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ABSTRACT

Mountain fens found in western North America have
sequestered atmospheric carbon dioxide (CO,) for mil-
lennia, provide important habitat for wildlife, and serve
as refugia for regionally-rare plant species typically
found in boreal regions. It is unclear how Rocky
Mountain fens are responding to a changing climate. It
is possible that fens found at lower elevations may be
particularly susceptible to changes because hydrological
cycles that control water tables are likely to vary the
most. In this study, we fit models of growing season
ecosystem-atmosphere CO, exchange to field-mea-
sured data among eight fen plant communities at four
mountain fens along a climatic gradient in the Rocky
Mountains of Colorado and Wyoming. Differences in
growing season net ecosystem production (NEP) among
study sites were not well correlated with monsoon
precipitation, despite a twofold increase in summer
rainfall between two study regions. Our results show

that NEP was higher for fens located at high elevations
compared to those found at lower elevations, with
growing season estimates ranging from —342 to 256 g
CO,-C m™ 2. This was reflected in the negative correla-
tion of growing season NEP with air temperature, and
positive correlation with water table position, as the
high elevation sites had the lowest air temperatures and
highest water tables due to greater snowpack and later
onset of melt. Our results suggest that sustainability of
mountain fens occurring at the lower end of the known
elevation range may be particularly susceptible to a
changing climate, as these peatlands already experience
lower snowpack, earlier snow melt, and warmer
growing season air temperatures, which are all likely to
be exacerbated under a future climate.
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INTRODUCTION

Peatland ecosystems have been sequestering
atmospheric carbon (C) for millennia, resulting in
an overall global cooling effect due to radiative
forcing (Frolking and Roulet 2007). The seques-
tration of atmospheric C has resulted in the for-
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mation of organic soils, the most important defin-
ing ecological characteristic of these wetlands, and
despite occupying about 3% of the global land
surface area, peatland soils now contain approxi-
mately half the amount of carbon dioxide (CO,)-C
in the atmosphere (Rydin and Jeglum 2006). Car-
bon dioxide dynamics are the primary control on a
peatland’s C balance, and play a key role in their
development and persistence. Net ecosystem pro-
duction (NEP) represents the difference between
gross primary production (GPP) and ecosystem
respiration (ER). When NEP is positive, it repre-
sents a gain of CO, to an ecosystem, and a loss to
the atmosphere when negative (Chapin and others
2006). Peatland CO, dynamics may be changing,
potentially leading to climate feedbacks necessitat-
ing a better understanding of the nonlinear
dynamics associated with the abiotic and biotic
controls on NEP (Belyea 2009).

Water table position and air temperature during
the growing season act as important controls on
CO, dynamics in peatlands, and are therefore crit-
ical driving variables in determining NEP. As water
tables drop, more of the soil profile is exposed to
aerobic conditions that can increase ER, leading to
a reduction in NEP, particularly for groundwater-
fed peatlands, known as fens (Chimner and Cooper
2003a; Riutta and others 2007; Wu and others
2013). Recent work has also provided different
perspectives; that a decrease in water table depth
up to a certain threshold can increase GPP for a
Sphagnum-dominated fen (Peichl and others 2014)
and a rising water table can reduce NEP by
decreasing GPP (Yurova and others 2007). Warmer
air temperatures can decrease NEP by increasing
ER, particularly when water tables are below the
peat surface (Sullivan and others 2007). Further, a
rise in air and soil temperature could release an-
cient, otherwise stable, C from soil organic matter
pools through the ‘““priming”” of microbes by vege-
tation in peatlands dominated by grasses, sedges,
and shrubs (Walker and others 2016).

Fens dominated by wetland plant species, whose
main distributions are in boreal regions, exist at
their southernmost limit in the Rocky Mountains
of western North America (Cooper and Andrus
1994; Chimner and others 2010). These ecosystems
provide critical perennially wet habitat for wildlife,
support high biodiversity, and sustain rare plant
species that are in some cases isolated from their
nearest population by over 1000 km (Cooper 1996;
Chimner and others 2010). In the Rocky Moun-
tains, temperature decreases, and in most areas,
precipitation increases with elevation. Snowmelt-
derived water provides the hydrologic support for

mountain fens in western North America, thus
they rarely occur below the elevation where a large
winter snow pack accumulates (Chimner and oth-
ers 2010). Late-summer precipitation driven by the
North American Monsoon is also an important
seasonal water source in mountain regions closest
to the southwestern US (Costigan and others
2000).

Over the past century, no discernible trends in
precipitation in the Rocky Mountains have been
observed, and models project a range of future
trends in annual precipitation (Ray and others
2008). However, the warming climate has led to
earlier spring snow melt and runoff, and a reduc-
tion in total mountain snowpack in the western
US, with more winter precipitation falling as rain
instead of snow (Regonda and others 2004; Chris-
tensen and Lettenmaier 2007; Ashfaq and others
2013). This shift in the timing of key hydrological
processes has reduced late-summer stream flows,
leading to deeper water table drawdown, and
increasing drought stress in riparian ecosystems
(Rood and others 2008). In the southern Rocky
Mountains, regionally variable monsoon precipi-
tation further complicates efforts to predict how
growing season hydrological cycles are being af-
fected by climate change. It is uncertain whether
local and regional hydrological processes can sus-
tain mountain fens, but it is likely that warming air
and subsequent changes in watershed hydrological
dynamics will affect C cycling in these ecosystems.

High elevation mountain ecosystems such as fens
in the Rocky Mountains can function as ‘‘sky is-
lands”’, as they are geographically isolated, and
surrounded by distinctly different climates at lower
elevation that cannot support their existence
(Warshall 1994). An upward shift in the elevation
range of several species has recently been observed
in several mountain regions (Parmesan 2006),
particularly at high elevation in western North
America (Krajick 2004). A similar shift could also
occur for Rocky Mountain fens if warming tem-
peratures coupled with altered hydrological cycles
create climatic conditions unsuitable for their sus-
tainability at the low end of their elevation range.

Climate change that alters watershed hydrologic
regimes and increases air temperature has the
potential to reduce annual NEP in mountain fens
and affect their long-term sustainability. We
hypothesized that such changes are most signifi-
cant for fens at the low end of their elevation range
where they already experience warmer climate
conditions and receive less snow. In this study, we
developed empirical models of CO, dynamics dri-
ven by meteorological and hydrological variables,
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and estimated CO, fluxes over two growing seasons
for a total of eight plant communities at four
mountain fens. The fens were located near the low
and high ends of their known elevation range in
two regions that receive different average amounts
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perature in each region. While mosses were present
at all sites in varying quantities, the vast majority of
fens in the southern Rocky Mountains have Carex-
derived organic soils (Chimner and others 2002),
and our analyses were focused on sedge- and
shrub-dominated plant communities.

Anglica Fen (SJow), the low elevation San Juan
Mountains study site, occurs in a basin surrounded
by granite bedrock outcrops with no surface water
inflows or outflows. At this site, we studied one
plant community dominated by Carex lasiocarpa
(SJow 1), and another by C. lasiocarpa and Carex
utriculata (SJiow 2). Spruce Fen (SJpign), the high
elevation San Juan Mountain site is a sloping fen

Study Site Locations and Peat Chemical Characteristics

“Cation and pH estimates are means from two samples, one collected from each plant community, at each site during the growing season of 2013.

bonly one measurement was used from a 2006 to 2007 San Juan fen survey (Chimner and others 2010).

MBhigh 1 and 2 (Medicine Bow Peak Fen)
Plant community IDs in parentheses below site names.

Shiow 1 and 2 (Anglica Fen)

SIhign 1 and 2 (Spruce Fen)
MBio 1 and 2 (Sand Lake Fen)

Table 1.
Site ID
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with a surface water inflow and outflow. At this
site, we studied one community dominated by
Carex saxatilis (STnign 1) and another dominated by C.
utriculata (STnign 2).

The low elevation Medicine Bow Mountains
study site Sand Lake Fen (MB,,,) is gently sloping
and surrounded by glacial moraines with no sur-
face water inflow and an ephemeral surface water
outlet. We studied a Carex simulata, C. utriculata, and
Juncus balticus dominated community (MB)y 1), as
well as a Salix planifolia, S. wolfii, and Betula glan-
dulosa community (MB,,w 2). The high elevation
site was Medicine Bow Peak Fen (MBy;gn), a gently
sloping fen that receives strong groundwater in-
flows. At MBy, we studied a Carex aquatilis
community (MByje, 1), and a S. planifolia and S.
wolfii dominated (MBp;gn 2) community.

METHODS
Precipitation

During the winter months, Moultrie Game Spy
cameras were installed at each site and pro-
grammed to photograph the majority of the fen,
including a centrally located snow depth gage
marked at 5-cm increments, to track daily changes
in snow depth and determine when each site be-
came snow-free. Peak SWE at each site was deter-
mined using snow depth data collected by the on-
site cameras. For each site, 2nd order polynomial
functions were fit to SWE and snow depth data
collected at nearby SNOTEL stations using a
Bayesian model and used to model peak SWE as a
function of on-site snow depth (Millar 2015).
Growing season rain events for each study region
were recorded at the low elevation sites using Hobo
Onset RG-2 data logging rain gages (Bourne, MA).

CO, Flux Measurements

Fluxes of CO, were measured in three plots in each
plant community. Each plot consisted of an ABS
plastic collar, 60 cm x 60 cm, inserted approxi-
mately 5 cm into the soil, and used as the base for a
2.16 x 10> cm’ cubic gas flux chamber. The
chamber consisted of an aluminum frame and clear
acrylic panels that allowed more than 90% of
photosynthetically active radiation (PAR) to pass
through. A channel containing closed-cell foam
along the bottom of the chamber ensured an air-
tight seal between the chamber and collars. Be-
cause it was not possible to install collars and make
chamber-based gas flux measurements in areas
dominated by S. planifolia due to the height and

density of the shrubs, for MB), 2, B. glandulosa was
chosen for gas flux plots to represent the shrub
stands. Measurements were made in the field using
a PP-Systems EGM-4 infrared CO, gas analyzer
(IRGA) (Amesbury, Massachusetts). Concentra-
tions of CO, were measured at 5-s intervals over a
2-min period and the quadratic slope of the change
in concentration over time was used to calculate
the flux (Johnson and others 2013). Two battery
powered fans within the chamber mixed the air
during measurement periods, and on hot mid-
summer days, ice packs were mounted in the
chamber to prevent overheating of chamber air.
Measurements of CO, fluxes were made on an
approximately biweekly basis during the growing
season of 2011, monthly during 2012, and once in
August 2013 at MBy,,, and SJ,,, When the water
table was at its lowest position during the study for
MBjow. During 2011, mid-day NEP was measured
using the clear chamber followed by measurements
of ER using a light-proof cover over the chamber.
Gross primary production was determined by
summing concurrent NEP and ER flux rates (both
positive in this case). During the 2012 growing
season and in August 2013, fluxes were measured
several times during each field day. Measurements
using the clear chamber were followed by measures
with two shade clothes covering the chamber,
reducing PAR by approximately 75 and 50%, fol-
lowed by an ER measurement using a light-proof
cover. This approach allowed for a greater range of
PAR used in fitting models to measured fluxes.
During each measurement, a sensor attached to the
sidewall of the chamber was leveled and used to
record PAR and air temperature within the cham-
ber. Water table position was recorded by gaging
monitoring wells adjacent to each collar.

Modeling Carbon Dioxide Fluxes

We modified equations used by Riutta and others
(2007) to model GPP and ER. GPP was modeled for
each plant community as a function of PAR and a
seasonality term based on a 4-week running aver-
age (21 days before, 7 days after) of daily mean air
temperature (RAV) [Equation 1]. A rectangular
hyperbola function was used to model ecosystem
photosynthetic response to incoming PAR, and a
Gaussian function was used for the seasonality
term, allowing modeled GPP to follow seasonal
dynamics associated with plant phenology.

2
Amax * o ¥ PAR; |:—0,5 (W) :|
Amax + %% PAR; ()

GPP; = * RAVgevGPP
Amax + o *x PAR;
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In Equation 1, Apn.y (g CO5-C m™2 h™') repre-
sents the asymptotic maximum potential rate of
GPP, and « (g CO,-C umol PAR™') represents the
light use efficiency, or initial slope of the light re-
sponse function. The parameter RAV,,cpp (C°)
represents the optimum value of RAV for GPP and
RAVgevarp (C°) represents the standard deviation of
the Gaussian function, which controls the spread of
the distribution.

Ecosystem respiration was modeled as a function
of air temperature (AT), water table position
(WTP), and a seasonality term [Equation 2]. A
modified van’t Hoff equation was used to model ER
as increasing exponentially with air temperature.
The response of ER to water table position was
modeled as a negative exponential equation, and a
Gaussian function similar to that of the GPP model
was used to account for seasonal variation in ER.

(ATI?]O) |}0 (RAV,—RAVoptER) 2}
_ ) S\ TRavg
ER; = Rio * Q) 0/ 4 o xWTP: o devER

(2)

In Equation 2, Ry (g CO,-C m 2 h_l) represents
ER at 10°C when other model factors are not lim-
iting, Qo represents the rate of increase in ER per
10°C increase in air temperature, b (g m % cm™ ')
represents the initial slope of the rate of increase in
ER per decrease in water table position below the
peat surface. RAV,per (C°) and RAVgevpr (C°)
represent the optimum RAV value for ER and the
standard deviation of the Gaussian function con-
trolling seasonality in ER, respectively.

Model Development and Evaluation

We fit models to the measured data using Bayesian
methods in R statistical software (R Development
Core Team, Austria). Model parameters were esti-
mated using Markov chain Monte Carlo (MCMC)
analysis in the rjags package for R (Plummer 2011).
A total of 100,000 iterations were used with 4
MCMUC chains, after a burn-in of 30,000 iterations.
Vague priors were used for all model parameters.
Uniform distributions with limits ranging between
0 and 30 were used for RAV,,cpe, RAVgevcrp,
RAVper, and RAVegr priors, uniform distribu-
tions with limits ranging between 0 and 0.1 were
used for o priors, gamma distributions with shape
and rate parameters equal to 0.001 were used for
AmaXr GprocGPPr RlOr QlOr and O-procER priorsr and a
beta distribution with both shape parameters equal
to 1 was used for the b priors. We used mean-
weighted variance in modeling GPP and ER to ac-
count for variance that increased with both flux
rates (Equations 3 and 4).

GPPS™ ~ Normal(uGPP;, oprocrp * HGPP;)  (3)

ER{™ ~ Normal(uER;, Gprockr * HER;).  (4)

Equations 3 and 4 represent the likelihood
functions for the observed GPP (GPPS*) and ER
(ER$**)measured in each plant community. In the
equations, nGPP; and PER; represent the predicted
values of GPP and ER, respectively, and ¢,gprand
oprocrr Tepresent the process variance associated
with those predictions.

Modeling Growing Season CO, Fluxes

Once model parameters were estimated, GPP and
ER models were run for all sites, for the period May
28 through September 19 in 2012 and 2013.
Models were run using hourly PAR, air tempera-
ture, and water table position measured through-
out both growing seasons. Continuous PAR
measurements were recorded using a Campbell
Scientific CR10X data logger (Logan, UT) equipped
with an Apogee Instruments SQ-110 quantum
sensor (Logan, UT). PAR measurements used to
drive growing season GPP models for the San Juan
sites and Medicine Bow sites were made at the
respective low elevation sites in each of these re-
gions. At each site, an In-Situ Barotroll logger (Fort
Collins, CO) was used to record hourly air tem-
perature. In-Situ Rugged Troll pressure transducers
were used to measure hourly water table position
in monitoring wells installed in each plant com-
munity. Because of the patchy distribution of shrub
and graminoid communities at MBj,y, and no
obvious hummock-hollow microtopography, one
pressure transducer was used for both communi-
ties. During the study, the water table fell below
the elevation of the monitoring well pressure
transducer at SJjoy 2 and SJpign 2. This resulted in
several periods without data, and models were run
with the water table at —54 cm from 7/20/12 to 7/
31/12, 8/20/12t09/18/12, 6/28/13 to 6/29/13, and
7/12/13 t0 9/18/13 for SJiow 2, and —16 cm from 6/
24/13 to 7/3/13, 8/11/13 to 8/22/13, 9/4/13 to 9/
11/13, and 9/15/13 to 9/18/13 for SJhign 2.
Hourly and cumulative growing season GPP and
ER were estimated using MCMC, with a total of
6000 iterations after a burn-in of 3000 iterations.
Hourly and cumulative growing season NEP esti-
mates were determined similarly, as the difference
between GPP and ER. Differences in simulated
cumulative growing season NEP were compared
between all sites using robust Bayesian Estimation,
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using 1000 randomly selected MCMC samples from
each posterior distribution being compared (Kr-
uschke 2013).

Once growing season CO, flux estimates were
determined, we developed a Bayesian Multiple
Linear Regression (BMLR) model using mean
growing season air temperature and water
table position as predictor variables and mean
growing season NEP as the response variable
(Equation 5). PAR is also an important driver of
NEP, and increased cloudiness has been shown to
significantly decrease ecosystem C uptake in a
subarctic fen by reducing incoming PAR by
approximately 50% (Nijp and others 2015). How-
ever, despite having less precipitation than the San
Juan Mountains, ecosystems in the Medicine Bow
Mountains typically experience similar cloudiness
accompanied by a reduction in incoming PAR late
in the afternoon during the growing season (San-
chez and others 2015). We compared mean day-
time PAR (08:00-18:00) between the two regions
using robust Bayesian estimation (Kruschke 2013),
and found that it varied by only 3% (difference in
mean growing season PAR = 34.7 pmol m 2 s/,
95% CI=66.9, 0.33). Therefore, we did not include
mean growing season PAR in the BLMR model.

NEP; = B, + B, AT, + B, WTP;. (5)

NEP is the cumulative growing season NEP,
determined by summing hourly flux estimates, AT
is mean growing season air temperature (°C), and
WTP is mean growing season water table position
(cm). Po, By, and f3; represent regression coeffi-
cients, all of which had normal distributions for
vague priors with shape parameters of 0 and 1 x
10°° for mean and variance, respectively. Equa-
tion 6 represents the likelihood function for grow-
ing season NEP (NEPPded) for each plant
community, derived using the previously described
deterministic models.

NEP}nOdeled ~ Normal(#NEPj7 UprocNEP)- (6)

In Equation 6, pNEP; represents the predicted
values of growing season NEP using the BMLR
model, and oproeNEP TEPresents the process variance
associated with those predictions. Parameters for
the BMLR models were also estimated using
MCMC, with a total of 25,000 iterations with 4
chains, after a burn-in of 10,000 iterations. We
used the Gelman-Rubin diagnostic to test model
convergence for all parameters (Gelman and Rubin
1992).

REsuLTs

Growing Season Climate and
Hydrological Conditions

Mean growing season air temperature decreased
with increasing elevation across sites during both
study years (Table 2). The warmest mean growing
season air temperature, 15.4°C, occurred at SJj, in
2012, while the coldest occurred at the highest site,
SJhigh, 10.5°C in 2012 and 2013. With the excep-
tion of MByjgp, in 2012, the high elevation sites had
greater peak SWE than either of the low elevation
sites. The low peak SWE estimated for MBy;g, in
2012 was likely a function of wind redistribution of
snow, as this site was much more exposed to high
winds than the other three, and peak SWE at the
nearby SNOTEL site (North French Creek, #668) at
an elevation of 3100 m, was 48.5 cm. During both
study years, the San Juan Mountain sites had
higher peak SWE than their high and low elevation
counterparts in the Medicine Bow Mountains.
Within each region, the low elevation sites were
snow-free from several days to approximately a
month earlier than the high elevation sites (Ta-
ble 2). In 2012, both Medicine Bow sites were
snow-free by April 2, more than a month earlier
than in 2013, and earlier than both San Juan sites
in 2012.

Peak SWE in both 2012 and 2013 was below the
20-year average in both regions. In particular, 2012
had the 3rd lowest peak SWE since 1983 in the
Medicine Bow Mountains. June through August
precipitation was below average in both regions
during the study years; however deviation from the
mean was most significant in the Medicine Bow
Mountains where rainfall was approximately half
of the 20-year average. Both SNOTEL sites showed
a trend in increasing mean annual air temperature
of approximately 0.2°C y~', from 1990 to 2013
(0.62 < R* < 0.67). Thus, mean growing season
air temperatures among all sites were higher than
average for the prior two decades.

The San Juan Mountains received 77-94% more
summer (June-August) precipitation than the
Medicine Bow Mountains. June precipitation ran-
ged from 5 to 16 mm for both regions. However,
late-summer precipitation (July—August) in the
San Juan Mountains was 40-71 mm in 2012 and
2013, compared with 17-40 mm for the Medicine
Bow Mountains. The 2013 growing season was
wetter than 2012 in both regions, in part due to
unusually high precipitation during September
(Table 2; Figure 1).
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Climate and Hydrological Characteristics and Growing Season Net Ecosystem Production at Each Site

Table 2.
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YValues in parentheses represent standard deviation.

“Values in parentheses represent standard deviation of the posterior estimate.

Growing season water tables at the high eleva-
tion plant communities averaged 19 c¢cm closer to
the soil surface (mean depth range: 3.8-24.1 cm)
than the low elevation communities (mean depth
range: 13.9-52.0 cm) (Table 2). Within both re-
gions, low elevation sites had the earliest and most
dramatic water table decline (Figure 1). Rain
events, which began at the end of June, appeared
to play a more significant role in maintaining near
surface water tables in the low elevation plant
communities in both regions, by periodically
reversing steep declines. Both high elevation
communities produced less ““flashy’” hydrographs,
and were in general more temporally stable than
those at the low elevations.

Gross Primary Production and Ecosystem
Respiration

Modeled GPP and ER generally matched measured
fluxes well, however three of the four ER models
for the high elevation plant communities had low
R? values, around 0.30 (Table 3; Figure 2). The
range of air temperatures recorded during CO, flux
measurements at the high elevation sites were, on
average, 11°C lower than the range at the low
elevation sites, and the range in recorded water
table positions were, on average, also lower (11
cm), which may explain the low R* values for the
ER models at these sites. Nevertheless, all predicted
CO, fluxes showed homoscedastic variance across
plant communities (Figure 2). Further, measured
GPP and ER fluxes showed seasonal trends consis-
tent with the seasonality terms in each model
(Figure 3).

Field-measured GPP rates ranged from 0.003 to
1.26 g CO>-C m~2 h™! across measurement years,
and increased with elevation within each region
and with latitude between the high and low ele-
vation communities in each region (Figure 2).
Similarly, cumulative growing season GPP gener-
ally increased with elevation and latitude (Fig-
ure 4). During both study years, cumulative
growing season GPP was lowest for SJj,w 1, 373 g
C0,-C m %in 2012 and 350 g CO,-C m % in 2013.
Highest cumulative growing season GPP estimates
during both study years were observed in MBp;gh 2,
ranging from 780 g CO,-C m ™2 -in 2012 and 741 g
CO,-C m™2 in 2013. Parameter estimates from the
GPP models show similar light use efficiency and
seasonality among plant communities, with the
exception of SJj,w 1 and SJjow 2, which had much
lower estimates of A4,,,, both approximately half
that of the other plant communities (Table 3).
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Field-measured ER rates ranged from 0 to 0.53 g
CO,-C m 2 h™' across measurement years, and
followed a similar trend as measured GPP,
increasing with elevation within regions and with
latitude between high and low elevation plant
communities between regions (Figure 2). How-
ever, unlike cumulative growing season estimates
of GPP, cumulative growing season ER was more
variable among communities, both within and
among sites (Figure 3). The lowest cumulative
growing season ER occurred in the two SJhign
communities during both years, ranging from 304
to 348 g CO,-C m™ 2 for both plant communities.
Highest cumulative growing season ER occurred in
both years at the Medicine Bow sites. In 2012, the
highest ER occurred at MByjgn, 596 g CO,-C m 2
for MBpign 1 and 542 g CO,-C m™ 2 for MBpgp 2. In
2013, highest cumulative growing season ER oc-
curred at MBioy, 960 g CO,-C m ™2 for MBy,,, 1 and
629 g CO,-C m ™2 for MB,, 2. Parameter estimates
for the ER models revealed a similar response in ER
to air temperature across plant communities, but a
varied response in ER to changes in water
table position (Table 3).

Net Ecosystem Production

With the exception of the plant communities at
MBy,w in 2012, the probability of plant communi-
ties acting as C sinks during the growing season was
higher for the high elevation plant communities
than that of the low elevation ones (Figure 4).
Cumulative growing season NEP was similar be-

tween years for the San Juan plant communities at
both elevations. In the Medicine Bow Mountains,
MBj,,w communities had much lower NEP in 2013
than 2012, driven by a lower water table in 2013.
Conversely, cumulative growing season NEP at
MBpign 2 was similar between years, whereas
MBygn 1 increased approximately twofold between
2012 and 2013, which corresponded with an in-
crease in mean growing season water table position
between years (Table 2; Figure 3). The lowest
cumulative growing season NEP in 2012 occurred
at SJiow, With SJi, 1 representing the only nega-
tive NEP estimate, —25 g CO,-C m™?, for this
during this study year. SJ,, 2 represented the
lowest positive cumulative growing season NEP at
18 g CO,-C m~2. In 2013, the lowest cumulative
growing season NEP occurred at the two MBjy
plant communities, —342 g CO,-C m ™2 for MB,y 1
and —53 g CO,-C m ™ ? for MBy,y, 2. In addition,
NEP was lower for both plant communities at SJjovw
in 2013, with rates of —43 g CO,-C m 2 for SJigw 1
and 32 g CO,-C m™? for SJ, 2. Highest growing
season NEP occurred at the high elevation sites in
both years of the study, 237 g CO,-C m™? for
MBign 2 in 2012, and 256 g CO,-C m ™2 for STygp 2
in 2013 (Table 2; Figure 3).

Results from the Bayesian estimation analysis
revealed that differences between mean cumula-
tive growing season NEP were credible for the vast
majority of community-to-community compar-
isons, with the exception of MBy;g, 2 and SJpign 2
in 2012, and MBy,y 2 and SJj,y 1 in 2013 (Table 4).
Cumulative growing season NEP for the high ele-
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Table 3. Gross Primary Production and Ecosystem Respiration Model Parameter Estimates®

SJTiow 1 STiow 2 SThigh 1 SThigh 2
Amax 0.57 (0.13) 0.57 (0.13) 1.40 (0.46) 1.24 (0.59)
o 0.0018 (0.00097) 0.011 (0.0062) 0.0030 (0.0012) 0.0070 (0.0054)
RAVpicrp 23.8 (3.9) 24.4 (3.8) 23.2 (4.5) 22.8 (4.9)
RAV gevgrp 10.5 (2.4) 12.0 (3.3) 10.6 (2.2) 10.3 (3.0)
Gapp 0.40 (0.038) 0.67 (0.066) 0.52 (0.047) 0.85 (0.014)
N 78 69 73 69
R’ 0.65 0.49 0.72 0.61
Qo 1.2 (0.088) 1.3 (0.099) 1.5 (0.30) 1.2 (0.14)
Rio 0.14 (0.032) 0.15 (0.035) 0.14 (0.051) 0.15 (0.051)
b 0.0069 (0.0037) 0.003 (0.0023) 0.016 (0.01) 0.012 (0.0062)
RAV ek 21.4 (4.4) 19.7 (4.7) 19.8 (6.5) 21.0 (5.9)
RAV jever 10.3 (3.6) 10.8 (5.6) 17.7 (6.2) 15.4 (5.8)
OER 0.12 (0.13) 0.22 (0.025) 0.25 (0.027) 0.13 (0.014)
N 58 53 49 52
R? 0.74 0.75 0.32 0.30

MBj,w 1 MBjow 2 MBpjgh 1 MBhigh 2
Amax 1.32 (0.29) 1.24 (0.25) 1.35 (0.38) 1.59 (0.49)
% 0.0021 (0.00057) 0.0022 (0.00062) 0.0027 (0.00084) 0.0035 (0.0012)
RAV e 22.9 (4.1) 24.0 (3.7) 23.2 (4.5) 21.9 (4.9)
RAV gevgrp 10.8 (2.0) 11.3 (1.9) 12.3 (2.6) 10.3 (2.4)
Oopp 0.68 (0.056) 0.66 (0.053) 0.86 (0.077) 1.1 (0.09)
N 97 101 85 88
R’ 0.80 0.80 0.72 0.75
Qo 1.5 (0.2) 1.3 (0.096) 1.2 (0.15) 1.2 (0.075)
Rio 0.12 (0.032) 0.15 (0.030) 0.17 (0.038) 0.19 (0.032)
b 0.019 (0.0024) 0.0095 (0.0028) 0.012 (0.0058) 0.04 (0.0072)
RAV ppir 24.4 (3.9) 24.2 (4.0) 18.7 (6.7) 21.6 (5.2)
RAV govir 18.0 (3.9) 18.8 (4.1) 19.7 (5.9) 17.5 (5.1)
OER 0.15 (0.014) 0.16 (0.014) 0.25 (0.027) 0.15 (0.016)
N 71 75 52 51
R? 0.67 0.58 0.30 0.75

“Standard deviation of the posterior parameter estimates are shown in parentheses.
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Fig. 2. Observed versus
posterior mean predicted
ecosystem respiration and
gross primary production
for all study sites.
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Fig. 3. Seasonal trends of measured ecosystem respira-
tion and gross primary production fluxes for all years of
the study.

2012

vation plant communities was substantially higher
than that of the low elevation communities (> 150
g CO2-C m 2 gs™!) for both study years in the San
Juan Mountains, and in 2013 for the Medicine
Bow Mountains communities. This trend was not
the case for the Medicine Bow Mountain commu-
nities in 2012, due in part to the particularly low
cumulative growing season NEP at MByg, 1, and
high cumulative growing season NEP for both
communities at MB,,,. In general, comparisons
between communities from SJpjgn and MBy;gp, Te-
vealed the lowest differences in cumulative grow-
ing season NEP, with the exception of MByg, 1
versus SJhign 1 and 2 in 2012. Alternatively, MBy,,
plant communities had substantially higher
cumulative growing season NEP than the commu-
nities of SJi,w in 2012, while this trend was
somewhat reversed in 2013.
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Table 4. Differences Between Mean Cumulative Growing Season Net Ecosystem Production Among Plant

Communities During Both Study Years

2012

2013

Plant communities
being compared

Difference in means (95% HDI)?

(8 CO-Cm 2 gs™)

Plant communities
being compared

Difference in means (95% HDI)

(8 CO-Cm 2 gs™")

STiow 1 MBpign 2 —270.0 (—273.0, —265.4) MBiow 1 SJpign 2 —600.6 (—611.5, —589.7)
STiow 1 SThigh 2 —265.1 (—269.7, —260.7) MBiow I MBpign 2 —570.6 (—581.5, —=559.7)
STiow 1 MBj,w 1 —253.6 (—258.0, —248.2) MBj,w 1 SJhigh 1 —543.3 (—554.2, —529.6)
STiow 2 SThigh 2 —231.2 (—=237.2, —224.7) MBiw I MBpgn 1 —494.1 (—505.1, —483.2)
STiow 2 MBhpigh 2 —226.9 (—234.0, —220.9) MBiow 1 STiow 2 —354.9 (—365.8, —344.0)
SJiow 1 SJhigh 1 —218.7 (—224.1, —213.5) MBjow 2 SJhigh 2 —305.8 (—314.0, —297.6)
STiow 2 MBiow 1 —217.6 (—223.9, —210.5) STiow 1 SThigh 2 —300.3 (—303.0, —294.8)
STiow 1 MBiow 2 —205.8 (—210.2, —201.2) MBiow 1 SJiow 1 —300.3 (—311.2, —289.4)
STiow 2 SJhigh 1 —176.4 (—183.5, —169.3) MBy,w 1 MBy,w 2 —297.6 (—308.5, —283.9)
MBhpigh 1 SJThigh 2 —164.3 (—172.3, —156.2) MBiow 2 MBpgn 2 —281.2 (—289.4, —272.7)
STiow 2 MBiw 2 —163.0 (—169.3, —157.0) STiow 1 MBhpign 2 —278.5 (—281.2, -273.0)
MBhgn 1 MBygn 2 —160.0 (—167.6, —151.0) STiow 2 SJhigh 2 —237.5 (—243.5, —231.8)
MBpigh 1 MBiow 1 —151.8 (=160.5, —144.1) MBiow 2 SThign 1 —236.4 (—245.2, —226.6)
MBhigh 1 SJhigh 1 —126.4 (—135.1, —117.9) STiow 1 SJhigh 1 —234.0 (—239.4, —229.3)
STiow 1 MBpign 1 —100.2 (—108.4, —92.8) SJiow 2 MBhigh 2 —217.9 (—223.9, —211.8)
MBhigh 1 MBigy 2 —92.5 (—99.4, —83.8) MBiow 2 MBpign 1 —199.3 (—208.8, —190.3)
STiow 2 MBpign 1 —68.8 (—77.5, —59.8) STiow 1 MBpign 1 —198.5 (—204.2, —193.0)
MByow 2 MBygn 2 —63.1 (—68.0, —58.4) SJiow 2 SJhigh 1 —169.8 (—175.8, —163.0)
MBiow 2 SJhigh 2 —59.0 (—63.9, —54.1) STiow 2 MBpign 1 —139.8 (—146.1, —131.6)
MBiow 2 MBjow 1 —52.7 (—57.9, —47.2) MBhigh 1 SJhigh 2 —102.4 (—108.4, —96.4)
SJhigh 1 MBygn 2 —45.9 (—51.6, —40.1) MBhpjgn 1 MBhigh 2 —80.5 (—86.3, —74.3)
SThign 1 SThigh 2 —39.9 (—46.1, —34.4) MBiow 2 STiow 2 —70.7 (—80.8, —60.9)
SThign 1 MBjpw 1 —36.0 (—41.5, —28.7) SJhign 1 SJhigh 2 —68.0 (—74.0, —63.1)
STiow 1 STiow 2 —35.8 (—42.3, —30.0) STiow 1 STiow 2 —62.5 (—68.5, —57.3)
MBiow I MBpgn 2 —15.0 (—20.6, —9.4) SThign 1 MBhpigh 2 —48.9 (—54.3, —43.4)
MBiow 2 SJpign 1 —12.2 (—17.6, —6.7) MBhigh 1 SJhign 1 —33.0 (—39.9, —26.8)
MBy,w 1 SJhigh 2 —10.9 (—16.0, —5.0) MByigh 2 SJhigh 2 —23.0 (—28.4, —18.9)
SThigh 2 MBpgn 2 —2.8 (7.8, 2.0)° MBiow 2 STiow 1 —3.6 (—11.2, 5.6)°
“Lower and upper limits of the Highest Density Interval (HDI) are shown in parentheses
b Denotes a difference in mean cumulative growing season NEP that is not credible

The BMLR model revealed that cumulative DiscussioN

growing season NEP decreased with increasing
mean growing season air temperature, and with
decreasing mean growing season water table posi-
tion (R* = 0.67) (Figure 6, Table 5). Cumulative
growing season NEP among plant communities
generally increased with elevation (Figures 3, 5).
This was particularly true for the San Juan fens
where, on average, NEP was an order of magnitude
higher at SJpign than SJi,, in both years. NEP was
an order of magnitude higher at MByg, than
MB,w in the Medicine Bow in 2013, while in 2012,
NEP was slightly higher at MB,,, than MBy;gp,.

Net Ecosystem Production and CO,
Dynamics Among Study Fens

Our results show a trend of growing season NEP
increasing with elevation among the eight plant
communities studied. Our BLMR results show this
was driven by a strong positive correlation with
water table elevation and negative correlation with
air temperature, both key abiotic factors in con-
trolling peatland CO, dynamics (Sullivan and oth-
ers 2007). Growing season NEP ranged from
negative to positive among plant communities,
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peat surface) (B). Error bars represent standard deviation
of the posterior estimates of NEP.

Table 5. Mean Parameter Estimates for the
Bayesian Multiple Linear Regression Model

Parameter estimate®

Bo 438.7 (175.8)
B —16.7 (15.2)
B2 7.0 (1.9)
OprocNEP 103.9 (222)

“Values in parentheses represent standard deviation of the posterior parameter
estimate.

across a temperature range of a few degrees C,
which is consistent with recent findings from a
subarctic fen in northern Sweden (Wu and others
2013). Likewise, the decrease in NEP with declin-
ing water table position observed in this study is
similar to that in boreal peatlands of Europe and
North America (Bubier and others 2003; Riutta and
others 2007), and other fens in the Rocky Moun-
tains (Chimner and Cooper 2003b; Schimelpfenig
and others 2014). Further, posterior estimates of
cumulative growing season NEP with standard
deviations overlapping zero, and negative means
were found at both of the low elevation sites during
the study period. This supports our hypothesis that

continued increases in air temperature and the
subsequent impacts on water table dynamics have
the potential to threaten the long-term sustain-
ability of mountain fens found at low elevations.
Our analyses indicate that the low elevation fen
plant communities can function as CO, sources, or
only marginal CO, sinks.

The high elevation fens functioned as CO, sinks,
with a mean cumulative growing season NEP of
195 g CO,-C m™~? for the four plant communities
analyzed. Cumulative growing season NEP for the
SJIhigh and MByen plant communities was similar to
those reported for higher latitude peatlands with
similar vegetation (Riutta and others 2007;
Adkinson and others 2011; Maanavilja and others
2011) and in some cases higher (Nilsson and others
2008). The low elevation fens generally had much
lower growing season NEP, with net losses of CO,
for one or both of the study years, and an overall
mean NEP rate of about 1 g CO,-C m™2, similar to
CO, fluxes reported for hydrologically modified
fens in the Rocky Mountains (Chimner and Cooper
2003b).

Although many of the GPP model parameters
were similar across sites, the substantially lower
estimates of A.x. at SJjow mMay be related to sparse
cover of aboveground vegetation, with both com-
munities being dominated by C. lasiocarpa, com-
pared to higher vegetative cover in the other plant
communities. These differences limited growing
season GPP at this site, which contributed to low
overall growing season NEP estimates that had
standard deviations overlapping zero for both
communities during both growing seasons. Such
limitations associated with photosynthetic uptake,
in addition to the different sensitivities in fen ER to
water table decline, further complicated growing
season NEP comparisons related to monsoon pre-
cipitation among mountain fen plant communities.

The estimates for Q;o among sites were similar;
however these estimates were lower than those
typically cited in the literature for ER models
(Davidson and others 2006). Unlike many other
temperature-dependent models of ecosystem and
soil respiration (Davidson and others 1998; Melillo
and others 2011; Cable and others 2013; Ricker and
others 2014), our model used air temperature ra-
ther than soil temperature as a driving variable.
Because air temperature varies more on a diurnal
basis than soil temperature, our ER models were
less sensitive to temperature than others have re-
ported. Low R” values for observed ER fluxes versus
posterior means of the predicted fluxes at three of
the four high elevation plant communities were
lower than those of the other plant communities in
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this study. These results are similar to those found
by Schneider and others 2012 for a minerogenic
(groundwater fed) hollow in a northeastern Europe
peatland complex, where a water table close to the
peat surface limited ER fluxes, and led to low R?
values for an ER model driven by air temperature
and water table position. Further, the uncertainty
associated with posterior distributions of simulated
ER fluxes was similar across sites.

Our study included eight plant communities
distributed among four mountain fens, at two ele-
vations within the San Juan Mountains of south-
west Colorado and the Medicine Bow Mountains of
southern Wyoming. However, the dominant plant
species among these communities are common in
Rocky Mountain fens, and representative of fen
ecosystems across the region (Heidel and Jones
2006; Chimner and others 2010). Further, in most
cases, GPP and ER model parameters were similar
among sites, suggesting that differences in species
composition did not necessarily translate to differ-
ing responses in ecosystem-scale CO, fluxes. While
our analyses spanned a range in elevation of 800 m
(from 2600 to 3400 m) and a range in latitude of
approximately 400 km, our results remain limited
to the climatic and hydrogeological conditions
present at the study sites.

Annual CO, Fluxes

The growing season represents a relatively small
part of the year in montane and subalpine envi-
ronments. Wintertime fluxes of CO, have been
identified as an important contribution to the
overall annual CO, balance of boreal peatlands
(Aurela 2002), and nearly half of the C gained
through NEP can be lost through ER outside of the
growing season Sagerfors and others (2008). Mast
and others (1998) reported an average wintertime
NEP rate of —7.2 x 107> g CO,-C m 2 h™! for a
subalpine fen dominated by C. aquatilis and C.
utriculata, in the Colorado Rocky Mountains.
Applying this average flux rate to the remaining
250 days of the year outside the growing season
study period results in a total NEP flux of 49 g
CO-,-C m~? winter '. NEP on an annual basis is
lower than growing season NEP, and including
winter fluxes has critical implications for low ele-
vation fens that have negative growing season NEP,
as we found in this study. In particular, annual NEP
for the two SJj,w plant communities would be
negative, acting as a CO, source during both years
of this study.

Fens in the southern Rocky Mountains under
natural conditions have been reported to act as

both sinks and sources of CO, on an annual basis
(Wickland and others 2001; Chimner and Cooper
2003b), and variability in temperature and precip-
itation can directly and indirectly affect their
source/sink role. Although the results of this study
represent only two growing seasons, in any year
certain patterns will persist: in general, air tem-
perature decreases with elevation and snowpack
increases with elevation, as is the case in our study
areas. Thus, the elevation-related trends in NEP for
the mountain fen plant communities will likely be
true for future years, regardless of year-to-year
variability in temperature and precipitation.

Elevation and Monsoon Effects on Fen
Net Ecosystem Production

We were able to capture trends in peak SWE and
the timing of snow melt associated with the ele-
vations that support fens in the western US (Moore
and others 2014). The low elevation fens had lower
peak SWE and earlier snowmelt due to warmer
early summer air temperatures, resulting in a
longer snow-free season than the higher elevation
sites. Earlier snow melt led to an earlier growing
season water table decline at both low elevation
fens, even though they exist in different hydroge-
ological settings. This contributed to higher ER
relative to GPP, and lower NEP compared to the
high elevation sites that maintained shallow water
tables throughout most of the growing season.

We estimated growing season CO, fluxes from
the end of May through mid-September during
both study years at all sites, regardless of when they
became snow-free. This allowed the comparison of
CO, fluxes among sites during the same time per-
iod in both years, but did not account for the period
between melt out and the start of our model sim-
ulations, which differed by over a month in some
cases between high and low elevation sites. How-
ever, NEP in the period between snow melt and the
start of the model simulations was likely low or
possibly negative due to low plant biomass in the
spring (Blanken 2014), as well as lower daily PAR
and higher rates of nighttime ER associated with
shorter day length earlier in the year (Wohlfahrt
and others 2013).

Although the San Juan sites received almost
double the growing season rainfall as the Medicine
Bow sites, there were no discernible differences in
fen NEP between these two regions that were di-
rectly associated with summer precipitation. While
mean growing season water table position was an
important predictor of cumulative growing season
NEP among the plant communities in this study,
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the response of water tables to precipitation events
can be spatially and temporally variable in wet-
lands due to complex factors such as local topog-
raphy and geomorphology (Tufford 2011; Vidon
2012). Cumulative growing season NEP estimates
at the SJy, plant communities were strongly
positive due in part to relatively high, stable water
tables. The water table in these communities varied
little during the study years and did not respond
strongly to precipitation events. At SJj,w, Which
received the same amount of growing season pre-
cipitation as SJpign, cumulative growing season NEP
estimates were much lower, due in part to higher
ER resulting from deeper water tables. Unlike
SJhigh, the water table rose rapidly followed pre-
cipitation events at SJj,, Where rain followed dry
periods when the water table steadily declined.
Despite receiving considerably less rain from July
through August, the water table responded simi-
larly in Medicine Bow plant communities, with a
rapid rise following rain events at MBj,,, and
subtle water table rises at MByp;g,.

The disparity in the responses of water tables to
precipitation between the high and low elevation
sites is likely due to the position of the water
table relative to the peat surface, prior to rain
events. Saturated hydraulic conductivity (K;) de-
creases with depth in peat soils, with surface peat
layers being highly conductive, relative to the more
decomposed older peat layers lower in the soil
profile (Letts and others 2000; Schimelpfenig and
others 2014). For plant communities in sloping fens
with shallow water tables, like SJpignh and MByjgp, it
is possible for infiltrated precipitation to move lat-
erally through surface peat layers relatively quick-
ly, dampening the magnitude of water table rise.
Further, soil porosity decreases with depth in peat
(Letts and others 2000; Schimelpfenig and others
2014), increasing the magnitude of water table rise
to infiltrated precipitation at lower depths. Al-
though this was the case, since water table decline
occurred earlier in the low elevation sites and the
water table was considerably lower than that of the
high elevation sites during the monsoon season,
rises in water table were short-lived, and insuffi-
cient to maintain saturated soil conditions near the
peat surface, comparable to the high elevation sites.

Despite below average summer precipitation
during both study years at MBy,,, the mean grow-
ing season water table was 18 cm below the soil
surface in 2012, but substantially lower in 2013, at
—52 c¢m. The relatively high mean growing season
water table position in 2012 despite low summer
precipitation rates may have been due to higher
than average groundwater flow into the fen. In the

winter of 2010/2011, above average snowfall in the
Medicine Bow Mountains contributed 1.3 m of
precipitation during the 2011 water year, which is
approximately 44% above the long-term average
annual precipitation. Because MB,,,, is fed pri-
marily by groundwater, with no surface water in-
flows, it is possible that the effects of above average
groundwater recharge during the 2011 water year
persisted through the 2012 growing season, causing
the water table to remain closer to the surface de-
spite sparse rainfall. By the 2013 growing season,
the water table was dramatically lower, and in a
similar manner as 2012, may result from a legacy
effect of groundwater flow from 2 years prior. The
importance of time lags in understanding down-
gradient responses to upgradient groundwater re-
charge has been recently noted (Tesoriero and
others 2015; Van Meter and Basu 2015). Our re-
sults suggest that time lags should be considered
when determining the influence of snowmelt on
mountain fen hydrological dynamics, particularly
for fens lacking surface water inflow.

Rocky Mountain Fens in a Future Climate

The strong climate gradient between low and high
elevation fen plant communities in the southern
Rocky Mountains controlled differences in cumu-
lative growing season NEP, as shown in the Baye-
sian estimation and BMLR model results, regardless
of plant community composition. In most cases, the
largest difference in cumulative growing season
NEP between plant communities was between high
and low elevation sites. Over the coming decades,
average annual temperatures are expected to in-
crease by 1.0-2.4°C in the southern Rocky Moun-
tains (Christensen and others 2004) and reductions
in snowpack of 10-40% have been predicted for
elevations between 2500 and 3000 m in Colorado
(Christensen and Lettenmaier 2007) an elevation
range that includes the lower elevation limit for
fens in the region (Chimner and others 2010). The
changing climate is therefore likely to alter the
hydrological regime of mountain fens during the
growing season, lowering water tables (Rood and
others 2008) and consequently decreasing NEP,
particularly for low elevation fens.

We observed the lowest cumulative growing
season NEP in fen communities at the low end of
their known elevation range in both mountain
regions. Reductions in NEP associated with a
warming climate may convert low elevation fens,
with already low NEP, from net sinks to net sources
of CO,. Therefore, the long-term sustainability of
fens at low to middle elevations in the Rocky
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Mountains, and other mountain ranges in the
western U.S. may be in jeopardy, where their or-
ganic soil could be lost through decreased NEP.
Furthermore, mountain fens containing sedge-de-
rived peat, like the fens in this study, may be par-
ticularly susceptible to increased decomposition
resulting from lowered water tables, since most of
the CO, fixed through GPP is allocated below-
ground (Chimner and others 2002).

An important consideration in understanding the
long-term sustainability of mountain fens to cli-
mate change is their hydrogeological and topo-
graphic setting. Such factors may have contributed
to the differences in cumulative growing season
NEP between the MBy,, and MB,, elevation
plant communities between study years. Mountain
fens are typically smaller than boreal and subarctic
peatlands due to strong topographic confinement
in valleys and basins, and relatively small hydro-
logical contributing areas (Patterson and Cooper
2007). Fens at lower elevations may be partially
buffered from the adverse effects of climate change,
depending on the size and geological nature of the
watershed that support their hydrological regime.
For example, fens in watersheds large enough to
provide adequate groundwater flows to maintain
shallow water tables during the growing season
may not experience declines in NEP. It is important
to note, however, that fen ecosystems within
mountain watersheds, regardless of watershed
contributing area, may experience increased water
demands and drought stress due to climate change
(Rood and others 2008) and human uses, such as
ground water withdrawals (Cooper and others
2015). In such cases, the potential benefits of large
watersheds may be diminished.

The low rates of NEP at the low elevation sites
were associated with warmer air temperatures,
lesser snowpack, earlier melt-out, and lower mean
growing season water tables than the high eleva-
tion sites. Coupled with predictions of reduced peak
SWE and earlier snow melt associated with a
warming climate, the results of this study suggest
that the elevation ranges that provide climate
conditions supportive of mountain fens in the
Rocky Mountains may be narrowing, with their
lower limits shifting upward in elevation. This
supports our hypothesis that low elevation fens
may be particularly susceptible to the effects of
climate change. In cases where long-term ground-
water and surface water base flows are unable to
maintain shallow water tables in mountain fens,
over time they may lose the organic soils that de-
fine them, through increased decomposition rela-
tive to production.
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