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Abstract

Peatlands have sequestered atmospheric carbon dioxide (CO,) for millennia and can
also act as significant sources of atmospheric methane (CH,). Hydrological processes
that control water table dynamics, and climatic conditions such as air temperature,
play important roles in mediating peatland-atmosphere exchange of these green-
house gases. These controls are likely to be impacted by climate change, particularly
for those peatlands found in cold environments, including mountain regions. In this
study, we developed empirical models to simulate hydrological dynamics and
ecosystem-atmosphere C exchange in a mountain peatland under three climate sce-
narios (2012 air temperatures, +2°C and +4°C). Observed water table dynamics and
air temperature were used to model ecosystem-atmosphere C exchange during the
2012 growing season. Modelled snowmelt dynamics were used to predict water
table position at the beginning of the growing season for warming scenarios, and the
subsequent water table dynamics and increased air temperature were used to drive
the same C exchange models during the growing seasons. Increased air temperatures
led to earlier snowmelt and water table decline, causing water tables to drop by
10 and 19 cm for the +2 and +4°C scenarios, respectively. This led to roughly a two-
fold decrease in growing season net ecosystem production (NEP) in both warming
scenarios, as a result of increased ecosystem respiration relative to gross primary pro-
duction. Methane efflux was positively correlated with NEP and therefore decreased
under the warming scenarios, albeit to a lesser degree. These results indicate that
reductions in NEP and CH, efflux are possible in low-elevation mountain peatlands
that are dependent on snowpack-derived hydrologic inputs. These ecosystems are
found at elevations where future winter precipitation will increasingly fall as rain
rather than snow and melting of snowpack will occur earlier under warmer

conditions.
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1 | INTRODUCTION

Climate change is expected to have significant impacts on terrestrial
ecosystem dynamics and hydrological cycles. Ecosystems character-
ized by cold climates, like those found in northern latitudes and moun-
tain environments, are particularly susceptible to warmer
temperatures, which can cause earlier melting of snow in the spring,
potentially leading to decreased plant productivity due to drought
stress later in the summer (Ernakovich et al., 2014; Parida &
Buermann, 2014). In addition, warming of air to temperatures above
freezing changes the phase of precipitation from snow to rain, poten-
tially reducing annual snow accumulation, especially near elevations at
the lower limit of snow persistence in the western United States
(Ashfaq et al., 2013; Christensen & Lettenmaier, 2007), further alter-
ing the timing and magnitude of growing season hydrological fluxes
(Godsey et al., 2014; Rood et al., 2008) and associated carbon
(C) dynamics (Dong et al., 2019).

Of the ecosystems found in cold regions likely to be affected
by a changing climate, peatlands are of particular concern, due to
their dependence on a perennially high water table and their role in
mediating fluxes of greenhouse gases (GHG) (Belyea, 2009). Water
tables near the soil surface in northern peatlands favour the seques-
tration of carbon dioxide (CO,), which has led to the accumulation
of approximately one third of the terrestrial C on earth via organic
soil formation (Gorham, 1991) and a net global cooling effect over
the past 8000 to 11,000 years (Frolking & Roulet, 2007). However,
a near-surface water table also creates an anoxic soil environment,
which is responsible for peatlands being among the largest natural
sources of atmospheric methane (CH,) (Bridgham et al, 2013), a
GHG with a global warming potential approximately 28 times
greater than that of CO, at a century time scale (Myhre
et al., 2013).

Climate change has the potential to alter peatland GHG dynamics
indirectly by driving changes in hydrological cycles that affect water
table position (WTP) (Moore et al., 1998). Water table manipulation
experiments have shown that peatland ecosystem respiration
(ER) increases when water tables decline (Chimner & Cooper, 2003a;
Moore & Knowles, 1989; Riutta, Laine, & Tuittila, 2007). If water table
declines in peatlands occur as a result of climate-driven changes in
hydrological cycles, increases in ER can cause net ecosystem produc-
tion (NEP) to decline, shifting these ecosystems from CO, sinks to
sources (Riutta, Laine, Aurela, et al., 2007; Wu et al., 2013). Con-
versely, CH4 emissions tend to decline with water table in peatlands,
as greater proportions of the peat profile become exposed to oxic
conditions (Gong et al., 2013; Turetsky et al., 2008). Further, peatland
CH4 emissions can be positively correlated with NEP (Bellisario
et al., 1999; Whiting & Chanton, 1993) as methanogen substrate
availability increases with NEP, as well as the potential for plant-
mediated transport of CH,, particularly in fens (Turetsky et al., 2014),
all while maintaining the prerequisite anoxic soil environment. Future
increases in air temperature (AT) also have the potential to impact
GHG dynamics in peatlands directly, by increasing the metabolic rates
of organisms that mediate fluxes of both CO, and CH, (Sullivan
et al., 2007; Turetsky et al., 2008).

Peatlands similar to those in northern latitudes are found at high
elevations in the Rocky Mountains of the western United States
(Chimner et al., 2010) and have been sequestering atmospheric C for
millennia (Chimner et al., 2002). The majority of precipitation falls as
snow in the Rocky Mountains, and the snowpack typically persists
through early summer at high elevations (Landry et al., 2014). While
snowfall represents the majority of annual precipitation for this
region, the San Juan Mountains of southwestern Colorado are also
strongly influenced by the North American monsoon, with the highest
monthly precipitation of the year occurring late in the summer
(Costigan et al., 2000). In the San Juan Mountains, peatlands are
found from approximately 2600 to 3700 m in elevation and contain
plant species characteristic of peatlands in boreal regions of North
America and Europe (Chimner et al., 2010). Because a warmer climate
is likely to have the strongest influence on mountain snowpack at
lower elevations (Christensen & Lettenmaier, 2007), it is likely that
impacts on hydrological fluxes will be most pronounced to low-
elevation peatlands (Millar et al., 2017). Such hydrological changes in
low-elevation peatland found in the San Juan Mountains will poten-
tially impact C budgets (Aurela, 2004) and extend the periods of water
table decline between the onset of the snow-free season and the
beginning of the monsoon season.

In this study, we used empirical models to simulate potential
changes in hydrological dynamics and subsequently peatland-
atmosphere C exchange at a low-elevation basin fen in the San Juan
Mountains under warmer climate scenarios. The modelling effort
included two phases. Changes in hydrological dynamics were first sim-
ulated as a function of AT to predict WTP under two warming scenar-
ios. Then, using the observed and predicted water table dynamics
along with increased AT under future climate scenarios, current and
potential future growing season CO, and CH4 fluxes were simulated.

2 | METHODS

21 | Studysite

The study took place in a homogenous stand of Carex lasiocarpa at
Anglica Fen (37°38'24"N, 107°47'45"W), an 8800-m? basin peatland
surrounded by bedrock in the San Juan Mountains of southwestern
Colorado at an elevation of approximately 2700 m. This site was cho-
sen in part due to its location at the low end of the elevation range for
peatlands in the region (Chimner et al., 2010) and therefore more sus-
ceptible to a changing climate (Millar et al., 2017). It was also chosen
because of its comparatively simple water budget (Millar et al., 2018),
due to lack of significant net groundwater flow (inflow-outflow),
which would complicate the hydrological simulations under future cli-

mate scenarios presented here.

2.2 | Hydrological field measurements

Field observations were used to develop models of hydrological pro-
cesses during the winter/spring and growing season of the 2012 snow
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year. An automated camera focused on a snow depth gauge, marked
at 5-cm intervals, was installed at the site to track changes in snow-
pack and the duration of the snow-covered period at the site on a
daily basis (Figure S1). Roughly once per week, snow depth observa-
tions measured at the site were compared with those at the Cascade
#2 SNOTEL site, located approximately 1 km to the north at a very
similar elevation (2747 m), and found to be highly correlated
(R? = 0.98, slope = 1.0, n = 17). Therefore, daily precipitation and AT
measured at the Cascade #2 SNOTEL site were used for winter/
spring hydrological modelling.

An In-situ Barotroll and Rugged Troll (Fort Collins, CO) were
installed at the site to measure AT, barometric pressure and WTP
throughout the entire study period. A bias in WTP resulting from the
influence of snowpack pressure was observed in which the water
table increased 0.5 cm for every 1 cm of snow water equivalent
(SWE) (R? = 0.98), so a regression of this bias was used to correct
WTP during the snow-covered period. During the growing season, a
Hobo Onset RG-2 was used to measure rainfall (Bourne, MA), and an
Apogee Instruments SQ-110 quantum sensor (Logan, UT) was used to
measure photosynthetically active radiation (PAR). All environmental

variables were measured and logged hourly.

23 | GHG flux measurements
CO, and CH,4 efflux were measured roughly biweekly during the
snow-free season of 2011 and monthly in 2012 using a dynamic closed
soil chamber technique. Three ABS plastic collars, 60 cm x 60 cm,
inserted approximately 5 cm into the soil, were used as the base for a
2.16 x 10° cm® cubic, clear gas flux chamber. Fluxes of CO,, including
NEP and ER, were measured in the field using a PP-Systems EGM-4
infrared CO, gas analyser. Shade cloth that reduced incoming PAR by
50% and 70% was used to capture NEP fluxes under a greater range of
PAR values to improve model parameterization. In this study, positive
NEP fluxes represent a net uptake of CO, by the ecosystem, while
negative NEP fluxes represent a net loss of CO, to the atmosphere.
CH, efflux rates were determined using the chamber with a light-
proof cover, collecting four midday gas samples at 10-min intervals,
over 30 min. At each interval, 30 mL of chamber gas was sampled
using a 50-mL syringe and transferred to a 20-mL evacuated vial. A
Los Gatos methane/carbon dioxide/water vapour analyser (Mountain
View, CA) was used to analyse CH,4 concentrations in each vial. A field
blank composed of N, gas and a CH,4 standard (5.03 ppm) were used
to ensure no changes in concentration occurred in CH4 samples
between field sampling and laboratory analysis. CH4 flux rates were
calculated as the slope of the linear regression between concentration
and time (Turetsky et al., 2008), using only slope estimates where
regression R? 2 0.95.

24 | Modelling approach

The overall modelling effort was focused on two separate time
periods: a hydrological model focused on the winter/spring

(5 November 2011 to 5 March 2012) and a separate hydrological
model combined with a biogeochemical model that estimated ecosys-
tem CO, and CH, fluxes used during the growing season (1 June to
15 September 2012). Both the hydrological and biogeochemical
models were run under three scenarios, using field data collected in
2011-2012, as well as two additional model runs, performed under
potential future climate scenarios for the Rocky Mountains, in which
hourly AT was increased by 2 and 4°C, respectively (Christensen &
Lettenmaier, 2007; Liu et al., 2013).

2.5 | Winter/spring hydrological process modelling
The primary focus of the winter/spring hydrological model was to
simulate changes in the phase of precipitation (rain or snow) along
with snow accumulation and melting and their subsequent impact on
water table dynamics preceding the growing season. Equation (1) rep-
resents the winter/spring WTP model.

AWTP = rainfall + snowmelt — evaporation 1)

Using mean daily AT, daily precipitation was partitioned into rain
or snow using a sixth-order polynomial function, calibrated for the
western United States, to calculate the probability of snow for ATs
between 0.45 and 5.97°C (Auer, 1974). Within this temperature
range, the mixed precipitation curve split total precipitation for a given
time step into snow and/or rain (Fassnacht & Soulis, 2002). It was
assumed that all precipitation fell as snow at daily mean ATs below
0.45°C and that all precipitation fell as rain above 5.97°C.

Once precipitation was partitioned into rain and snow, it was
used to run a snowpack accumulation and melt model that predicted
SWE on a daily time step, incorporating elements of a temperature-
index snow model (TIM) (Bormann et al., 2014) that uses the snow-
melt parameterization scheme of Rango and Martinec (1995). Daily

melt potential was calculated using Equation (2).

Mp =MF (Tiean — Tref) (2)

In Equation (2), Mp represents snowmelt potential in cm day™?,
MF represents a melt parameter in cm °C™* day™%, Trnean represents
daily mean AT in °C and T, represents the temperature above which
melting occurs (set to 0°C in the study). Because MF varies depending

on snow density, it was calculated on a daily basis using Equation (3).

MF:k<&> (3)

Pw

In Equation (3), k is set to 1.1 cm °C~* day %, according to Rango

and Martinec (1995). Snow density in g cm™3

is represented by p;,
and p,, represents the density of water, which is set at 1 g cm™3. As p,
varies throughout the snow-covered season, we used an on-site esti-
mate of ps along with a snow densification rate of
0.001 gcm™> day™! (Bormann et al, 2013) to estimate daily ps

throughout the snow-covered period. We used a federal sampler to
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conduct a snow survey near peak SWE for the water year at the site
(14 March 2012) to estimate p, (u =040 gcm ™3, 0 = 0.033 gcm ™3,
n = 13). The mean p, measured during the snow survey was used for
14 March, and daily ps estimates for the remainder of the snow-
covered season (before and after 14 March) were calculated using the
snow densification rate.

Once developed, the precipitation and snowpack models were
used to predict daily WTP during the winter/spring period, starting
with an initial position of —3 cm (above the peat surface) observed on
4 November 2011. On each day, precipitation that fell as rain was
available to recharge groundwater and raise the water table, while
daily precipitation that fell as snow accumulated as snowpack. On
days where Mp was >0, melt water was available for groundwater
recharge in the same way as precipitation falling as rain, otherwise
snow accumulated above the water table. Because WTP was above
the soil surface (ponding) for the majority of winter/spring modelling
period across scenarios, only briefly dropping ~2-3 below the peat
surface in a few instances, readily available specific yield was not used
to calculate changes in WTP.

The model was run using daily mean AT and precipitation data for
the winter/spring period during the water year of 2012. Additional
model runs were performed to simulate changes in winter/spring
period WTP under two possible climate change scenarios for the
Rocky Mountains, by increasing AT by 2 and 4°C (Christensen &
Lettenmaier, 2007; Liu et al., 2013).

A snowpack persisted at the site throughout most of the 2011-
2012 winter/spring modelling period. However, under the climate
change scenarios, warmer ATs increase daily Mp, creating longer and
more frequent snow-free periods, with WTPs above or just below the
peat surface. Following snowmelt in 2012, we observed an above-
ground water table that declined linearly at a rate of 0.4 cm day~?!
from 6 April to 7 June (R? = 0.97), which spanned a range of mean
daily ATs from —2.3 to 16.5°C. This daily decline in water table was
interpreted as evaporation and incorporated into model runs for days
with no snow cover, since no runoff or drainage was observed at the
site during field visits while water was ponded above the soil surface

following snowmelt.

2.6 | Growing season water table dynamics

From the 2012 growing season (1 June to 15 September), measured
hourly WTPs were determined and used to model CO, dynamics dur-
ing the growing season. For the warming scenarios, daily changes in
WTP from 2012 were used; however, the initial WTP values at the
beginning of the modelling period were adjusted based on pre-
growing season conditions generated from the winter/spring hydro-
logic process modelling effort. This resulted in lower water tables
throughout the growing season for both warming scenarios, as a
result of earlier snowmelt and subsequent decline, relative to the
2012 observations. We set hourly changes in WTP under the warming
scenarios to match that of the 2012 growing season based on an

assumption that precipitation and evapotranspiration would have a

similar effect on the position of the water table. Previous work at the
site during the 2012 and 2013 growing season found that daily net
groundwater fluxes at the site were minimal, suggesting that the
water table at the site responds primarily to infiltrated precipitation
and losses through evapotranspiration (Millar et al., 2018).

2.7 | Modelling ecosystem-atmosphere C
exchange during the growing season

The CO, flux models applied to this study (gross primary production
[GPP], ER and NEP) are described briefly here and in Millar et al.
(2017). Chamber-based gas fluxes along with AT, PAR and WTP were
used to empirically fit Bayesian models of ecosystem-atmosphere
CO, exchange. Hourly GPP was modelled as a function of PAR and a
running average of AT (RAV) as a proxy for phenology-based changes
in photosynthetic biomass (Equation 4).

Amax - - PAR;

2
RAV;—RAV 16
[70.5 (W) }
max TFT T e
Amax +a- PAR;

GPP, = (4)

In Equation (5), Amax (& CO> m~2 h™2) represents the asymptotic
maximum potential rate of GPP, and « (g CO, umol PAR™?) represents
the light use efficiency, or initial slope of the light response function.
The parameter RAV picpp (°C) represents the optimum value of RAV
for GPP, and RAV,.cpp (°C) represents the standard deviation of the
Gaussian function, which controls the spread of the distribution.

Hourly ER was modelled as a function of WTP, AT and a RAV to
also account for plant phenology and subsequent impacts on soil
microbes (i.e., substrate availability). Because the warming scenarios
used in this study resulted in water tables that were below those mea-
sured and used for model fitting, we modified the ER model of Millar
et al. (2017) using an approach from Riutta, Laine and Tuittila (2007).
In this way, we sought to better extrapolate beyond the data used to
fit the model in a way that reflects the behaviour of peatland ER in
response to declining water tables. For example, others have shown
that peatland ER increases with water table decline down to a certain
depth, beyond which changes in ER are diminished (Chimner
et al., 2002; Riutta, Laine, & Tuittila, 2007).

AT;~10 1

1+e \ ™

2
RAV;—RAV iR
|:70'5< ;Mvtclgkpt ):|
(5)

-e

In Equation (5), Rio (g CO» m~2 h™?Y) represents ER at an AT of
10°C when other model factors are not limiting, Q1o represents the
rate of increase in ER per 10°C increase in AT, by (cm) represents
WTP at the steepest slope of ER change versus WTP and b,
(cm™1) represents the speed and direction of ER change versus WTP.
RAV,pter (°C) and RAVer (°C) represent the optimum RAV value for
ER and the standard deviation of the Gaussian function controlling

seasonality in ER, respectively.
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Models were fit to measure data using Bayesian methods in R sta-
tistical software (R Development Core Team, Austria) using the rjags
package (Plummer, 2011). A total of 100,000 iterations were used
with four Markov chain Monte Carlo (MCMC) chains, after a burn-in
of 20,000 iterations. Vague priors were used for all model parameters
with the exception of b, and b, for the ER model presented here. For
both of these parameters, uniform distributions ranging from —10 to
0 were used for prior distributions, to constrain the parameter space
during MCMC based on realistic values for peatland ecosystems
(Chimner et al., 2002; Riutta, Laine, Aurela, et al., 2007; Riutta, Laine, &
Tuittila, 2007). Likelihood functions for both GPP and ER models were

obs

based on normal distributions, where CO,:

;" represents the observed

flux, uCOy; represents the mean flux (§CO, m~2 h™%) and 6% pr0c co,
represents the process variance (€CO, m~2 h™1) associated with

those predictions (Equation 6).
€O ~ Normal (4CO2;,62 proc co, (6)

WTP data collected in the growing season of 2012, as well as
simulated WT position data for the +2 and +4°C climate change sce-
narios, were used as input data for the ER models for the three runs.
Similarly, 2012 hourly AT was used for the 2012 growing season
model run, while 2 and 4°C were added to each hourly measurement
for the two climate change scenarios. Running averages of daily AT
were also increased by 2 and 4°C for the GPP and ER models in their
respective climate change scenarios.

A simple linear regression was used to model CH,4 efflux during

the growing season as a function of NEP (Equation 7).

CHy; = NEP; - o+ 4 (7)

In estimating model parameters, midday NEP and CH,4 fluxes at
each collar location were used. As with the CO, flux models, the CH,4
model parameters were estimated using MCMC analysis in the rjags
package for R (Plummer, 2011). Vague normal priors were used for all
model parameters. Equation (8) represents the likelihood functions for
the observed CH, (CH4%) as a function of NEP.

1

CHa2" ~ Normal(;tCHA,;,agHA) (8)

In  Equation (8), uCHg;
(mg CH4 m—2 hfl) and ”%H4 represents the process variance

represents the mean CHj; flux

(mgCH, m~2 h™Y) associated with those predictions. A total of
100,000 iterations were used with four MCMC chains, after a burn-in
of 20,000 iterations, and the Gelman-Rubin diagnostic test was used
to ensure convergence for all model parameters.

Growing season estimates of NEP, GPP, ER and CH, efflux were
determined for all three scenarios, as the sum of hourly flux estimates.
Entire posterior samples (n = 100,000 for each, propagating uncer-
tainty from parameter estimates) for hourly CO, flux simulations were
summed for NEP, GPP and ER using hourly environmental variables
(e.g., AT, PAR and WTP). To calculate hourly CH,4 efflux, posterior
mean estimates of simulated NEP were used as finite input values
within the CH4 model.

3 | RESULTS
3.1 | Snowpack and water table dynamics during
the winter/spring period

Modelled daily SWE for the 2012 water year accurately captured
changes in daily SWE observed at the Cascade #2 SNOTEL site
(Figure 1). Additionally, modelled peak SWE (27 cm) on 4 March 2012
closely matched the measured peak SWE (26 cm) on 3 March 2012.
Peak SWE under the +2°C scenario declined by almost half, to 15 cm
(Table 1). Similarly, peak SWE under the +4°C scenario was almost
half that of the +-2°C scenario, at 8.0 cm. Snowmelt during the model-
ling period was progressively greater for the future climate scenarios.
Six snow-free days occurred towards the end of the modelling period
during the 2011-2012 winter/spring model run. Snow-free periods
occurred more frequently and earlier in the winter/spring period dur-
ing the modelling period for both climate change scenarios and per-
sisted for longer, with 36 and 62 snow-free days for the +2 and +4°C
scenarios, respectively (Figure 2).

Jén Féb Mar Apr

o £
82204
®© i
%
33 10
>
FIGURE 1 Observed versus c'I:) 5
simulated snow water equivalent 8
and water table position from O-N(')V Dec
5 November to 5 April during the ”
2012 snow year. Black lines
represent simulated values and Qe
. QO O 20+
blue circles represent measured o=
. c
values. Positive values represent o0 104
a water table above the soil g 'g
surface, and negative values Q oA
represent one below the soil

surface. Nov Dec

Jén Féb Mar Apr
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TABLE 1 Modelled snow dynamics under three scenarios.

Peak SWE (cm) Mean SWE (cm)
2012 27 11

+2°C 15 3.9

+4°C 8.0 1.6

Scenario

Abbreviation: SWE, snow water equivalent.

Total snow-free period (day)

6 2
36 6
62 11

Number of snow-free periods

30

N
o

-
o

Snow water equivalent (SWE) and
water table position (cm)

FIGURE 2 Snow water equivalent
(SWE) and mean daily water table
dynamics for all three modelling
scenarios. Shaded areas represent SWE
and heavy black lines represent water

) table position.
scenario

BE 2012
=] +2°C
L-] +4°C

Nov Dec Jan Feb Mar

The modelled daily WTP closely followed (R? = 0.94) those that
were observed through the winter/spring modelling period (Figure 1).
Under the 2011-2012 model run, the water table remained stable
during the winter/spring season, due to relatively little groundwater
recharge derived from melting snow. Variations in the WTP were
more frequent and of greater magnitude under the climate change
scenarios; however, due to more frequent and substantial snowmelt
events throughout the modelling period (Figure 2). Modelled water
table on 5 April 2012 was within 1 cm of the observation for that
date, at 27 cm above the peat surface in 2011-2012. Due to a greater
frequency of snow-free days during the modelling period, both cli-
mate change scenarios had a greater evaporative loss from the water
table, resulting in 5 April WTPs of 17 and 8 cm above the peat surface
for the +-2 and +4°C scenarios, which led to lower water tables during

the growing season under these scenarios (Figure S2).

3.2 | Growing season environmental variables and
ecosystem-atmosphere C exchange

Mean growing season ATs were 15.6, 17.6 and 19.6°C for the 2012,
+2°C and +4°C scenarios (standard deviation = 6.5°C). Hourly AT
showed strong daily oscillation, typical of the region, with a slight
increasing daily trend towards the middle of the growing season fol-
lowed by a slight decrease towards the end. Mean growing season
WTP was —14, —24 and —33 cm for the 2012, +2°C and +4°C sce-
narios (standard deviation = 7.7 cm). For all scenarios, water tables
generally followed a steady, general decline, with the exception of
rapid, periodic increases resulting from monsoon-driven rain events

occurring later in the growing season (Figure S2).

Abr

30

Methane emissions

0.0 0.5 1.0 15 2.0
Net ecosystem production

(9 CO; m2hr)

FIGURE 3 Observed midday CH,4 and NEP fluxes. Blue line
represents the mean posterior prediction of the CH4 linear regression
model, with the shaded area representing the 95% highest density
interval.

Observed GPP ranged from 0.03 to 3.01, and posterior mean
model estimates matched observations reasonably well (R? = 0.67,
n = 78) (Figure S3). Observed ER ranged from —0.01 to 1.06, and the
ER model performed similarly to the GPP model (R? = 0.66, n = 58)
(Figure S4). Measured NEP ranged from -020 to
2.21gCO, m2 h™?, and measured CH, efflux ranged from 0.66 to
21 mg CH4 m~2 h™%. Midday measurements of CH4 efflux were posi-
tively correlated with midday measured NEP (R = 0.60, n = 15)
(Figure 3).

For all CO, and CH,4 flux model parameter estimates, uncertainty
was quantified and varied among different parameters (Table 2 and
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TABLE 2

Gross primary production

Posterior parameter estimates for CO, and CH4 flux models.

Summary statistics Percentiles
Parameter Mean Standard deviation 2.50% 25% 50% 75% 97.50%
Amax 3.5 14 1.9 25 3.1 4.1 7.0
a 0.0034 0.0016 0.0015 0.0023 0.0030 0.0041 0.075
RAV ¢ 22 41 16 19 22 26 30
RAV,q 7.4 2.0 3.9 5.8 7.4 8.9 11
Oproc 0.36 0.030 0.30 0.33 0.35 0.37 0.42
Ecosystem respiration
Summary statistics Percentiles
Parameter Mean Standard deviation 2.50% 25% 50% 75% 97.50%
Qo 1.2 0.11 1.0 1.1 1.2 1.3 1.5
R1io 0.73 0.17 0.45 0.61 0.71 0.82 11
by -0.69 0.69 -25 -0.95 -0.48 -0.20 -0.017
b, -8.7 1.3 —10.0 —9.6 -9.1 -83 -52
RAV ¢ 21 4.9 14 16 20 25 29
RAV,q 13 6.1 4.5 7.8 12 16 27
Oproc 0.18 0.019 0.15 0.17 0.18 0.19 0.22
Methane efflux
Summary statistics Percentiles
Parameter Mean Standard deviation 2.50% 25% 50% 75% 97.50%
Po 7.6 1.9 3.9 6.4 7.6 8.8 11
1 6.1 1.7 2.7 5.0 6.1 7.1 9.4
Oproc 4.9 11 3.3 4.1 4.7 54 74

Figures S5 and Sé6). Modelled estimates of NEP during the 2012 grow-
ing season indicate that the site acted as a net source of CO, during
2012, with a mean flux rate of —310 g CO, m~2 gs~%, while modelled
CH,4 the
13gCH, m~2 gs~Y. Warming scenarios increased growing season

mean efflux  for same growing season was
fluxes of both GPP and ER, however, to a greater extent with ER,
leading to an overall decreasing trend in NEP (Figure 4 and Table 3).
The decrease in growing season NEP under the warming scenarios
also drove a decrease in predicted CH, efflux, albeit to a lesser extent

than CO, fluxes (Figure 5).

4 | DISCUSSION

41 | Water table dynamics under a future climate

The winter/spring period hydrological model simulated realistic
changes in hydrological cycles under a warmer future climate. Future
climate projections show that an increase in AT is expected for the
Rocky Mountains (Christensen & Lettenmaier, 2007; Liu et al., 2013).
However, climate models suggest that annual precipitation totals will

remain highly variable from year to year, with no projected trend of

increasing or decreasing precipitation (Harding et al, 2012). The
hydrological simulations in this study present a plausible approach for
identifying future changes in peatland hydrological cycles using
changes in water table dynamics that could result from increased ATs
in a mountainous environment (Christensen & Lettenmaier, 2007), for
a given precipitation regime (that of 2011-2012 in this case). Worth
noting, the warming scenarios presented here are simplistic represen-
tations of future climate conditions, simply increasing hourly tempera-
tures observed in 2012. The results of this study should be
considered in light of the fact that future increases in AT will likely be
more stochastic.

Modelled daily changes in WTP closely followed observed
changes, and only lagged observed rises slightly during the snowmelt
period. Throughout the modelling period, the net flow of groundwater
(inflow-outflow) was negligible, evident by the lack of increase or
decrease in WTP during the 2012 winter/spring season, and also pre-
vious research conducted at the site (Millar et al., 2018). The +2 and
+4°C climate change scenarios resulted in lower WTP throughout the
growing season, 10-19 cm lower than levels measured in 2012. Simi-
lar projected water table declines, ranging from 14 to 22 cm under
future climate conditions, have been projected for higher latitude fens
in North America (Roulet et al., 1992).
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FIGURE 4 Simulated daily net

Ly ecosystem production (NEP) for three
climate scenarios. Solid lines represent
o posterior mean NEP estimates and
shaded areas represent the 95% highest
-107 density intervals. Values above the
dashed horizontal lines represent net daily
uptake of CO, while values below
& 10+ represent net losses to the atmosphere.
&J ‘-}'c scenario
i £ — 2012
23 = 2o
o o — +4°C
o

150 180 210 240
DOY

TABLE 3 Growing season gas exchange estimates for three
scenarios.

Posterior prediction

Flux Scenario Mean 95% HDI
GPP (gCO,;m2gs™ ) 2012 1200 (1000, 1300)
+2°C 1400 (1100, 1700)
+4°C 1500 (870, 2100)
ER (g CO, m2gs™?) 2012 1500 (1100, 1800)
+2°C 1800 (1400, 2300)
+4°C 2000 (1200, 2700)
NEP (g CO, m2gs™?) 2012 —-310 (=670, 65)
+2°C —-420 (—970, 100)
+4°C —440 (—1400, 530)
CH4 (g CHsm2gs™?) 2012 13 (3.8, 22)
+2°C 12 (2.7,22)
+4°C 12 (2.5,22)

Abbreviations: ER, ecosystem respiration; GPP, gross primary production;
NEP, net ecosystem production; HDI, highest density interval.

In this study, the lower growing season water tables under the
warming scenarios were primarily caused by earlier declines driven by
increased loss of water via evaporation, lower peak SWE and longer
periods of snow-free conditions during the winter and early spring.
Similarly, declines in summer streamflow have been attributed to
in SWE over (Clow, 2010; Rood

et al., 2008). Such declines are predicted to continue in mountainous

reductions recent decades
regions of the western United States as more winter and spring pre-
cipitation falls as rain rather than snow (Godsey et al., 2014). Worth
noting, sub-daily water table changes during future climate scenarios

were calculated using the observed changes (i.e., the magnitude of
change in response to a given amount of precipitation or evapotrans-
piration) during the 2012 growing season. In reality, a deeper water
table may occur in peat with different hydraulic properties (e.g., lower
specific yield), which could alter water table dynamics. Further, future
changes in precipitation and/or evapotranspiration will also impact
water table dynamics. These issues could be investigated further with
a more highly parameterized hydrological modelling approach.

4.2 | Future ecosystem-atmosphere C exchange
and implications for climate feedback

The measured and modelled fluxes of CO, and CH,4 in 2012 were sim-
ilar to previously reported rates for peatlands in the Rocky Mountains
(Chimner & Cooper, 2003b; Wickland et al., 2001). Modelled NEP was
negative for the 2012 growing season at the study site; however, the
CO, source/sink role for peatlands can vary from year to year as a
result of inter-annual variability in environmental conditions
(Fortuniak et al., 2021), including peatlands found in the Rocky Moun-
tains (Millar et al., 2017). Peak SWE and summer precipitation were
both below average at the site in 2012 (Millar et al., 2017), indicating
that the low NEP for the growing season was due in part to drier con-
ditions resulting in a lower water table. Increased ER under the warm-
ing scenarios, due to higher AT and lower water tables, resulted in
further reductions of NEP, causing the site to function as a progres-
sively stronger source of CO, to the atmosphere under warmer condi-
tions. Similar reductions in peatland NEP resulting from increased ER
under warmer future climate scenarios have also been projected for
northern latitude peatlands (Chaudhary et al., 2022), many of which

contain similar plant communities to those found in the Rocky



MILLAR ET AL. Wl LEY 9 of 12
FIG U RE S5 Posterloir predictions of cumulative 00020, NEP !
growing season flux estimates of methane ; .
emissions (CH,), ecosystem respiration (ER), gross ,;‘00015 : scenario
primary production (GPP) and net ecosystem % 0.0010 | E 32(11(2;
production (NEP. Negative values presented here o o ' [] +°C
represent cumulative fluxes from the ecosystem ' !
to the atmosphere, and positive values represent 0.0000 |
. -2000 -1000 0 1000
cumulative fluxes from the atmosphere to the . . o 4
Cumulative growing season flux (g CO, m“gs )
ecosystem.
'GPP
o, 00041
'«7; i
g 1
Q 0002{
|
0.000{ j
0 1000 2000
Cumulative growing season flux (g CO, m2 gs'1)
T
1
0.0020 ER :
20.0015 :
g 1
®© 0.0010 i
o |
0.0005 :
0.0000 :
-3000 -2000 -1000 0
Cumulative growing season flux (g CO, m? gs”)
|
0075 i
z :
g 0.050 :
8 |
0.025 :
1
0.000 i

Mountains. The site was a source of CH,4 under all three climate sce-
narios, and growing season efflux showed a slight decrease under the
warming climate scenarios, resulting from lower NEP, which was
driven by greater increases in ER relative to GPP.

The NEP model used in this study responded to AT and WTP in
the same way. As AT increases, so does ER, and as the water table
declines exposing more of the peat profile, it also causes ER to
increase, driving decreases in NEP. Therefore, the important abiotic
factors that control wetland CH, efflux are also incorporated in the
NEP model used in this study. Although the CH4 model used in this
study was quite simplistic and only used NEP as a predictor variable, a
correlation between CH4 and NEP has been observed across a wide
range of wetland types (Bellisario et al., 1999; Joabsson &
Christensen, 2001; Whiting & Chanton, 1993). Increases in tempera-
ture drive increase CH, efflux rates, while declines in WTP can lead to
decreased CH,4 efflux rates (Moore & Knowles, 1989; Turetsky
et al., 2008, 2014). In this study, modelled NEP increased with WTP
and AT, as CH,4 efflux tends to do in wetlands; higher temperatures
increased biological activity and anoxic soil conditions promote
methanogenesis.

An important consideration relating to growing season CH, fluxes

estimated in this study is that CH4 is transferred from peatland

30 0 20
Cumulative growing season flux (g CH, m2 gs™)

ecosystems to the atmosphere through three major pathways: diffu-
sion through the soil, plant-mediated transport and ebullition events.
Among these pathways, plant-mediated transport is often dominant,
particularly for herbaceous, sedge-dominated peatlands (Bridgham
et al., 2013). Given the strong correlation between CH, efflux and
NEP observed in this study in a sedge-dominated plant community,
modelled CH,4 presented is likely driven primarily by plant-mediated
transport. Ebullition events, more stochastic in nature, were not con-
sidered in this study, although they can contribute significantly to
overall CH4 emission. Worth noting, what seemed as an ‘outlier’ point
in Figure 4 (~20 mg CHs m~2 h™%) could have potentially resulted
from an ebullition event that occurred during the flux measurement
and might explain why this flux was high relative to NEP, as compared
with the other observations. Therefore, the CH, fluxes presented here
potentially represent an underestimate of growing season totals, as
they did not account for ebullition events, which can contribute from
18% to 50% of total CH, emissions in peatlands (Christensen
et al,, 2003).

Several sources of uncertainty exist for predicting future GHG
fluxes. ER is estimated using Equation (5), which is driven in part by
WTP. As mentioned above, future changes in water tables may not

follow the exact dynamics presented here in the warming scenarios,
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which has implications for the responsiveness of ER dynamics, and
ultimately NEP and CHy,4, which were both indirectly driven by WTP in
this study.

Plant community type plays an important role in controlling both
CO, and CH, in wetland ecosystems (Johansson et al., 2006; Riutta,
Laine, & Tuittila, 2007), and future changes in peatland plant community
composition will likely result from warmer temperatures and lower
water tables (McPartland et al., 2020; Munir et al., 2014; Weltzin
et al, 2003). Such changes will likely have subsequent effects on
ecosystem-atmosphere C exchange in these wetlands. Further, assum-
ing that the present plant community dominated by C. lasiocarpa
remains intact in the future, our approach does not consider any resil-
ience (Yuan et al., 2017) or phenotypic plasticity (Li et al., 2016) that this
vegetation may exhibit in response to changing climatic and environ-
mental conditions, nor does it account for changes in NEP that may
result from increases in growing season length (Gallego-Sala
et al., 2018). Our approach assumed the plant community present dur-
ing the time of field measurements would persist under a future climate
and respond to future environmental conditions in a way consistent
with observations in 2012 and 2013. Nevertheless, this study elucidates
how ecosystem-atmosphere C exchange in a sedge-dominated peat-
land, an ecosystem type of great biogeochemical significance in boreal
and mountain regions of the world (Belyea, 2009; Gorham, 1991;
Turetsky et al., 2014), will potentially respond to a warming climate,
providing conservative estimates of ecosystem-atmosphere C
exchange under future climate scenarios. Further, the climate change
scenarios in this study represent plausible changes in temperature and
water table dynamics at peatlands similar to the study site.

Lastly, this study focuses on the fixed temporal window during
the growing season (1 June through 15 September) in estimating
ecosystem-atmosphere C exchange, representing less than a third of
the year. Recent work in a mountain peatland similar to the one in this
study, where NEP was measured continuously for three consecutive
years, showed that the site only acted as a CO, sink during the same
four-month period in all years. Others have also found that significant
CO,, losses, relative to annual fluxes, occur outside the growing sea-
son considered in this study (Nilsson et al., 2008). Therefore, it is likely
that the net loss of CO, that occurred during the 2012 growing sea-
son in this study is likely a substantial underestimate of the CO, lost

through ER over the course of the entire year.

5 | CONCLUSIONS

Our results show that simulated growing season GPP and ER for the
study peatland increased under future warming scenarios. However,
because ER increased disproportionately greater than that of ER, NEP
ultimately decreased, causing the peatland to act as a strong CO,
source under increasingly warmer conditions. The decrease was
driven by lower water tables in the warming scenarios and also led to
decreases in simulated CH, emissions. These ecosystem-atmosphere
C exchange scenarios were all focused on the time of year with the

greatest C sequestration potential. Uncertainty exists in our ability to

predict future changes in ecosystem-atmosphere exchange of C in
mountain peatlands. However, based on the results of this study,
peatlands with similar hydroclimatic conditions and dependencies will
potentially be at risk of accelerated rates of soil loss through decom-
position under future climate conditions.
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