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Abstract

Ecosystem-atmosphere exchanges of carbon dioxide (CO,) and water vapor were investigated in a moist mountain meadow
(Loney Meadow) at 1822 m MSL in the Sierra Nevada, California, USA. An eddy covariance (EC) tower was deployed for most
of the snow-free period from May to September 2016. The meadow ecosystem progressed from a strong sink of CO, in the peak
of the growing season under saturated to wet soil conditions (—18.51 gC m 2d ") to a weak source (2.97 gC m2dh following a
rapid decline in soil moisture as runoff decreased. The variability of Net Ecosystem Exchange (NVEE) over diurnal, synoptic and
seasonal timescales was dominated by Gross Primary Production (GPP) which ranged from 43 gC m > d ' during the peak of the
growing season to 19 gC m 2 d ' during senescence. Ecosystem respiration was small in magnitude and variability compared to
GPP. Approximations of annual NEE for the meadow ranged from —285 to —450 gC m 2 yr ', which is high compared to
grasslands, and more similar to mature wetland or forest ecosystems. At diurnal and synoptic scales, CO, flux was driven most
strongly by photosynthetically active radiation (PAR), while seasonally, the ecosystem was linked closely to changes in soil
moisture. Light-use and water-use efficiencies of the meadow ecosystem were high compared with those found in most other
ecosystems using comparable observations. These results suggest meadows have the potential to be large sinks of atmospheric
CO, and that their ability to do so is sensitive to water table height. This is important for understanding the future of carbon
sequestration in mountain meadows in the context of changing hydroclimates and different land management decisions that
impact meadow hydrology.
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Introduction

Mountain meadows are important environmental systems that
form in topographical depressions and low-gradient valley
bottoms, often containing shallow groundwater, finely tex-
tured and organically rich soils and abundant plants dominat-
ed by hydric to mesic herbaceous species. In the Sierra
Nevada (SN) range of California and Nevada, USA, Viers
et al. (2013) estimated that there were more than 17,000
meadows covering nearly 78,000 ha of land. Although they
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account for a relatively small percentage of land cover
(~0.01%), most tributaries pass through multiple sequences
of meadows within SN watersheds, which have important
water quality and discharge controls.

There is a significant amount of diversity among SN
meadows resulting in a wide range of hydrogeomorphic types
ranging from peatlands and depressions to more riparian sys-
tems (Weixelman et al. 2011). Hydrologic inputs to local
meadow aquifers include springs from geologic aquifers, hill-
slope runoff and surface streams (Loheide et al. 2009).
Ecological and rangeland classifications are strongly influ-
enced by hydrology, with wetland obligate or facultative plant
assemblages dependent on water table depth and the amount
of time water covers the meadow surface (Ratliff 1985; Allen
1987; Dwire et al. 2006). A shallow groundwater table sus-
taining high soil moisture levels through much of the growth
period is the most important factor in maintaining the charac-
teristic herbaceous communities found in wet meadows
(Fites-Kaufman et al. 2007; Loheide et al. 2009). With
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seasonal runoff influenced greatly by snowmelt, SN meadows
produce strong seasonal hydrologic and ecologic cycles, be-
having much like seasonal wetlands (Ratliff 1985; Loheide
et al. 2009).

Vegetation in undegraded meadows typically consists of
hydric and mesic species such as perennial grasses, wet
sedges, forbs, and other herbaceous species (Ratliff 1985;
Allen 1987; Lowry et al. 2011; Maher 2015). The spatial
patterns of vegetation within individual meadows are indica-
tive of an extensive land-water ecotone driven by soil mois-
ture gradients (Kondolf et al. 1996).

Ecosystems in meadows with significant riparian and hill-
slope water sources exhibit strong seasonality with annual
growth cycles that begin in the late spring due to snowmelt-
induced runoff, senesce from mid to late summer as water
tables lower, and often snow covers meadow surfaces in win-
ter (Loheide and Gorelick 2007). The timing of spring snow-
melt, peak streamflow, snow cover and the relative seasonal
snow water equivalent (SWE) in the SN are influenced by
inter-annual and decadal-scale climate variability (Hamlet
et al. 2005; Stewart et al. 2005). In general, over the past five
decades, the timing of spring streamflow in western North
America has been arriving earlier and with less precipitation
falling as snow (Stewart et al. 2005; Lowry et al. 2011; Viers
and Rheinheimer 2011). Previous studies of moist meadow
carbon cycling have primarily focused on carbon stocks from
biometric estimates (Norton et al. 2011; Reed et al. 2020) but
much less is known about the rates of CO, exchange, its sea-
sonal evolution and its main environmental controls (Fites-
Kaufman et al. 2007).

Mountain meadows are also sensitive to land use changes
and many of these ecological processes have been altered as a
result of anthropogenic activities (Ratliff 1982; Kattelmann
and Embury 1996; Purdy and Moyle 2006; Loheide and
Gorelick 2007). Historic and current land use (e.g., grazing,
logging and mining) in the Sierra Nevada have contributed to
increased stream channel incision in riparian meadows (Ratliff
1985; Kattelmann and Embury 1996; Purdy and Moyle 2006;
Viers et al. 2013; Lowry et al. 2011; Weixelman et al. 2011).
This channel incision can disconnect the stream channel from
the meadow floodplain, lowering the water table and reducing
soil water content in the root zone, which impacts the produc-
tivity and distribution of native vegetation (Kattelmann and
Embury 1996; Loheide et al. 2009; Lowry et al. 2011).
Lowering of the water table also allows oxygenation of organ-
ically rich soil, which enhances soil microbial respiration
resulting in the accelerated loss of stored soil carbon (Scott
et al. 2010; Knox et al. 2015).

The impact of degradation on vegetation patterns tends to
be a succession from native hydric/mesic species to more xe-
ric species commonly associated with dryland meadows
(Allen-Diaz 1991; Loheide and Gorelick 2007; Loheide
et al. 2009; Pope et al. 2015). Previous studies have linked
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water availability in meadows to fluctuations in species rich-
ness, vulnerability to invasive species encroachment and the
capacity to sequester atmospheric CO, for plant production
and contribute to soil carbon storage (Dwire et al. 2006;
Fites-Kaufman et al. 2007; Haugo and Halpern 2007;
Blankinship and Hart 2014; Maher 2015). A comparison of
existing measurements of CO, fluxes in wetland, grassland
and semi-arid ecosystems suggests that hydric/mesic species
are much faster growing and absorb greater amounts of CO,
from the atmosphere (e.g. Ratliff 1985; Flanagan et al. 2002;
Kayranli et al. 2010; Norton et al. 2011). Xeric species, on the
other hand, tend to be weak sinks of carbon and can shift from
a net sink to a source of carbon dioxide to the atmosphere
during dry years (Lund et al. 2010; Scott et al. 2010).
Because of the important ecological benefits and services that
mountain meadows provide, such as water quality and flood
control, carbon sequestration and storage, biodiversity en-
hancement, and culturally important food and weaving re-
sources, there has been increased interest in restoring
meadows that have been degraded due to anthropogenic ac-
tivities (Loheide and Gorelick 2007; Pope et al. 2015). The
goal of these “rewatering” projects is to mimic and restore
natural processes that raise the volume of subsurface storage
by providing a greater spatial opportunity for water to infil-
trate (Hammersmark et al. 2008). One of the implications of
restoring meadow hydrology is to increase plant productivity
rates as well as suppress microbial respiration, leading to an
increase in soil carbon storage.

Despite the significant attention to mountain meadow wa-
tershed assessment and restoration over the past two decades,
relatively few studies have investigated carbon cycling in
mountain meadows directly. The FLUXNET global network
of eddy flux towers has so far produced hundreds of site-years
reflecting most major biomes of the world, but has produced
relatively few studies of detailed carbon fluxes in mountain
meadows (Oliphant 2012). The objective of this study is to
investigate the carbon and water cycles of a mountain mead-
ow ecosystem throughout the growing season. The meadow
selected (Loney Meadow) is in the South Yuba River water-
shed in the Northern Sierra Nevada, California, USA, at about
1800 m elevation. Specifically, the study aims to use high-
frequency, meadow-scale eddy covariance observations over
a 5 month period of the growing season to (a) investigate
meadow ecosystem functioning over timescales from diurnal
to multi-day to seasonal, (b) assess the key environmental
controls on ecosystem functioning, particularly the ability of
the ecosystem to sequester atmospheric CO, and (c) approx-
imate the annual total meadow CO, exchange. The results
from this study are compared to the limited results published
from other meadow ecosystems as well as wetlands and grass-
lands for context, and implications for the role of climate and
land use changes on meadow carbon sequestration are
discussed.
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Biophysical Setting and Methods
Biophysical Setting

Loney Meadow is located on the upper western flank of the
Northern Sierra Nevada in the headwaters of the South Yuba
River watershed, which drains west to the Sacramento River
(Fig. 1). The meadow has a surface area of approximately
138,000 m* and is located at 39.421°N, —120.655°W, with
an elevation near the center of 1822 m MSL. The main
Loney Meadow investigated in this research is a riparian
low-gradient type in the Weixelman et al. (2011) classifica-
tion. We expect that its hydrology is supported by surface
streamflow inputs, hillslope runoff, and geologic groundwater
sources; a likely input of non-gaged snowmelt-fed streams
and groundwater is suggested by an 83% increase in discharge
between the inflow and outflow gauge reported in 2016 from
Hutchinson et al. (2020) while the contributing catchment area
is only 20% greater (5.75 km? at the outflow as compared with
4.77 km? at the inflow).

Loney Meadow experiences mountain Mediterranean cli-
mate conditions with warm dry summers and cold wet win-
ters. Following a three-year period of severe drought condi-
tions in California, the 2015—16 water year experienced closer
to average levels of precipitation, snowfall and temperature.
Total precipitation for the 2015—16 water year of 194 cm was
recorded at the Bowman Dam monitoring station located ap-
proximately 2.4 km from Loney Meadow, which was 15%
higher than the long-term average between 1896 and 2020.
Snowfall (454 cm) however, was 24% lower than the long-
term average and temperatures were slightly above average.
Daily average temperatures at Bowman Dam range between
—3 °C during the winter and 26 °C in the summer with snow
typically covering the ground from October to May and peak
snow depth occurring in March (WRCC 2020). In a compar-
ison of 13 northern California montane meadows studied by
Reed et al. (2020), Loney was among the wettest and most
productive. In 2016, the average height of groundwater (rela-
tive to a ground surface datum) using an array of 10 piezom-
eters in Loney Meadow during the summer recession (June —
September) was +0.1 m, with a minimum of —1.83 m and a
maximum of +1.47 m (Hutchinson et al. 2020; Reed et al.
2020).

The vegetation of Loney Meadow is dominated by mixed
graminoids and forbs, consistent with hydric to mesic mead-
ow communities elsewhere in the Sierra Nevada. Vegetation
sampling conducted across Loney Meadow in 2016 identified
more than 120 species (Reed et al. 2020). Five of the 10 most
abundant species observed were graminoids, four sedges
(Carex utriculata (10.1% cover), C. senta (6.6%),
C. spectabilis (5.1%), C. nebrascensis (4.9%) and the
California Brome (Bromus carinatus - 4.7%). Other abundant
species included perennial grasses and herbs such as

Symphyotrichum spathulatum (9.8%), Juncus balticus
(5.8%), Potentilla gracilis (5%), Perideridia lemmonii
(3.3%), and Achillea millefolium (2.8%). Reed et al. (2020)
assessed that the species observed in Loney Meadow in 2016
were approximately 20% obligate wetland species and 54%
facultative wetland species. Furthermore, they reported bio-
mass estimates obtained for 2015-16 in Loney Meadow,
which averaged 150 g m™? for above ground biomass and root
carbon of 2.2 kg m 2. These observations were made in a grid
pattern across the meadow surrounding the tower location,
with all corners of the grid within 120 m of the flux tower
location for this study, so they provide a representative sam-
pling of the species that the flux tower ‘observes’
(Section 2.2).

Based on regular site visits and daily images captured from
a digital camera mounted at the site, the meadow ecosystem
transitioned through four distinct phases over the observation
period from May 17th to September 6th, 2016 (Table 1). The
first period saw the emergence from melting snow cover of
grasses, sedges and small forbs, with rapid growth. During the
early spring season, ponding occurring on over 75% of the
surface, and a significant storm event provided snow cover for
several days over the emerging vegetation. By July, vegeta-
tion height and density appeared to reach a maximum, and this
was followed by a long period of senescence. From early July
to early August, this included a changing of vegetation color
with limited decrease in height and density. By the end of
August, a significant decline in plant density and height had
occurred and negligible green vegetation was visible
(Table 1).

Loney Meadow vegetation was grazed by a small herd of
cattle between late June and September 2016. Approximately
50 cow and calf pairs were released into the meadow at the
end of June and were left to graze a large area around and
including Loney Meadow until the end of September. The
main observable impact of cattle grazing was the reduction
in above ground biomass, especially during the latter part of
summer when new growth declined, and the addition of ma-
nure on the surface. Cattle density on the meadow remained
fairly low, and we did not see the creation of bare patches or
undue compaction, although channel scouring evident in sev-
eral places was likely exacerbated by their presence.

The NDVI image of the meadow in the vicinity of the
tower (Fig. 1) was captured in the peak of the growing season
using a drone-mounted multispectral camera (Davis et al.
2020), illustrating the high values from the meadow vegeta-
tion (yellow to green), and the low values of rocks and water.
The latter indicates both the location of meadow channels and
the presence of standing water (particularly to the SW of the
tower). This area contained emerging vegetation and would
show high NDVT if re-imaged once the standing water sub-
sided, as the summer progressed. The image was captured in
2017, following a wetter winter than in 2016, when the
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Fig. 1 Study site characteristics and eddy covariance flux measurement
location including a visible image of the meadow extent (source: Esri,
DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS,
USDA, USGS, AeroGRID, IGN, and the GIS User Community) and a
normalized difference vegetation index (NDVI = (NIR-red)/(NIR + red))
image of the meadow ecosystem within the main flux source area created
from a MicaSense RedEdge radiometrically calibrated 5-band camera

reported measurements were made. The standing water was

evident in the same location in 2016, but approximately a
month earlier in the melt season.

@ Springer
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mounted on a 3D Robotics Solo drone flown at 80 m above ground level
with 75% overlap on July 16, 2017, processed with Pix4D Mapper to
produce 5-cm pixels of reflectance in blue (20-nm band centered at
475 nm), green (20-nm band centered at 560 nm), red (10-nm band
centered at 668 nm), near IR (40-nm band centered at 840 nm), and red
edge (10-nm band centered at 717 nm) (Davis et al. 2020)

The soil organic matter (SOM) for Loney Meadow was found
to average 234 g kg ' with a standard deviation of 59 g kg, from
19 samples, which were collected in the 5-15 cm layer, randomly
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Table 1 Climate and ecosystem conditions during four distinct phases of the growing season
Period 1. Emergence 2. Peak growth | 3. Early senescence | 4. Late senescence
Approx. dates | 5/17 - 6/5/2016 | 6/6 —7/5/2016 7/5 -28/7/2016 8/8 — 9/6/2016
Air Tem Max: 16.2 Max: 20.4 Max: 23.4 Max: 23.5
Dail (OCI;. Mean: 9.6 Mean: 13 Mean: 14.5 Mean: 14
J Min: 1.7 Min: 3.4 Min: 3.6 Min: 3.7
Precipitation
Total (mm) 34 0.5 0 0.5
Soil Moisture | , 55 0.47 0.23 0.10
(m’ m™)
Vegetation Emergent phase, Max1rngm Vegetation cglor Decline in living
Condition surface mostly Vegetatlon . change, de1.1s1ty biomass and height
saturated height & density | remained high
Vegetation | 14 o 30-65 cm 30-50 cm 20-30cm
Height (cm)
Image: Noon, R
west-facing, :
from 2.2 m

sampled from an area of about one hectare near the center of the
meadow at different times during the summer of 2016. These
values were obtained using the loss on ignition (LOI) technique,
with soils subjected to 360 °C temperatures for 2 h, after 24 h of
drying at 105 °C. Roche et al. (2014) found similar but slightly
higher values for the same depths across nine ‘moderately wet’
and ‘wet” montane meadows in the Sierra Nevada. These values
are also similar to and slightly higher than those found by Maher
(2015) for a restored montane meadow. Both of these previous
studies also sampled dry or degraded meadows, which were uni-
versally lower in SOM than was found for Loney Meadow.
Additionally, Hutchinson et al. (2020) reported values of approx-
imately 7.4 kg m 2 soil carbon averaged over 2016 and 2017 for
Loney Meadow, and these values were similar to those found
elsewhere in Northern California mountain meadows (e.g.
Plumas Corporation 2020). The U.S. Forest Service (USFS) and
National Fish and Wildlife Foundation (NFWF) had identified
Loney Meadow as ‘degraded’ at the time of this study, and
low-impact restoration work to help reduce channel discharge in
several locations was conducted in the following year. This ap-
pears to have resulted in wetter habitat conditions based on results
of hydrologic, soil and vegetation monitoring over the period
2015-2019 (Hutchinson et al. 2020). Nevertheless, based on the
abundant hydric plant species, and significant soil carbon stocks
observed at the time of this study, we expect the meadow ecosys-
tem was acting as a net carbon sink overall.

Experimental Design

A micrometeorological observation system with eddy covari-
ance (EC) instruments (flux tower) was deployed in the

meadow between May 17th and September 6th, 2016. The
location of the flux tower slightly to the west of center, was
selected in order to ensure reasonable measurement length
across the meadow surface during both the dominant westerly
up-valley winds observed during the day and down-valley
drainage flows from the east at night, which produce a longer
measurement footprint due to the stable nocturnal boundary
layer (Fig. 1). The eddy covariance system was comprised of a
3-dimensional sonic anemometer-thermometer (CSAT3,
Campbell Sci., Logan, Utah, USA) and an open path infrared
gas analyser (Li7500, LiCor Inc., Lincoln Nebraska, USA),
which were deployed at 2.44 m above ground level (approx-
imately four times the maximum canopy height). These were
sampled at 10 Hz by a CR3000 data logger (Campbell Sci.,
Logan, Utah, USA). In addition, 30-min average radiation
fluxes were measured using a four-component radiometer
(NRO1, Hukseflux, Delft, The Netherlands) deployed at
1.2 m and air temperature and relative humidity were mea-
sured at 2.44 m using a HMP45C probe (Vaisala Corp.,
Helsinki, Finland). A tipping bucket rain gauge (TR-5251
Texas Electronics, Dallas, Texas, USA) was mounted at
0.5 m. The soil heat flux was determined from the average
of direct measurements from a pair of heat flux plates (HFO1,
Hukseflux, Delft, The Netherlands) installed at a depth of
5 cm combined with heat storage change estimated for the soil
layer above the plates from four spatial averaging thermocou-
ples inserted into this layer. Mean soil temperature was also
determined at 2 and 10 cm depths using CS107 probes
(Campbell Sci. Inc.) and average soil moisture in the 0—
15 cm depth range was determined using a CS616 TDR probe
(Campbell Sci. Inc.). In addition, a Moultrie game camera was
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attached to the center pole of the tower at 2.2 m facing west
and captured daily (midday) images of the meadow surface.

Data Processing, Rejection and Uncertainty

EC-derived fluxes of CO,, water vapor and heat were calcu-
lated from 30-min covariance blocks, after removal of spikes
in the high frequency data. These fluxes were corrected for
density fluctuations (WPL corrections) and planar-fit coordi-
nate rotations (Lee et al. 2004). The distribution of the flux
source area in the upwind direction was calculated for each
30-min period using the analytical footprint model of Hsieh
et al. (2000).

Eddy covariance measurements have been shown to under-
estimate the flux under conditions of low turbulent energy
(Massman and Lee 2002; Papale et al. 2006; Burba 2013).
The friction velocity (u*) threshold for rejection varies based
on the ecosystem being sampled and typically ranges between
0.05and 0.2 ms ' (Massman and Lee 2002). Using the meth-
od of Papale et al. (2006) to determine a site-specific u*
threshold, the rejection threshold for this site was established
at u*>=0.1 m s '. This criterion caused the most frequent
rejection of data, with a strong bias toward nocturnal hours.
Loney Meadow also provides a challenge for EC measure-
ments due to its relatively small size. The meadow boundary
was defined from analysis of satellite imagery (Fig. 1) and the
radial distance from the tower to the meadow boundary was
evaluated for 21 directions. For each 30-min flux, data were
defined as acceptable if the 90th percentile of the source area
distance in the upwind direction was less than the distance to
the meadow boundary. This ensured accepted flux data were
representative of the meadow plant communities. Over the
entire study period, the 90th percentile of the flux source in
the upwind direction ranged from a few meters to more than
600 m, though averaged 90 m, with a standard deviation of
49 m. Thus, the eddy covariance CO, and H,O flux observa-
tions mostly represent the same area in which plant sampling
was conducted, and therefore represents biophysical processes
driven by the plant community described in Section 2.1.

Understanding uncertainty in EC observations can be ad-
ditionally challenging in complex terrain, particularly with
heterogeneous vegetation and during calm conditions when
local scale atmospheric circulations dominate (Castellvi and
Oliphant 2017). Though these are generally larger than the
flux footprint scale, they potentially add a local scale signal
to vertical transport that is unmeasured by EC. Since all com-
ponents of the surface energy balance were directly measured
(assuming heat storage changes were minimal in the short
meadow vegetation), closure of the energy balance was used
as an independent check on the quality of the EC measure-
ments. This is normally assessed by the linear relationship
between the combined EC-derived heat fluxes (sensible and
latent heat flux) and available energy (difference between net
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radiation and ground heat flux) on a 30-min basis (e.g. Wilson
et al. 2002). In this case, the slope of the linear model for all
acceptable data was 0.67 (r* =0.88). These values did not
change significantly when applied to four subsets of data
representing the four different phenological stages identified
in Table 1. This slope value is slightly lower than average but
well within the distribution of closure estimates from synthe-
sis studies comparing multiple sites (e.g. Wilson et al. 2002)
and were similar to other studies in complex terrain (Stoy et al.
2013), especially a similar meadow in the Sierra Nevada
(Castellvi and Oliphant 2017). The coefficient of determina-
tion as well as the slope value suggests that the EC fluxes
presented here are strongly correlated with the actual turbulent
fluxes but consistently underestimate them.

Volumetric soil water content was measured using a Time
Domain Reflectometry probe (TDR), with 30 cm probe
lengths, which were inserted at a 30° angle relative to the
surface, thus producing an average measurement in the layer
0-15 cm. The probes were carefully inserted into firm soil
ensuring good contact between the soil and probes along their
entire lengths. Well-sited TDR probes provide an excellent
record of soil moisture change over time, although site cali-
bration is recommended to control the absolute magnitude,
particularly in more porous soils and those with high organic
content (Zegelin et al. 1992). Gravimetric soil water content
was determined during site visits from 16 soil samples collect-
ed in random locations within 100 m of the TDR probe/flux
tower at a depth of 5—15 cm with a hand trowel and aluminum
soil tins. To convert these to volumetric soil water content for
comparison with the TDR, we used a bulk density of
0.54 Mg m > based on observations by Baccei et al. (2020)
and Reed et al. (2020) in numerous Sierra Nevada meadows.
Resulting volumetric water content ranged from 50% during
the early wet phase when standing water was observed nearby
to around 10% in early September and comparison with the
TDR probe for the five soil sampling periods produced a lin-
ear fit with a zero offset, a slope of 0.98 and a coefficient of
determination of 0.98.

Partitioning and Gap Filling CO, Exchanges

In carbon budget terms, the 30-min EC-derived CO, flux
equates to the net ecosystem exchange of CO, (NEE, mgC
m? s '). NEE is the net result of two much larger and
directionally opposing CO, exchange processes; gross prima-
ry production by photosynthesis (GPP) which causes an
atmosphere-to-ecosystem flux of carbon, and ecosystem res-
piration (Rz) which causes an ecosystem-to-atmosphere flux,

NEE = R;—GPP (1)

Eq. 1 produces the meteorological sign convention for NEE
where positive values indicate a net ecosystem source of CO,



Wetlands (2021) 41: 39

Page70f17 39

to the atmosphere and negative values indicate a net ecosys-
tem sink. The relative contributions of GPP and Ry to an eddy
covariance measurement of NEFE are not directly observed by
EC. However, since these plant species require light for pho-
tosynthesis, it can be assumed Ry~ NEE (observed) during
nocturnal hours when PAR is zero. Many studies have shown
that soil temperature has a strong correlation with respiration,
particularly in grasslands, but that the relationship varies with
soil moisture as well as seasonal changes in plant phenology
(Gilmanov et al. 2005; Papale et al. 2006; Reichstein et al.
2005). The relationship between nocturnal NEE values and
bin averaged soil temperatures (7,) was evaluated, and best
described by a linear fit;

Rg = 0.014 T, + 0.066, 1> =0.95 (2)

In order to account for the impact of soil moisture, which
declined throughout the period as well as changes in phenol-
ogy and biomass, the model was determined for four seasonal
periods independently (as defined in Table 1). The slope of the
model increased significantly throughout the summer from
0.01 to 0.019. Using the period-dependent models, 30-min
Ry values were calculated for the entire study. These derived
R values were used to gap-fill daylight periods and to replace
data rejected using the QC criteria outlined above.

For daylight hours, observations of NEE were combined
with modeled R, to calculate GPP by residual using Eq. 1. A
commonly used empirical light use efficiency model based on
a rectangular hyperbola (Eq. 3) was then fit to the observed
data using PAR and accepted daylight GPP estimates at the
30-min timescale (after Xu and Baldocchi 2004; Gilmanov
et al. 2007; Oliphant et al. 2011), such that

o X Ay X PAR
GPP = Apax + oo X PAR (3)
where the coefficient « is the initial slope of the light-use
efficiency (LUE) curve and A, is the point of maximum
carbon assimilation. Since LUE is expected to change through
the growing season due to changes in leaf area density and
chlorophyll concentration, independent models were generat-
ed and applied to the four distinct phases of the growing sea-
son identified in Table 1.

Results

Diurnal Patterns and Drivers of Ecosystem CO,
Exchanges and Evapotranspiration

Based on ensemble averages over the observed growing sea-
son, Fig. 2 shows that the ecosystem was a strong and dynam-
ic net sink of CO, from the atmosphere during the day, and a
more consistent and weaker source of CO, to the atmosphere

_004 1 1 1 1 1 1 1 ] 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (PDT)
Fig. 2 Diurnal time series of 30-min ensemble averages + one standard

deviation (error bars) of (a) PAR, (b) NEE and (c) ET observed at Loney
Meadow for the entire observation period

at night. Daylight NEE values were closely anti-correlated
with PAR, with an immediate response (decreasing NEE) fol-
lowing sunrise. The morning switch from source to sink oc-
curred on average 45 min later, and peak sequestration rates of
approximately —0.6 mgC m 2 s~ on average occurred by
11:30 PDT, approximately 90 min before solar noon. The
net ecosystem exchange switched from a sink to a source
approximately 75 min before sunset, reaching its peak soon
after sunset. Though clearly driven by the symmetrical cycle
of PAR, the diurnal pattern of NEE indicates a stronger re-
sponse (sink) in the morning than the afternoon for the same
light levels. Nocturnal NEE values remained relatively steady,
declining from a little over 0.2 mgC m *s ' to a little under by
the end of the night (Fig. 2). The inter-diel variability of NEE
is greater during the mid-day hours of peak uptake than
through the night, suggesting more day-to-day control on
CO, flux variability in photosynthesis than respiration over
the growing season. The sum of the diurnal ensemble 30-
min averages for the observational period was —6.1 gC m >
d™!, similar to mature forests in the peak of their growing
season (e.g. Baldocchi 2008).

Evapotranspiration (£7) rates began to climb significantly
about an hour after sunrise, with the lag closely following the
switch in net radiation from negative to positive (not shown).
However, ET thereafter followed a more symmetrical correla-
tion with PAR than NEE, so the loss of water relative to carbon
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uptake was less during the morning than afternoon hours. The
relatively lower £7 in the morning is probably related to great-
er atmospheric demand for water in the warmer and drier
afternoon hours relative to the morning hours for the same
levels of PAR. There was also a secondary small peak in mean
ET around sunrise as well as a much larger inter-diel variabil-
ity. Assessment of the raw data reveal that this resulted from
small spikes on some mornings at this time, suggesting evap-
oration of dewfall, which was also visually observed occa-
sionally during site visits. Although close to zero at night on
average, the standard deviation bars for E7" descending below
zero suggests that water deposition on the leaves occurred on
some nights.

Decomposition of the diurnal cycle into partitioned CO,
fluxes, as well as key environmental drivers for four different
seasonal periods are shown in Fig. 3, with daily magnitudes
provided in Tables 1 and 2. The diurnal pattern of NEE was
clearly driven most strongly by GPP, which was closely cor-
related with PAR. The diurnal pattern of GPP remained most-
ly symmetrical in each of the four seasonal periods, though at
very different magnitudes throughout the growing season.
Relative to the pattern of PAR, there is a flattening during
the mid-day hours, suggesting a lower light use efficiency
during those hours. In the senescent period, this flattening
occurred from about 1100 to 1700 PDT and peaked at only
0.5mgC m s ', compared with a diurnal peak of 1.26 mgC
m % s during the period of strongest growth (Period 2).
Differences within the growing season can be less easily ex-
plained by PAR. The emergent phase had the 2nd highest GPP
but the lowest PAR, and the senescence onset period (Period
3) had the highest available PAR but produced a 33% decline
in diurnal peak GPP. This shift coincided with a significant
reduction in volumetric water content (VWC), and an increase
in vapor pressure deficit (VPD).

R followed the somewhat asymmetrical diurnal cycle
governed by soil temperature but also showed distinct season-
al differences (Fig. 3¢). The diurnal range in Ry is only about
one quarter of the range in GPP. On a seasonal basis, the
emergent phase exhibited the lowest R rates. This was also
the period with the lowest soil temperature (Fig. 4¢) and
highest soil water content (Fig. 4f). The high water table dur-
ing this period (water flowed across majority of the meadow)
would likely suppress root and soil respiration as with other

wetlands (e.g. Knox et al. 2015). The three following seasonal
periods had similar daily average Ry rates to each other, and
about 20% higher than the wet emergent phase (Table 2).
However, the peak value of Ry consistently increased as the
season progressed, reaching a maximum of about 0.38 mgC
m 2 s ' during the senescent phase (Fig. 3b).

Seasonal and Weather Controls on Ecosystem CO,
Exchange

Daily total NEE fluctuated significantly both at seasonal and
synoptic scales, but resulted in a net sink of CO, on 82 of the
112 days measured (Fig. 4). The emergent period until
May 19th (DOY 160) produced a decline in NEE (increasing
sink of CO,) as leaf area index (LAI) rapidly increased, punc-
tuated by sharp increases in NEE in response to a significant
early summer storm. The impact of the storm resulted in the
ecosystem switching from a net sink to source of CO, on two
of the days. During the storm, PAR decreased significantly
(88%) due to deep cloud cover, which coincided with a sim-
ilarly large decline in GPP (80%). Daily average air temper-
ature dropped 12 °C and soil temperature dropped 8 °C, which
coincided with a 42% decline in R (Fig. 4). Since the mead-
ow was nearly saturated at this time, the main hydrologic
impact on NEE was the partial coverage of the meadow with
snow, which would have shielded emerging vegetation from
PAR and helped suppress soil and plant respiration. From Day
160 (May 19th) to Day 187 (July 5th) NEE reached its peak
uptake and remained fairly constant, with weather distur-
bances having a smaller impact. Throughout this period PAR
remained high, volumetric soil water content was above 40%
and very high daily totals of carbon sequestration occurred
(—20 and — 25 gC m > d ™ "). This period was also characterized
by maximum vegetation height and density (Table 1).

From Day 187 (July 5th) a steady rise in NEE began, which
continued to the end of the study, and resulted in the meadow
ecosystem switching from a net sink to a source on a daily
basis around Day 224 (August 11). Despite maintaining high
values for PAR, this rise in NEE coincided with decreasing
volumetric soil water content from 40% to 10%, and appeared
to be directed by changes in GPP, which declined steadily
throughout this period. Senescence is also evident in shift in
vegetation color from daily surface images (Fig. 4).

Table2  Daily total CO, fluxes calculated for each seasonal period by the sum of the 30-min ensemble averages for each period, Loney Meadow, 2016

growing season

Emergence Peak growth Early senescence Late senescence
(May 17 —Jun 5) (Jun 6 — Jul 5) (Jul 6 — Aug 7) (Aug 8 — Sep 6)
GPP (gCm2d™" 34.05 42.96 31.06 18.78
Rz (gCm2d™) 17.42 21.6 22.51 20.32
NEE (gCm 2 d™") -13.65 -18.51 548 2.97
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Respiration by comparison remained fairly constant through-  August 18 (Day 231), but had little to no impact on recorded
out this period. A small rain event (< 1 mm) occurred on soil moisture levels (Fig. 4c & d). At this point, most of the
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vegetation had become insensitive to light levels and produc-
tivity was constrained by water availability. Throughout the
growing season, ET more closely followed GPP than soil
moisture, suggesting the dominance of transpiration.
However, during cloudy periods, as indicated by PAR in
Fig. 4b, ET declined more significantly than GPP, raising
the water-use efficiency on those days.

In comparison to other meadow ecosystems surveyed using
the EC method, the daily CO, flux magnitudes found in
Loney Meadow (averaging —18.51 gC m > d ') were signifi-
cantly higher (larger negative value). A seasonal peak daily
total CO, flux of —3.9 gC m > d' was observed in an alpine
meadow on the Tibetan Plateau (Kato et al. 2004), —6.3 gC
m 2 d! for a meadow steppe ecosystem in Northeast China
(Dong et al. 2011) and —7 gCm > d ™" for a montane meadow
at 1450 m MSL in the Sierra Nevada, California following a
very dry winter (Maher 2015). Loney Meadow was also
among the most productive ecosystems in comparison to
grasslands and wetlands observed elsewhere. For example,
the highest recorded daily CO, exchange in a young wetland
studied by Knox et al. (2015) was about—11 gC m2d'anda
survey of wetlands by Lund et al. (2010) showed maximum
daily total NEE values ranging between —1 and —4 gC m >
d™'. Grasslands exhibit a high degree of variability in peak
daily total CO, values ranging between —5 (Flanagan et al.
2002; Xu and Baldocchi 2004) and —50 gC m > d ' (Dugas
et al. 1999). The latter noted that daily fluxes lower than —20
gC m 2 d" are typically rare and generally short-lived.

Light, Carbon and Water Relationships in the Meadow
Ecosystem

The coefficients and statistics of rectangular hyperbola LUE
curve fitting are provided in Table 3. Both the initial slope of
the curve (o value) and the point of maximum CO, assimilation
(A0 are high compared to grasslands, especially during the
emergent and peak growth phases. In a comparison, LUE of
twenty European grasslands, Gilmanov et al. (2007) reported «
values ranging from 0.016 to 0.075 and A, values ranging from
425 t0 216 umol m 2 s~', with the higher values attributed to
wetter grasslands. The light response parameters observed in

Loney Meadow for the full observation period was close to the
maximum of these grassland sites and exceeded them all during
the peak growth phase. The beginning of senescence produced a
decline in both the magnitude and consistency in LUE and the
late senescence showed heavily suppressed photosynthesis and a
largely disconnected relationship with PAR.

The relationships between GPP and both PAR and ET at
the daily timescale are presented in Fig. 5. Although the mag-
nitude of GPP was generally much higher during the emer-
gent and peak growth phases than the senescent phases (by
12-18 gC m * d"), the slope of the relationships remained
fairly similar. This suggests the ecosystem maintained fairly
consistent light use and water use efficiencies throughout the
growing season, despite operating at very different levels of
productivity. By comparison with similarly defined values for
WUE reported elsewhere, the fairly consistent value of about
5.5 gkg ! found for Loney Meadow is quite high. In a sum-
mary of WUE from 43 different ecosystems, similar values
were found for deciduous broadleaf and mixed forests, but
grasslands were on average significantly lower (Beer et al.
2009). In this comparison, Loney Meadow would be ranked
2nd of 43. However, a steppe meadow ecosystem in Northeast
China produced similar mean WUE values (Dong et al. 2011),
with highest WUE occurring during the peak of the warm wet
growing season. This site also produced evidence of a
drought-induced lowering of WUE. Ponton et al. (2006) sim-
ilarly found a negative correlation between daily WUE and
maximum daily vapor pressure deficit for both forests and
grasslands. In the current study, since soil moisture was driven
by runoff more than precipitation during the summer months,
the largest inter-diel differences in either LUE or WUE were
caused by cloudiness. Cloudy days reduced PAR, GPP and
ET, but increased both LUE and WUE. The former is likely to
be due to the higher use efficiency of scattered light than direct
beam, and the latter due to the lower vapor pressure deficit
found on those days.

Estimate of 2016 Annual NEE at Loney Meadow

A direct estimate of the annual total net ecosystem exchange
of CO, was not possible because observations did not span the

Table 3  Light response curve parameters (Eq. 3) and fit statistics using 30-min averages with average observed GPP
Seasonal Period « A e r? n Average GPP (gC m2d?h
(umol m™2 571

All observations 0.0741 154.3 0.41 2548 32.30

Emergent 0.0849 173.7 0.57 411 34.05

Peak Growth 0.0861 246.7 0.82 718 42.96

Early Senesc. 0.0609 172.9 0.67 766 31.06

Late Senesc. 0.223 47 0.08 637 18.78
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Fig. 5 Relationships between daily total GPP and (a) PAR and (b) ET for different seasonal periods. Linear models and coefficient of determination
correspond with adjacent lines, which are derived from a combination of the two sub-periods

complete annual cycle. However, since most of the growing
season was captured by the eddy covariance record and the
meadow is covered by snow for about 5 months of the year, an
approximation is possible, with some reasonable assumptions.
First, we assumed ecosystem photosynthesis began around
April 25th 2016, when it was observed that approximately
75% of the meadow surface was still covered by snow but that
it was melting quickly and new shoots were beginning to emerge
across the meadow. The second assumption was that the rates of
change in daily GPP, Rg and NEF trended similarly at the be-
ginning of the emergent phase as during the latter portion that
was observed. The rates of change in observed daily GPP, Rg
and NEE during the growing season were found to follow a
linear trend, which was extrapolated backward from the begin-
ning of observations (May 17th) to the beginning of the snow-
free phase (April 25th) to estimate daily totals for each day in
between. Daily values from the final senescent phase were sim-
ilarly extrapolated forward from the end of the observational
record to the beginning of snow cover, which was determined
to be November 24th 2016, using snow depth data from a nearby
climate station (SNOTEL: Robinson Cow Camp, Elevation:
1975 m MSL). The final assumption was that ecosystem photo-
synthesis was zero but that soil respiration continued beneath the
snowpack. It has been found that respiration from organic soils
through winter snowpacks tends to be small but not negligible.
This is because microbial activity can be significant in organic
soils in near and even below freezing conditions but that the
snowpack limits oxygen supply to the soil, increasing concentra-
tions of CO, in the snowpack (Sommerfeld et al. 1993). Previous
estimates of soil respiration beneath snowpacks include approx-
imately 0.52 gC m 2 d "' found both for a wet meadow (Knowles
etal. 2016) and a deciduous forest floor (Hirano 2005), 1 gC m°
d!, for mountain grasslands in Switzerland (Wohlfahrt et al.
2008), and 0.7 to 2 gC m > d~' for alpine and subalpine
meadows respectively (Sommerfeld et al. 1993). Given the

organic soils and large growing season productivity at Loney
Meadow, here we made the assumption that Loney meadow
winter respiration rates beneath a snowpack was at the higher
end of this range (~2 gC m> d ™). Daily NEE totals were calcu-
lated for the observation period using the high quality observa-
tions of NEE and gap-filled data when observational data did not
pass quality control tests. We then combined these with the ex-
trapolated values found for the unmeasured beginning and end of
the snow-free period, and the estimated values from the literature
for the period with snowpack to produce an annual record. This
resulted in an estimated annual carbon sink of —313 gCm 2a .
Hirano (2005) showed that CO, efflux more than doubled in the
approximately 2 week period following snowmelt, due to both
built-up CO, in the snow and soil air parcels that is released, and
invigorated microbial respiration. If we factor a two-fold increase
in CO, efflux for 2 weeks following snowmelt, the annual sink
reduces to —285 gC m 2 a . It is also possible that soil respira-
tion under the snowpack followed a more modest level previous-
ly observed (~1 gC m 2 a '), in which case the annual sink
would be as high as —450 gC m 2 a ', These annual estimates
are fairly crude but suggest Loney Meadow is a significant sink
of carbon on an annual basis. Reed et al. (2020) used soil carbon
and biomass measurements to estimate net soil carbon fluxes
from 13 montane meadows of the Sierra Nevada and found
Loney Meadow to be the largest sink at 847.7 gCm 2y .
Despite having a similar seasonal pattern of NEE and po-
tentially reaching large daily magnitudes of CO, uptake dur-
ing the peak of the growing season, most grasslands observed
in related climates sequester significantly less CO, from the
atmosphere annually than Loney Meadow appears to. Annual
values tend to range from —50 to —160 gC m > a ' during
years with sufficient precipitation (e.g., Ma et al. 2007;
Dong et al. 2011) to annual sources from 50 to 100 gC m >
y ! under drier conditions (Flanagan et al. 2002; Ma et al.
2007; Scott et al. 2010). Water availability and its timing is
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consistently identified as a driving environmental control on
annual NEE of grasslands and several studies show this can
cause a switch from a net carbon sink to source between years
(Flanagan et al. 2002; Wohlfahrt et al. 2008; Scott et al. 2010;
Dong et al. 2011). A synthesis study of wetland ecosystems
consisting of peatlands and tundra by Lund et al. (2010) re-
ported average annual net CO, uptake of =103 + 103 gC m
a !, The two most similar sites, with annual carbon sinks of
about —200 gC m > a ', were fen type wetlands with high
vegetation density. Not far from Loney Meadow but near
sea level, Knox et al. (2015) observed an annual NEE of
—-397 gC m ? a ' in a dense mature wetland in the
Sacramento/San Joaquin Delta of California. Loney
Meadow is likely to be a significantly larger sink than the
global average of —156 gC m Z a ' based on 1459 site-years
of data collected from flux towers covering terrestrial ecosys-
tems around the planet (Baldocchi 2014).

Discussion

Implications for the Carbon Cycle in Mountain
Meadows

The results from this study indicate that mountain meadows
such as Loney Meadow can be large sinks for atmospheric
CO,, with highly dynamic seasonal variability. This appears
to be mostly due to the unique hydrology of mountain meadows
which can provide moisture to the root zone of meadow eco-
systems during summer despite a lack of precipitation, produc-
ing a unique seasonal signal for the eco-climate region.
Furthermore, meadow soils have been found to be high in or-
ganic content to significant depths, suggesting net annual car-
bon uptake and longer term storage of carbon in the substrate.
Snow cover in winter and water saturation in spring likely helps
limits the loss of organic matter by heterotrophic respiration.
There may be some loss of dissolved carbon from the meadow
via the stream network, and additional losses of carbon to the
atmosphere in the form of methane emissions produced during
saturated soil conditions, and also emitted from grazing cattle.
A fuller discussion of the likely role of cattle on the meadow
carbon cycle is discussed in the following section.

The Loney Meadow ecosystem sequestered CO, at rates
similar to mature wetlands and productive forests. The net
CO, flux observed in this study was more than double that
measured during an above average precipitation year in a
California grassland. Yearly precipitation totals that impacted
this study were close to (slightly higher) than average and
followed a multi-year severe drought. Despite this, the mead-
ow produced abundant vegetation and acted as a significant
sink over the annual cycle. This was also found by Reed et al.
(2020) using assessment of carbon stocks in soil and vegeta-
tion. They found Loney to be the largest annual sink of 13 SN
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meadows, although their estimate of more than 800 gC m 2
a ' is 2-3 times higher than the estimate we produced using
eddy covariance. Their value is also extremely high in com-
parison to annual estimates of a wide range of global ecosys-
tems (e.g. Baldocchi 2014). The two methods for estimating
the annual carbon flux are very different, and have different
assumptions and weaknesses. For example, eddy covariance
has a tendency to under-estimate the total flux, though this
error is typically about 10-20% (e.g. Stoy et al. 2013). In
addition, we were only able to measure over the growing
season, and had to make many assumptions about winter
and early spring fluxes. The soils approach, on the other hand,
has coarse temporal coverage, which can describe only gen-
eral seasonal changes in CO, exchanges, but not the impacts
of meteorology on day-to-day variability or diurnal variability
in soil temperature and plant functioning. We find significant
variability in CO, fluxes over these timescales. On the other
hand, the spatial sampling should be similarly representative
of the meadow ecosystem for both techniques. This disparity
in the annual carbon budget points to the need for further
comparisons between carbon fluxes obtained from the two
different techniques for a range of meadows. In addition, the
information provided by the two techniques is highly comple-
mentary and could be combined. The eddy covariance method
provides a direct measure of the CO, exchange rate with ex-
cellent temporal resolution but cannot directly ascertain the
individual components and drivers of the gas flux, which is
a strength of the approach of Reed et al. (2020).

Though the number of site years of mountain meadow
observations are few, the comparison between this and other
studies in China, Europe and elsewhere in the Sierra Nevada
suggests mountain meadow ecosystems are highly complex
and show a great deal of variability compared to other ecosys-
tems. Factors that may contribute to this variability are eleva-
tion, latitude, watershed characteristics, precipitation, temper-
ature and meadow hydrogeomorphology. The results present-
ed here agree with other studies that show soil moisture levels
in the root zone appear to be the main environmental driver
(along with temperature) that controls the larger seasonal
trends as they relate to plant functioning and the resulting
carbon cycling. This means that mountain meadows have
great potential to help sequester atmospheric carbon, but that
their capacity to provide this role is highly dependent on soil
moisture levels throughout the growing season, making them
susceptible to changes in both climate and land use.

Implications for Meadow Carbon Cycling of Land-Use
and Climate Change

This study and previous research conducted in SN meadows
have indicated that water availability shows a strong positive
relationship to ecosystem productivity. Channel incision,
resulting from degradation, effectively lowers the water table
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and reduces water available in the root zone. Any decrease in
soil moisture availability in the meadow due to water table
lowering will likely reduce net ecosystem uptake of CO,,
and potentially cause a switch from a sink to a source of
CO,. On a seasonal basis, this switch occurred when volumet-
ric soil moisture content dropped below about 12%.
Temperature and PAR are also likely to play a role in the
senescent phase although, in this case, temperatures and solar
radiation remained seasonally high while both soil moisture
and vegetation productivity declined. If restoration of degrad-
ed meadows to raise the water is successfully implemented,
there is potential to increase carbon uptake and to retain higher
levels of photosynthesis later in the growing season.
Above-ground biomass consumption, animal respiration,
digestive release of methane, soil compaction, and excretion
deposits are all likely impacts from grazing cattle on meadow
carbon cycles (Jerome et al. 2014; Roche et al. 2014). Cattle
grazing in Loney Meadow during the study period was low
density, yet the wet meadow vegetation clearly provided ex-
cellent forage and evidence of reduced biomass from grazing
and feces deposition was widespread. Sousanna et al.
(Soussana et al. 2007) found that 25-40% of cattle forage
intake is returned to the soil as non-digestible carbon (e.g.
feces), while a larger portion is removed from the ecosystem
as live weight (LW) gained during grazing. Some of the net
carbon sink we have recorded for Loney Meadow was there-
fore lost from the meadow as LW gain. Tofastrud et al. (2020)
found the weight gain of a range of early maturing beef cows
grazing at low stocking density averaged 24 kgC per growing
season. If we use this value and assume all of the weight gain
was obtained from Loney Meadow vegetation, the carbon loss
from the meadow by cattle weight gain for the Lonwy 2016
grazing season would be 17 gC m 2, which represents a small
but significant reduction of our estimated net carbon sink.
The cattle also directly impact the meadow carbon budget
through autotrophic respiration of CO, and the digestive re-
lease of CH,4. Some of the respiration of CO, from grazing
cattle would have been recorded by the instruments when
cows were grazing in the meadow upwind of the flux tower.
We can approximate the magnitude of the annual flux inde-
pendently based on the number of animals, number of days on
site and using the daily estimate of cattle CO, emissions of 2.6
kgC d ™! per livestock unit (Jerome et al. 2014). If we assume
the cattle only grazed Loney, we get an upper estimate of
cattle respiration of approximately 150 gC m > a_', which is
small compared to the estimated annual meadow respiration
of over4 kgm 2 a . Some portion of this would be contained
in the estimate provided by the eddy covariance measure-
ments, although this portion is impossible to estimate due to
the low grazing density and lack of positional data for the
cattle. From both visual observations during site visits and
images captured by the wildlife camera, it is clear that cattle
respiration would be recorded by the instruments, at least part

of the time. We did not measure the flux of CHy, though
Sousanna et al. (Soussana et al. 2007) estimated that non-
lactating cattle release between 0.33 and 0.45 gCH, kg™ liv-
ing weight per year. If we assume the larger of these values,
and multiply by the total stock estimated living weight, and
again assume that cattle only consumed Loney Meadow veg-
etation, we estimate this to be about 78 mgCH, m 2. In mead-
ow carbon budget terms this is very small, although it repre-
sents a more significant impact to atmospheric greenhouse
gasses due to the relatively high radiative forcing of CH,.
Although CH, fluxes were not observed in this study, Reed
et al. (2018) observed a diurnally-consistent soil-atmosphere
CH, flux of —0.65 nmol m > s~ for Loney Meadow soils on a
single day in the 2015 growing season. This equates to an
uptake of nearly 1 mgCH, m > d”', which is opposite in sign
but similar magnitude to the estimated total cattle emissions
on a daily basis.

These estimates of the impact of cattle on the meadow
carbon budget are approximations only and the impact of live-
stock on the carbon cycle has shown significant variability
among cattle species, type of ingested forage, climate condi-
tions, ecosystem health and management intensity (Soussana
et al. 2007; Jerome et al. 2014; Roche et al. 2014).
Nevertheless, these estimated direct impacts of cattle reflect
a loss of carbon from the meadow, some of which was un-
measured, though the overall contribution is expected to be
small compared to the observed vegetation CO, exchanges.
Further, the estimates of unmeasured components of meadow
carbon fluxes suggest that our estimates of annual NEE are
overestimated due to the unmeasured loss of carbon by cattle,
although even a conservative accounting leaves the conclu-
sion that the meadow is a strong net annual sink.

Depending on management intensity (e.g. stocking rate)
and history, grazing can also alter plant community composi-
tion, soil characteristics, and the hydrologic regime (Soussana
et al. 2007; Roche et al. 2014). Drought conditions reduce
GPP, making the ecosystem more vulnerable to stress caused
by grazing animals, while wet, healthy meadows exhibit
greater resilience to disturbance (Roche et al. 2014). Many
of these impacts are long-lasting, and meadow ecosystems
have been found to be particularly vulnerable to any manage-
ment impacts that cause a lowering of the water table.
Considering the low stocking rate and large area available to
graze, the presence of livestock during the study period likely
had a small direct impact of lowering the net annual carbon
sequestration. It is also likely that legacy impacts from activ-
ities such as grazing has degraded the natural hydrologic re-
gime, creating secondary impacts on plant communities and
their ability to sequester carbon. Given the relatively low plant
productivity and soil carbon of degraded meadows with de-
pleted water availability to plant roots, these indirect impacts
on the carbon budget may be larger and are certainly longer
lasting.
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Similar to the effects of degradation, climate change has the
potential to impact the net CO, potential of SN mountain
meadows by altering precipitation and seasonal hydrologic
inputs. Research suggests that a warming climate will reduce
the amount of precipitation that falls as snow and initiate
snowmelt earlier in the season, which will contribute to a
longer and drier growing season (Lowry et al. 2011). Using
this study as an example, climate trends suggest that the peak
growth period would shorten and start earlier and the
senescence period would lengthen. Since the peak growth
period accounts for nearly half of the entire net CO, uptake
measured in the 2016 growing season, a shorter peak growth
period would have a significant negative impact on the overall
strength of the sink on an annual basis. Similarly, a longer
period of carbon release, stemming from earlier seasonal
drying, will contribute to declines in annual carbon uptake.
With a possible switch to a net annual loss of carbon,
meadow soils would likely lose carbon to the atmosphere
from stocks built up over time. Indeed, Roche et al. (2014)
and Mabher (2015) both found organic content in dry or de-
graded meadows to be significantly less than that of wet or
restored meadows in the Sierra Nevada. Another potential
effect of a warmer climate is increasing soil temperatures,
which would likely stimulate higher respiration rates through-
out the season. Furthermore, if a high water table is main-
tained through protection and restoration practices, it is likely
that SN meadows will be more resilient to the effects of cli-
mate change and maintain their effectiveness at sequestering
carbon from the atmosphere.

Conclusions

This study employed eddy covariance to investigate surface-
atmosphere exchanges of CO, in a mountain meadow in the
northern Sierra Nevada from May to September 2016. Loney
Meadow acted as a strong net sink of CO, from the atmo-
sphere over most of the growing season, averaging —7.71 gC
m > d"". Though clearly driven by PAR, the diurnal pattern of
NEE showed a slightly stronger response (sink) in the morn-
ing than the afternoon for the same light levels. At night,
ecosystem respiration produced a weak but consistent source
of CO, to the atmosphere and these rates (~0.1 <NEE < 0.3
mgC m 2 s~') were similar throughout the measurement
period.

Following snowmelt in early May, GPP increased rapidly
and NEE declined so that the ecosystem became a strong sink
of atmospheric CO,, peaking at —18.5 gCm > d"'. With daily
total values ranging between about 10 and 50 gC m > d ',
GPP drove the variability in NEE throughout the growing
season. GPP was governed principally by light at the diurnal
and synoptic timescales and by soil water availability over the
seasonal timescale. Ry rates were much smaller and more
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consistent throughout the growing season than GPP, though
were weakly positively correlated with temperature changes.
Decline in soil moisture appeared to be the strongest control
on the seasonal growth cycle and by August the ecosystem
had switched from a net sink to source of CO, peaking at 3 gC
m 2 d”'. Although the complete annual cycle was not ob-
served, approximations of the annual budget ranged from
—285 to —450 gC m 2 a ' depending on assumptions made.
These values are closer to mature wetlands and forests, and
represent a significantly higher carbon sink than most
grasslands.

Using a rectangular hyperbola LUE model, the initial slope of
the curve (« value) and the point of maximum CO, assimilation
(Amax) were high (0.86 and 246 respectively) compared to grass-
lands, though the relationship weakened considerably during
senescence. WUE values for Loney Meadow (~ 5.5 gkg ') were
consistent and high compared with those determined equivalent-
ly from the eddy covariance record for other ecosystems. Similar
to LUE, these values were closer to those found for mature
wetlands and forests than grasslands. On a day-to-day basis, both
LUE and WUE increased on cloudy days. This likely reflects
both the higher use-efficiency of scattered light than direct beam,
and the lower vapor pressure deficit experienced by the ecosys-
tem on those days.

More long-term monitoring of the carbon exchange in SN
meadows is needed to explore differences in space and time.
Networks and collaborations are required to compare
meadows of differing elevations, topography, level of degra-
dation or restoration, and hydroclimate regimes. Long-term
studies are required to understand inter-annual variability of
carbon exchanges due to differences in snow and rainfall
amounts and timing and future research should also include
CH, fluxes since they become saturated during the spring
melt. Additional measurements using chamber approaches
would be helpful for deciphering the role of different plant
communities within and between meadows. These ap-
proaches, along with better collaboration with the soil science
community, will help provide a more complete understanding
of carbon dynamics in mountain meadows. This is required to
inform policymakers, land managers, and stakeholders of the
likely impact of both future climates and land-use manage-
ment decisions.
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