Brazil due to turbulence leads to 51% of
the annual emissions below the dam. Similarly, CH, emissions from
dams have also been explored. Galy-Lacaux et al.”” performed experi-
ments to examine how dams alter net CH, emissions at the Petit-Saut
dam in French Guiana. The dam was reported to cause a release of 80-
90% of the dissolved CH, as water masses flowed over the dam. Work by
Harrison et al.’® modeled the CO, and CH, fluxes from reservoirs
globally, and found up to half of the CH, lost from these structures to be

attributed to degassing, with particularly high emission to the atmo-
sphere in the tropics and subtropics.

While prior research has established that waterfalls and dams are local
emissions points of CO, and CHy, no previous studies have examined how
waterfalls impact the relationship between the CH,4 loss mechanisms of
emission and oxidation in rivers and streams. This interplay particularly
impacts emissions more regionally and is best illustrated when comparing
two endmember cases. In one endmember where a river system displays
negligible aerobic CH, oxidation in river water, waterfalls will enhance local
emission rates, however, cumulative emissions integrated across the regio-
nal river system remain uninfluenced. The increased emissions at the
waterfall result in decreases in dissolved CH, concentrations and emission
rates downstream, counterbalancing the waterfall enhancement (Fig. 1). By
analogy, stirring a carbonated beverage will not influence the total amount
of CO, released to the atmosphere, only the instantaneous emission rate. In
the other endmember where a river system displays significant aerobic CH,
oxidation in river water, background (non-waterfall) atmospheric emission
of CH, is reduced. However, when a waterfall is encountered, dissolved CH,
that would have otherwise been oxidized is released to the atmosphere,
enhancing emissions compared to a river system without a waterfall. And
since CH, oxidation rate is proportional to the dissolved CH, concentration,
decreases in dissolved CH, downstream of the waterfall result in further
reductions of CH, oxidation until the dissolved CH, concentration
recovers (Fig. 1).

The study presented here tested the hypothesis that waterfalls, regions
of most significant riverine turbulence, enhance rates of atmospheric
emission of CH, from rivers thus enabling dissolved CH, to effectively
bypass microbial oxidation and enhance regional as well as local CH,
emissions. Since the validity of this hypothesis is dependent on rates of net
aerobic CH, oxidation and net CH, emissions from river water, these were

Fig. 1 | The impact of waterfalls on CH, emissions
from rivers. A Schematic of CH, sources and sinks
in a river containing a waterfall. k,, [CfCJ is
atmospheric emission, k,,_,,¢ [C—CS] is atmo-
spheric emission at a waterfall, k, [C] is aerobic
oxidation in river water, Sources is the cumulative
source of CH, to river water, [C] is the dissolved CH,
concentration, and [C,] is the dissolved CH, con-
centration when in equilibrium with the atmo-
sphere. B Dissolved concentration of CH, in river
water. C Cumulative CH,4 emission to the atmo-
sphere. The darker and lighter hues represent rivers
with and without a waterfall, respectively. The blue
and red colors display rivers with and without
aerobic CH, oxidation in the water, respectively.
Both (B) and (C) are plotted as a function of distance
downriver relative to the schematic in (A).
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Fig. 2 | A map of the field sites where measurements were conducted. The red square symbols represent waterfalls sampled in this study. Note: Akron Falls contains two

waterfalls. The yellow square represents the site of the methane oxidation study.

Table 1 | Emission characteristics for nine waterfalls measured across Western New York

Waterfall Height (m) Average Streamflow Rate During Temp (°C) CH, Concentration above Change in CH, Emission Rate
Sampling Period (Annual) (m® s~")*° Waterfall (hmol L) (nmol L) (x10°nM d ")

Lower 25.60 69.8 (70.3) 16.92 5.64 22 0.1

Waterfall #1 1.55 9.21 13.85 8.8 1.4

Waterfall #2 1.37 9.63 13.60 8.7 1.4

Honeoye 6.10 5.26 (3.83) 0.50 73.20 60.2 4.7
Buttermilk 18.29 0.80 11.07 55 0.2
Morganville 8.23 1.61 60.49 491 3.3

Akron (Upper) 6.10 0.29 242.64 209.2 16.2

Akron (Lower) 15.24 0.35 32.63 24.4 1.2

Glen 8.23 6.10 (4.99) 0.67 32.84 24.7 1.6

the primary measurements of this study determined in rivers and streams
across Western New York containing waterfalls.

Results

To constrain how riverine CH, emissions are influenced by waterfalls and
aerobic oxidation, waterfall CH, emissions were measured at nine sites
across Western New York. At each waterfall, measurements of the dissolved
partial pressure of CH, and water temperature were conducted in the field as
close to the top and bottom of these waterfalls as was safely accessible. In
addition, rates of net aerobic CH, oxidation were measured using water
collected from the Genessee River at a site connecting all nine waterfalls
measured during this study (see Fig. 2 and “Site Description” in the
“Methods” section below for more information).

Concentration changes between upper and lower regions of
waterfalls

A pattern of emission was seen at all sites, where the dissolved CH, con-
centrations were observed to be lower at the bottom of the falls than the top,
establishing waterfalls as local sources of CH, emission to the atmosphere
(Table 1). The change in dissolved CH,4 concentration from the upper to
lower fall regions ranged from 2.2 to 233.6 nmol L ™", with the lower bound
representing Lower Falls and the upper bound representing Akron Falls.
While Akron Falls contains a cascade of two waterfalls, we highlight that
even the first waterfall at Akron Falls emitted 209.2 nmol L' of CH,
(Table 1). These results support previous investigations that found CO, is
emitted from waterfalls” . Overall, the turbulence caused by waterfalls
created local emission points of CH, to the atmosphere.
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Fig. 3 | Linear relationship between A[CH,];,, and A[CH,],; used to determine %
emission from waterfalls. A strong linear correlation is found between A[CH,],
and A[CH,]; whose slope is equal to the fractional emission of supersaturated
concentrations of dissolved CH, during waterfall decent. Since A[CH 4], and
A[CH 4] are highly correlated (R* = 0.9979) with a constant slope with minimal
uncertainty, variables such as waterfall height and streamflow rate do not influence
the % Emission over the ranges investigated in this study.

The CH, emission efficiency of each waterfall was quantified by the
percent of the supersaturated CH, concentration that was lost as water
masses moved over the waterfalls. 100% emission was defined as the bottom
of the falls displaying dissolved CH,4 concentrations that were in equilibrium
with the atmosphere (Table 1; Eq. 1).

AlC
%Emission = AlCHJ1p 14 1)

Here, A[CH] ;p 18 the change in dissolved CH, concentration between
the top and bottom of the waterfall. And A[CH,,] ra 18 the change in the
dissolved CH, concentration between the top of the waterfall and atmo-
spheric equilibrium, assuming an atmospheric concentration of 1.922 ppm.
Of the three parameters used in the determination of % Emission ([CH4]—
top, bottom, and atmospheric equilibrium), [CHy]pottom likely has the lar-
gest relative uncertainty due to its concentration being near atmospheric
equilibrium and unknown influences from microbubbles'® and sediment
sources of CH, at the point of sampling near the splashdown pool. Because
of this, the determination of % Emission will have disproportionately large
uncertainty when the measured value for [CHy]p is closest to [CHyJpottom-
Thus, to avoid this disproportionality and more uniformly consider the
absolute uncertainty in [CHy]pottom» We instead calculated % Emission as the
slope of the line relating A|CH,];, and A[CH ], determined via linear-
least squares. Doing so fits a linear regression to the data by minimizing the
absolute difference between A[CH,]; (i.e., the parameter that contains the
largest source of relative uncertainty—[CH4lpotom) and the regression line
(Eq. 2; Fig. 3).

%Emission

A[CH ] = 100

A[CH j]7 (2)

This analysis revealed that % Emission is 88 +1 % and is constant
across all waterfalls investigated in this study despite changes in streamflow
rate (5.26-69.8 m’ s ") and waterfall height (1.37-25.6 m) (Table 1; Fig. 3).
This constant percent emission was surprising to us, especially in the case of
waterfall height, as we expected the longer drop times associated with higher
waterfalls to promote a greater % Emission. While this expectation is logical,
this result instead reveals that even the smallest waterfall investigated here

(1.37 m) provided enough drop time to promote a seemingly maximum
amount of % Emission for these environmental conditions; any additional
drop time beyond that produced from 1.37 m does not produce additional
CH, emissions for the locations investigated here.

Emission rates from waterfalls

The emission rate of dissolved CH, from river and stream water to the
atmosphere follows a first-order decay process. The supersaturated con-
centration of dissolved CH, decays exponentially to the saturated con-
centration, i.e., the concentration when river water is in equilibrium with the
atmosphere, at a rate determined by the reaeration coefficient (Eq. 3).

dc
= = ~kalC-C] ®3)

Here, C is the measured concentration of dissolved CH, in a river
system (mol L"), C; is the saturated concentration of dissolved CH, (mol
L™, and k,, is the reaeration coefficient (s™')*". For the investigation con-
ducted here, the inverse of the reaeration coefficient (1/k,,, s) determines the
residence time (1) of CH, in river water as only influenced by atmospheric
emission. Reported here are average net CH, emission rates (nM d ) at all
waterfalls investigated, which is defined as A{CH ] ;; divided by the time for
water to travel from the top to the bottom of the waterfall (Table 1).
However, to account for uncertainties in [CH,]g, o> AICH,]7p is deter-
mined using Eq. 2 (A[CH, ]z = 0.88 X A[CH,],). Additionally, the more
fundamental reaeration coefficient (kmfmc) and residence time (Tmc) arealso
determined here since the average emission rate is proportional to dissolved
concentration (Eq. 3), which can vary across river systems. The reaeration
coefficient and residence time further enable a more normalized compar-
ison across different waterfalls and between different processes (e.g.
between emission at waterfalls vs. aerobic oxidation).

The waterfall reaeration coefficient (k,,_, ;) was only determined at the
shortest waterfall since our % Emission analysis determined that 1.37 m
provided enough drop time to promote a seemingly maximum amount of %
Emission for these environmental conditions. Since it is unknown at what
height less than 1.37 m produces the maximum amount of % Emission, we
report the lower bound for k,,_, . The waterfall reaeration coefficient
(Kyq—y) Was determined using the integrated version of Eq. 3, where the
slope of In[C - CJ] versus time (f) is equal to the negative of the reaeration
coefficient (Eq. 4). Additional details for this determination can be found in
Supplementary Information Note 3.

In[C—C = —k,t+In[C, — C] (4)

Co in Eq. 4 is equal to the dissolved CH, concentration before
encountering the waterfall system and In[C, - C,] is equal to the y-intercept
for the plot of In[C - C{] versus t. The time for water to travel from the top to
bottom of the waterfall (¢) is estimated assuming free fall and incorporating
the waterfall height and the acceleration due to gravity; this is likely an
underestimate since water parcels and droplets will likely follow a more
tortuous path during waterfall decent, thereby decreasing the reaeration
coefficient and increasing the residence time. For the 1.37 m waterfall
investigated here, k,,_,, was determined to be 1.94s™" for CH,. This
translates to a residence time for CH, at waterfalls (wa) of at most 0.51 s.
Comparing the reaeration coefficients and associated residence times
determined here for waterfalls against what was previously determined for
river and stream systems highlights the rapid equilibration times caused by
waterfalls. Outside of waterfall systems, reaeration times for rivers and
streams range from 0.1 to 131.3 d'***** resulting in residence times of
0.008-10 d or 660-864,000 s, which is 1400-1,700,000 times longer than
what is caused by waterfalls.

Net methane oxidation
All incubation experiments used to assess net CH, oxidation displayed
steadily decreasing concentrations of dissolved CH, as a function of time
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Table 2 | Results from the net CH, oxidation rate experiments

Collection Date Incubation Light Starting Net CH, Oxidation Rate = Net Oxidation Rate Constant  Turnover Time
Temperature (°C) (Y/N) [CH,4] (nM) (nMd7) (Kox; day™) (7ox; day)

3 October 2022 13°C Y 332 39+4 0.12+0.01 8.50+0.9

26 February 2023 13°C Y 305 18+2 0.059 +0.007 16.9+2.1

26 February 2023 5°C N 373 101 0.027 +0.004 37.3+5.6

Average 337 22+15 0.07 +0.05 21+15

(Fig. 6). Similar to atmospheric emission, the loss rate of dissolved CH, due
to aerobic oxidation follows a first-order decay process'>”. The con-
centration of dissolved CH, decays exponentially with time at a rate
determined by the oxidation rate coefficient (Eq. 5).

c

E - _kox[c] (5)

Here, C is the measured concentration of dissolved CH, in a river
system (mol L") and k,, is the oxidation rate coefficient (d)"*. The inverse
of the oxidation rate coefficient (1/k,,, d) determines the residence time of
CHy, in the river water with respect to aerobic methanotrophy (7). The
oxidation rate coefficients were determined for the experiments conducted
here using the integrated version of Eq. 5, where the slope of In[C] versus
time (¢) is equal to the negative of the oxidation rate coefficient (Eq. 6).

I[C] = —kot + In[C,) (6)

Copin Eq. 6 is equal to the dissolved CH, concentration at the start of the
incubation and In[C,] is equal to the y-intercept for the plot of In[C] versus t.
Further details for these calculations are provided in Supplementary
Information Note 3.

The net CH, oxidation rate measurements conducted here covered two
different seasons, fall and winter, and two different water temperatures
(13°C and 5°C) (Table 2). The oxidation rate coefficient (k,,) was the
highest, and the turnover time (7,,) was the fastest, for net CH, oxidation
determined in river water collected in October and incubated at 13 °C
(k,, = 0.12d7"; 7, = 8.50d). Conversely, the oxidation rate coefficient
was the lowest, and the turnover time was the longest, for net CH, oxidation
determined in river water collected in February and incubated at 5°C
(k,, = 0.03d7"; 7,, = 37.31d). We highlight that the February 5°C
incubation was conducted in the dark while the other oxidation rate
experiments were subject to artificial light for 12h per day to promote
aerobic methanogenesis that may be associated with photosynthetic activity.
The presence of light, and thus potentially enhanced aerobic methano-
genesis would result in a decrease in the determination of net CH, oxidation
rates, and yet the experiment containing no light reported the lowest net
oxidation rate constant. This observation likely displays the more significant
influence of temperature decreasing the rate constant of net CH, oxidation
as opposed to the absence of light decreasing aerobic methanogenesis.
Nonetheless, despite seasonal and temperature changes in the oxidation rate
coefficient and turnover time, a general observation is that all measurements
of net CH, oxidation are at the upper end of prior measurements of CH,
oxidation measured in different global water reservoirs (e.g.,
ref. 8-10,12,15,36,37). This observation is underscored by the fact that most
previous measurements of CH, oxidation report gross oxidation rates as
opposed to the net oxidation rates reported here (see “Measurements of Net
Methane Oxidation”).

Discussion

The measured results presented here reveal unique characteristics of riverine
CH, dynamics when CH, sources are compared to the CH, sinks of oxi-
dation and atmospheric emission under both steady-state and non-steady-

state conditions (Eq. 7)

d[c] = Sources — k,,[C] — k,,[C—C,]

7 @)

The short-term losses reported in the present study agree with previous
studies that observed similar net emissions of CH, and CO, at waterfalls and
dams’**** Previous work by Leibowitz et al.” suggested that the height of
waterfalls may affect how much dissolved gas is emitted to the atmosphere.
This was not observed for the waterfalls sampled here, which ranged in
height from 1.37 to 25.60 m (Fig. 3). Rather, the percent emission remained
constant (88 + 1%) and thus the magnitude of the CH, mass emitted by
waterfalls was controlled by the CH, concentration at the top of each
waterfall (Fig. 3). Excluding the significant, short-term losses associated with
waterfalls, riverine dissolved CH, concentrations trend toward a steady state
where sources of CH, are balanced by aerobic water column oxidation and
atmospheric emission sinks. This highlights that aerobic oxidation in river
water, as measured here, can remove up to 55% of riverine CH, sources.
Stated more specifically, the upper bound for k,, measured in this study
(0.03 to 0.12d™") is similar to the lower bound of k,, for rivers and streams
measured previously outside of waterfalls (0.1 to 131.3d")****. This
degree of oxidative loss is in general agreement with previous measurements
of aerobic CH, oxidation in rivers* .

However, the capacity for aerobic oxidation to limit atmospheric
emissions of riverine CH, decreases with turbulence (i.e., increasesin k). In
the non-steady-state condition when a parcel of river water encounters a
waterfall, the water-to-air emission increases on a near instantaneous
timescale. Our measurements indicate that reaeration coefficients increase
from more conventional values in less turbulent waters (0.1 to
131.3d7'7**”) to 1.94 57" at a waterfall, an increase by a factor of 1000 to
2,000,000. This increase in the reaeration coefficient causes CH, emission to
exceed the source rate to an extent that the dissolved concentration drops,
approaching atmospheric equilibrium at the bottom of the waterfall (Figs. 1,
4A, S1,and S3). If aerobic CH, oxidation (k,, ) in river water is small relative
to non-waterfall atmospheric emission (k,,), the effect of waterfalls would
only be to compact riverine CH, emissions to a point source from what
would naturally occur across longer spatial scales (Figs. 1, S2, and S4).
However, when k,, is significant compared to k,,,, the effect of waterfalls is to
enable CH, to evade to the atmosphere that would have otherwise been
oxidized. The concentration drop observed following waterfall emission
suppresses the CH, oxidation sink (Eq. 5), enabling the cumulative CH,
emission from a river system to increase above a similar river system without
a waterfall (Figs. 1, 4B, S2, and S4). The degree to which CH, oxidation is
suppressed is related to the recovery time, defined here as the time needed
for the dissolved CH, concentration to recover to 95% of the pre-waterfall
concentration (Figs. 4C, S1,and S3). However, the recovery time itself can be
deceptive since longer recovery times are simply related to smaller values of
k., and k,,, and may not lead to enhanced CH, emissions if k,, is small
relative to k,,. Only in environments where k. is significant compared tok,,
will waterfalls lead to an increase in cumulative CH, emissions across the
river system more regionally. For example, when k,, = k., the camulative
CH, emissions from a riverine system increase by 31.4% when a waterfall is
present (Fig. 4D).
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recovery time, defined here as the time for the dissolved CH, concentration to
recover to 95% of the pre-waterfall concentration, influences the percentage decrease
in cumulative CH,4 oxidation. D The balance between k,, and k,, influences the
degree to which waterfalls enhance cumulative atmospheric CH4 emissions when
integrated across the river system. Further details and simulations are provided in
Supplementary Information Notes 1 and 2.

Conclusion

Here we report the discovery that waterfalls not only concentrate riverine
CH, emissions to a point source to enhance local emissions but also enhance
the overall emissions of riverine CHy regionally if oxidation is relatively
high. The CH, oxidation results reported here reveal that oxidation is sig-
nificant and can remove up to 55% of the source of CH, to river water under
low turbulence conditions. However, when turbulence increases, dissolved
CH, bypasses oxidation enhancing atmospheric emissions. Our measure-
ments at nine waterfalls across western New York revealed high reaeration
coefficients driving an increase in atmospheric CH, emission and a decrease
in dissolved CH, concentrations by 88 + 1%. Interestingly, the rapid equi-
libration between dissolved riverine CH, and the atmosphere was consistent
at all waterfalls investigated in this study regardless of height, suggesting that
this percent emission may be useful for constraining CH,4 emissions at
waterfalls and dams more universally. Nonetheless, further measurements
of k., k4> and k,,_,, in background and waterfall conditions across dif-
ferent seasons will help to constrain the magnitude of this CH, emission
enhancement more precisely; however, due to the magnitudes of k,, and
k.,_,,; measured here, the discovery of enhanced regional riverine CH,
emissions due to waterfalls appears robust and significant.

Methods

Site description

Measurements of net CH, emissions from waterfalls were conducted
between January and May 2023 at Lower Falls in Rochester, NY, two

waterfalls in Letchworth State Park in Castile, NY and six other falls along
the Onondaga Necklace of Waterfalls between the greater Rochester and
Buffalo, NY regions (Fig. 2). Lower Falls is a 25 m waterfall on the Genesee
River that flows over bedrock containing shale and sandstone”. The two
waterfalls sampled in Letchworth State Park were unnamed and both
waterfalls, which will be referred to as Waterfall #1 and Waterfall #2, sit on
Dishmill Creek and feature approximately 1-meter drops. The Onondaga
Necklace of Waterfalls features seven waterfalls, six of which were able to be
accessed and measured (Indian Falls sits on the Onondaga Necklace of
Waterfalls but is inaccessible due to steep canyon walls and a location on
private property). Traveling from east to west, Honeoye Falls is a 6 m
waterfall on Honeoye Creek, Buttermilk Falls is a 18 m waterfall on Oatka
Creek, Morganville Falls is a 8 m waterfall on Black Creek, Akron Falls is
made up of two waterfalls with the upper falls having a 6 m drop and the
lower having a 15 m drop on Murder Creek, and Glen Falls is a 8 m falls on
Ellicott Creek. The Onondaga Necklace of Waterfalls sits on the Onondaga
Escarpment, which is a dolomite geologic formation™.

Net rates of aerobic CH, oxidation were measured using water col-
lected from the Genessee River adjacent to the University of Rochester River
Campus (43.13133°N, 77.63194°W) on 3 October 2022 and 26 February
2023. This site was chosen for both scientific and logistical reasons. Scien-
tifically, this location connects all nine waterfalls measured during this
study. Lower Falls is approximately seven river kilometers downstream of
this sampling site; Waterfall #1, Waterfall #2, Honeoye Falls, Buttermilk
Falls, and Morganville Falls are all on primary tributaries of the Genessee
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Fig. 5 | Analytical system design and data overview. Schematic diagram, photo-
graph, and example data from the analytical system that was developed here to
measure the dissolved concentration of CHy in river water as well as water tem-
perature. A Blue lines represent tubing used for water flow, while green lines
represent tubing used for air flow. B The blue inset features a closer view of the
equilibrator designed for this research. C Example data displaying the equilibration
time for CH, after measurement initiation. The black arrows surround the data
points between which the average value of the dissolved gas partial pressure was
calculated.

River upstream of this sampling site; and both Akron Falls and Glen Falls are
on secondary tributaries of the Genessee River upstream of this sampling
site (Fig. 2). Logistically, this sampling site is relatively close to the laboratory
measuring the net CH, oxidation rates on these samples. Thus, transporting
the 28 vials filled with a collective 8 L of river water back to the laboratory
could be accomplished without altering the samples, damaging the equip-
ment, or significantly taxing the investigators.

Net methane emission measurements from waterfalls

All measurements of the dissolved partial pressure of CH4 and water
temperature were conducted in the field as close to the top and
bottom of these waterfalls as was safely accessible. This allowed
multiple measurements to be conducted and averaged over a period
of time rather than single measurements as would have occurred if
discrete water samples were collected in vials. Using a field-based
measurement strategy also enabled results to be determined in real-
time so that adaptive sampling could occur if unexpected results were
witnessed, for example, due to an inappropriate placement of the
water sampling tube. Since the analytical system described below
determines the partial pressure of CH, dissolved in water, the

temperature-dependent gas solubility coefficient for CH, was used to
translate the measured partial pressures to values of dissolved con-
centrations in units of moles per liter".

All measurements were conducted by pumping river water into an
analytical system, which was designed to be portable so that the equipment
could be carried to remote measurement sites either in a backpack or by
hand (Fig. 5). To determine the dissolved gas concentrations, a water
equilibrator was used (e.g., refs. 42-44). The equilibrator operates by
enabling the dissolved gases to come into equilibrium with an isolated air
headspace. Once the dissolved gases reach equilibrium with the headspace,
the air headspace is measured and related to the dissolved concentrations
using the gas solubility coefficient.

River water was pumped into the equilibrator using a Fimco 2.4 GPM
12V High Performance Pump. The pump was powered by a Mighty Max
12V 22 Ah battery that was connected to the pump via alligator clips. A
pump bypass was created using 5/16-inch PVC braided tubing and a valve to
control the water flow rate. Water closer to the center of the river was
sampled while standing on the riverbank by connecting 5/16-inch PVC
braided tubing to a 5-to-16-foot telescoping extension pole (Ettore). The
sampled water was pumped directly into the equilibrator where it passed
through a spray nozzle to increase the surface area of the water inside the
equilibrator and promote shorter equilibration times. The equilibrator was
designed so that water pooled at the bottom and then overflowed onto the
riverbank while keeping an internal air headspace isolated. Inside the
equilibrator, the dissolved gases reached equilibrium with the air headspace.
The air headspace was connected to a LI-COR LI-7810 cavity ring-down
spectrometer (CRDS) for the non-destructive analysis of CH,4 concentra-
tions. The equilibrator headspace was connected to the CRDS using 18-inch
firm Teflon tubing; the internal air pump on the CRDS transported equi-
librator headspace gas through a water droplet trap (Pneumatic Filter AF2-
213) and into the CRDS analysis cell, returning the analyzed gas back to the
equilibrator in a fully closed system. Finally, an Omega HH41 temperature
probe was placed in the overflow basin at the bottom of the equilibrator and
the temperature value was recorded once stabilized (Fig. 5). All data was
stored on the CRDS and downloaded after returning to the laboratory at the
end of the sampling day.

The time required for dissolved gases to reach equilibrium with the air
headspace varies based on the solubility of the gas and the design of the
equilibrator*’. For the equilibrator analytical system designed for this
experiment, CH, took 9.5 min to reach equilibrium on average across all
sites. All measurements used for final averaging were taken following the
equilibration time (Fig. 5C).

Measurements of net methane oxidation

Water samples were collected from the Genesee River to assess rates of net
aerobic CH, oxidation under the natural conditions that water masses
experienced in this environment at the time of sampling. Net CH, oxidation,
defined as the sum of aerobic methane formation and methanotrophy, was
the preferred metric for this study as it determines the overall capacity of an
aquatic system to oxidize CH, while accounting for any potential CH,
source from aerobic methane formation. Net CH, oxidation was deter-
mined by incubating an array of vials filled with identical river water and
sacrificing vials at regular intervals for the measurement of dissolved CH,4
concentration changes over the incubation period (Fig. 6).

River water was pumped directly into 281 mL serum vials using the
same water pump, tubing, and extension pole as described previously,
however, no equilibrator was attached. Water was pumped into the bottom
of the vials and allowed to overflow at least five vial volumes before the
sample tube was slowly removed, minimizing agitation at the water surface.
All vials were sealed with sterile chlorobutyl rubber stoppers and crimp caps
with care taken to not introduce bubbles during the vial filling and capping
process. These stoppers were chosen as they have previously been shown not
to cause toxic effects on aerobic methane oxidation®. The samples were then
placed into an incubator equipped with a LEOTOR grow light at a yellow
wavelength of 860 nm set to cycle between 12 h of light and 12 h of dark to
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Fig. 6 | Dissolved CH, concentration data collected during the net CH, oxidation
rate experiments. (Black) Samples collected in October 2022 and incubated at 13 °C.
(Red) Samples collected in February 2023 and incubated at 13 °C. (Green) Samples
collected in February 2023 and incubated at 5 °C. The average precision determined
previously from replicate natural samples collected in different vials has a standard
deviation of 5.2 % of the measured concentration®"*.

enable aerobic methane formation that may be associated with photo-
synthetic activity (e.g., refs. 46-49). For the samples collected on 3 October
2022, 28 vials were filled, and the incubator was set to 13 °C to match the in-
situ temperature of the Genessee River water at that time. For the samples
collected on 26 February 2023, another 28 vials were filled, however, the
sample vials were split with 14 samples incubated at 5 °C to match the in-situ
temperature of the Genessee River water more closely at that time and the
other 14 samples incubated at 13 °C to match the incubations from 3
October 2022. Additionally, the 5 °C incubation was conducted in the dark
while the 13 °C incubation had the same artificial light treatment as the
October experiment.

To prepare a sample for analysis at each measurement interval, a vial
was sacrificed by injecting a 10 mL headspace of pure nitrogen (N,) gas by
displacing an equal volume of water; this was followed by an injection of
0.5mL of 8 M potassium hydroxide to halt microbial activity”. For the
October 2022 incubation, the measurement interval was once a day for 28 d,
while for the February 2023 incubation, the measurement interval was once
every two days with daily measurement until day four. After the N, gas
headspace and potassium hydroxide solution were inserted, the vials were
given atleast 24 h for dissolved CH, to equilibrate with the newly injected N,
headspace. Following this equilibration period, the headspace gas was
extracted, analyzed for CH,4 concentration using an Agilent Technologies
6850 gas chromatograph with a flame ionization detector (GC-FID), and
converted back to the dissolved CH, concentration following procedures
described previously (Fig. 6)°"**.

We chose this method because the relatively high in-situ concentration
of dissolved CH, enabled decreases in CH, concentrations as a function of
time to be readily quantifiable (Fig. 6). Such differences can be challenging to
detect when aqueous environments are closer to atmospheric equilibrium
and thus radioisotope tracers such as "*C- or *H-labeled CH, are routinely
incorporated™. Not involving the use of radioisotope tracers here eliminated
both the nuclear regulations incurred for those experiments and the extreme
potential for contaminating the natural-abundance radioisotope measure-
ments also measured in our laboratory”*”. Additionally, the oxidation rate
methods employed here allowed the river water to incubate in an una-
mended form, which is not the case for methods employing radioisotope
labels™. Finally, no changes in CH, oxidation rates were observed across
each month-long incubation suggesting that any potential changes in river
water biogeochemistry (e.g., nutrient, dissolved O,, or microbial community
concentrations) during the incubations were insignificant at influencing
these rates.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data relevant to this investigation is found in Tables 1 and 2. These
datasets as well as others relevant to this study are available at https://doi.
0rg/10.60593/ur.d.28241174.

Code availability
All code relevant to this manuscript can be found at https://doi.org/10.
60593/ur.d.28241174.
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