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Wetlands and their ability to mitigate climate change motivates restorative and protective

action; however, scientific understanding of land-atmosphere interactions is restricted

by our limited continuous observations of gaseous fluxes. Many wetlands are small

in spatial scale and embedded in forested landscapes. Yet, little is known about how

the relative sheltering of forests affects net carbon (C) and energy balance. Here, we

analyze coterminous USGS and Ameriflux eddy covariance flux tower observations over

3 years in two shrub fens in Northern Wisconsin, one more sheltered (US-ALQ) than the

other (US-Los). Unsurprisingly, the open site showed higher overall wind speeds. This

should have implications for atmospheric fluxes in wetlands as wind-forced processes are

essential in promoting gas exchange over water. While both sites had similar half-hourly

net ecosystem exchange of CO2 (NEE) during daytime, there were significant differences

in nighttime NEE, as well as in net radiation partitioning in early spring and late summer.

Sensible heat (H) fluxes were smaller at the sheltered fen except for the months of

July–September. In contrast, latent heat (LE) fluxes were higher in every month except

July. Additionally, sheltered fen ecosystem respiration had a weaker linear correlation

with air temperature (R: 0.08 vs. 0.57 for the open fen). Our work suggests that canopy

sheltering does not cause significant differences in half-hourly NEE during the day, but

rather the largest differences such as lower CO2 emissions occur at nighttime due to

higher variance at very low wind speeds. Sheltering also influenced direction of air flow,

mean wind speeds in day vs. night, energy balance, and sensible and latent heat fluxes.

We discuss implications of these findings for wetland restoration.
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KEY POINTS

- Because wetlands are often small and embedded in forested landscapes, wind sheltering may
influence land-atmosphere fluxes uniquely in wetlands.

- Eddy covariance estimates show similarities in half-hourly NEE from 7:30 am to 4:30 pm between
sites, but higher NEE at an open fen (US-Los) than sheltered fen (US-ALQ) at night.

- Lower sensible heat (H) and higher latent heat (LE) during most of the growing season suggests
sheltered fens offer more surface cooling than open fens.
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INTRODUCTION

Wetland comparison studies often seek to understand gaseous
fluxes according to wetland classification type, i.e., marsh,
forested wetland, shrub etc. (Bernal and Mitsch, 2012; Turetsky
et al., 2014; Coffer and Hestir, 2019). Others aim to resolve errors
in upscaling due to heterogeneous land cover (Desai et al., 2007;
Xiao et al., 2011; Aurela et al., 2015). Studies that focus solely on
the effects of sheltering of wetlands through forests are limited.
Yet, sheltering is important in many wetlands which are small in
size and surrounded by forest.

Co-located flux towers in a sheltered and open fen with
overlapping observations would allow us to test the role that
sheltering has on carbon (C) uptake and energy balance as
indicated by Bowen ratio [sensible heat flux (H)/latent heat
flux (LE)]. Two eddy covariance flux tower sites, Lost Creek
(US-Los) and Allequash Creek (US-ALQ), are used here to
yield comparisons of gas exchange over wetlands in Northern
Wisconsin and provide an opportunity for a more in-depth look
than laboratory studies or large-scale syntheses.

One laboratory-based study on gas exchange in marshes with
emergent vegetation concluded that thermal convection is a
more important driver than wind for CO2 (carbon dioxide)
exchange over surface water (Poindexter and Variano, 2013).
Although gas transfer velocities in the model wetland did not
depend on in-canopy wind speed, gas transfer velocities were
positively correlated with wind speed and were greater than gas
velocities predicted by thermal convection alone when mean in-
canopy wind speed surpassed field-observed values (4.1 ms−1

mean wind speed above canopy, with in-canopy gusts up to 1.7
ms−1). Another study on wind sheltering of a lake by a tree
canopy or bluff found that the inhibition of shear stress as a
result of sheltering could be measured at a distance of 50 times
the canopy height downwind from the canopy (Markfort et al.,
2010). Results were the same for both wind tunnel and field
experiments. Downstream wind velocity profiles took longer to
recover from the sheltering effect of the canopy and were affected
by the shape of canopy elements and canopy porosity.

Shade provided by canopies has been shown to alter the energy
balance. In a 2009 study on agroforesty in coffee plantations,
plants with no shade experienced higher temperatures and less
relative humidity than plants at sites with low, medium or high
shade (Lin, 2010). Average yearly potential transpiration for
plants at a low shade site was also significantly higher than
for those at medium and high shade sites. Plants at the low
shade site lost significantly more water than those at the medium
and high shade sites due to plant evaporative demand and soil
evaporative demand rates. Plant transpiration demand had a
close relationship with seasonality and shade, and further varied
with changes in microclimate. Following these outcomes, lower
LE would be expected at the open fen as a consequence of
less shade.

Wetlands emit small amounts of C in winter, but accumulate
C in the summer months as a result of vascular plant
activity and the gradual accumulation of peat created by
submerged and anaerobic water conditions. Previous wetland
studies have synthesized global flux data to quantify wetland

carbon accumulation (Gorham, 1991; Bridgham et al., 2006)
and have outlined CO2 flux responses to water table level
and air temperature (Sulman et al., 2010; Pugh et al., 2017).
Since high winds promote evaporation from surface water and
can decrease humidity, one might expect differences in energy
balance between sheltered and open fens.

Comparative studies of LE and daily total evapotranspiration
(ET) in wetlands tend to attribute differences between open
and closed canopy sites to vegetation type and growth phase of
dominant vegetation (Brown et al., 2010) as well as incoming
solar radiation and albedo (Lafleur and Rouse, 1988), but
also surface wetness or soil moisture (Lafleur, 1990b). The
study by Lafleur (1990b) suggested that the impact of canopy
sheltering is not fully offset by transpiration from aquatic
vegetation, resulting in lower ET at shaded sites compared to
sites with open water. On the contrary, a study by Drexler
et al. (2004) determined that transpiration contribution from
plants can exceed evaporation over an open water surface in
wetlands in some cases. Evidently, literature does not show a
consensus regarding whether evaporation or transpiration is
more influential. Results are site-specific (Mohamed et al., 2012).

Regardless of whether transpiration or evaporation
contributes more, LE dominates surface heat balance in
wetlands, leading to a Bowen ratio less than one. Dense
vegetation, large leaf surface area, high soil moisture, and surface
roughness are also conducive to high LE. However, there are
other factors that influence transpiration including canopy size,
plant species, climate, measurement method, and plant density
(Crundwell, 1986).

A number of environmental factors not previously mentioned
that have been shown to control net ecosystem exchange (NEE)
of CO2 in various types of ecosystems include substrate quality,
light quality, and incoming solar radiation (Rg). Low water
table level and stream flow can also alter emissions in fens
(Chimner and Cooper, 2003; Drewer et al., 2010; Sonnentag
et al., 2010). For example, vascular plants can emit more CO2

when water levels are low but can also have specific water
levels where CO2 uptake is optimized. Streams will alter eddy
covariance estimates of NEE by discharging CO2 that would have
otherwise been sequestered in peat (Billett et al., 2010; D’Acunha
et al., 2019). In this study, we considered how nighttime air
temperature influences NEE at each site. Site-specific responses
of CO2 uptake to air temperature have clear implications in a
changing climate.

Here, we compared wind variability, CO2 flux, Bowen ratio,
and nighttime NEE-air temperature sensitivities of two co-
located eddy covariance flux towers to understand how sheltering
might alter the energy balance and carbon cycling of wetlands.
We then test the hypothesis that increased surface roughness
from nearby trees leads to lower wind speeds in sheltered
wetlands. Lower wind speeds would then promote weaker net
CO2 uptake and ET at sheltered wetlands. Shading should
further contribute to lower ET and CO2 flux at sheltered sites.
Despite differences in sheltering, ecosystem properties such as air
temperature sensitivity of NEE should be similar.

Through our analyses, we attempt to answer the
following questions:

Frontiers in Environmental Science | www.frontiersin.org 2 November 2019 | Volume 7 | Article 179

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Turner et al. Wind Sheltering Impacts on Fens

(1) What is the role of landscape sheltering on wetland
ecosystem characteristics and energy balance?

(2) What is the effect of sheltering on channelized flow, mean
wind speeds (day vs. night), mean latent heat flux, and daily
CO2 cycle?

(3) What do the wetland-atmosphere interactions observed
in this study imply for wetland restoration and
climate adaptation?

METHODS

Site Descriptions
The most common wetlands in Wisconsin are freshwater
marshes, sedge meadows, aquatic beds, forested, and scrub/shrub
wetlands (Wisconsin Department of Natural Resources., 2017b).
Categorization of wetland type is according to soil type,
vegetation, and degree of saturation. The two wetlands referred
to in this study are mosaics of sedge meadow, forested, and
scrub/shrub wetland. They are located∼29 km apart.

To assess the amount of open area at each wetland,
we measured the area of conjoined pieces of land that
were not visibly forested and did not contain dense shrub
vegetation within a specific radius. Aerial imagery was taken by
United States Department of Agriculture Farm Service Agency
and accessed via Google Earth Pro (Google earth V 7.3.2.5776,
2016a,b). The radius was equal to 100 times the tower height,
representing a maximum likely flux footprint or influence area
for each site (Schmid, 2002). Small, isolated patches of open
land were not included in the calculation. At the sheltered fen,
open area was located along the stream (Figure 1A). At the
open fen, open area followed the stream and extended outwards
(Figure 1B). We also considered land cover classifications within
the radius. Land cover classifications that accounted for less
than one percent of the area within the circle were not
included in the pie charts (Figure 2). Soil at both sites was
categorized as wet palustrine soil unless otherwise stated. Specific
land cover classifications were determined using the Wisconsin
Wetland Inventory maps in the Surface Water Data Viewer
web mapping application (Wisconsin Department of Natural
Resources., 2017a). Wisconsin DNR completed the statewide
map in 1984. The classification system is explained in the
Wisconsin Wetland Inventory Classification Guide (Wisconsin
Department of Natural Resources., 1992).

A detailed description of the sheltered fen (US-ALQ) can be
found in Anderson and Lowry (2007). The 32 ha fen is situated in
Trout Lake Basin in northern WI (46.030759, −89.606730). It is
part of the National Science Foundation’s North Temperate Lakes
Long-Term Ecological Research (NTL-LTER) as well as the US
Geological Survey’s Water, Energy and Biogeochemical Budgets
Program (WEBB) Trout Lake site. The soil comprises outwash
sand and gravel atop crystalline bedrock. Due to the glacial
outwash, the soil is highly conductive and promotes groundwater
discharge to the nearby creek. A headwater stream, Allequash
Creek, flows from the southeast to the northwest through the fen.
The eddy covariance flux tower is located along the stream which
is surrounded by tree stands to the northeast and southwest that

create a “valley” and cause channelized flow in the direction of
the stream (Figure 1A).

The valley of the sheltered fen is ∼140m wide adjacent
to the tower. Land cover in the valley is classified as a mix
of broad-leaved evergreen scrub/shrub wetland and narrow-
leaved persistent (cattail, grass, or sedge) emergent/wet meadow
(Figure 2A). The mix of sedge and shrubs lining Allequash Creek
comprises∼17% of the area under consideration at this site. The
rest of the sheltered fen is comprised of broad-leaved scrub/shrub
wetland (30%) and coniferous forested wetland (16%). Land
cover not classified as wetland appears to be forested with some
shrubs at the outskirts of the study region. Approximately 29% of
the study area is open.

A detailed description of the more open-in-scale fen (US-Los)
can be found in Sulman et al. (2009) and Pugh et al. (2017).
The tower is positioned adjacent to Lost Creek in North Central
Wisconsin, USA (46.082777, −89.978611). As stated in Sulman
et al., this wetland is representative of many minerotrophic
wetlands in the Great Lakes region because of its long and narrow
shape and proximity to a stream or river (2009). Long, narrow
wetlands such as these have higher ET than more dispersed
wetlands as a product of ventilation though a small, isolated plant
canopy (Drexler et al., 2004).

Vegetation cover at the open fen is predominantly classified
as broad-leaved deciduous scrub/shrub wetland (20%), with 15%
located in a floodplain complex and the rest in wet palustrine
soil (Figure 2B). The open fen also consists of dispersed portions
of needle-leaved forested wetland (10%) among fragments
of broad-leaved deciduous scrub/shrub wetland and narrow-
leaved persistent (cattail, sedge, or grass) emergent/wet meadow
(9%). Approximately 45% of the study area is completely
open (Figure 1B).

Flux Instrumentation
Instrumentation at the sheltered fen included a sonic
anemometer (Campbell Scientific, Inc., Logan, UT, CSAT-
3), open path infrared gas analyser (LiCor, Inc., Lincoln, NE,
LI-7500A), and air temperature and humidity measurements
(Campbell Scientific, Inc., Logan, UT, Vaisala HMP45C
platinum-resistance thermometer). Solar radiation (Rg) was
not measured at this location during the time of study. Rg was
replaced with data from the open fen. Air temperature and vapor
pressure deficit (VPD) were gap-filled with data from the open
fen. The tripod eddy covariance tower at the sheltered fen is
∼2.4 m tall.

Instrumentation at the open fen included a sonic anemometer
(Campbell Scientific, Inc., Logan, UT, CSAT-3), open path
infrared gas analyser (LiCor, Inc., Lincoln, NE, LI-7500A),
temperature/relative humidity sensor (Campbell Scientific, Inc.,
Logan, UT, CS215), radiation sensor (Kipp & Zonen North
America, Sterling, USA, Kipp-Zonen CNR4), and quantum
sensor which measures photon flux (LiCor, Inc., Lincoln, NE, LI-
190). The tripod eddy covariance tower at the open fen is ∼10m
tall. Both towers collected data at a frequency of 10Hz, which was
then averaged every half hour after processing.
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FIGURE 1 | Pins represent tower location. Scales for each site are located at the bottom right of each aerial photo. Circles indicate flux footprints. (A) Aerial imagery of

sheltered fen US-ALQ (Google earth V 7.3.2.5776, 2016a). Radius: 238m. (B) Aerial imagery of open fen US-Los (Google earth V 7.3.2.5776, 2016b). Radius:

1,033m.

FIGURE 2 | (A) Land cover classification at the sheltered fen (US-ALQ). (B) Land cover classification at the open fen (US-Los). Blue, needle-leaved forested (any

coniferous trees) and broad-leaved deciduous scrub/shrub wetland; bright green, needle-leaved forested wetland (any coniferous trees); light brown, broad-leaved

evergreen scrub/shrub wetland and narrow-leaved persistent (cattail, sedge, grass) emergent/wet meadow; yellow, broad-leaved scrub/shrub (deciduous or

evergreen) wetland; gray, not wetland; dark green, needle- and broad-leaved forested wetland (evergreen, coniferous, or deciduous), light green, needle-leaved

forested wetland (and coniferous trees); dark brown, broad-leaved deciduous scrub/shrub wetland.

Quality Control
The datasets analyzed in this study both begin onApril 11th, 2015
and end on April 25th, 2017.

Eddy covariance flux data for the sheltered fen were calculated
using EddyPro software (Olson, 2018). Eddypro calculates
quality flags for sensible and latent heat, momentum, and gas
fluxes using the steady state test and the developed turbulent
conditions test (Foken and Wichura, 1996; Foken et al., 2004;
Göckede et al., 2008). For more information on the specific tests,
see cited literature.

Outliers were removed after processing with EddyPro.
NEE outliers were values over 20 or under −50 µmol m−2

s−1. Outliers of LE were values >600 or <-100W m−2.
Outliers of H were values >600 or <-300W m−2. Low-
quality NEE, LE, and H data (quality control flag = 2) were
also removed.

Missing and screened flux data from both sites were gap-
filled using the Marginal Distribution Sampling technique, which
was selected as the standard method of FluxNet. Marginal
Distribution Sampling involves estimating missing flux values
using a moving look-up table, based on Rg, Tair or Tsoil, VPD,
and NEE from surrounding days. More information on the
specific technique is outlined in Reichstein et al. (2005) and
Wutzler et al. (2018). U-star filtering and daytime-based flux
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partitioning (Lasslop et al., 2010) was performed on REddyProc
using the moving point test and continuous seasoning from
December of the previous year to January and February.

Only considering the data that we used during the study,
the sheltered fen (US-ALQ) originally had 50.52% missing
NEE (44.75% of daytime, 58.19% of nighttime). After gap-
filling, this number was reduced to 24.79% (23.16% of daytime,
26.96% of nighttime). The amount of data that was gap-filled
totalled 25.72%.

Half-hourly flux data for the open fen were downloaded from
Ameriflux (Desai, 2017). The open fen (US-Los) originally had
33.41% missing NEE (25.29% of daytime, 44.38% of nighttime).
After gap-filling, this number was reduced to 0% for both daytime
and nighttime. The amount of gap-filled data at the open fen
was 33.41%.

All statistical analysis was performed using growing season
data from both sites because it had the most reliable, continuous
flux data. “Growing season” in this study refers to a rough
estimate of carbon uptake period, from April 1st to October 31st.
This estimate is similar to carbon uptake periods used in other C
flux studies in North America (Frank and Dugas, 2001; Raczka
et al., 2013). NEE calculations were also performed for spring,
summer, and fall. Spring was defined as April 1st to June 15th.
Summer was June 16th to August 31st. Fall was September 1st
to October 31st. The year with the least amount of missing data
during both day and nighttime for the sheltered fen was 2016. As
a result, data from 2016 were selected for full-year comparisons.

Analysis
Eddy covariance half-hourly turbulent flux measurements are
temporally auto-correlated, have a double-exponential error
distribution, and heteroskedastic error (Richardson et al., 2006).
However, averaged NEE over the daily scale, or analysis of large
sample sizes tends to converge to Gaussian behavior. While
methods exist to account for these factors, including degree of
freedom reduction and uncertainty propagation (Desai, 2014),
our approach here was a first-cut test of difference.

A Q10 function for NEE-air temperature sensitivity was
calculated using nighttime NEE and air temperature when
air temperature was above zero. Q10 was calculated using
the formula:

Q10 =
(

R2

R1

)
10 ◦c

(T2−T1)

The parameters T2 and R2 represent mean air temperature and
mean half-hourly NEE at each site, respectively. Incorporating
the means of air temperature and half-hourly NEE into the
equation helped to eliminate bias from large fluctuations in NEE.
The difference of T2 and T1 was plotted vs. ratio of R2 to R1,
and Q10 was estimated to be the y-value at (T2-T1) = 10, or 10◦

above the mean air temperature at each site. Pearson correlation
coefficients were also calculated between the data displayed on
the x and y axes in order to estimate the strength of the linear
relationship between nighttime NEE and air temperature. A
second-order polynomial was fit to the Q10 function of each fen.
The polynomial was then back-solved for y at x= 10.

Variance analysis and significance testing was performed to
understand temporal similarities in NEE between sites. This was
done using Morlet wavelet coherence of half-hourly NEE from
each site and a histogram of daily mean NEE from each site.
Morlet wavelet coherence was calculated using half-hourly NEE
values when wind speeds at each site were within ± 0.2m s−1

of each other. Wind speeds not within this range were removed
along with corresponding NEE values and were replaced with a
random scalar drawn from the standard normal distribution.

Standard error of the mean was calculated for half-hourly
NEE averaged over the entire growing season for each site
(Figure 8) and for monthly average daytime Bowen ratios
(Table 3). Standard error of the mean was calculated using
standard deviation (σ ) and number of data points (n). The
formula is shown below:

σx =
σ

√
n

Two-sample t-testing was used to determine significant
differences between sites regarding daily average Bowen ratios
and half-hourly NEE. Testing performed on Bowen ratios
compared daily average Bowen ratios for each month separately.
Half-hourly NEE values were also compared separately by
splitting data according to time of day and calculating the results
of 48 different t-tests, one for each half-hour. All t-testing was
performed at the 99% confidence level. The null hypothesis
was that data in each set came from normally distributed,
independent random samples with equal means and equal but
unknown variances. Although Bowen ratios did not meet the
initial assumption that data is normally distributed, a cumulative
distribution function showed that the data were very close to
standard normal distribution, but slightly skewed to the right
because growing season Bowen ratios tend to be positive. We
believe the results of these tests are accurate based on the Central
Limit Theorem, which states that as sample size grows toward
infinity the distribution of sample means approaches normal.
Bowen ratios >10 or <-10, and nighttime values, were not
included in statistical tests of the Bowen ratio.

Pearson correlation coefficients (R) and correlation
significance were calculated in order to understand the
strength of the linear relationship of NEE between sites, as well
as the relationship between nighttime NEE and air temperature
at each site. Pearson correlation was estimated for daily mean
NEE during the entire growing season, and for spring, summer,
and fall individually. Correlation significance was determined
using the Pearson correlation coefficient (R) and number of
samples (n). The null hypothesis of the correlation significance
test was that the true correlation of X and Y is zero. The p-value
was calculated from the t-value, whose equation is shown below:

t =
r

√

1−r2

n−2
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FIGURE 3 | (A,B) Windrose for the sheltered fen US-ALQ with nighttime NEE, wind speed and direction during growing season 2015–2017. Windrose for the open

fen US-Los with nighttime NEE, wind speed and direction during growing season 2015–2017.

RESULTS

Wind Speeds and Variability
Dominant flow at the sheltered fen was northwest and southeast
following the stream (Figure 3A). Mean wind speed at the
sheltered fen was 1.09 ms−1 ± 0.66 and 0.56 ms−1 ± 0.62 for day
and nighttime, respectively, from 2015 to 2017. In contrast, the
open fen did not display a dominant wind direction (Figure 3B).
Mean wind speed at the open fen was 2.90 ms−1 ± 1.50 and
2.07 ms−1 ± 1.37 for day and nighttime, respectively, from 2015
to 2017.

Directional flow at the sheltered fen was likely due to dense
(at least 300m thick) tree formations located just 95m to the
northeast and 42m to the southwest of the eddy covariance
tower. Although the valley consists of low-lying sedge and
provides an open area for high wind flow to develop, it is not
wide enough for the wind to overcome the sheltering effect.

Vegetation also appears to follow the path of the stream in the
eastern portion of the open fen. However, the “valley” created
by vegetation surrounding the stream at the open fen is much
wider than the valley at the sheltered fen (330m as compared to
140m). Land cover at the open fen also contains many random
patches of trees in scrub/shrub wetland or emergent/wet meadow
(Figure 1B). The nearest patch of trees more than 150m thick is
230m to the northeast of the tower at the open fen. Open space
dominates to the north and southwest of the open fen.

Nighttime wind speeds at each site were lower than overall
mean wind speed (36% lower for sheltered, 19% for open).
However, mean nighttime wind speed at the open fen was
more than three times the mean nighttime wind speed at the
sheltered fen (Figures 4B, 5B). Daytime wind speed at the

open fen was also higher (1.81 ms−1 more than the sheltered
fen) (Figures 4A, 5A).

Variance in nighttime NEE spikes up to ∼180 when WS is
< ∼0.1 ms−1, but there does not appear to be a strong linear
relationship with variance of NEE as WS increases at nighttime
either (Figure 4C). Mean variance of NEE at nighttime (45.71) is
higher than at daytime. Variance of daytime NEE has an initially
high peak but declines strongly as WS increases from 0 to 1
ms−1 at the sheltered fen (Figure 4D). This peak in variance at
very lowWS causes the mean variance of daytime NEE (35.81) to
be higher overall, despite low variances from 1 to 4 ms−1. There
does not appear to be any relationship between WS and variance
of NEE at daytime for WS over 1 ms−1.

There are some spikes in variance of nighttime NEE between
0 and 2.2 ms−1 at the open fen, but there is not a clear
linear relationship between WS and variance of nighttime NEE
(Figure 5C).Mean variance of daytimeNEE is similar to the open
fen (32.73, compared to 35.81), but mean variance of nighttime
NEE is much lower than the open fen (6.35, compared to 45.71).
Variance of daytime NEE increases from 0 to 1 ms−1 at the open
fen (Figure 5D). Variance does not appear to be influenced by
WS until∼5ms−1, when variance of daytimeNEE decreases with
increasing WS.

Evapotranspiration
Monthly average Bowen ratio at the start of the 2016 growing
season was 0.95 at the sheltered fen (Table 1). Bowen ratios then
began to decrease as latent heat fluxes dominated net radiation
partitioning due to ET from new vegetation. The lowest Bowen
ratio of 0.21 was reached in July. Monthly average Bowen ratio
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FIGURE 4 | Variance of NEE with WS at the sheltered fen US-ALQ: (A) Daytime NEE vs. WS. (B) Nighttime NEE vs. WS. (C) Variance of nighttime NEE vs. WS. (D)

Variance of daytime NEE vs. WS. Pink, half-hourly NEE; black, variance of NEE.

FIGURE 5 | Variance of NEE with WS at the open fen US-Los: (A) Daytime NEE vs. WS. (B) Nighttime NEE vs . WS. (C) Variance of nighttime NEE vs. WS. (D)

Variance of daytime NEE vs. WS. Blue, half-hourly NEE; black, variance of NEE.
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TABLE 1 | Energy balance at the sheltered fen.

April May June July August September October

Bowen ratio 0.86 ± 0.03

(−0.42, 1.87)

0.72 ± 0.02

(−0.01, 1.42)

0.35 ± 0.02

(−0.35, 0.75)

0.21 ± 0.02

(−0.28, 0.52)

0.33 ± 0.02

(−0.06, 0.84)

0.22 ± 0.03

(−0.37, 0.96)

0.73 ± 0.04

(−0.81, 2.01)

H (Wm−2) 34.67 48.24 40.32 34.80 31.66 18.55 14.95

LE (Wm−2) 42.14 63.19 90.71 97.93 85.77 61.89 29.40

Range in parentheses. Bowen ratio includes standard error of the mean for each monthly average.

TABLE 2 | Energy balance at the open fen.

April May June July August September October

Bowen ratio 1.46 ± 0.04

(−0.90, 3.11)

1.03 ± 0.04

(−0.45, 2.73)

0.34 ± 0.02

(−0.43, 0.98)

0.15 ± 0.03

(−1.14, 0.66)

0.19 ± 0.03

(−0.52, 0.82)

0.20 ± 0.03

(−2.20, 1.18)

0.90 ± 0.06

(−2.81, 3.53)

H (Wm−2) 48.89 57.12 42.02 35.75 23.51 20.46 19.71

LE (Wm−2) 29.90 46.52 81.18 100 77.33 57.91 22.96

Range in parentheses. Bowen ratio includes standard error of the mean for each monthly average.

FIGURE 6 | Half-hourly characteristics of selected fluxes in April 2016: (A) solar radiation (B) sensible heat (C) latent heat (D) Bowen ratio. Pink, sheltered fen

(US-ALQ); blue, open fen (US-Los); green, Rg for both sites.

maintained a low value during August and September. The
Bowen ratio then increased to 0.73 in October.

Unlike the sheltered fen where latent heat flux dominated
in early spring, sensible heat dominated at the open fen at the

beginning of the 2016 growing season with a monthly average
Bowen ratio of 1.55. Bowen ratios then decreased going into
summer (Table 2). The lowest Bowen ratio occurred in July, and
values stayed low until October. The open fen had noticeably
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higher H in April and May compared to the sheltered fen, but
noticeably lower H in August. Additionally, mean monthly LE
was markedly lower at the open fen during every month of the
growing season except July and September, when the difference
in LE was within 4 Wm−2.

Peak Bowen ratios co-occurred with peak incoming solar
radiation at both sites (Figures 6A,D). This indicates a strong
daily cycle during the entire growing season at both sites. When
considering the entire dataset, daily average Bowen ratios had
significant differences in mean in April, May, and August (p <

0.01) but no difference in other months. Monthly average Bowen
ratio was higher at the open fen in April and May, but lower
in August.

In 25 out of 28 recorded days in April 2016, daily average
Bowen ratio was higher at the sheltered fen than the open fen
(Figure 6D). The pattern occurred due to higher H (Figure 6B)
and lower LE (Figure 6C) at the sheltered fen, and continued
into May. Starting in June, daily average Bowen ratios became
more variable and one site was not consistently higher than the
other. Monthly average Bowen ratios for both sites were lowest
in July and stayed low until October. This pattern indicates a
prominent seasonal trend in net radiation partitioning (Tables 1,
2). Bowen ratio appears to be influenced by vegetation growth
and senescence in the spring and fall, but microclimate likely
became a determining factor during growing season, causing
variability on a daily scale between the two sites.

Monthly average air temperatures were lower at the sheltered
fen (US-ALQ) than the open fen (US-Los), with the strongest
differences occurring in the first half of the growing season
(Table 3). Higher VPD at the open fen during most of the
growing season also indicates drier conditions in the air.

Carbon Dioxide Fluxes
Average daily NEE during spring at the sheltered fen was −1.91
µmol m−2 s−1 ± 1.88 (standard deviation). The CO2 sink grew
going into the summer season with an average daily NEE of
−3.05 µmol m−2 s−1 ± 2.01. The site became a weak CO2 sink
in fall with an average daily NEE of−0.27 µmol m−2 s−1 ± 1.53.

Average daily NEE during spring at the open fen was less than
half that of the sheltered fen, at −0.88 µmol m−2 s−1 ± 1.88.
The CO2 sink was largest in summer when average daily NEE
became −2.09 µmol m−2 s−1 ± 1.63, but remained smaller than
the sheltered fen. The open fen then became a C source in the fall
with a daily average NEE of 0.45± 1.03 µmol m−2 s−1.

The daily CO2 cycle displays half-hourly NEE averaged over
the entire growing season, at each half-hour of the day (Figure 7).
A significant difference (p < 0.01) of the means and variances of
half-hourly NEE between the two fens can be seen at the start
and end of the daily cycle, which represents differences that occur
at nighttime (Figure 7). Fluxes of CO2 at the sheltered fen are
lower than fluxes at the sheltered fen in the early morning and
afternoon, but there is no significant difference in half-hourly
NEE from 7:30 a.m. to 4:30 p.m. It is interesting to note that both
sites achieve the same uptake of NEE (∼6 µmolm−2s−1) around
1 pm on average throughout the growing season.

The wavelet coherence displays intermittent high coherence
of NEE between sites on daily, weekly, and monthly scales

TABLE 3 | Average monthly air temperature and VPD at both sites.

Sheltered

fen Tair

(US-ALQ)

Open

fen Tair

(US-Los)

Difference

in Tair

Sheltered

fen VPD

(US-ALQ)

Open

fen VPD

(US-Los)

April 4.71 5.58 0.87 2.57 4.02

May 11.69 12.39 0.70 3.96 5.51

June 15.74 16.67 0.93 3.83 5.46

July 18.70 19.54 0.84 4.87 6.47

August 18.14 18.37 0.23 3.99 4.47

September 15.88 15.89 0.01 3.66 3.66

October 7.52 7.95 0.43 2.12 2.55

Air temperature in ◦C. VPD in hPa.

FIGURE 7 | Daily cycles of NEE for both sites. Half-hourly fluxes were

averaged over the entire growing season. Error bars represent standard error

of the mean. Pink, sheltered fen (US-ALQ); blue, open fen (US-Los).

throughout the 2016 growing season (Figure 8). There was some
correlation on timescales under a day in the middle of the
growing season, but little to no correlation between 16 and 30
days. However, there did appear to be a correlation on the scale
of the summer overall or at a period of∼70–128 days.

Daily mean NEE at the sheltered fen during the year of 2016
has a mean of −1.81 µmol m−2 s−1 and standard deviation of
2.2 (Figure 9). Daily mean NEE at the open fen peaks around 0.5
and−2.5 µmol m−2 s−1, and an average of−0.92 µmol m−2 s−1

with a standard deviation of 1.94. The distribution of daily mean
NEE at the open fen indicates a confounding or external factor
impacting the dataset. There was significant (p < 0.001) linear
correlation of daily mean NEE between the two fens in 2016 (R
= 0.72). Spring NEE showed almost the same linear correlation
between the two sites (p< 0.001, R= 0.71) as summer (p< 0.001,
R = 0.69). There was also significant correlation of daily mean
NEE between sites during fall, but the correlation coefficient
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FIGURE 8 | Wavelet coherence for growing season 2016. The x axis

represents time, while y axis represents frequency. The direction of each arrow

represents phase lag of half-hourly NEE of the open fen with respect to the

sheltered fen on a unit circle. Phase arrows pointing right mean data is

in-phase. Left is anti-phase. Down means the open fen leads by 90◦. Up

means the sheltered fen leads by 90◦. The white dashed line is the cone of

influence, which eliminates data potentially impacted by edge-effect artifacts.

Yellow indicates high coherence of data, while blue indicates low coherence.

showed a less linear relationship than the other seasons
(p < 0.001, R= 0.44).

Environmental Controls of Carbon Dioxide
Flux
The sheltered fen (US-ALQ) had a Q10 of 1.98 (Figure 10A).
The open fen (US-Los) had a similar Q10 of 2.04 (Figure 10B).
Despite similarities in Q10 between sites, air temperature
had a stronger linear correlation with nighttime NEE at the
open fen (R = 0.57) than the sheltered fen (R = 0.08).
Quantum yield of GPP was also higher at the open fen,
by∼4 µmolm−2s−1.

Although Q10 is essentially the same at both sites, higher
variance of NEE during nighttime at the sheltered fen results
in a much less linear relationship with air temperature.
In other words, the result of increasing nighttime air
temperature at the sheltered fen is less predictable than at
the open fen.

Risk of Analysis Biases
Location of the tower at Allequash Creek (US-ALQ) within
a clearing of trees brings into question whether the tower
measurements reflect large eddies that would have otherwise
been broken up by trees and other surface heterogeneities,
given that there is some directional flow of CO2 (Figures 3A,B).
Because we did not see any “hot spots” of high fluxes of CO2 in
the wind roses, we continued our analysis on the assumption that
the valley did not skew flux data at the sheltered fen.

A further cause for concern was outdated land cover
classifications. Wisconsin Wetland Inventory maps used

to determine vegetation cover were completed in 1984
(Figures 2A,B). Comparisons of land cover were based on
the assumption that ecological succession was negligible from
1984 to 2017. This is an appropriate assumption for most
wetlands, which do not undergo traditional succession because
of flooded conditions (Wilcox, 2004 and Kratz et al., 1998).
Additionally, aerial imagery from Google Earth from 2015
and 2016 over the flux tower locations appeared to match
classifications in the Surface Water Data Viewer (Figures 1A,B).

DISCUSSION

Effect of Sheltering on Energy Balance and
NEE
In this study, we sought to find out the role of landscape
sheltering on wetland ecosystem characteristics and energy
balance. We also aimed to understand how sheltering
might impact other micrometeorological conditions such
as channelized flow, mean wind speeds, and daily CO2 cycle.
These questions were answered by comparing the daily CO2

cycle, daily mean Bowen ratios for each month of the growing
season, variances of NEE on varying time scales, and coherence
of NEE from two fens. Results showed that landscape sheltering
can cause channelized flow and lower mean wind speeds during
both day and nighttime (Figures 3A,B, 4A,B). Sheltering
can also alter the energy balance in spring by lowering H
and raising LE, and in late summer by partitioning more
net radiation into H relative to LE compared to an open
fen (Figure 6, Tables 1, 2). Daily NEE also has a weaker
linear correlation between sheltered and open fens in the fall.
However, sheltering does not appear to impact other factors;
these include energy balance during early summer and fall,
half-hourly NEE during the daytime (Figure 7), and Q10

respiration function although the linear correlation of nighttime
NEE and air temperature is weaker (Figures 10A,B). Wavelet
coherence of NEE between sites acted as a way to confirm earlier
results (Figure 8).

One study that also examined wetland ET found seasonal
variation was predominantly controlled by net radiation
and air temperature (Zhou and Zhou, 2009). Another
study, which used data from 2001-2007 at the open
fen, positively linked ET and water table level (Sulman
et al., 2009). Water table level was not included in the
analysis because it was not recorded at the sheltered
fen (US-ALQ).

A comparative analysis of CO2 exchange across northern
peatland and tundra sites determined a significant relationship
between NEE and leaf area index, and pH on an annual scale
(Lund et al., 2010). Our results agree that net radiation has
an impact on energy balance (Figure 6), and there is a clear
seasonal trend of Bowen ratio at both sites (Tables 1, 2). However,
there were significant differences in Bowen ratio that could not
be explained solely by climate. More extensive information on
vegetation types at each fen could allow for analysis of differences
due to leaf area index. Leaf area index was not calculated in
this study.
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FIGURE 9 | Histograms of daily mean NEE for each site for growing season 2016. Pink, sheltered fen (US-ALQ); blue, open fen (US-Los).

Growing season Bowen ratios calculated in this study had
similarities to wetland values calculated in the central US, Poland,
and Canada (Lafleur et al., 1997; Lenters et al., 2011; Siedlecki
et al., 2016). Bowen ratios at the sheltered and open fen were
similar to those listed in Siedlecki et al. (2016) and Lafleur et al.
(1997) except for in July, when the monthly average Bowen ratio
at the open fen dropped as low as 0.09 ± 0.03. However, the
low Bowen ratio at the open fen in July was consistent with
the monthly average Bowen ratio for July from Lenters et al.
(2011), which represented a wetland in Nebraska dominated by
common reed.

Differences in Vegetation Type
Differences in vegetation type between the sheltered and open
fen should be considered for their impact on energy balance.
Ratio of transpiring to non-transpiring vegetation, and surface
litter are some factors that influence ET rate (Drexler et al.,
2004). Evidently, vegetation can have an impact on wetland
characteristics and micrometeorology.

Stomatal conductance—the rate of CO2 or water vapor
entering or exiting a leaf—of wetland vegetation is another
potential source of dissimilarity when performing flux
comparisons. It has been noted as a control over wetland
ET particularly in vascular plants (Lafleur, 1990a; Drexler et al.,
2004). In wetland tundra, stomatal resistance in sedges was
the cause of higher ET during hot, dry weather as opposed to

cool, wet conditions which one might expect to have been more
favorable (Rouse et al., 1992).

Although we focused on growing season data in this study, the
insulation capability of dry lichen hummocks in winter should
be considered (Drexler et al., 2004). Insulation is important
because colder soils will produce smaller CO2 emissions after
thawing, which could potentially be attributed to CO2 build
up and release from the ground, or intensified microbial
activity due to freeze-thaw dynamics. Although one would
expect similar snow fall at both sites in winter, a higher
presence of sedge hummocks at one site compared to the
other may lead to differences in H in the early spring and
late fall. This insulating factor could provide an explanation
for lower H at the sheltered fen throughout most of the
growing season.

The hypothesis presented in this study is complicated by
the presence of sedge vs. shrub. Shrubs have a high fraction
of leaf to vascular tissue area, minimal vertical shading, and
high adaptability. Studies have shown shrubs will extend roots
to maintain transpiration rates in the case of lowering water
table level (Reynolds et al., 1999). According to a study on
deciduous shrubs and Artemisia subshrubs, shrubs can handle a
wider range of moisture stress in soil and air than other plants
(Gao et al., 2013) including grass (Kemp et al., 1997; Reynolds
et al., 2006). Stomatal conductance of shrubs from a global model
had a maximum of 0.83mol H2O m−2 s−1 when soil water
potential was set to field capacity (ψ = −0.033 MPa). Only
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FIGURE 10 | Q10 functions of nighttime NEE-air temperature sensitivity

2015–2017. Black line is the second-degree polynomial fit line. (A) Sheltered

fen Q10. Root Mean Square Error: 5.17. (B) Open fen Q10. Root Mean Square

Error: 5.13. Pink, sheltered fen (US-ALQ); blue, open fen (US-Los); black,

second-degree polynomial.

when soil moisture is abundant do grasses have higher stomatal
conductance than shrubs. One type of wetland sedge, Carex
paleacea, has a small stomatal conductance compared to other
wetland species and is lowest during high evaporative demand
(Lafleur, 1990b).

Higher LE at the sheltered fen during most of the growing
season does not support the idea that sedges in the valley had
lower stomatal conductance than shrubs at the open fen. Yet,
the prominence of shrubs at the open fen suits the higher
evaporative demand at that location. Average growing season
VPD was higher at the open fen (4.54) than the sheltered fen
(3.20), meaning that there was less humidity in the air and more
evaporative demand on vegetation.

Sources of Uncertainty
Some environmental effects make it difficult to attribute notable
differences in fluxes to specific conditions at the sheltered fen
vs. open fen. Non-normal distribution of daily mean NEE at
the open fen implies there is a confounding or external factor
influencing fluxes (Figure 9). Stream flow and water table level
are two such conditions. Recent studies have analyzed how net
ecosystem C balance of wetlands may change due to lateral
export via streams or open water (D’Acunha et al., 2019). During
growing season, dissolved organic C flux represented 5% of the
eddy covariance-based estimate of C uptake (4.6 ± 1.5 g C m−2

per season) at Burns bog in Canada. Dissolved organic C flux
was more important in November and March as a result of lower

rainfall and higher ET. The amount of C leaving the sheltered
vs. open fen may change according to stream flow rates and
percent open water, impacted by the water table level, throughout
the year. Stream CO2 concentration was not recorded at either
location during the time of study and thus was not included in
the analysis.

Differences in NEE between sites bring about the question
of differing water table levels. Water table level measurements
exist for the open fen (US-Los) but not for the sheltered fen
(US-ALQ). A previous study at the open fen proved that higher
water table level caused lower ecosystem respiration and lower
GPP, resulting in no net changes in NEE. Thus, NEE was not
governed by water table level (Sulman et al., 2009). A more
recent study at the open fen supported the hypothesis that
mean summer net ecosystem production was not correlated
with discharge, but ecosystem respiration and gross primary
production were significantly correlated with annual maximum
monthly-average discharge (Pugh et al., 2017). Given that the
largest difference in variance of half-hourly NEE between sites
occurred at nighttime (6.35 at open fen, compared to 45.71 at
sheltered), the discrepancy was more likely a result of very low
WS (Figures 5C,D) rather than fluctuations in water table level.

One study that took place in boreal peatlands found that
natural open mires had more consistent summertime Bowen
ratios than tree-covered and agricultural peatlands (Alekseychik
et al., 2018). The results of our study did not display this trend,
as variance of daily average Bowen ratio from June to August was
actually larger at the open fen (0.10) than the sheltered fen (0.03).
Additionally, Bowen ratio at one of the tree-covered peatlands in
Alekseychik et al. (2018) appeared to have a stronger correlation
with precipitation pattern than with water table. As mentioned
previously, water table level was not recorded at both fens and so
was not included in data analysis.

A short-term study on evaporation from sedge-dominated
wetland surfaces in Canada looked at one fen on a dry, low ridge
with ample soil moisture and another in a depression where soil
was covered with standing water. Dead vegetation covered the
surface of the dry site and hindered evaporation prior to leaf-out
in June (Lafleur, 1990b). LE was only dominant shortly after rain
events, after which dead vegetation would dry out and LE and H
would equilibrate again. Differences in ET rates between the two
sites became less evident after vegetation was established. The
results of our study were comparable to these, as daily average
Bowen ratios showed no significant differences between sites
starting in June, with an exception in August.

Another source of uncertainty was the use of open fen Rg to
gap-fill sheltered fen fluxes. While it is likely a good assumption
most of the day, differences due to sheltering may magnify at
sunrise and sunset due to direct beam Rg in proportion to diffuse
Rg. Radiation regimes may also vary internally within sites due
to canopy height and resulting albedo, and potentially longwave
radiation balance (Goodin et al., 1996).

Implications for Wetland Restoration
Wetland restoration has been suggested as an ecosystem
management tool to enhance the terrestrial C sink for climate
change mitigation (Bridgham et al., 2006). Not only do vascular
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plants assimilate CO2 via photosynthesis, but also they help
sequester C in wetland peat. Our work shows forested wetlands
have stronger C sinks throughout the entire growing season
due to lower nighttime NEE. Forested wetlands also produce
lower H and higher LE that would make them ideal for lowering
surface temperatures and promoting ET. Monthly average air
temperatures were also lower at the sheltered fen (Table 3).

One implication of similar daytime half-hourly NEE between
fens is that while areally-averaged C uptake rates in shrub
wetlands in our study region can primarily be predicted
by vegetation type and age, wind-sheltering driven changes
in energy balance may influence the over-all water balance
depending on controls on local water table. Depending on
restoration goals, this effect may also need to be considered for
C and water management.

Removal of natural vegetation can cause large reductions in
evaporative source for surrounding areas. This was the case in a
study that modeled the effects of land cover change in the world’s
productive agricultural regions (Bagley et al., 2012). Terrestrial
evaporation from land cover to the south of growing regions in
the Midwestern US was found to provide moisture for maize.
Other studies had similar findings contributing moisture in the
US to the Great Plains low-level jet (Schuber and Helfand, 1999).
Altering land surface cover in the southern US would prevent
surface absorption and re-transpiration of moisture transported
by fast-moving winds. Especially during dry years, there is an
increased reliance on regional moisture sources for precipitation
as opposed to other sources such as onshore moisture flow
from the ocean (Bagley et al., 2014). These studies show that
ecosystem services offered by wetlands such as ET, lower surface
temperatures, and moisture can be transferred throughout a
region by fast-moving winds and are not strictly limited to
nearby areas.

Several studies have been motivated by the issue of upscaling
of land cover with high heterogeneity (Desai et al., 2007; Xiao
et al., 2011; Aurela et al., 2015). Despite variations in land cover
classification, there were similarities in half-hourly NEE during
daytime between fens (Figure 7) as well as some coherence on
the weekly scale and the summer overall (Figure 8). Thus, our
study supports that upscaling NEE in order to understand fluxes
from wetlands can involve simpler calculations that may not
require detailed information about wetland vegetation specific
species type.

A recent study on net radiation partitioning in wetlands
revealed that wetlands with tall, emergent canopy structures had
values of canopy aerodynamic conductance to heat exchange
that were nearly twice that of a drained peatland used for
growing alfalfa, all located in the Sacramento-San Joaquin Delta
of California (Hemes et al., 2018). The short, smooth canopy
of alfafa caused lower canopy aerodynamic conductance to heat
exchange and consequently, a lower amount of turbulent fluxes
that would otherwise transfer LE and H into the atmosphere.
Water availability was also listed as an important factor in the
relative partitioning of heat.Wetlands with open water and rough
surfaces store more energy in the daytime, experience lower
H during the day and more LE at night because of stronger
aerodynamic and surface conductance. Younger wetlands are
also able to store much more excess radiation during the daytime

than older wetlands or agricultural plots inside their water
column. Regardless of wetland age, all wetlands in the study
cooled the surface more than the plot of alfalfa during peak
growing season.

Bulk surface resistance is a composite variable that represents
leaf water potential, temperature, VPD, and solar irradiance
that can also impact net radiation partitioning. Wetlands can
be prevented from reaching the potential rate of ET when
increased atmospheric demand (VPD) favors net radiation
partitioning into LE in the presence of increased bulk surface
resistance (Liljedahl et al., 2011). The differences in net radiation
partitioning were likely due to lower aerodynamic conductance
for heat transfer and canopy boundary layer conductance for
CO2 transfer at the sheltered fen (0.024 and 0.038 ms−1, vs. 0.028
and 0.052 for open fen).

One might expect that H was lower at the sheltered fen (US-
ALQ) as a result of lower momentum transport. Although there
was lower momentum transport at the sheltered fen, noticeably
lower air temperatures throughout most of the growing season
indicated that a lack of higher wind speeds was not the only cause
of low H (Table 3). The sheltered fen also showed lower VPD
during the growing season, except for in August when VPD was
the same at both sites. This information lends to the idea that
the presence of trees impacts wetland atmospheric fluxes in more
than one way.

CONCLUSION

Comparing eddy covariance flux tower data from two co-located
fens in northern WI revealed that landscape sheltering can
impact mean wind speed, wind direction, energy balance, and
nighttime NEE, but does not significantly affect daytime NEE.
A sheltered fen had lower H in spring and late fall (Tables 1,
2), as well as higher LE in every month of the growing season
except July compared to an open fen located only 29 km away.
There were significant differences in net radiation partitioning
between sites in April, May, and August according to daily
average Bowen ratio. Mean nighttime wind speed was also three
times less than that of the open fen (0.56 vs. 2.07 ms−1). There
were clear differences in wind direction due to the canopy at the
sheltered fen (Figure 3A), but no significant difference in half-
hourly NEE during daytime or Q10 air temperature sensitivity
of NEE (Figures 7, 10). However, the sheltered fen showed a
much weaker linear correlation between nighttime NEE and air
temperature than the open fen (R: 0.08 vs. 0.57), due to higher
variance of nighttime NEE.

Consistent, high quality fluxmeasurements from the sheltered
fen during the non-growing season and less gaps in growing
season data would allow a comparison of yearly C accumulation
between the two sites. Stream CO2 data, knowledge about
the aquatic chemistry of Allequash Creek and Lost Creek,
and a record of percent open water at each site throughout
the year could contribute to an analysis of lateral fluxes out
of the fens. Stomatal conductance measurements could also
determine vegetation responses to landscape sheltering. High
precision measurements of water table level and precipitation
could also build a more complete picture of factors that impact
energy balance.
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The results of this study, in combination with prior studies
on the cooling effect of vegetation (Armson et al., 2012; Hemes
et al., 2018), imply that sheltered fens are of high importance
for protection and restoration due to their ecosystem services
of lower CO2 source at nighttime and in the fall, stronger
growing season CO2 sink, and higher surface cooling. Shorter
spring and fall seasons may also lead to higher H and LE during
growing season as the effects of sheltering during spring and
late summer disappear. We recognize that some similarities,
such as coherence on the scale of summer overall (Figure 8),
are undoubtedly caused by the proximity of the fens in our
study, and the general nature of fens compared to other wetland
types. There is a need for further research on wetland canopy
sheltering in other regions before these results can be interpreted
more broadly.
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