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Methane  (CH4)  emissions  and  carbon  uptake  in temperate  freshwater  wetlands  act  in  opposing  directions
in  the  context  of global  radiative  forcing.  Large  uncertainties  exist  for  the rates  of CH4 emissions  making
it  difficult  to  determine  the  extent  that  CH4 emissions  counteract  the  carbon  sequestration  of wetlands.
Urban  temperate  wetlands  are  typically  small  and  feature  highly  heterogeneous  land  cover,  posing  an
additional  challenge  to determining  their  CH4 budget.

The  data  analysis  approach  we introduce  here  combines  two  different  CH4 flux  measurement  tech-
niques  to overcome  scale  and  heterogeneity  problems  and  determine  the  overall  CH4 budget  of  a
small,  heterogeneous,  urban  wetland  landscape.  Temporally  intermittent  point  measurements  from  non-
steady-state  chambers  provided  information  about  patch-level  heterogeneity  of fluxes,  while  continuous,
high  temporal  resolution  flux  measurements  using the  eddy-covariance  (EC)  technique  provided  infor-
mation  about  the  temporal  dynamics  of the  fluxes.  Patch-level  scaling  parameterization  was  developed
from  the  chamber  data  to  scale  eddy  covariance  data  to  a  ‘fixed-frame’,  which  corrects  for  variability  in
the  spatial  coverage  of  the  eddy  covariance  observation  footprint  at  any  single  point  in  time.  By com-
bining  two  measurement  techniques  at different  scales,  we addressed  shortcomings  of both  techniques
with  respect  to  heterogeneous  wetland  sites.

We  determined  that fluxes  observed  by  the  two  methods  are  statistically  similar  in magnitude  when
brought  to the  same  temporal  and  spatial  scale.  We  also  found  that  open-water  and  macrophyte-covered
areas  of  the  wetland  followed  similar  phenological  cycles  and  emitted  nearly  equivalent  levels  of  CH4 for
much  of  the  year.  However,  vegetated  wetland  areas  regularly  exhibited  a stronger  late-summer  emission
peak,  possibly  due  to CH4 transport  through  mature  vegetation  vascular  systems.  Normalizing  the  eddy
covariance  data  to  a  fixed-frame  allowed  us  to determine  the  seasonal  CH4 budget  of  each  patch  and  the
overall  site.  Overall,  the macrophyte  areas  had  the  largest  CH4 fluxes  followed  by the  open  water  areas.
Uncertainties in  the final  CH4 budget  included  spatial  heterogeneity  of CH4 fluxes,  the tower  footprint,
measurement  in the  data  to be  scaled,  and  gap-filling.  Of these,  the  spatial  placement  of  the  chambers
provided  the  largest  source  of uncertainty  in  CH4 estimates.  This  reinforces  the  need  to utilize  site-level
measurements  when  estimating  CH4 fluxes  from  wetlands  as  opposed  to  using  only  up-scaled  point

lt ha
measurements.
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s been the creation of new or the restoration of existing
 to mitigate the destruction or damage of natural wetlands
man activities (US-EPA, 2012). Required mitigation activi-
etermined by quantifying the ecological services provided
tural wetland. To date, structural hydrogeomorphic and

l indicators are employed to estimate functional ecosys-
ices (Mack et al., 2004). The overall climatological effects
ds are not yet well understood, and therefore are not
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 considered when determining the qualities of replace-
lands. Wetlands are strong sinks of carbon dioxide (CO2)
tenberg et al., 2014a; Mitsch et al., 2013, 2014; Schäfer
4; Waletzko and Mitsch, 2013). However, wetlands are

argest natural source of methane (CH4) worldwide (IPCC,
d are a powerful source of nitrous oxide (N2O), another
eenhouse gas (GHG). The balance of these GHGs deter-
e net climatological effect of a wetland. In part, the lack
logical understanding stems from the larger uncertainty
bal wetland CH4 budget (IPCC, 2013). Traditionally, the

ation of CH4 emissions from wetlands has been difficult
l reasons. Perhaps chief among these is the heterogeneity
ver in wetlands and the relatively small scale at which the
patch types are distributed (on the order of meters). This is
mplicated by the interactions between biotic and abiotic

 components that govern CH4 production and transport
ch patch.
tly,  the foremost techniques for measuring CH4 emis-

the eddy covariance (EC) and the closed chamber methods.
 covariance method observes turbulent GHG fluxes
i et al., 1988) for monitoring trace gas flux dynamics at a

 level. Eddy covariance towers have become a common
 for monitoring CH4 emissions from temperate wetlands
i et al., 2012; Forbrich et al., 2011; Hatala et al., 2012a,b;
enberg et al., 2014a,b; Long et al., 2010; Morin et al.,
ang et al., 2013). High-frequency EC measurements are

 continuously, capturing diurnal and seasonal dynamics.
, the sensors atop EC towers observe CH4 dynamics from
tly shifting footprint area (Hsieh et al., 2000; Kljun et al.,
e location and size of the surface area that contributes
observed at the tower top (at a certain height above and
d from the sources) is determined by wind speed, wind
, friction velocity, and surface heat flux (among other fac-
to et al., 2006). This is rarely a concern for EC towers placed
enous terrain as all source terrain is assumed to have uni-
es. However, in heterogeneous environments, or when
rements are conducted from tall towers or airborne plat-
ich result in a very large footprint, a footprint-weighted

 for downscaling flux measurements to the patch level
iously demonstrated for environmental fluxes of CO2 and
utjes et al., 2010; Maurer et al., 2013; Metzger et al., 2013;
iyo et al., 2003; Wang et al., 2006). Similarly, footprint-

 approaches were utilized to downscale patch-level model
 chamber measurements in order to compare them with
eous EC measurements (Budishchev et al., 2014; Frasson
5).
nds are frequently composed of a tight mosaic of land
es (often referred to as microsites or patch types), such as
er, obligate and facultative wetland plant species (macro-
grasslands, dry land (uplands), and temporarily flooded
nd) forests. Furthermore, the length scale of homogeneity

ds is short, and the CH4 fluxes associated with each patch
differ by orders of magnitude (Nahlik and Mitsch, 2010;
, 2011). In heterogeneous landscapes with strong patch-
ability in flux rates, the apparent temporal dynamics of
ved flux may, therefore, not only be driven by changes in
ion rates, but also by the movement of the footprint area

 patch type to another. Understanding how fluxes vary
and among patch types is critical to understanding the
budget of the wetland ecosystem.
4 emission rates from specific components of heteroge-

rain can be directly measured using the non-steady state
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2.1. 

T
tang
method. Multiple chambers can be used to measure vari-
 types in an area, and thus, chamber data can be used to

 differences in flux magnitude between patches. Chambers
ly grouped as either manual chambers (requiring a tech-
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 draw samples) or automated chambers (automatically
t regular time intervals). Both classes of chambers have

 drawbacks. Manual chamber measurements are labor
, which greatly limits the total number of chambers that

pled. Automated chamber measurements rely on closed-
analyzers that need to be placed in close proximity to the
s, and are relatively expensive. Automated chambers are

 limited in the spatial distance between chambers and
er of patches they can sample. Because of these limita-

nual chamber studies are more common. In most cases,
hamber data are gathered during the day on an inter-
ampling schedule, typically on a monthly or biweekly
a result, sudden, high magnitude flux events and diur-

ics are rarely observed via chamber techniques (Morin
4b; Podgrajsek et al., 2014). Additionally, chamber mea-

ts are often filtered to remove ebullition (Altor and Mitsch,
llisario et al., 1999; Christensen et al., 2003; Leppala et al.,

 are ineffective when turbulent diffusion is the dominant
 mechanism due to the disruption of wind over shallow
odwin et al., 2013). In many studies, chamber data for

 fluxes have been up-scaled to the site level (Clement et al.,
sai et al., 2015; Godwin et al., 2013; Podgrajsek et al.,
rier-Uijl et al., 2010). However, point measurements can-

tively sample the full spatial variation of patch-specific
m the wetland landscape. Similarly, they cannot observe
ort-term (intra-daily) and intermediate (inter-daily) tem-

iations that occur within a site. As a result, several studies
wn that up-scaling temporally and spatially sparse point

ents can bias site-level flux estimates (Desai et al., 2015;
et al., 2011; Sachs et al., 2008; Zhang et al., 2012).
mitations of flux monitoring techniques have restricted
ty of wetland CH4 flux estimates. Combining chamber
ervations with eddy covariance site-level observations

otential to mitigate the weaknesses associated with using
ethod on its own. Forbrich et al. (2011) and Sachs et al.
ccessfully combined the two methods to down-scale eddy
e data in sites with regularly patterned terrain (northern
l peatlands). However, little work has focused on un-

 and varied terrain, as is typical of mid-latitude wetland
s (Matthes et al., 2014).

 study, we used eddy covariance and chamber measure-
 CH4 in tandem to correct for their respective limitations
ve a better estimate of the patch-level and overall site-

 CH4 budget. A continuous time series of CH4 emissions
ed-frame’ area comprised of the different patch types was

ed at the urban wetland park. The fixed-frame approach
ed the flux levels to a non-shifting site level footprint
particular mixture of patch types of interest to the study.

 measurements were used to correct for the effects of
e emission variability within the footprint of the eddy
e tower. We  then conducted an uncertainty analysis of
scaled CH4 data product to determine the contributions
nt sources of uncertainty to the overall fixed-frame flux

ds

description

udy was  conducted at the Wilma  H. Schiermeier Olen-
er Wetland Research Park (ORWRP), a 20 ha research

cated on the Ohio State University campus in Columbus,

 site was designed in 1991-92 with the initial experimen-
nds constructed in 1993–94. The ORWRP  consists of two
ted experimental flow-through wetlands, a 3 ha created
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etland, a restored 7 ha bottomland hardwood forest, 3
amental wetlands, and the Olentangy River, a 3rd-order
at serves as the main source of water for the wetlands.
n cover in the experimental wetlands included Juncus

corus calamus, and Typha spp. (Typha latifolia, Typha angus-
d Typha x glauca).
ition to the aquatic ecosystems, the site also contains
er Wetland Research Building, a small managed lawn

he building, unmanaged grasslands, and short-canopy
rests emerging between and around the wetland ecosys-

 the purposes of this study, the park was broadly separated
tch types: 1) open water, 2) vegetated (macrophyte), 3)
y flooded oxbow wetland, and 4) bottomland hardwood
naged.

merging bottomland forest adjacent to the experimen-
nds is approximately 10 m tall and is still growing. The
ummer air temperature is 21.3 (◦C) while average win-

erature is 5.0 ◦C. The pH of the experimental wetland is
he average soil carbon content is 3.6 kgC m−2 (Bernal and
013).

 covariance measurements

 flux data used for this study are available through the
 network, site ID US-ORv. Eddy covariance data has been

 continuously at the site since April 2011. The flux calcu-
roach for the site is fully outlined in Morin et al. (2014b).

 3D rotation was  applied to wind observations to force
al and cross wind components to average to 0 for each

 (Lee et al., 2004). To correct for the separation of the sen-
time series of concentration measurements were shifted
ing the maximal-covariance approach (Detto et al., 2011).

 ecosystem exchange, NEE), CH4, and water vapor flux
at flux, LE) were corrected according to Webb, Pearman,
ing (WPL) (1980) to account for the effects of changes in
ties of dry air and water vapor. Frequency response cor-
or LE and CH4 fluxes, which are based on concentration

ents from open-path gas analyzers (LI-COR Bioscience,
or water vapor and CO2, and LI-7700 for CH4) were cal-
sing the approach of Massman (2000), as validated by
al. (2011). CH4’s absorbance spectrum is temperature
t. We  therefore combined an absorbance spectrum cor-
ith the WPL  correction as detailed in the LI-7700 manual

2010). Day-night transition was calculated using PAR or
e radiation observations night was defined as when the

 variable dropped below 10 W/m2. For the purpose of gap-
hniques and footprint calculations that are dependent on
ce roughness parameters (and thus leaf phenology), we

 2-season annual cycle. Transition dates between summer
er were determined through the carbon flux phenology

 (Garrity et al., 2011). According to this approach, the
season is when the 2 week moving average of net ecosys-
ange of CO2 flux is negative and the dormant season is
s when the moving average of NEE is positive.
andard empirical approach of defining a seasonal thresh-

 of friction velocity (u*) that indicates an insufficient level
nt mixing was used to reject invalid data (Reichstein et al.,
e u* and carbon flux data were first separated into six tem-
classes. Within each temperature class, the u* and carbon

 further separated into 20 classes based on u*. The u* class
the mean carbon flux was at least 95% of the mean carbon

 all higher u* classes was selected. The overall u* thresh-
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ce  is sufficient to provide adequate mixing conditions for
ux measurements it will be sufficient to do the same for
.
eight of the tower was altered three times over the life of
; once in April 2012 (9 m–15 m)  to compensate for forest
nce in October 2013 (15 m–12 m)  to keep the sample foot-

hin the park during the winter when surface roughness is
conditions are more often stable, and once in April 2014

 m)  to return the tower to growing-season height.
covariance flux data was gap-filled after applying the

e correction according to Morin et al. (2014b) using the
d neural network (ANN) approach, an expanded version
thod commonly used in flux sites, introduced by Papale

ntini (Moffat et al., 2007; Morin et al., 2014b; Papale and
, 2003; Reichstein et al., 2005). Gap-filling is necessary
covariance data are more commonly discarded at night
e winter by the u* filtering process, which may lead to
timates if not gap-filled properly. We  first divided the
into summer and winter periods to be gap-filled sepa-

4 gap-filling variables for summer were the latent heat
print percentage of the experimental wetlands, soil tem-

 u*, air temperature, and NEE. The winter gap-fill variables
nt heat flux, sensible heat flux, NEE, u*, relative humidity,

 percentage of the experimental wetlands, soil tempera-
 water vapor concentration. All gap-filling driver variables
ermined in Morin et al. (2014a) experimentally. The neu-
rk first normalizes all predictor variables between 0 and
es combinations of these variables to minimize the error
deled flux. The architecture for our neural network used

olic tangent sigmoid (tansig) transfer function to produce
n nodes from the input predictor variables. These hidden
re then entered into another tansig transfer function to

 new set of five hidden nodes. These five nodes were then
rough a final tansig transfer function to produce the out-
. The model uses a random 50% of the data as the training
r parameterization; another non-overlapping 25% of the
validation of the parameter estimate and the remaining
used to evaluate the overall model performance (i.e., cal-
). Only valid data are considered for training, validation,
ation. The neural network creates up to 100 models using

lar training set. If the model created on the training set
 a minimum r2 value (initially set to 0.75) on the testing
the model was accepted as one possibility. Each possible
eated based on the training set was then evaluated against
g set. Only if the r2 on the testing set was  sufficiently high
ntinue with a particular model. The minimum r2 value was
o the average testing set r2 + 0.1 if after 5000 attempts to
e flux no sufficient model was created. This process con-
til a sufficiently high scoring model was  created, at which

ngle iteration of the ANN had completed. We  created 1000
ation models for each flux variable and then selected the
of those models (determined by the r2 of the model of the

 set) and averaged the results from this ensemble of 100
 ANNs to create our final model. The standard deviation
semble was used as an estimate of the uncertainty of the
d observations.

 covariance footprint model

tprint model was  used to determine the probability of
ations for concentrations and fluxes during each 30 min
d flux measurement. We used the footprint model to
the relative contribution of each microsite to the observed
 flux observation during a particular half hour. The model
-patch expansion of the 2-D model by Detto et al. (2006),
based on the 1-D model by Hsieh et al. (2000).
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otprint model used gap-filled wind speed, wind direction,
s length, displacement height, boundary layer stability,
lence observations to trace the probability that a parcel
sured at the flux-tower top originated from any particular
he wetland park.

 D)
(

ln
(
zH − D

z0

)
− 1 + z0

zH − D

)
(1)

P1 · zu
P2 |L|1−P2zu

P2e
1
k2x
P1zu

P2 |L|1−P2
(2)

is a characteristic length scale, zH is the measurement
 is the displacement height, z0 is the roughness length, F is
rint contribution along the primary wind direction, k is the
an constant (0.4), x is a range of distances from the tower

 primary wind direction, L is the Obukhov length, and
are similarity constants with different values for stable,

 and neutral atmospheric conditions. The standard devia-
e crosswind footprint was determined according to Detto
6).

�v

u∗
(
x

z0

)p3
(3)

and P3 are similarity constants with values of 0.3 and 0.86
ely and �v is the crosswind variation (v’v’) of each half hour
red by the sonic anemometer.
odel generated a ‘tear-drop’ shaped footprint area for

 hour measured. This footprint area was  defined so that
 90% probability that the observed flux originated from

. The infinite tail of the probability distribution (account-
e remaining 10%) was truncated. The footprint shape was
to the primary wind direction for the half hour and was
erimposed on a pixel map  of the site where each pixel
n a code corresponding to its patch type. We  integrated
al contribution of each patch type within the footprint
considered the patch-type integral to be representative
ative contribution of that patch. It is important to note
urrent generation EC footprint models are designed for
eously rough terrains. In this study, some level of error
ughness transitions between the water surface, wetland
n, and forested upland is implicitly accepted through its

agnitude of this error is difficult to estimate. Large eddy
ns (LES) could provide a reasonable approximation for a
e period. However, since LES could not feasibly be run
ons (with current computational power even days-long
ns are difficult) a traditional footprint model was  used to
the season-long flux origin.

steady state chambers

 system, non-steady state chambers have been used to
HG samples from the two experimental wetlands since
examine various research questions (Altor and Mitsch,
8; Nahlik and Mitsch, 2010; Sha et al., 2011; Waletzko
h, 2014). For this study, a total of eight open water, eight

yte, and two upland (area under forest) sites were sampled
h from April to September/October in 2011 and 2012 and
ary to March in 2013. In 2014, four open water sites and
ophyte areas were sampled per month from June through
loating chambers (0.056 m3) were used to collect samples

n water areas, while collared chambers (0.1 m3) were used
 samples from vegetated and upland sampling locations.
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ethod. 30 mL  gas samples were collected from a sam-

t on the closed chambers using a syringe every 5 min
-min time frame. The first sample was  collected as soon
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amber was put into place (time zero) and was rep-
ve of atmospheric conditions. The 30 mL  samples were

 10 mL  glass vials that had been evacuated using a vac-
p (Gast Manufacturing Inc., Model 0523-V4-6588DX)

ampling. Samples were run on a Shimadzu GC-2014 gas
graph equipped with a Flame Ionization Detector (FID)
sures CH4, and a methanizer that converts CO2 to CH4
sis by the FID. The gas chromatograph was  calibrated
running each month’s samples. A four point calibration
s  created for methane at concentrations of 5, 10, 15, and
sing calibration grade gas standards of methane and nitro-
e dilution gas (Matheson Tri-Gas Micro Mat  14 Methane
, GMT10341TC, and Matheson Tri-Gas Micro Mat  14 Nitro-
8% min, GMT10020TC). Methane check standards at 5, 10,
0 ppm were run with sample batches to ensure the gas
graph maintained its calibration throughout analysis.

atory  analysis of the chamber samples was  performed as
 in Altor and Mitsch (2006). Concentrations were cor-

r air density in field conditions using a modified Ideal Gas
 Holland et al. (1999):

 M · P

 · T
(4)

is the mass/volume concentration of the gas (i.e. mg  CH4-
v is the volume (ppm) of gas, M is the molecular weight

nt of interest, P is atmospheric pressure (atm), R is the
 gas constant (0.0820575 L atm K−1 mol−1), and T is the
rature (K) of the chamber.
cumulation rate was  determined using the slope of the lin-
ssion fitted to the time points collected for each chamber.

 calculated using the equation from Holland et al. (1999):

te (5)

 the flux rate (mg  CH4-C m−2 h−1), V is volume of chamber
e is the accumulation rate in mg  CH4-C m−3 h−1, and A is
il surface (m2).

mparing up-scaled chamber and uncorrected EC flux
ons
p-scaled chambers to the eddy covariance level to ver-
he measurements were reasonably near one another. A
pproach of upscaling chambers to EC observations of CO2

 single patch type demonstrated by Lavigne et al. (1997)
bo et al. (2007). Here, we  conducted the upscaling in order
te each set of measurements and to ensure that ample

 sampling had been done to characterize the site properly.
is, we averaged chamber measurements per patch type
rated to the site level by multiplying the observed mean
ach patch type by the average contribution of that patch
he observation footprint of eddy covariance measure-
ring the time period the chamber measurements were
d. In addition to spatial adjustments, temporal corrections
eeded when comparing intermittent samples with contin-
s. Chamber measurements from different times (chamber

 collected from different locations over the course of 1-
ere temporally corrected by multiplying them by the
een eddy covariance measurements gathered within two

he measurement and the full daily average of eddy covari-
surements within the 4 day averaging period.

ling from variable-footprint to fixed-frame fluxes

g  equations were developed by combining eddy covari-

 non-steady state chamber observations to obtain a
me’ flux time series representing the flux of CH4 from spa-
grated experimental wetland area at any given point in
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 ORWRP was first broadly classified into four patch types
missions: 1) open water (ow), 2) macrophyte (veg), 3)
l −managed lawn and forest ground cover), and 4) oxbow

 eddy covariance measurement is therefore a mixture of
fic fluxes from these patch types, each with their respec-
ional contribution to the measurement footprint.

Fow + evegFveg + eulFul + eoxFox (6)

s is the CH4 flux observed by the eddy covariance tower, F
 flux from each patch type (indicated by a subscript other

’) and e (of different patch types, indicated by subscript)
ction of the eddy covariance measurement footprint that
s from each of the patch types.

 the flux-observation footprint, the permanently flooded
e wetland site does not vary every half hour and, for a
r, is composed solely of open water and macrophytes.

Fow + fvegFveg (7)

te is the actual overall flux of the experimental wetlands
esired ‘fixed-frame’ value) and fow and fveg are the area

 fractions of the experimental wetlands open water and
 patch types, respectively. We  allowed fow and fveg to vary

 representing the interannual variability of the vegetated-
a. Annual field campaigns were carried out throughout
e of the study to determine the area of the experimental

 covered by open water and vegetation. From 2011–2013,
accomplished through a manual field campaign using a
to map  vegetation and open water areas of the wetlands.
hed these ground-based observations to aerial images of
nd obtained through the Ohio Department of Natural

s. In 2014, the vegetation layout was mapped out relative
ardwalk by measuring the distance and direction of the
n to the boardwalk at several points. Data from the GPS
aerial images were mapped and rasterized using QGIS to

 the percentage cover of vegetation and open water for
 (Quantum, 2013).
vel fluxes may  be approximated from direct chamber
ents using Eq. (7). However, studies have found it is

ctive to down-scale eddy covariance data than to up-
mber data owing to chamber measurements’ exclusion of

 diffusion, the difficulties representing all possible patch
rbrich et al., 2011; Sachs et al., 2008), and the limited tem-
erage of the chamber observations (Morin et al., 2014b).
udy, chamber observations were used to constrain the

 patch-level flux terms (F) in Eq. (6). As the oxbow fluxes
 measured with chambers during this study, we used the
lue obtained in previous years in our site by Sha et al.
.09 mgCH4-C m−2 s−1, for Fox when the oxbow area is
nd 0 when the oxbow is dry as CH4 production and
pendent on water levels (Altor and Mitsch, 2006; Bohn
7; Leppala et al., 2011; Moore and Dalva, 1993). FUL was

 to be negligible (0 mgCH4-C m−2 s−1) if no chamber mea-
 was available, as our observations and others in the site

that it fluctuates around zero and does not have a sig-
mpact on the overall site level flux dynamics (Sha et al.,

sume that during a particular month, corresponding with
chamber measurements, Fow and Fveg are related, as the
nate from similar soil types and are affected by the same
tland meteorological forcing. We  assume a scalar rela-

between the two at any point in time as no hypothesis
d a more complex relationship.

the 
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e ratio variable, m, is allowed to vary with time. As with
r footprint-weighted analysis approach, we assume that

where sb
centratio
is the reg
y 237 (2017) 160–170

ates within a given patch type and a single observation
ere, half hour) are fixed. Additionally, we assume that
t heterogeneity in flux rates exist between but not within
es. Therefore, for a given half-hour measurement period,

 wetland is represented by a single m value. We  make the
on that the flux rates within the two permanently flooded
es are related. We  do so because the two  patches have sim-
haracteristics, are in very close proximity, and are driven
cal meteorological forcing. This relationship, along with
ates for Ful and Fox were used to solve Eq. (6) for open
oviding F

′
ow and F

′
vegwhich are the estimated flux from

ch types (open water, and macrophyte-covered wetland,
ely) as determined from the eddy-covariance time series
bined with the relative strength of the flux between these
es (m) as determined by the chamber measurements.

bs − eulFul − eoxFox
eow + evegm

bs − eulFul − eoxFox

eveg + eow
m

(9)

portant to note that the estimated F
′
ow and F

′
vegare dif-

d potentially more representative of reality) than those
 by the chambers as they were derived from the continu-
easurements, thereby capturing the temporal dynamics
e vegetation, turbulent diffusion, and ebullition. These
ated values are then used with Eq. (7) to give an esti-

he site-level fluxes over the fixed area of the permanently
omponent of the site:

F
′
ow + fvegF

′
veg (10)

rtainty of scaled fluxes

 unavoidable outcome of the assumptions in our analy-
e limited accuracy of the measurement techniques, the

f our analysis are associated with some range of uncer-
 uncertainty analysis was used to determine 4 potentially

rces of error in the final scaled product: 1) gap-filling error,
er measurement uncertainty, 3) uncertainty due to spa-
ment of the observation (i.e., assuming a spatially fixed m
d 4) footprint uncertainty. We  also analyzed the propaga-
amber measurement error and spatial error through the
g process.
lling uncertainty was  estimated as the mean squared error
ural network. The neural network uses a portion of the
ta for training and the rest for evaluation and validation.
ared error is found by using the neural network model to

the full CH4 flux data set (including points where obser-
xist) and comparing the modeled fluxes to the observed.
g uncertainty only occurs at points where observations
sing.
mbers, a single measurement is derived from the slope of
ion model fit over the multiple replicate sampled concen-
lues for the measurement period. The slope is an estimate
umulation rate that is then used to determine the flux (Eq.
ber measurement uncertainty was estimated by estimat-

rror in the regression of CH4 concentration accumulation
 to generate each chamber flux measurements.

(
yi − ŷi

)2
]0.5

×
[

(n − 2)
∑

(xi − x̄)
2
]−0.5

(11)
is the error of the slope in the regression, yi is the CH4 con-
n measurement value within a given chamber at time i, ŷi
ression-predicted CH4 concentration for the same time, n
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ber of concentration observation samples within a sin-
ber measurement, x is the time of observation (minutes),
he mean time of the observations. We  used the observed

 value and added a Gaussian signal with a standard devi-
al to the mean error of all chamber measurements for the
ch type during the same month as a characteristic esti-
he distribution of potential chamber flux values. We then

800 simulated random potential chamber-flux values for
h type based on the uncertainty and mean of each month.
mpled sets of 8 random ‘measurements’, simulating the
mber of chambers in the observation campaign, to create
ue possible realizations of both open water and vegeta-

bers at every measurement period. These were paired
 and the ratio between them gave us 100 possible realiza-
e variable m (used in Eq. (8)) based on the measurement
ty. These m values were used to generate iterations of
xed-frame CH4 fluxes. The mean squared error between

ations and the original estimate was taken as the measure-
ertainty. To simulate the compounding of measurement
ugh the gap-filling process, we utilized the scaling equa-

h each of the iterations then used the neural network to
ch 100 times, for a total of 10,000 runs to characterize the

 of the measurement error. The mean squared error of this
lated and describes the superposition of measurement
lling uncertainty.

ilar process was used to estimate the uncertainty due
atial placement of the chambers. A modified version of
Bohrer et al., 2007), a numerical generator of random
autocorrelated fields, was used to simulate a distribution
on values per patch type in the ORWRP. We  determined
orrelation functions that describe the spatial distribution
ne fluxes. This was achieved by grouping chamber mea-
s into sets based on the observation location. This allowed

mate the correlation of fluxes between two locations as a
f separation distance. We  fit a negative exponential distri-

 these data and used the fit as the autocorrelation function.
e autocorrelation function was estimated for each patch
aGe then used a random phase matrix and the autocor-
unction to create a map  of potential flux values where
ith similar flux magnitudes were spatially grouped. We

 such ‘flux fields’ per patch type. Each patch-type spe-
 was scaled using the mean and standard deviation of the

 levels which were observed from the chambers. Finally,
imposed the fields of different patch types using the actual
ation in the physical map  of the site (e.g. Fig. 1). These flux
e simulated with V-CaGe for every month in which we had
data. This gave us a theoretical set of maps with flux values
ocation that was classified according to each patch type.

 measurement uncertainty, we simulated 800 random
locations per patch type for each month, and again aggre-
m in sets of 8 into 100 possible observations per month.
re again paired for 100 m values and used in the scaling

 for 100 iterations of the Fsite time series. This allowed us
e what the effects of sampling at any possible combina-

ocations throughout the wetlands would have had on the
t of estimated total methane fluxes. We  used the mean
rror among this ensemble of random locations compared
ervation-based estimate to determine the effect of spatial
t of the chamber observations. To represent the superpo-

spatial uncertainty and gap-filling uncertainty, we used
l network 100 times for each representation of Fsite and

 average mean squared error of these iterations.
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ootprint information were excluded from the process to
e a baseline error. This includes wind direction, NEE, and
rint itself. We  took the relative difference between the

 of fit of the ANN without footprint-related variables and
ness of fit of the best ANN determined by Morin et al.
with footprint added, as an estimate for the potential size
or that could be attributed to the footprint. This methodol-
ded the error that could be attributable to footprint error,
xact uncertainty of footprint models in heterogeneous
ents is not easily quantified. The bounding methodology
ed significant results in the summer when the footprint

lly smaller and therefore, more dependent on the exact
 the footprint. In the winter, the footprints are typically
e and include most of the site, and thus, while incorpo-
ch larger uncertainty overall, the methane estimates are

ndent on the accuracy of the footprint estimate.

ts and discussion

caling chambers to the site level

bining the relative flux intensities as observed by cham-
urements and the relative contribution of each patch type

 footprint, we used Equation (10) to scale the fluxes from
h type to the corresponding eddy flux observations. When
scaled, CH4 chamber measurements closely matched the
ariance tower observations (Fig. 2). Different approaches
s-based bottom-up scaling have been tested before (Desai
5; Forbrich et al., 2011; Metzger et al., 2013; Parmentier
1). Our results suggest that tower footprint heterogeneity
rrected for through adequate supplementary measure-
is opens up sampling and interpretation in a larger host
ds than would be available through traditional flux pro-

greement also indicates that the chamber sampling was
d at adequate spatial and temporal scales to consistently

 on the eddy covariance tower measurements over sev-

ons and years (Savage and Davidson, 2003; Sha et al.,
rtevant and Oechel, 2013). The chambers typically indi-
her flux levels than the eddy covariance tower in the
months, but lower levels in the winter months (Fig. 2).
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Fig. 2. a) Chamber observations scaled to eddy covariance observations. Black triangles mark chamber measurements. Red diamonds indicate eddy covariance measurements
averaged for two days before to two days after the chamber measurements were collected. Black error bars for the chambers represent the mean measurement error associated
with  the chambers. The larger grey error bars give the standard deviation of measurements among chambers aggregated to the site level. This roughly represents the spatial
variability of CH4 fluxes throughout the wetland, indicating that the heterogeneity of fluxes even within a given patch type can result in large uncertainties in wetlands. The
red  error bars for the EC flux represent the standard deviation of half-hourly EC fluxes within 2 day averaging period. b) Regression of chambers upscaled to the tower footprint
level  with temporally aggregated eddy covariance. Vertical and horizontal error bars indicate the uncertainty associated with chamber (only measurement uncertainty) and
EC  measure ne ma
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Data  filterin
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Summer  
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Summer  
ments, respectively. A grey dashed line marks the 1:1 relationship. A bold dashed li
other (r2 = 0.59, slope = 1.50) The scaled chambers tend to underrepresent low flu
is figure legend, the reader is referred to the web  version of this article.)

agreement is to be expected, and other scaling studies
larly found that up-scaled chamber measurements do not
ly represent the site level (Forbrich et al., 2011; Hendriks
0; Sachs et al., 2008; Yu et al., 2013). The fluxes observed
o approaches were usually within one standard devia-

ach other and were almost never significantly different
hese generally small differences may  indeed be due to
l distribution of fluxes within patch types. Measurements

ays taken in deep portions of the wetland, which are likely
igher fluxes within the same patch type than the fluxes
lower areas during the summer (Blodau and Moore, 2003;

 al., 2014; Goodrich et al., 2015; Moore et al., 2011). Sim-
the winter, large portions of CH4 are emitted by bubbles
cracks in the ice, which would not be measured by the

 but would be captured by the EC tower (Rinne et al.,

ajority of flux scaling studies have been ‘upscaling stud-
as done here and conducted for CO2 (Lavigne et al., 1997;
et al., 2007; Wang et al., 2006) as well as CH4 fluxes
ev et al., 2014; Forbrich et al., 2011; Sachs et al., 2010;
ijl et al., 2010; Zhang et al., 2012). Interpretation of air-

d tall tower observations adopt similar assumptions and
-weighted approach for disaggregation of whole-footprint
ations to the patch level (Budishchev et al., 2014; Desai
5; Hutjes et al., 2010; Metzger et al., 2013; Ogunjemiyo
3).
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ovariance data was filtered by the u* filter, footprint fil-
espiking process as shown in Table 1. The u* filter almost
liminated the most data (with the exception of winter
3 when the footprint was prohibitively large).

have bee
Chanton,
to quanti
were onl

g of eddy covariance data.

Season length Data available Eliminated by u* 

Days  Days Days 

2011 164 79.04 37.1 

11–2012 189 124.15 24.5 

2012 175 112.48 38.52 

12–2013 207 156.73 28.17 

2013 162 128.56 37.63 

13–2014 206 123 16.23 

2014 152 84.17 32.85 
rks the regression model between the two. The two data sets agree well
d overestimate high flux levels. (For interpretation of the references to

ibutions to the CH4 budget by patch type are shown in
The macrophyte patch type was  the greatest emitter of
ughout the park on both a per unit area basis as well as
ated total for the park. Open water also emitted a signif-

ount of CH4. We  hypothesize that the addition of labile
 the soil in the macrophyte patch increased the amount
at could be synthesized. This is consistent with findings
ensen et al. (2003) and Whiting and Chanton (1993) who
hat the addition of accessible microbial substrate by plants
igher methane fluxes. The lawn and forest ground cover
erved to be a slight sink for CH4 in this study (assumed
he same magnitude). More complex interactions may  be
ace at the leaf or stem level throughout the forest canopy

 were not targeted for study (but see Grosse et al., 1996;
., 1999; Kutzbach et al., 2004; Stefanik and Mitsch, 2014;

 et al., 2007; Whiting and Chanton, 1996). These dynam-
been shown to have an influence on site level methane
f wetlands seasonally and should be an effort for future
im et al., 1999; von Fischer et al., 2010). The oxbow had

 effective CH4 fluxes, most likely due to the flood/drying
hin that patch type (Sha et al., 2011). Overall, the dry areas
ing the experimental wetlands served as a CH4 sink but
fset the emissions from the permanently flooded portions

rk, making the park as a whole a net source for CH4.

ected fixed-frame methane fluxes

atio between the open water and macrophyte fluxes
 strong phenological trend (Fig. 3). While changing diur-
ics of fluxes from wetland area covered with Typha spp.
n observed in other studies (Kim et al., 1999; Whiting and
 1996), the data gathered in this study were not sufficient
fy the dynamics and so the temporal dynamics of patches
y accounted for based on daytime CH4 flux activity. Due

Eliminated by footprint Despiked Data remaining
Days Days Days

0 0.19 41.75
0 1.15 98.5
32.15 0.35 41.46
114.13 0.35 14.08
24.75 0.4 65.79
0.27 1.96 104.54
0.31 0.27 50.73
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Table  2
Overall CH4 budget in the site. The upper panel shows the budget broken down by patch type using the scaling methodology developed in this study. Error shown is one
standard deviation. � − (Sha et al., 2011). The bottom portion of the table shows the site flux by year calculated three ways 1) Directly upscaling chambers to the eddy
covariance footprint level, 2) Using traditional eddy covariance processing, and 3) Using the fixed-frame processing developed here. Traditional EC measurements, which
intrinsically assume homogeneous land cover, have the largest discrepancy from what is believed to be the true site level fluxes. Upscaled chambers and the fixed-frame
processing give similar values but the uncertainty is greatly reduced through the incorporation of eddy covariance data. Years with relatively low wetland coverage had the
greatest  change between their fixed-frame and traditional EC estimates.

Open Water Plant Forest Oxbow Lawn

Coverage m2 6734–9543 10457–13266 165115 30000 22240
CH4 gC m−2 yr−1 47.5 ± 9.0 59.6 ± 10.4 −3.6 ± 1.6 0.7 ± 0.4� −3.6 ± 1.6

Site Level Flux Footprint

Upscaled Chams Traditional EC Fixed-Frame (flooded patches) Open Water Plant Upland Oxbow
MgC yr−1 MgC yr−1 MgC  yr−1 % % % %

2011 2.23 ± 2.33 0.15  ± 0.04 1.36  ± 0.1 3.23 8.94 6.84 1.04
2012  1.18 ± 1.28 0.21 ± 0.04 1.18 ± 0.07 6.26 13.13 13.67 4.22
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1.04 ± 1.12 0.18 ± 0.04 0.91 ± 0.07 

0.52 ± 0.31 0.22 ± 0.04 0.99 ± 0.08 

1.20 ± 1.23 0.19 ± 0.04 1.09 ± 0.08 

 magnitude of fluxes during the winter months, the ratio
fluxes from both patch types (m) is highly sensitive to
ervation variations during this season and its values dis-
ual spikes in the early summer of 2011. Typically, during
he year, the two fluxes are similar and the ratio wavers
nly deviating strongly during the end of the growing sea-
). The late summer peak of vegetated area fluxes indicates
lant activity best supports CH4 production at certain times
r causing it to become the dominant emitter (Kim et al.,

hiting and Chanton, 1993). Wetland methane emissions
n to be highly dependent on plant communities (Joabsson
99; Kim et al., 1999; Mikkelä et al., 1995; Wilson et al.,

ilar to Kim et al. (1999) and Ström et al. (2005), we  find
evelopmental stage of wetland vegetation played a major
e seasonal cycle of methane fluxes.
lationship between open water and macrophyte CH4
s from chamber measurements was used to determine
-frame overall fluxes from the site (Eq. (9)). When scal-
eddy covariance observations from the flux footprint
ed-frame of the actual area of the experimental wet-
e overall site-level fluxes were within the range of
es at other sites (Baldocchi et al., 2012; Hatala et al.,

 and Mitsch, 2016). Other recent eddy covariance studies
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and gap-filled (orange). For most of the year the ratio is nearly 1, but
summer the macrophyte flux is significantly higher than the open water
interpretation of the references to colour in this figure legend, the reader
o the web version of this article.)
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niak et al., 2017; Jackowicz-Korczyński et al., 2010; Wille
8). A direct example for the effectiveness of scaling the

 a fixed-frame is apparent by comparing the fluxes for
 2012. In 2011, the EC tower was  lower (at 10 m)  and
rint typically had a higher upland contribution originat-

 the forested patch that surrounds the tower between
experimental wetlands (see Fig. 1). This resulted in low
e CH4 fluxes measured by the tower. In 2012, after the

ight was raised (to 12 m)  and the overall wetland fraction
e footprint increased, the observed fluxes were consider-
er (note the difference between 2011 and 2012 in Fig. 2,
rin et al., 2014b, Fig. 4). However, when accounting for the

 the fixed-frame area of the permanently flooded compo-
e wetland park, the magnitude of the 2011 fluxes became

ser to that observed in 2012 (Table 2). Additionally, scaling
covariance data to the fixed-frame level brought the bud-

 to that given when chambers were directly up-scaled. In
to hypothetical improvement of measurements through
g approach, the uncertainty of the fixed-frame approach

iderably lower than that of simply upscaling the chambers

rtainty in scaled fluxes

ll uncertainty of the fluxes was highest in the sum-
 propagation through the neural network predictably

 both spatially and with measurement uncertainty (Fig. 5).
servations existed and were not gap-filled, measurement
ty played only a small role of the total uncertainty. Mea-

t uncertainty was nearly equivalent in the summer and
he contribution of spatial uncertainty due to chamber
t was large in the summer months. During winter, all
re much closer to zero causing the spatial and measure-

certainties to converge to zero as well. Uncertainty due
atial placement of chamber measurements was  almost
e highest source of uncertainty in the total methane bud-

 being surpassed by super positioned measurement and
g uncertainty in the winter (Fig. 5). Likewise, Xu et al.
und the uncertainty due to Environmental Response Func-
ng was  the dominant source of error. Spatial uncertainty

 compounded by uncertainty in site level maps, which
et al. (2011) and Fan et al. (1992) found to be a major
 to the accuracy of scaling procedures. We  surmise that
riability of CH4 fluxes within patch types is one of the

hurdles to overcome when scaling chamber measure-
mbus and Christensen, 1995; Morrissey and Livingston,
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is indicates that the full complexity of CH4 fluxes can only
e attributed to land cover types and that local interactions
ch patch type may  cause large differences in the fluxes.
ing a large number of points within each patch type in a
we can increase the certainty of the estimated distribution
within that patch type. As the eddy covariance technique

 incorporates a broad swath of each patch type, the vari-
thin patch types is considerably less of a problem for this
logy, helping to explain some discrepancies between the
iques.

lative error that could be explained due to inaccuracies in
rint calculation was very small in comparison to spatial
urement uncertainties (Fig. 5). Uncertainty due to gap-
suming that the observed data is correct) was the lowest
ertainty contributions to the final flux signal, increasing
dence in the explanatory power of the neural network
d to model CH4 fluxes from wetlands (Dengel et al., 2013;

 et al., 2015; Hatala et al., 2012b; Jammet et al., 2015).
tainties are somewhat amplified by natural variations in

 flux due to small differences in both weather and time
samples. We  assume these are small effects as the sam-
e of the chambers was controlled to be roughly midday in
but this may  be a cause for further uncertainty in future
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 our site has been measured by Bernal and Mitsch (2013),
not include carbon storage estimates in forest soils or
biomass accumulation. Nonetheless, they provided clear

 that the carbon uptake by the photosynthetic activity of
. plays a large role in the overall GHG budget of that patch

usions

eveloped a method to combine temporally intermittent
asurements (from chambers) for trace gas fluxes with con-
ite-level observations (from an EC tower) to determine the

e time series of CH4 fluxes in a heterogeneous environ-
 determined that fluxes observed by the two  methods are

lly similar in magnitude when brought to the same tem-
 spatial scale. Adjusting the eddy covariance tower fluxes
ed-frame scale of the experimental wetlands made CH4

ents from that landscape component more consistent
 years.

 the adjusted eddy covariance fluxes, we were able to
the CH4 budget of the wetland park by land cover. We
t macrophyte vegetation patches in the wetland have the
ntribution to CH4 fluxes followed by the open water areas.
st likely because of the soil exudates from the plants dur-

rowing season. The influence of these exudates causes a
er peak in macrophyte emissions over open water emis-

ich are similar to one another for the rest of the year).
found that the greatest source of uncertainty in quanti-

emissions from the ORWRP is the heterogeneity of CH4
s within each patch type. This is a strong argument against
ing scaled up point source measurements when estimat-
vel CH4 fluxes.
eral strategy can be surmised from these findings for
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e the footprint of the desired patches through careful posi-
f the tower, and adjustment to an appropriate height to
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n allow for correction of flux tower observations with a
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