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Abstract Previous work demonstrates conflicting evidence regarding the influence of snowmelt timing
on forest net ecosystem exchange (NEE). Based on 15 years of eddy covariance measurements in Colorado,
years with earlier snowmelt exhibited less net carbon uptake during the snow ablation period, which is a
period of high potential for productivity. Earlier snowmelt aligned with colder periods of the seasonal air
temperature cycle relative to later snowmelt. We found that the colder ablation-period air temperatures
during these early snowmelt years lead to reduced rates of daily NEE. Hence, earlier snowmelt associated with
climate warming, counterintuitively, leads to colder atmospheric temperatures during the snow ablation
period and concomitantly reduced rates of net carbon uptake. Using a multilinear-regression (R*=0.79,

P < 0.001) relating snow ablation period mean air temperature and peak snow water equivalent (SWE) to
ablation-period NEE, we predict that earlier snowmelt and decreased SWE may cause a 45% reduction in
midcentury ablation-period net carbon uptake.

1. Introduction

Globally, forests represent a large and persistent terrestrial carbon sink that regulates atmospheric CO, con-
centration [Pan et al., 2011]. Forty percent of these forests reside in seasonally snow-covered environments,
which are particularly sensitive to climate change due to the temperature dependence of precipitation phase
[Barnett et al., 2005; Flanner et al., 2011]. Seasonally snow-covered forests represent a key terrestrial carbon
sink in both mountainous [Schimel et al., 2002] and boreal ecosystems [Bernhardt and Schlesinger, 2013].
Evaluating the climate sensitivity of these forests is critical as winter temperatures are increasing [Baldwin
et al, 2003; Bradley, 2004; Nogués-Bravo et al., 2007], causing reductions in snow accumulation [Hamlet
et al., 2005; Mote, 2006; Clow, 2010] and shifting snowmelt earlier in the year [Stewart et al., 2004; Clow, 2010].

The snow ablation period, which provides a sustained soil water input, is a time of great potential for carbon
uptake in seasonally snow-covered environments [Monson et al., 2005; Harpold and Molotch, 2015]. In ever-
green mountain forests, where carbon uptake is biophysically restrained during the winter, the snow ablation
period is when the ecosystem begins to assimilate carbon through photosynthesis and relatively low soil
temperatures diminish carbon loss from soil respiration [Monson et al., 2005]. As a result, carbon uptake
during the snow ablation period can account for a significant component of growing season NEE (up to
42% [Monson et al.,, 2005]). However, varying meteorological conditions can impact carbon uptake rates
during this time [Huxman et al., 2003].

Synthesis studies of atmospheric carbon uptake in forested ecosystems, including those from mountain and
high-latitude sites, have predicted that earlier springs and later autumns, due to climate warming, will result
in increased carbon sequestration [Richardson et al., 2010]. However, several reports have blurred our under-
standing of the direction (source or sink) and magnitude of forest-atmosphere CO, exchange in the face of
climate variation. Some studies of high-latitude forests have revealed increased [Black et al., 2000], decreased
[Goulden, 1998], or no effect [Dunn et al., 2007] of earlier spring snow melt on total seasonal forest carbon
uptake. Piao et al. [2008] and Wu et al. [2013] have shown that the effects of earlier spring warming and snow-
melt on high-latitude forest net carbon exchange are dictated by the relative magnitudes of increased
seasonal photosynthetic uptake versus increased autumn respiration. Similar photosynthesis-respiration
trade-offs are at play in subalpine forests, as some studies show that longer growing seasons lead to less
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carbon uptake [Sacks et al., 2007; Hu et al., 2010], while others indicate the contrary [Scott-Denton et al., 2013;
Mitchell et al., 2015]. We note that these seasonally snow-covered high-latitude and subalpine forests share
similar dependencies on snowmelt as a water source and both have a general energy limitation during the
winter; however, they differ in their species compositions and meteorological conditions (e.g., given latitudi-
nal gradients in solar radiation).

Given the lack of consensus regarding the carbon balance response to changing snowmelt timing, it is impor-
tant to determine whether seasonally snow-covered forest carbon sinks are strengthened or weakened in
response to climate warming. We examined relationships between net ecosystem exchange (NEE) eddy
covariance measurements and observed snow water equivalent (SWE) in a midlatitude subalpine forest.
Our objective is to characterize the productivity response of subalpine forest ecosystems to hydrometeoro-
logical conditions during the snow ablation period and to predict future productivity given changes in snow-
melt timing and accumulation associated with climate warming.

2, Data and Methods
2.1. Site Description

This study was conducted at the Niwot Ridge AmeriFlux site US-NR1, a subalpine forest in the Colorado Rocky
Mountains at an elevation of 3050 m located 8 km east of the Continental Divide (40°1'58"N-105°32'47"W).
The subalpine forest ecosystem (LAl=4.2 m?/m?; canopy height=11.5m) is dominated by subalpine fir
(Abies lasiocarpa), Engelmann spruce (Picea engelmannii), and lodgepole pine (Pinus contorta). Mean-annual
precipitation is approximately 800 mm, with about 65% in the form of snow. Mean-annual temperature is
1.5°C. Descriptions of the physical and meteorological characteristics of the site can be found in previous stu-
dies [Monson et al., 2002, 2005; Turnipseed et al., 2002, 2003].

2.2, Eddy Covariance and Snow Water Equivalence (SWE) Measurements

NEE has been continuously measured at 30 min intervals from the 26 m Niwot Ridge AmeriFlux tower since
November 1998. We used 15 years (1999-2013) of AmeriFlux friction-velocity-filtered NEE, gap-filled mea-
surements (ver.2014.12.02). This version includes a correction to an error in the data set where a water vapor
correction was applied twice during the closed-path infrared gas analyzer (IRGA) CO, flux calculation [Burns
et al., 2015]. Full descriptions of the eddy covariance method used to measure NEE have been previously pre-
sented [Monson et al., 2002]. Further information on the turbulent flux gap-filling procedures can be found
at http://urquell.colorado.edu/data_ameriflux/.

Daily SWE measurements were obtained from the Niwot snowpack telemetry station, located within 500 m of
the flux tower (http://www.wcc.nrcs.usda.gov/nwcc/site?sitenum=663). We defined both the date and mag-
nitude of peak SWE by the final local maxima in the SWE time series in which the SWE magnitude is within
95% of the global SWE maxima. Subsequently, we defined the ablation period as the peak SWE date to the
day of snow disappearance (SWE =0m) and analyzed ablation-period daily NEE (cumulative ablation period
NEE divided by the length of the ablation period) in relation to the ablation-period mean air temperature
(21.5 m). In this study “daytime” is defined as any period of the day that the photosynthetic photon flux den-
sity (PPFD) is greater than 20 pmol/m?/s. We defined the nonablation period as the date of snow disappear-
ance to the day that the 13 day moving average of NEE switches from negative to positive at the end of the
season, indicating a transition from net carbon uptake to net carbon loss. We thus defined a “full season” from
the date of peak SWE to the last day of the nonablation period.

2.3. Statistical Methods and Ablation-Period NEE Model

Previous work in subalpine forests has illustrated NEE sensitivity to air temperature [Huxman et al., 2003;
Monson et al., 2005], with maximum light saturated CO, uptake occurring at approximately 11°C [Huxman
et al., 2003]. A shift in the timing of snowmelt may have large impacts on air temperature during the early
part of the growing season—which generally begins at the onset of snowmelt [Monson et al., 2005]. To
explore the relationship between the change in the timing of snowmelt and air temperature during the abla-
tion period, we used a linear regression relating the date of peak SWE and ablation-period mean air tempera-
ture. We then explored the relationship between ablation-period mean air temperature and ablation-period
daily NEE, as well as the relationship between the date of peak SWE and the ratio of ablation-period
cumulative NEE to full-season cumulative NEE. We used the relationship between date of peak SWE and
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Figure 1.(a) Snow water equivalent seasonal cycles for an early rent literature. We used the resulting
(WY-2002) and late (WY-2013) ablation period. Red lines distinguish the multiple linear regression equation as
ablation period. (b) Corresponding air temperature seasonal cycles a model to demonstrate potential cur-
for WY-2002 and WY-2013. Plotted as the 13 day moving average of

daily temperatures. Red lines distinguish the temperatures during the
ablation period.

Temperature (°C)
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rent and future scenarios of ablation-
period NEE. To obtain the range of
temperature values used as model
input, we first inputted a range of day of peak SWE values into the linear regression equation established
between day of peak SWE and ablation-period mean air temperature. Day of peak SWE inputs ranged from
day of year (DOY) 65 to DOY 145, as the minimum DOY of peak SWE from the observed record was 73 and
the maximum DOY of peak SWE was 144. We then took the resulting temperature range, along with a peak
SWE magnitude range of 0.17 m-0.50 m (15 year observed record ranged from 175.3 mm to 454.7 mm), as
model inputs to generate a range of potential ablation-period NEE values.

3. Results

The maximum ablation-period length was 55 days (2003) and the minimum was 17 days (2010) (Table S1).
The latest date of peak SWE was 24 May 2011 and the earliest was 13 March 2012, resulting in a substantial
range in the date of peak SWE (71 days). Figure 1 demonstrates that the timing of peak SWE determined the
alignment of the ablation period with the seasonal air temperature cycle: an early ablation period (e.g., 2002)
occurred during a colder period (mean temperature = 1.9°C) of the seasonal air temperature cycle relative to a
later ablation period (e.g., 2013) that occurred during a warmer period (mean temperature = 6.7°C). Thus, we
next explored the phenological implications of the ablation timing/temperature alignment for ablation-
period NEE.

We found that the range in the date of peak SWE resulted in a vast range of ablation-period mean air tem-
peratures (1.9-7.9°C). Figure 2a displays a significant positive correlation (R*=0.72, P < 0.001) between the
date of peak SWE and the ablation-period mean air temperature. This relationship produced the following
linear regression equation:

T = —4.1662 + 0.07881*(D) (1)

where D is the day of year (DOY) of peak SWE. Equation (1) demonstrates that as snow melts earlier, the abla-
tion period experiences mean air temperatures progressively less than the maximum CO, uptake rate tem-
perature of 11°C [Huxman et al., 2003], effectively misaligning the period of sustained soil water input from
the timing of the optimum net uptake temperature.

We found a significant negative correlation (R*=0.87, P <0.001) between ablation-period daily NEE and
ablation-period mean air temperature (Figure 2b). Lower mean air temperatures corresponded with reduced
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Figure 2. (a) Relationship between date of peak SWE (horizontal axis) and mean air temperature during the ablation period
(vertical axis) (R2 =0.72, P < 0.001). (b) Relationship between mean air temperature during the ablation period (horizontal
axis) and ablation-period daily NEE (vertical axis)(.‘i’2 =0.87, P < 0.001). (c) Half-hourly NEE for the 2002 ablation period that
began on 31 March (early ablation) 2009 ablation period that began on 20 April (middle ablation) 2013 ablation period that
began on 22 May (late ablation).

ablation-period daily NEE. The variation in ablation-period daily NEE was driven by ablation-period daytime
NEE, as daytime NEE had a range of 3.78 gC/m?/d, whereas nighttime NEE had a range of only 0.16 gC/m?/d.
Example half-hourly data illustrate the NEE sensitivity to snowmelt timing and air temperature whereby
NEE rates are shown to increase dramatically from early to late snowmelt (Figure 2c). In comparing NEE
between an early ablation period (2002) and the same period during a year with late melt (2013), the daytime
NEE rate during the 2002 ablation period (31 March to 1 May) was — 0.42 gC/m?/d, while the same time
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212 3.75 <38 701 that we did not find a significant rela-
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NEE and ablation-period mean daytime
Figure 3. Model output results from equations (1) and (2) demonstrating PPFD (R2 =0.11, P=0.23, supporting
the range of potential ablation-period total NEE. Each scatter point is an
ablation period from the observed record. The solid lines represent the
mean day of peak SWE and peak SWE magnitude from the observed The range in ablation-period NEE was
record and the dotted lines represent the projected midcentury scenario.

information Figure S1).

95.4 gC/m?. In 2002 we observed a posi-
tive ablation-period NEE (3.36 gC/m?);
the ablation-period mean air temperature (1.9°C) and the peak SWE magnitude (175.3 mm) for 2002 were
the respective variable minimums for the 15 year record. Additionally, the 2002 ablation-season mean daytime
uptake rate (—0.42gC/m? was the minimum for the period of record. The mean nighttime respiration
(0.53 gC/m?) during this same period was enough to overwhelm the small daytime uptake rate and result
in a net loss of carbon. All other years demonstrated a negative NEE during the ablation period, indicating
net carbon uptake, with the greatest in magnitude being — 92.02 gC/m? occurring in 2007; a year with an
ablation-period average temperature of 5.0°C and the maximum peak SWE magnitude (454.7 mm) for the
period of record.

There was a significant negative correlation between total ablation-period carbon uptake (dependent
variable) and ablation-period mean air temperature and peak SWE magnitude (independent variables;
R*=0.79, P < 0.001) that produced the following multiple linear regression equation:

NEE = 54.956 — (5.4992xT) — (222.9 xSWE) )

where NEE is the total ablation-period NEE (gC/mz), T is the ablation-period mean air temperature (°C), and
SWE is peak SWE (m). The range in the observed NEE that was fit with equation (2) demonstrates that early
season NEE is strongly coupled with snowpack dynamics. We note that ablation-period mean air temperature
and peak SWE magnitude did not exhibit collinearity for the observed record (variable inflation factor = 1.09)
and that SWE had a greater influence than temperature in predicting total ablation-period NEE. We use
equation (2) to demonstrate potential current and future scenarios of ablation-period NEE under various
temperature-SWE magnitude scenarios. Figure 3 displays the range of model results overlaid with the
observed data. For an example future scenario corresponding to midcentury Western U.S. projected SWE
reductions of 20% percent [Leung et al., 2004] and snowmelt timing shift of 2 weeks earlier [Stewart et al.,
2004; Clow, 2010], the mean ablation-period NEE is predicted to decline by approximately 45% compared
with the observed record.

In Figure 4, we analyzed the contribution of the ablation-period NEE to the full-season NEE (cumulative NEE
from the date of peak SWE to the end of the previously defined nonablation period). Figure 4a shows a
significant positive correlation (R*=0.42, P < 0.01) between the ratio of ablation-period NEE to full-season
NEE and the date of peak SWE, indicating that when peak SWE occurred later in the year, the relative uptake
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Figure 4. (a) Relationship between the date of peak SWE (horizontal axis) and the ratio of ablation-period NEE to full-season
NEE (vertical axis) (R2 =0.42, P < 0.01). (b) Relationship between the ratio of the length of the ablation season to length of
the full season (horizontal axis) and the ratio of ablation period NEE to full-season NEE (vertical axis).

contribution of the ablation period increased. Two years (2007 and 2013) had a ratio of approximately 0.31,
demonstrating that the ablation-period NEE can comprise >30% of full-season NEE. However, as the date of
peak SWE shifted to earlier in the year, the relative uptake contribution from the ablation period approached
zero. Therefore, as the ablation period continues to shift earlier in the year under climate warming, the result-
ing seasonal net carbon uptake will be more dependent upon the dynamics of the nonablation period.
Figure 4b shows that there was no significant relationship between the ratios of ablation NEE/full-season
NEE and ablation-period length/full-season length; therefore, seasons with a relatively high ratio of
ablation-period NEE/full-season NEE can occur during years in which the ablation-period length constitutes
either a high or a low proportion of the full-season length. Finally, we note that we did not find a significant
relationship between date of peak SWE and full-season NEE (R*=0.06, P=0.39, supporting information
Figure S2).

4, Discussion

In the 21st century the Rocky Mountain region is projected to experience a 2.0-3.5°C temperature increase in
mean-annual temperatures relative to the end of the 20th century [Baldwin et al., 2003]. By the nature of the
precipitation phase dependence on temperature, warming has vast implications for snowpack accumulation
and melting patterns. For example, snow melts earlier under warming scenarios [Stewart et al., 2004; Clow,
2010] due to increases in incident thermal radiation and sensible heat flux. Additionally, warmer air tempera-
tures reduce snowpack cooling in the winter period which, in addition to reduced SWE accumulation,
reduces the energy required to bring the snowpack to 0°C and initiate snowmelt. The influence of warming
on ablation timing can be exacerbated by the effects of decreased snowpack albedo brought about by snow-
pack dust loading [Painter et al., 2012].

Our results indicate that the timing of snowmelt determines the alignment of the ablation period with the sea-
sonal temperature cycle, whereby early melt occurs during colder periods of the seasonal temperature cycle.
The magnitudes of ablation-period daily NEE rates were shown to decrease under colder temperature condi-
tions. Thus, as ablation shifts earlier under climate warming and aligns with the colder periods of the seasonal
temperature cycle, ablation-period NEE trends to decrease. This concept presents a notable paradox: as global
temperatures slowly rise, midlatitude subalpine forests are likely to experience colder temperatures during
the ablation season as a result of the shift in snowmelt timing with respect to the seasonal air temperature
cycle. Therefore, warming temperatures will likely lead to less CO, uptake during the annual ablation period.
Additionally, it is predicted that future warming will cause a larger fraction of winter precipitation to fall as rain,
rather than snow [Scott-Denton et al., 2013]. This phenomenon is a contributing factor in decreasing SWE mag-
nitude. Declines in peak SWE will further contribute to a decreasing trend in ablation period carbon uptake.

It is perhaps surprising that we did not observe a significant relationship between daily NEE and PPFD.
Importantly, the results of this study demonstrate that ablation-period air temperature has a much stronger
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seasonal-phenological influence on ablation-period daily NEE compared with PPFD. Additionally, we note
that this ablation-period temperature influence acts primarily on the process of forest carbon uptake, as
we observed a substantially greater range in daytime NEE (when photosynthesis is actively occurring)
opposed to nighttime NEE when respiration is the dominant process. Regarding the greater influence of
SWE compared with air temperature in predicting total ablation-period NEE, we suggest that this may
be a result of varying ablation period lengths and/or a limitation of the 15year length of the data set.
We find it imperative to emphasize that as shown in Figure 2b, air temperature strongly influences daily
NEE during the ablation period, which contributes a deeper understanding of forest phenological
processes during the ablation period. In predicting total ablation-period NEE, temperature and SWE mag-
nitude are both important and allow us to generate future ablation-period NEE scenarios, thus contribut-
ing to our understanding of carbon uptake trends under a warming scenario in seasonally snow-
covered environments.

Our analysis used gap-filled data to develop the best estimate of cumulative NEE during the ablation period.
The specific gap-filling technique was based on a model that uses net radiation, temperature, and wind
speed to produce half-hourly NEE values. The median percentage of model gap-filled data per ablation
period was 8.13%. There were three years that had gap-filled percentages greater than 20% (2003—21%;
2006—35%; 2009—35%). If we remove these three high gap fraction years from our analysis, the relation-
ships were rather unaffected, implying that these higher percentage gap-filled years were not having undue
influence on the results. The coefficient of determination of the date of peak SWE versus ablation-period
mean air temperature relationship decreased only slightly from R?=0.72 for all years to R*=0.70 when
excluding the three high gap fraction years. Additionally, the coefficient of determination of the ablation-
period mean air temperature versus daily NEE decreased only slightly from R?=0.87 for all years to
R*=0.86 when excluding the three high gap fraction years.

In developing a complete understanding of the annual carbon budget it is important to also consider the
NEE trends during the times preceding and following the ablation period. It has been demonstrated that
shallower winter snowpacks result in colder soil temperatures and thus less soil respiration during the
snow cover period (accumulation +ablation) [Monson et al., 2006]. This reduction in wintertime respiration
(less carbon release) acts in opposition to the potential reduction in ablation-period carbon uptake pro-
posed in this study. The fact that ablation-period NEE, which represents the sum of opposing photosynth-
esis and respiration CO, fluxes, decreases in seasons with earlier and colder snowmelt is consistent with the
conclusion that lower temperatures during snowmelt inhibits photosynthesis to a greater degree than
respiration.

While we have a firm understanding as to how the NEE trends will progress during the periods of snow accu-
mulation and snowmelt under changing snowpack dynamics, it is less clear as to how the respiration-uptake
balance during the snow-free period will respond as future trends in summer precipitation and soil water
availability are uncertain. The reported lack of correlation between the date of peak SWE and full-season
NEE indicates that there is a decoupling in NEE processes between the ablation period and snow-free period.
Thus, future work should focus on analyzing the factors that control NEE processes during the nonablation
period of the growing season. That said, isotopic signatures of xylem water suggest that snowmelt, as
opposed to summer rainfall, is the primary driver of forest water availability [Hu et al., 2010]. Hence, the
ablation-period NEE climate sensitivities reported here have important implications for developing robust
predictions of future terrestrial carbon cycling in seasonally snow-covered forests.

5. Conclusion

Using 15 years of SWE and eddy covariance CO, measurements in Colorado, we showed that temperature is a
strong phenological control on ablation-period daily NEE. Early ablation periods shifted melt to colder peri-
ods of the seasonal air temperature cycle, which resulted in lower magnitude daily NEE because of the strong
phenological temperature influence on ablation-period NEE. These results represent an important paradox
whereby climate warming shifts the timing of snowmelt to colder periods of the seasonal temperature cycle,
which acts to decrease NEE. Projecting forward our multilinear-regression model to predict future ablation-
period NEE scenarios, a 45% reduction in midcentury ablation-period NEE is estimated. In building our under-
standing of NEE processes during the growing season as a whole, it is important that we first develop a firm
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grasp on NEE processes during the two distinct periods that together compose the growing season (snow
ablation period + snow-free period). This study provides evidence that snowpack dynamics are a strong con-
trol on forest carbon uptake during the snow ablation period. Future efforts should be directed toward an
improved understanding of NEE processes during the snow-free period of the growing season, with a focus
on how future precipitation and temperature scenarios will affect the balance between photosynthetic car-
bon uptake and ecosystem respiration.

References

Baldwin, C,, F. H. Wagner, and U. Lall (2003), Rocky Mountain/Great Basin Regional Climate-Change Assessment Report for the U.S. Global
Change Research Program, Water Res., pp. 79-112, Utah State Univ. Press, Logan.

Barnett, T. P, J. C. Adam, and D. P. Lettenmaier (2005), Potential impacts of a warming climate on water availability in snow-dominated
regions, Nature, 438(7066), 303-309, doi:10.1038/nature04141.

Bernhardt, E. S, and W. H. Schlesinger (2013), Biogeochemistry: An Analysis of Global Change, 3rd ed., 688 pp., Academic Press, Cambridge, Mass.

Black, T. A, W. J. Chen, A. G. Barr, M. A. Arain, Z. Chen, Z. Nesic, E. H. Hogg, H. H. Neumann, and P. C. Yang (2000), Increased carbon
sequestration by a boreal deciduous forest in years with a warm spring, Geophys. Res. Lett., 27, 1271-1274, doi:10.1029/1999GL011234.

Bradley, R. S. (2004), Projected temperature changes along the American cordillera and the planned GCOS network, Geophys. Res. Lett., 31,
L16210, doi:10.1029/2004GL020229.

Burns, S. P., P. D. Blanken, A. A. Turnipseed, J. Hu, and R. K. Monson (2015), The influence of warm-season precipitation on the diel cycle of the
surface energy balance and carbon dioxide at a Colorado subalpine forest site, Biogeosciences, 12(23), 7349-7377, doi:10.5194/
bg-12-7349-2015.

Clow, D. W. (2010), Changes in the timing of snowmelt and streamflow in Colorado: A response to recent warming, J. Clim., 23(9), 2293-2306,
doi:10.1175/2009JCLI2951.1.

Dunn, A. L., C. C. Barford, S. C. Wofsy, M. L. Goulden, and B. C. Daube (2007), A long-term record of carbon exchange in a boreal black
spruce forest: Means, responses to interannual variability, and decadal trends, Global Change Biol., 13(3), 577-590, doi:10.1111/
j.1365-2486.2006.01221.x.

Flanner, M. G,, K. M. Shell, M. Barlage, D. K. Perovich, and M. A. Tschudi (2011), Radiative forcing and albedo feedback from the Northern
Hemisphere cryosphere between 1979 and 2008, Nat. Geosci., 4(3), 151-155, doi:10.1038/ngeo1062.

Goulden, M. L. (1998), Sensitivity of boreal forest carbon balance to soil thaw, Science, 279(5348), 214-217, doi:10.1126/
science.279.5348.214.

Hamlet, A. F., P. W. Mote, M. P. Clark, and D. P. Lettenmaier (2005), Effects of temperature and precipitation variability on snowpack trends in
the Western United States*, J. Clim., 18(21), 4545-4561, doi:10.1175/JCLI3538.1.

Harpold, A. A., and N. P. Molotch (2015), Sensitivity of soil water availability to changing snowmelt timing in the western U.S., Geophys. Res.
Lett., 42, 8011-8020, doi:10.1002/2015GL065855.

Hu, J., D. J. P. Moore, S. P. Burns, and R. K. Monson (2010), Longer growing seasons lead to less carbon sequestration by a subalpine forest,
Global Change Biol., 16(2), 771-783, doi:10.1111/j.1365-2486.2009.01967 x.

Huxman, T. E., A. A. Turnipseed, J. P. Sparks, P. C. Harley, and R. K. Monson (2003), Temperature as a control over ecosystem CO, fluxes in a
high-elevation, subalpine forest, Oecologia, 134(4), 537-546, doi:10.1007/s00442-002-1131-1.

Leung, L. R, Y. Qian, X. Bian, W. M. Washington, J. Han, and J. O. Roads (2004), Mid-century ensemble regional climate change scenarios for
the Western United States, Clim. Change, 62(1-3), 75-113, doi:10.1023/B:CLIM.0000013692.50640.55.

Mitchell, S. R, R. E. Emanuel, and B. L. McGlynn (2015), Land-atmosphere carbon and water flux relationships to vapor pressure deficit, soil
moisture, and stream flow, Agric. For. Meteorol., 208, 108-117, doi:10.1016/j.agrformet.2015.04.003.

Monson, R. K., A. A. Turnipseed, J. P. Sparks, P. C. Harley, L. E. Scott-Denton, K. Sparks, and T. E. Huxman (2002), Carbon sequestration in a
high-elevation, subalpine forest, Global Change Biol., 8(5), 459-478, doi:10.1046/j.1365-2486.2002.00480.x.

Monson, R. K., J. P. Sparks, T. N. Rosenstiel, L. E. Scott-Denton, T. E. Huxman, P. C. Harley, A. A. Turnipseed, S. P. Burns, B. Backlund, and J. Hu
(2005), Climatic influences on net ecosystem CO, exchange during the transition from wintertime carbon source to springtime carbon
sink in a high-elevation, subalpine forest, Oecologia, 146(1), 130-147, doi:10.1007/s00442-005-0169-2.

Monson, R. K., D. L. Lipson, S. P. Burns, A. A. Turnipseed, A. C. Delany, M. W. Williams, and S. K. Schmidt (2006), Winter forest soil respiration
controlled by climate and microbial community composition, Nature, 439(7077), 711-714, doi:10.1038/nature04555.

Mote, P. W. (2006), Climate-driven variability and trends in mountain snowpack in Western North America*, J. Clim., 19(23), 6209-6220,
doi:10.1175/JCLI3971.1.

Nogués-Bravo, D., M. B. Araujo, M. P. Errea, and J. P. Martinez-Rica (2007), Exposure of global mountain systems to climate warming during
the 21st Century, Global Environ. Change, 17(3-4), 420-428, doi:10.1016/j.gloenvcha.2006.11.007.

Painter, T.H., S. M. Skiles, J. S. Deems, A. C. Bryant, and C. C. Landry (2012), Dust radiative forcing in snow of the Upper Colorado River Basin: 1.
A 6 year record of energy balance, radiation, and dust concentrations, Water Resour. Res., 48, W07521, doi:10.1029/2012WR011985.

Pan, Y., et al. (2011), A large and persistent carbon sink in the world’s forests, Science, 333(6045), 988-993, doi:10.1126/science.1201609.

Piao, S., et al. (2008), Net carbon dioxide losses of northern ecosystems in response to autumn warming, Nature, 451(7174), 49-52,
doi:10.1038/nature06444.

Richardson, A. D., et al. (2010), Influence of spring and autumn phenological transitions on forest ecosystem productivity, Philos. Trans. R. Soc.
Lond. B. Biol. Sci., 365(1555), 3227-3246, doi:10.1098/rstb.2010.0102.

Sacks, W. J,, D. S. Schimel, and R. K. Monson (2007), Coupling between carbon cycling and climate in a high-elevation, subalpine forest: A
model-data fusion analysis, Oecologia, 151(1), 54-68, doi:10.1007/s00442-006-0565-2.

Schimel, D,, T. G. F. Kittel, S. Running, R. Monson, A. Turnipseed, and D. Anderson (2002), Carbon sequestration studied in western U.S.
mountains, Eos Trans. AGU, 83(40), 445-449, doi:10.1029/2002E0000314.

Scott-Denton, L. E., D. J. P. Moore, N. A. Rosenbloom, T. G. F. Kittel, S. P. Burns, D. S. Schimel, and R. K. Monson (2013), Forecasting net
ecosystem CO, exchange in a subalpine forest using model data assimilation combined with simulated climate and weather generation,
J. Geophys. Res. Biogeosci., 118, 549-565, doi:10.1002/jgrg.20039.

Stewart, I. T., D. R. Cayan, and M. D. Dettinger (2004), Changes in snowmelt runoff timing in Western North America under a ‘business as
usual’ climate change scenario, Clim. Change, 62(1-3), 217-232, doi:10.1023/B:CLIM.0000013702.22656.€8.

WINCHELL ET AL.

EARLIER SNOWMELT REDUCES CARBON UPTAKE 8


http://dx.doi.org/10.1038/nature04141
http://dx.doi.org/10.1029/1999GL011234
http://dx.doi.org/10.1029/2004GL020229
http://dx.doi.org/10.5194/bg-12-7349-2015
http://dx.doi.org/10.5194/bg-12-7349-2015
http://dx.doi.org/10.1175/2009JCLI2951.1
http://dx.doi.org/10.1111/j.1365-2486.2006.01221.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01221.x
http://dx.doi.org/10.1038/ngeo1062
http://dx.doi.org/10.1126/science.279.5348.214
http://dx.doi.org/10.1126/science.279.5348.214
http://dx.doi.org/10.1175/JCLI3538.1
http://dx.doi.org/10.1002/2015GL065855
http://dx.doi.org/10.1111/j.1365-2486.2009.01967.x
http://dx.doi.org/10.1007/s00442-002-1131-1
http://dx.doi.org/10.1023/B:CLIM.0000013692.50640.55
http://dx.doi.org/10.1016/j.agrformet.2015.04.003
http://dx.doi.org/10.1046/j.1365-2486.2002.00480.x
http://dx.doi.org/10.1007/s00442-005-0169-2
http://dx.doi.org/10.1038/nature04555
http://dx.doi.org/10.1175/JCLI3971.1
http://dx.doi.org/10.1016/j.gloenvcha.2006.11.007
http://dx.doi.org/10.1029/2012WR011985
http://dx.doi.org/10.1126/science.1201609
http://dx.doi.org/10.1038/nature06444
http://dx.doi.org/10.1098/rstb.2010.0102
http://dx.doi.org/10.1007/s00442-006-0565-2
http://dx.doi.org/10.1029/2002EO000314
http://dx.doi.org/10.1002/jgrg.20039
http://dx.doi.org/10.1023/B:CLIM.0000013702.22656.e8
http://urquell.colorado.edu/data_ameriflux/
http://urquell.colorado.edu/data_ameriflux/
http://www.wcc.nrcs.usda.gov/nwcc/site?sitenum=663
http://www.wcc.nrcs.usda.gov/nwcc/site?sitenum=663
http://www.wcc.nrcs.usda.gov/nwcc/site?sitenum=663

@ AG U Geophysical Research Letters 10.1002/2016GL069769

Turnipseed, A. A., P. D. Blanken, D. E. Anderson, and R. K. Monson (2002), Energy budget above a high-elevation subalpine forest in complex
topography, Agric. For. Meteorol., 110(3), 177-201, doi:10.1016/50168-1923(01)00290-8.

Turnipseed, A. A, D. E. Anderson, P. D. Blanken, W. M. Baugh, and R. K. Monson (2003), Airflows and turbulent flux measurements in
mountainous terrain, Part 1. Canopy and local effects, Agric. For. Meteorol., 119(1-2), 1-21, doi:10.1016/50168-1923(03)00136-9.

Wu, C, et al. (2013), Interannual variability of net ecosystem productivity in forests is explained by carbon flux phenology in autumn, Global
Ecol. Biogeogr., 22(8), 994-1006, doi:10.1111/geb.12044.

WINCHELL ET AL. EARLIER SNOWMELT REDUCES CARBON UPTAKE 9


http://dx.doi.org/10.1016/S0168-1923(01)00290-8
http://dx.doi.org/10.1016/S0168-1923(03)00136-9
http://dx.doi.org/10.1111/geb.12044


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


