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ABSTRACT

We used co-located observations of snow depth, soil temperature, and moisture and energy fluxes to monitor variability in
snowmelt infiltration and vegetation water use at mixed-conifer sub-alpine forest sites in the Valles Caldera, New Mexico
(3020 m) and on Niwot Ridge, Colorado (3050 m). At both sites, vegetation structure largely controlled the distribution of snow
accumulation with 29% greater accumulation in open versus under-canopy locations. Snow ablation rates were diminished by
39% in under-canopy locations, indicating increases in vegetation density act to extend the duration of the snowmelt season.
Similarly, differences in climate altered snow-season duration, snowmelt infiltration and evapotranspiration. Commencement of
the growing season was coincident with melt-water input to the soil and lagged behind springtime increases in air temperature
by 12 days on average, ranging from 2 to 33 days under warmer and colder conditions, respectively. Similarly, the timing of
peak soil moisture was highly variable, lagging behind springtime increases in air temperature by 42 and 31 days on average at
the Colorado and New Mexico sites, respectively. Latent heat flux and associated evaporative loss to the atmosphere was 28%
greater for the year with earlier onset of snowmelt infiltration. Given the large and variable fraction of precipitation that was
partitioned into water vapour loss, the combined effects of changes in vegetation structure, climate and associated changes to
the timing and magnitude of snowmelt may have large effects on the partitioning of snowmelt into evapotranspiration, surface
runoff and ground water recharge. Copyright  2009 John Wiley & Sons, Ltd.
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INTRODUCTION

In the higher elevations of the western US, seasonal snow
accumulation provides the primary source of water input
to the terrestrial ecosystem. Understanding the mecha-
nisms that control the accumulation, melt and partitioning
of melt water into the various hydrologic pathways has
been limited by a lack of integrated measurements of
governing fluxes and states. Developing this integrated
measurement strategy is particularly important as recent
evidence suggests that the mountain snowpack is declin-
ing in response to regional increase in spring air temper-
ature (Mote et al., 2005). The impact of these changes
on sub-alpine forests remains unknown although a rea-
sonable hypothesis is that earlier snowmelt will lead to
intensified and prolonged periods of water stress (Bales
et al., 2006). These effects will likely vary across gradi-
ents in elevation, aspect, and physiographic and climatic
factors, which control energy exchange between the land
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surface and the atmosphere during and after the snow
cover period.

In areas where winter snowfall dominates over summer
rainfall, snowmelt controls the timing and magnitude
of both runoff events and soil moisture, which can
sustain photosynthesis and carbon uptake late into the
summer season (Sacks et al., 2007). Complex spatial
and temporal heterogeneity in local energy climates,
vegetation, topography and associated variability in snow
accumulation and melt processes complicate attempts to
quantify and model snow distribution and to estimate the
timing and magnitude of snowmelt (Molotch and Bales,
2005), the distribution of soil moisture (Zehe and Bloschl,
2004) and rates of evapotranspiration (Wigmosta et al.,
1994).

Coniferous forests have profound effects on snow
accumulation and snowmelt (Faria et al., 2000). Large-
scale changes in forest distribution associated with beetle
infestation, fire, disease and changes in climate have
bearing on downstream water quality due to increased
erosion and sediment transport and may impact local soil
moisture availability and future forest spatial patterns

Copyright  2009 John Wiley & Sons, Ltd.



130 N. P. MOLOTCH ET AL.

and biodiversity (Carignan et al., 2000). Additionally,
changes in forest ecology from fire suppression have
increased forest density (Johnson, 1994), which is known
to decrease snow water yield (Golding and Swanson,
1986). We currently lack a mechanistic understanding of
the effects of vegetation on snow distribution necessary
to address the impacts of these annual, decadal and long-
term forest dynamics on water resources.

With regard to these mechanisms, studies at the
catchment scale have revealed the general response of
hydrological processes to reductions of forest cover. For
example, Hibbert (1969) showed that reduction of forest
cover decreases water yield, and Kattelmann et al. (1983)
and Stednick (1996) showed that the timing and duration
of snowmelt-induced runoff is highly sensitive to forest
cover properties. Controls of forest canopy on snowpack-
atmosphere radiative and turbulent transfer have been
well documented (Price and Dunne, 1976; Hardy et al.,
1997; Link and Marks, 1999; Woo and Giesbrecht, 2000;
Gelfan et al., 2004). Similarly, the effects of vegetation
on snow accumulation have been extensively evaluated
(Golding and Swanson, 1978, 1986; Davis et al., 1997;
Faria et al., 2000).

To date, the aforementioned works related to snow–
vegetation interactions have not been extended to appli-
cations related to soil moisture or vegetation response to
water availability. Here it is important to note that sev-
eral works have documented the importance of snowmelt
on water availability and therefore photosynthesis and
carbon uptake during the growing season (Pataki et al.,
2000). Direct measurements of these processes are lack-
ing and therefore our understanding of governing dynam-
ics has been limited. Such understanding is critical for
predicting vegetation response to shifts in climate and
for understanding how vegetation change impacts the
basin-scale water balance. In this regard, the strongest
signal of changes in climate and vegetation distribution
may be observed in snowpack processes; e.g. increased
interception and prolonged shading of the snow-surface
associated with increased vegetation density (Lopez-
Moreno and Latron, 2008); earlier snowmelt associated
with increased temperature (Stewart et al., 2004) and
increased soil freezing due to reduced snow accumula-
tion (Brooks et al., 1997; Monson et al., 2002). There-
fore, ecohydrological responses to shifts in climate and
vegetation change may largely depend on snowpack pro-
cesses and the complex interactions between vegetation
distribution, snow redistribution, variability in solar irra-
diance, snowmelt, soil moisture and soil temperature.
These states and fluxes need to be observed directly and
continuously, from the onset of snow accumulation to the
end of the snowmelt infiltration period—a focus of this
article.

Our objective here is to use direct observations to
improve understanding of the spatial and temporal rela-
tionships between snow accumulation and melt distri-
bution, the distribution of soil moisture and tempera-
ture, and vegetation structure. Snow, soil moisture and
eddy covariance instrument clusters were used to monitor

water fluxes and states within two mixed-conifer sub-
alpine forests at the Valles Caldera, New Mexico (three-
year observation period) and Niwot Ridge, Colorado
(two-year observation period). Using data from these
instrument clusters, we evaluate the following questions:

(i) How does vegetation structure influence the magni-
tude and timing of snow accumulation and snowmelt?

(ii) How does variability in snow accumulation,
snowmelt and snow cover persistence influence the
temporal variability in soil temperature and mois-
ture?

(iii) How does the timing and magnitude of snowmelt
affect vegetation water use and the partitioning of
water into different pathways?

STUDY SITES

Valles Caldera National Preserve, New Mexico

The Valles Caldera Mixed-Conifer instrument clus-
ter (35Ð888447 N, 106Ð532114 W) is located in the
¾1200 km2 Jemez River basin in north-central New
Mexico at the southern margin of the Rocky Mountain
ecoregion (Figure 1a) (Brooks and Vivoni, 2008). The
instrument cluster is distributed across the northeast flank
of Redondo Peak with snow depth and eddy flux observa-
tions at an elevation of 3020 m and soil moisture obser-
vations just west of the flux footprint at the Redondito
Saddle at 3240 m. Ancillary precipitation and tempera-
ture data were collected at the Vacas Locas SNOwpack
TELemetry (SNOTEL) site (2844 m), located 28 km to
the northwest. Precipitation in the region is bimodal,
where ¾65% of the annual precipitation falls primar-
ily as snow between October and April and ¾35% falls
as rain during the monsoon months between July and
September. The primary forest type of the study site is a
mixed-conifer forest, consisting of Douglas fir (Pseudot-
suga menziesii ), white fir (Abies concolor), blue spruce
(Picea pungens), southwestern white pine (Pinus strobi-
formis), limber pine (Pinus flexilis) and ponderosa pine
(Pinus ponderosa) along with scattered aspens (Popu-
lus tremuloides) and very little understory. The mean
canopy height around the flux tower (Figure 1c) is 19Ð6 m
and the Leaf Area Index (LAI) during the growing sea-
son is 3Ð43 m2 m�2 (McDowell et al., 2008). The region
provides a unique setting for study of snow–vegetation
interactions as such studies in mid-latitude ecosystems are
under-represented within the literature. In this regard, the
impact of solar radiation on the snowpack energy balance
is greater relative to higher latitudes. As a result, micro-
scale gradients in energy fluxes associated with canopy
structure may be more significant as compared to higher
latitude systems.

Niwot Ridge, Colorado, ameriflux site

The Niwot Ridge, Colorado Ameriflux site (40° 10 5800 N;
105° 320 4700 W) is located at an elevation of 3050 m
approximately 8 km east of the Continental Divide
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Figure 1. Oblique aerial views of the study sites in the Jemez Moun-
tains of New Mexico (a) and Niwot Ridge Colorado (b). Panels (c) and
(d) show vegetation structure surrounding the flux towers (white circles)
and the instrument clusters (white diamonds). Panel (e) shows a diagram-

matic representation of the instrumentation at each study site.

(Figure 1b). Engelmann spruce (Picea engelmannii ) and
lodgepole pine (Pinus contorta) are the dominant species
within the area 1 km2 east of the flux tower. The area
1 km2 to the west of the tower rises at a slope of
about 6–7° and is dominated by sub-alpine fir (Abies
lasiocarpa), Engelman spruce and lodgepole pine. Max-
imum LAI during the growing season is approximately
4Ð2 m2 m�2. The average gap fraction is 17% and the
average canopy height is 11Ð4 m. The area is in a con-
dition of aggradation, recovering from timber harvesting
in the early twentieth century. Annual water input to the
area is dominated by moderate snowpacks, which con-
stitute approximately 80% of precipitation (Caine, 1995).
Winds predominantly derive from the west, particularly in
the winter when periods of high wind velocity and neutral
atmospheric stability conditions are common (Turnipseed
et al., 2002). Site characteristics are described in detail by
Turnipseed et al. (2002). Relative to the New Mexico site

the vegetation structure is more organized with greater
vegetation density and smaller gap sizes (Figure 1d).

METHODS

Snow measurements

Nine ultrasonic snow depth sensors (Judd Communica-
tions) were installed at each of the two study sites. The
nine sensors were positioned in a stratified sampling pat-
tern with respect to proximity to trees, with three sensors
in each of three classes: under-canopy, canopy-edge and
open areas (Figure 1e). Open and under-canopy condi-
tions corresponded to areas with zero and full canopy
coverage, respectively. Canopy edge corresponded to
areas with partial canopy coverage and sky view; con-
sidered to be an area that receives additional snow input
through mechanical removal (unloading) of snow on the
canopy (i.e. throughfall). The study duration reported
here was dictated by the record length of these dis-
tributed snow depth clusters, with a period of record of
2004–2007 at the New Mexico site and 2005–2007 at
the Colorado site.

Soil moisture and soil temperature measurements

Observations of soil moisture and soil temperature were
used to develop relationships between snowpack accu-
mulation and melt and soil states. In this regard, we
investigated relationships between soil temperature and
snow depth as snow accumulation insulates the soil from
cold winter air temperatures. Similarly, we investigated
the timing of snowmelt infiltration onset and the timing
of maximum soil moisture with respect to snowpack abla-
tion; emphasis is placed on the timing of soil moisture
changes as opposed to magnitude given inherent measure-
ment errors, particularly for frozen soils. Two profiles of
water content reflectometers (Campbell Scientific model
CS-615) were used to monitor soil moisture conditions
surrounding the tower at the Colorado site and a sin-
gle profile was used at the New Mexico site (Figure 1e;
Table I); these differences arise from pre-existing differ-
ences in site instrumentation design.

Flux measurements

The eddy covariance technique (Webb et al., 1980; Bal-
docchi et al., 1988) was used to calculate the turbulent
exchange of sensible heat (H), water vapour (expressed
as latent heat flux, �E) and carbon dioxide (Fc). In
simplified form (i.e. without including details of the
so-called Webb–Pearman–Leuning (WPL) ‘correction’),
these fluxes are calculated as

H D �cpa�a C cpv�v�ω0T0 �1�

�E D Lv�0
vω0 �2�

Fc D ω0�0
c, �3�

where �a is the mean dry air density, w is the vertical
velocity, cpa is the dry air specific heat at constant pres-
sure, cpv is the specific heat capacity for water vapour,
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Table I. Sensor description and sensor heights for the instrument clusters on Niwot Ridge, Colorado and in the Valles Caldera, New
Mexico.

Observation Niwot Ridge, Colorado Valles Caldera, New Mexico

Measurement
height, meters

Instrument Measurement
height, meters

Instrument

Relative humidity (%) 21Ð5 HMP-35D, Vaisala, Inc. 21Ð65 HMP-45C, Vaisala, Inc.
Air temperature ( °C) 21Ð5 HMP-35D, Vaisala,

Inc./CSAT-3 Campbell
Scientific

21Ð65 CSAT-3, Campbell Scientific

Pressure (kPa) 12 PT101B, Vaisala, Inc. 2 PT101B, Vaisala, Inc.
Net radiation, W m�2 25Ð5 CNR-1, Kipp & Zonen 20 4-component CNR-1, Kipp

& Zonen
H2O flux (mg

m�2 s�1)
21Ð5 LI-6262, LI-COR

Inc./Krypton
Hydgrometer/CSAT-3,
Campbell Scientific

21Ð65 LI-7500, LI-COR
Inc./CSAT-3, Campbell
Scientific

CO2 flux (mg
m�2 s�1)

21Ð5 LI-6262, LI-COR
Inc./CSAT-3, Campbell
Scientific

21Ð65 LI-6262, LI-COR
Inc./CSAT-3, Campbell
Scientific

Wind speed (m s�1) 21Ð5 CSAT-3, Campbell Scientific 21Ð65 CSAT-3, Campbell Scientific
Wind direction

(degrees)
21Ð5 CSAT-3, Campbell Scientific 21Ð65 CSAT-3, Campbell Scientific

Precipitation (mm) 10Ð5 385-L, Met One 2 TE525WS-L, Texas
Electronics

Soil heat flux (W m�2) �0Ð1 HFT-1, REBS �0Ð08 HFT-1, REBS
Soil moisture (% by

volume)
�0Ð05, �0Ð15 CS-615 and CS-616,

Campbell Scientific
�0Ð10, �0Ð4 CS-615, Campbell Scientific

Soil temperature ( °C) �0Ð05, �0Ð15, �0Ð35 STP-1, REBS �0Ð01, �0Ð10, �0Ð40 TCAV, Campbell Scientific

T is the temperature, �v is the water vapour density,
Lv is the latent heat of vaporization of water (or latent
heat of sublimation when no liquid water is present),
�c is the partial density of CO2. An overbar indicates
a 30-min mean value and a prime indicates fluctua-
tions around the mean (flux parameters were sampled
at a rate of 10 Hz). The flux-measuring instrumentation
at the Colorado and New Mexico sites were located at
21Ð5 and 21Ð65 m above ground, respectively (Table I).
Additional details on the Colorado flux measurements
are provided by Monson et al. (2002). The covariance of
the sonic anemometer temperature fluctuations T0 with w0
are corrected for the effect of water vapour and veloc-
ity fluctuations following Schotanus et al. (1983). The
primary instrument measuring �v at the Colorado site is
the open-path krypton hygrometer, where a correction
for both oxygen and temperature-induced density fluc-
tuations (i.e. WPL ‘correction’) are included in the �E
calculation. The closed-path Licor-6262 is a redundant
measurement of �v at the Colorado site. A short section
of copper tubing removes temperature fluctuations from
the air sample before it enters the LI-6262 sample cell so
that �E does not require the WPL correction; �E mea-
sured with the Licor-6262 has been shown to be 3–7%
smaller than �E measured with the krypton hygrome-
ter though larger differences can occur during the few
days immediately following snowfall (Turnipseed et al.,
2002). From April 2006 to February 2007 the krypton
hygrometer was unavailable at the Colorado site (due to
a shortage of krypton source tubes) so �E during this
period is calculated exclusively with the Licor-6262. The

primary instrument at the New Mexico site providing �v

observations is an open-path Licor-7500 (Table I).
Measurements of above-canopy Fc were used to deter-

mine when latent heat fluxes were associated with
ecosystem-scale photosynthesis by the forest canopy (i.e.
negative Fc values indicate stomatal uptake of carbon
and release of water vapour). Prior to this period �E
can be assumed to be associated with snow sublimation
(Molotch et al., 2007). Turbulent flux measurements at
the Colorado site have been evaluated by comparing the
available energy (i.e. net radiation minus soil heat flux)
to the sum of H and �E. During the daytime the sum of
the turbulent fluxes account for 80–90% of the radiative
energy input into the system (Turnipseed et al., 2002).
At night, under moderate turbulent conditions, the energy
balance is comparable to the daytime; however, when the
night-time conditions are either calm or extremely turbu-
lent, H and �E only account for 20–60% of the net long-
wave radiative flux; Turnipseed et al. (2002) explored
several possible reasons for this night-time discrepancy
(e.g. instrumental error, footprint mis-match, horizontal
advection), but could not explain the reason for the night-
time imbalance.

Ancillary meteorological measurements

Annual differences in climatology were recorded at the
SNOTEL sites located adjacent to the study areas (i.e.
the University Camp, Colorado and Vacas Locas, New
Mexico SNOTEL sites). SNOTEL data were used for
this comparison as the instrumentation is consistent at the
two sites, facilitating direct comparisons of basic climate
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data. In this regard, the temperature and precipitation
comparisons were performed solely to obtain a general
understanding of how different the climatological con-
ditions were at these two sites during the study period.
These comparisons are not the focus of the analyses but
provide useful background information.

RESULTS

Three seasons of data from New Mexico and two sea-
sons from Colorado represent a wide range of variability
in both the amount and timing of snow accumulation,
winter temperature, soil moisture and onset of the grow-
ing season. Each of these components of the terrestrial
water balance is described below. Sections on Temper-
ature and Precipitation describe the general differences
between the climatic conditions at these two sites. Vari-
ability in snow–vegetation interactions (see Section on
Snow–vegetation interactions) and associated observa-
tions of soil temperature (see Section on Soil temper-
ature) and soil moisture (see Section on Soil moisture)
are described as are observed variability in water vapour
fluxes to the atmosphere and energy fluxes (see Section
on Sublimation and Evapotranspiration).

Temperature

A direct comparison of temperature measurements from
the two local SNOTEL sites indicates a strong lin-
ear correlation (R2 D 0Ð89) (Figure 2). The average air
temperature recorded at the Vacas Locas, New Mex-
ico SNOTEL site was 0Ð6, 3Ð2 and 2Ð1 °C during the
2004–2005, 2005–2006 and 2006–2007 snow seasons,
respectively. In 2004–2005, the 10-day average air tem-
perature dropped below zero in November and remained

below zero until mid-April (Figure 3). Conversely, in
2005–2006, the 10-day average air temperature oscillated
around the 0° mark, indicating mid-winter periods with
considerable warming and potential surface snowmelt. In
2006–2007, the 10-day mean fell below 0 °C in early
December and remained below zero until mid-March.
Spring onset, defined here as the date when the 10-day
running mean temperature reached a threshold of 0 °C,
began on 12 April 2005, 31 March 2006 and 11 March
2007 (Figure 3). Relative to 2004–2005, spring onset
occurred 13 and 29 days earlier in the 2005–2006 and
2006–2007 snow seasons, respectively.

The mean snow-season air temperature at the Colorado
site was 3 °C colder than the New Mexico site during
our study period and was much less variable, averaging
�1Ð4 in 2005–2006 and �1Ð07 in 2006–2007. Unlike
the New Mexico site, the 10-day running average air
temperature remained below 0 °C throughout the win-
ter period (Figure 3). The 10-day average temperature
dropped below zero in late November for both years and
rose above zero on 6 April 2006 and 12 March 2007
for the two years, respectively. Hence, spring onset com-
menced 25 days earlier in 2006–2007.

Precipitation

Measured precipitation at the Vacas Locas SNOTEL site
was equal to 47, 14 and 37 cm in the 2004–2005,
2005–2006 and 2006–2007 water years, respectively
(Figure 3); equivalent to 134%, 40% and 106% of the
six-year average. During the 2004–2005 water year, pre-
cipitation was spread throughout the winter. Conversely,
only one notable precipitation event occurred during the
winter of the 2005–2006 water year (i.e. on 10 March).
The 2006–2007 water year was marked by a large early
season snow storm around 20 December, a notable dry
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Figure 3. Time series of temperature (red) and precipitation (blue) during the three study seasons at Vacas Locas, New Mexico (top row) and two
seasons at University Camp, Colorado (bottom row).

period from mid-February to mid-April, and a series
of late season precipitation events from mid-April to
mid-May.

Average precipitation during the two-year study period
for the Colorado site was 66 and 62 cm for 2005–2006
and 2006–2007 water years, respectively. These totals
represent 88% and 82% of the 29-year average, respec-
tively, and represent far less inter-annual variability than
observed at the New Mexico site over the same time
period (Figure 3). In both years, precipitation was evenly
distributed throughout the season relative to the high tem-
poral variability observed at the New Mexico site.

Snow–vegetation interactions

Using the ultrasonic snow depth sensors, we observed
four primary interactions between vegetation and snow,
including snowfall recorded during individual snowfall
events; total winter snow accumulation; decreases in
depth before spring melt due to either settling or sublima-
tion and decreases in snow depth during the melt season
associated with snow settling and melt. Here it should be
noted that with the ultrasonic snow depth sensors, we can-
not attribute decreases in snow depth to snow settling and
melt independently and therefore in the section on snow
settling and ablation we describe the combined processes
of snow settling and melt using the term snow ablation.

Snow depth. Maximum snow depth at the New Mex-
ico site was six times greater in the wet winter of
2004–2005 than the dry 2005–2006 winter and 54%
greater than in 2006–2007 (Figure 4a–c; Table II). The
influence of vegetation on snow depth variability was
much greater in 2004–2005 and 2006–2007 (Coefficient
of Variation �CV� D 0Ð45 and 0Ð5, respectively) relative
to the dry year of 2005–2006 (CV D 0Ð18) (Table II).
In 2004–2005 maximum snow accumulation was 49%

greater in open versus under-canopy areas (Figure 4d).
Conversely, during the low snowfall year of 2005–2006,
maximum snow accumulation was actually 8% greater
in under-canopy locations (Figure 4e); likely a result of
greater mid-winter ablation in open relative to under-
canopy areas. In 2006–2007 maximum snow accumu-
lation patterns were more similar to 2004–2005 with
open areas 15% greater than under-canopy locations
(Figure 4f; Table II). The date of peak snow depth was
not related to the amount of snow fall, occurring on 26
March 2005, 23 March 2006 and 2 February 2007. Note
that the peak accumulation in 2006–2007 was followed
by additional accumulation and significant ablation did
not begin until 3rd March which is 23 days earlier than
the 2004–2005 date of peak accumulation.

In contrast to the high inter-annual snow depth vari-
ability at the New Mexico site, maximum snow depth at
the Colorado site differed by less than 3% for the two
study years (Figure 5a–d). Spatial variability in max-
imum snow accumulation was significantly greater in
2006–2007 relative to 2005–2006 (Figure 5a and b); the
CV was 0Ð14 and 0Ð21, respectively (Table II). Vegeta-
tion played a strong role in controlling this variability
as maximum snow depth was 27% and 63% greater
in open versus under-canopy locations in 2005–2006
and 2006–2007, respectively (Figure 5c and d; Table II).
Additionally, there was a 36-day difference in the timing
of maximum snow depth, occurring on 20 March 2006
and 25 April 2007.

Snowfall. During the 2004–2005, 2005–2006 and
2006–2007 snow seasons, the number of notable snow-
fall events (i.e. snowfall greater than 10 cm) measured
at the New Mexico site was 4, 3 and 8, respectively
(Figure 4a–f); note that in 2004–2005 the observation
period began in mid-February and thus all snowfall events
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Table II. Depth and timing of snowpack accumulation and abla-
tion during the course of the study; under, open and edge refer

to sensor position with respect to tree canopy.

Valles Caldera, NM CU-Ameriflux, CO

2004 2005 2006 2005 2006

Snow onset 11/22a 1/25 11/28 11/12 10/18
Date max. snow 3/26 3/23 2/02 3/20 4/25

Snow dissap.
Under 5/14 4/10 4/19 5/16 5/27
Open 5/14 4/08 4/17 5/25 6/11
Edge 5/16 4/10 4/27 5/25 6/11

Max. snow (cm)
All 124Ð4 17Ð6 80Ð8 115Ð8 112Ð8
Under 73Ð8 18Ð6 61Ð1 98Ð8 89Ð6
Open 109Ð5 17Ð2 70Ð6 125Ð7 145Ð7
Edge 103Ð4 15Ð6 64Ð4 118Ð2 117Ð9
Max. snow, CV 0Ð45 0Ð18 0Ð5 0Ð14 0Ð21

a Date inferred from observation at Vacas Locas SNOTEL site.

were not recorded. Total snowfall during these events
was 20% and 5% greater in open and canopy-edge loca-
tions relative to under-canopy locations, respectively.
Total snow accumulation during 2004–2005, 2005–2006
and 2006–2007 was 38%, 5% and 19% greater in open
versus under-canopy locations, respectively; note that dif-
ferences were lowest during the low snow year. Snow-
fall recorded at canopy-edge locations was 25% and 4%
greater than under-canopy locations in 2004–2005 and
2006–2007, respectively. Conversely, in the low snow
year of 2005–2006, measured snowfall at canopy-edge
locations was actually 10% lower than under-canopy
locations for the three notable events. These differences
indicate significant spatial variability in snow accumula-
tion patterns associated with vegetation structure and that
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Figure 5. Time series of snow depth in 2005–2006 (a) and 2006–2007
(b) at the Colorado site. Snow depth averages for under-canopy (under),
canopy-edge (edge) and open (open) areas are also shown (c) and (d).

these patterns exhibit considerable inter-annual variabil-
ity. Furthermore, these observations suggest that snow
accumulation (and water availability) under the canopy
may be less sensitive to inter-annual variability and mid-
winter melt relative to open areas.

At the Colorado site, 7 notable snowfall events were
observed in 2005–2006 and 11 notable events were
observed in 2006–2007 (Figure 5a–d). It is important
to note that SNOTEL observations were used to identify
snowfall events during a 75-day data gap from 5 January
to 22 March 2007; this gap has been filled using a linear
regression between SNOTEL snow depth measurements
and observed snow depth at each ultrasonic snow depth
sensor (R2 values were 0Ð95 for open and canopy-edge
locations and 0Ð88 for under-canopy locations on aver-
age; p < 0Ð005). The timing and magnitude of snowfall
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was quite variable for the two years, with the 2005–2006
season largely composed of a series of smaller snowfall
events and the 2006–2007 season consisting of relatively
large magnitude events early in the winter (Figure 5a
and b); on average notable snowfall events were 17%
greater in 2006–2007 relative to 2005–2006. Averaged
for all snowfall events in both years, total accumula-
tion was, respectively, 47% and 31% greater in open
and canopy-edge locations relative to under-canopy loca-
tions (Figure 5c and d). Interestingly, snowfall in open
areas was only 14% greater than under-canopy areas in
2005–2006 but was 74% greater in 2006–2007. As with
the New Mexico site, these observations indicate that
considerable inter-annual variability exists in the relation-
ships between vegetation structure and snow distribution.
In general, greater accumulation was observed in open
areas, particularly for years with greater total snowfall.

Snow settling and ablation. At the New Mexico
site, onset of the snow ablation season (as defined
by the date of local maximum snow accumulation)
preceded the spring onset by 14, 6 and 8 days in
2004–2005, 2005–2006 and 2006–2007, respectively
(Table II). While snow ablation associated with snowmelt
is unlikely if air temperatures are significantly below
0 °C, our sensors also measure snow settling that begins
immediately after snowfall. After local maxima in snow
depth, snow ablation rates at the New Mexico site were
twice as rapid in open and canopy-edge locations ver-
sus under-canopy areas (Figure 4d–f). In 2004–2005 and
2006–2007, snow cover duration in under-canopy loca-
tions was equivalent to open areas despite the lower
amount of maximum snow accumulation (Figure 4d–f).

The onset of the snow ablation season in Col-
orado occurred 36 days later in 2006–2007 relative to
2005–2006 (Table II). Ablation began 17 and 5 days
prior to the onset of spring in 2005–2006 and 2006–
2007, respectively. During the 2005–2006 ablation
period, snow settling and ablation rates were 32% and

19% greater in open and canopy-edge locations relative
to under-canopy areas, respectively. Relationships were
consistent in 2006–2007 with 28% and 16% greater abla-
tion rates in open and canopy-edge locations relative
to under-canopy. Despite the more rapid snow ablation
in open areas, snow cover duration was 9 and 15 days
longer in open areas relative to under-canopy areas
in 2005–2006 and 2006–2007, respectively (Figure 5c
and d); a result of the significantly greater maximum
accumulation in open areas. These snow disappearance
dates lagged behind the onset of spring by 46 days in
2005–2006 and by 26 days in 2006–2007. While these
results indicate substantial variability from year to year
and from site to site, the overall signal is clear in that
snow settling and ablation rates are greater in open areas
relative to under-canopy areas.

Soil temperature

Timing of soil insulation. Soil temperatures were highly
sensitive to snow accumulation as indicated by the
significant differences in winter soil temperatures during
the three years of observations at the New Mexico
site (Figure 6a–c). The well developed snowpack at
the New Mexico site during the winters of 2004–2005
and 2006–2007 insulated the ground from cold winter
air temperatures whereas in the shallow snow year
of 2005–2006 soil temperatures remained sensitive to
diurnal variability in air temperature throughout much
of the winter season (Figure 6a–c). Average subnivean
soil temperatures were colder beneath shallow snow
(i.e. 2005–2006) and warmer for deeper snow (i.e.
2004–2005) (Table III).

Similar relationships between snow accumulation and
soil temperature were observed at the Colorado site.
Despite the colder air temperatures, the deeper snowpack
at the Colorado site kept subnivean soil temperatures
well above those observed at the New Mexico site
(Table III). Average soil temperatures during the snow
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Table III. Date of soil insulation, soil thaw, infiltration onset,
and maximum soil moisture, soil temperature and soil moisture

values.

Valles Caldera, NM CU-Ameriflux, CO

2004 2005 2006 2005 2006

Soil insulation 11/08 3/7 12/19 11/13 10/16
Soil thaw 5/18 4/11 4/20 5/18 6/14

Avg. soil temp.
1 cm �0Ð1 �1Ð8 �0Ð4 0Ð12 0Ð45
10 cm 0Ð2 �1Ð5 �0Ð3 0Ð18 0Ð53
40 cm 0Ð9 �1Ð0 0Ð45 0Ð56 0Ð91
Infiltration onset 5/12 4/2 3/13 4/24 3/18
Date of max. moisture 5/18 4/15 4/17 5/21 5/28

Max. VWC
Surface 0Ð291 0Ð27 0Ð27 0Ð2 0Ð43
Depth 0Ð385 0Ð25 0Ð41 0Ð45 0Ð51

cover period were 35% warmer in 2006–2007 relative to
2005–2006; air temperatures were warmer in 2006–2007
and snowpack development began earlier. Relative to
the New Mexico site, early-season snow accumulation
was greater and therefore soil temperatures were warmer
throughout the snow season despite considerably colder
air temperatures.

Timing of spring soil warming. At the New Mexico site,
increase in soil temperature associated with snow disap-
pearance occurred 37 and 28 days later in 2004–2005
relative to 2005–2006 and 2006–2007, respectively
(Figure 6a–c). The timing of this spring soil warming
was strongly dependent on the presence of snow cover;
soil warming lagged snow disappearance by 3, 2 and
0 days during the three years, respectively. Spring soil
warming was delayed by 36, 12 and 41 days, respec-
tively, relative to the increase in spring air temperatures,
indicating that temporal dynamics in snow cover plays
a larger role than air temperature in controlling spring
soil temperatures. The warming of soils at the Colorado
site commenced 27 days earlier in 2005–2006 relative to
2006–2007 (Figure 7a and b) and also was dependent on
the disappearance of seasonal snow. Soil warming lagged
behind the onset of spring by 42 and 55 days for the two
years, further indicating the weak dependence of soil tem-
peratures on air temperature and strong dependence on
the magnitude of snow accumulation.

Soil moisture

Onset of snowmelt infiltration. At the New Mexico site,
the timing of initial snowmelt infiltration was 40 and
60 days later in 2004–2005 relative to 2005–2006 and
2006–2007, respectively (Table III). This follows the
trends observed with soil temperature, whereby snow
cover depletion and increases in soil temperature occurred
much later in 2004–2005 relative to 2006–2007 despite
small differences in total accumulation. With regard to
the timing of spring onset (i.e. the date when the 10-
day mean air temperature exceeded 0 °C), initiation of
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study.

snowmelt infiltration was delayed by 33, 4 and 2 days
for the three years, respectively. The differences between
2004–2005 and 2006–2007 are intuitive as the deeper
snowpack and colder winter air temperatures resulted
in significantly greater cold content in the 2004–2005
snowpack and therefore more energy was needed to ripen
the snowpack and release melt water.

At the Colorado site snowmelt infiltration occurred
24 days earlier in the warmer year of 2006–2007. The
temporal lag between infiltration onset and spring onset
was 18 days in 2005–2006 and 6 days in 2006–2007.
Thus, temperature and snow accumulation largely con-
trolled the timing of infiltration onset with increase
(decrease) in snow accumulation and decrease (increase)
in winter air temperature resulting in longer (shorter)
delays between spring onset and snowmelt infiltration.

Peak soil moisture and water availability. At the New
Mexico site, peak soil moisture at 40 cm depth was 35%
and 38% lower in 2005–2006 relative to the 2004–2005
and 2006–2007 seasons, respectively (Table III). The
timing of peak soil moisture was 33 and 17 days earlier in
the low snow year of 2005–2006 relative to 2004–2005
and 2006–2007, respectively. The timing of peak soil
moisture at the surface lagged spring onset by 39, 17
and 37 days for the three years, respectively. Hence,
a trend is apparent whereby peak soil moisture and
water availability is delayed for deeper snowpacks;
cold content is greater for deeper snow, requiring more
energy for significant melt-water production as previously
noted. Interestingly, maximum soil moisture and water
availability occurred nearly coincident with the date of
snow disappearance; peak soil moisture occurred within
four days of the snow disappearance date on average
(Tables II and III).
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At the Colorado site, peak soil moisture near the sur-
face was 115% greater in 2006–2007 versus 2005–2006
(Table III); at a depth of 15 cm, peak soil moisture was
13% greater in 2006–2007. The overall water availability
was greater in 2006–2007 as indicated by the greater area
beneath the snowmelt pulse curve shown in Figure 7c
and d. Relative to the spring onset, peak soil moisture
was delayed by 45 and 38 days in the two respective
years. Given that total snowfall was consistent for these
two years, the differences in the timing of peak soil mois-
ture largely result from differences in winter and spring
air temperature and associated impacts to snowpack cold
content and surface energy balance. As with the New
Mexico site, peak soil moisture occurred nearly coin-
cident with the date of snow disappearance (Table III).
Although both sites exhibited considerable variability in
both the timing and magnitude of peak soil moisture, the
general patterns show that increase (decrease) in snow
accumulation and decrease (increase) in air temperature
result in longer (shorter) lags between spring onset and
peak soil moisture.

Sublimation and Evapotranspiration

Variability in net radiation and sensible and latent heat
fluxes at the New Mexico site are shown in Figure 8a–c.
Net radiation averaged 58 W m�2 during the 2006–2007
snow cover period. During the period prior to the onset of
snowmelt (i.e. 28 November to 12 March) net radiation
averaged 18Ð2 W m�2 and after the initiation of snowmelt
(i.e. 13 March) net radiation averaged 99Ð8 W m�2.
Available energy was largely partitioned into sensible
heat fluxes with a median ratio of sensible heat flux
to net radiation of 0Ð67 relative to a latent heat flux to
net radiation ratio of 0Ð11. Mid-winter latent heat fluxes
were sensitive to the timing and magnitude of snowfall
and subsequent sublimation (Figure 8c). Based on these
observations, total snow sublimation averaged 0Ð66 mm
d�1. Latent heat fluxes responded rapidly to soil water
availability during the snowmelt period as illustrated
by the average evapotranspiration during this period
of 2Ð1 mm d�1; note that this represents the combined
vapour flux associated with transpiration, evaporation of
liquid water at the snow–atmosphere interface and snow
sublimation. Integrated for the entire 2006-07 season, the
total water vapour flux to the atmosphere was 386 mm.
As flux observations were only available for the single
year at the New Mexico site, inter-annual comparisons
are focused on the Colorado site in the text below.

Average net radiation at the Colorado site during
the 2005–2006 and 2006–2007 snow seasons was 91Ð9
and 86 W m�2, respectively (Figure 9a and d). Prior
to the initiation of snowmelt infiltration (i.e. the pre-
snowmelt period) average net radiation was 9% greater in
2006–2007. Conversely, after the initiation of snowmelt
infiltration average net radiation was 19% lower in
2006–2007. This difference largely results from the per-
sistence of storms and cloud cover in the spring of
2006–2007 (Figure 3d and e) and the earlier onset of
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snowmelt when solar elevation is relatively low. Despite
the relatively low available energy during the 2006–2007
snowmelt period, latent heat fluxes were 18% greater than
2005–2006 (Figure 9c and f) due to the earlier onset
of snowmelt and greater overall water availability asso-
ciated with spring snowfall events (Figure 5a–d). As a
result, the proportion of available energy partitioned into
sensible heat flux was lower in 2006–2007 (Figure 9b
and e); the median sensible heat flux to net radiation
ratio was 0Ð66 and 0Ð61 for 2005–2006 and 2006–2007,
respectively.

Given the greater latent heat flux in 2006–2007, snow
sublimation during the pre-snowmelt period was higher
in 2006–2007 at 0Ð9 versus 0Ð78 mm d�1 for 2005–2006.
After the onset of snowmelt infiltration water vapour flux
averaged 1Ð84 mm d�1 in 2005–2006 versus 1Ð92 mm
d�1 in 2006–2007. Integrated over the entire snowmelt
infiltration period, the total water loss to the atmosphere
was 114Ð3 and 163 mm, respectively, for the two years.
Integrated for the entire 2005–2006 and 2006–2007
seasons, the total water vapour flux to the atmosphere
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was 274 and 351 mm, respectively. This vapour flux
represents 41% and 56% of total snow-season precipita-
tion for the two respective years with 2006–2007 having
a 28% greater water loss to the atmosphere relative to
2005–2006. As precipitation amounts were nearly iden-
tical in these two years, these differences in water vapour
fluxes result largely from the warmer temperatures in
2006–2007, the earlier onset of snowmelt, and associated
longer snowmelt infiltration period.

The observed differences in water partitioning, with
greater water availability and longer duration snowmelt
season in 2006–2007, significantly affected net ecosys-
tem carbon exchange (Figure 10a–f). A series of early
melt season pulses in latent heat flux were evident in
2006–2007 (Figure 10a). Variables controlling vegeta-
tion water use such as photon flux density (Figure 10b)
and vapour pressure deficit (Figure 10c) do not show

distinct differences in 2005–2006 and 2006–2007 but
CO2 flux (Figure 10d) appeared to respond strongly to
greater water availability at 15 cm depth (Figure 10e)
and 5 cm depth (Figure 10f) in 2006–2007. Here it
is evident that net ecosystem CO2 exchange shifted
from strong carbon uptake to weak carbon uptake dur-
ing the same period that the soil moisture pulse in
the upper 15 cm of soil was decreasing. This suggests
that drying soil after the snowmelt pulse caused greater
reductions in ecosystem photosynthesis versus ecosystem
respiration.

DISCUSSION

The strong correlation between temperatures at Vacas
Locas and University Camp SNOTEL sites (Figure 2)
suggests that these two regions experience similar annual
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temperature regimes. The 3 °C difference between the
sites is within the range of predicted warming for the
region (Intergovernmental Panel on Climate Change,
2007). These strong correlations suggest that these two
sites are ideal for comparing differences in the timing
of snowmelt onset and associated vegetation response to
water availability.

Snow accumulation and ablation

In boreal regions, inverse relationships between accu-
mulation and ablation rates have been observed as
snow interception reduces accumulation near trees while
enhanced thermal emission from the canopy increases
snowmelt rates near the canopy (Faria et al., 2000). How-
ever, these relationships are dependent upon canopy den-
sity and latitude, both of which dictate the effect of
vegetation on net radiation and rates of snowmelt (Sicart
et al., 2004). The observations here indicate that this
inverse relationship may not exist at mid-latitudes as we
found that both snow accumulation and ablation rates
were greater in open areas. The greater accumulation of
snow in under-canopy locations at the New Mexico site in
2005–2006 suggests that snow accumulation (and water
availability) under the canopy may be less sensitive to
mid-winter melt or sublimation and therefore these areas
may be less sensitive to shifts in climate.

The role of location (canopy, edge, open) in controlling
snow ablation rates was consistent between years. Snow
cover persistence was greater in under-canopy locations
relative to open areas at the New Mexico site with the
opposite true at the Colorado site. Although increases
in forest density are known to reduce snowmelt rates
at these latitudes (Sicart et al., 2004), it is interesting
that these two sites behave differently. It is possible that
a combination of lower solar radiation associated with
the more northern latitude and a more uniform canopy
structure at the Colorado site results in greater shading in
open areas relative to the open areas at the New Mexico
site. The inter-relationship of these two factors suggest
that as canopy gap size decreases and as latitude increases
overall sub-canopy net radiation increases relative to open
areas (Link et al., 2004).

Soil moisture, temperature and vegetation response

Soil moisture observations from both sites highlight two
critical transitions in the ecohydrology of these seasonally
snow-covered forests. First, the timing of snowmelt infil-
tration onset and peak soil moisture was largely depen-
dent on winter-season snow accumulation amounts and
the average winter air temperature—both of which con-
trol the cold content of the snowpack. Second, maximum
soil moisture roughly coincided with snowpack disap-
pearance. This suggests that soil moisture throughout
snowmelt at both study sites was limited by snowmelt
rate, not infiltration rate or field capacity. This is con-
sistent with the coincidence of maximum soil moisture
at surface and depth. Since snow cover detection and
the date of snow disappearance is routinely measured via

satellite remote sensing (Dozier and Warren, 1982; Hall
et al., 1995; Rosenthal and Dozier, 1996; Salomonson
and Appel, 2004), future efforts to estimate the tim-
ing of peak soil moisture via remote sensing may be
fruitful. Given that vegetation response to water availabil-
ity was highly sensitive to maximum water availability
(Figure 10a–f), these future efforts could also provide
information on the timing of peak evapotranspiration.
Such studies could build on previous efforts to show the
impact of earlier snowmelt on ecosystem photosynthesis
during the growing season, the overall terrestrial carbon
cycle (Sacks et al., 2007) and the impact of snowmelt
timing on forest fire frequency (Westerling, 2006). In this
regard, studies conducted across a variety of biomes and
across grassland-forest ecotones (Vivoni et al., 2008) will
be needed to fully realize these ecohydrological feed-
backs.

Similar to other studies, this work highlights the impor-
tance of snow cover on soil temperature (Marsh and
Woo, 1984; Brooks et al., 1996, 1997, 1999; Groffman
et al., 1999; Fassnacht and Soulis, 2002; Monson et al.,
2006a,b). The coldest soils observed in our study were
at the warmer New Mexico site during the warmest
winter (2005–2006) and provide a striking example of
‘colder soils in a warmer world’ predicted by Groff-
man et al. (1999). The interactions between snowpack
development, soil temperature and soil moisture is crit-
ical for the balance between mineralization and immo-
bilization of nutrients (Brooks et al., 1996, 1997, 1998),
nutrient and dissolved organic matter export during melt
(Brooks et al., 1999), and trace gas production (Brooks
et al., 1996, 1997; Monson et al., 2006a,b). Although the
primary focus of this article is on interactions between
water from seasonal snow packs and vegetation, feed-
backs involving nutrient availability mediated by soil
microbial activity before and during snowmelt may affect
longer term ecosystem response. The pulse of water into
the upper 15 cm of the soil that accompanies snow melt
had largely diminished by early summer at the Colorado
site (Figure 10f). In fact, by July 15, midway through the
summer growth period, soil moisture had returned to pre-
snowmelt values. Past studies at this site have shown that
most of the fine root biomass is in the upper 15 cm of the
soil profile, presumably due to high nutrient availability
in the layers with the highest amount of decomposing
organic matter, and most of the soil respired CO2 is pro-
duced in these upper layers (Scott-Denton et al., 2003).
The fact that net ecosystem CO2 exchange shifted from
strong carbon uptake to weak carbon uptake during the
same period that the soil moisture pulse in the upper
15 cm of soil was decreasing (Figure 10d and f) sug-
gests that drying soil in the mid-summer causes greater
reductions in ecosystem photosynthesis than ecosystem
respiration. Furthermore, our observations suggest that
much of the snowmelt water disappears as a resource
to trees, at least in the shallower soil layers where the
bulk of organic decomposition and mineralization occurs,
prior to the regular occurrence of mid-summer drought
and the late-summer onset of convective monsoon rains
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(Monson et al., 2002). The pulse of snowmelt at these
high-elevation sites may, therefore, be critical in deter-
mining the degree to which trees are stressed during
the mid-summer portion of the growing season before
late-summer precipitation events arrive to relieve water
stress. The degree to which they are stressed will, of
course, be partially offset if they have access to deeper
moisture reserves that are recharged during the snowmelt
period and remain through the summer. The full root-
ing profile for the trees at these sites is not known,
and is thus a critical piece of information for under-
standing the importance of snowmelt water on ecosystem
function. Similarly, the dynamics of sub-surface flow
in these systems are poorly known, motivating studies
aimed at estimating flow-paths in mountainous systems
(Liu et al., 2004, 2008; Lyon et al., 2008; Molotch et al.,
2008).

The relatively short duration study here adequately
captured intuitive differences between the sites and
between study years. At both sites, significant variability
in the duration of the snowmelt season and the timing
of precipitation resulted in large differences in water and
carbon fluxes during the growing season. These observa-
tions suggest that increase in vegetation density may pro-
long the persistence of snow cover and buffer forest sen-
sitivity to increase in regional air temperature, which act
at cross-purpose to diminish snow cover persistence. In
this regard, snowmelt partitioning may become increas-
ingly dominated by vegetation water use as increases in
forest density prolong the length of the snowmelt season
and enhance forest water uptake. This increased partition-
ing of snowmelt into atmospheric water loss may also
lead to reductions in groundwater recharge and surface
runoff. For example, flux observations at both sites in
2006–2007 showed that warmer atmospheric conditions
during the winter and early spring periods contributed to
greater partitioning into latent heat fluxes. Conversely, in
2005–2006 we observed a late season rapid snowmelt
pulse at the Colorado site with an overall lower amount
of snowmelt partitioned into vapour flux to the atmo-
sphere. Hence, years with warmer spring temperatures
may result in more water partitioning into evaporative
loss and reduced spring and summer streamflow.

CONCLUSIONS

Although the average snow-season air temperature at the
New Mexico site was 3 °C warmer than the Colorado site,
the time series of daily average air temperatures at the
two sites were highly correlated (R2 D 0Ð89). Compar-
isons of snow–vegetation interactions at the two study
sites indicated that total snow accumulation was greater
in open areas versus under-canopy locations. Snow set-
tling and ablation rates were lower in under-canopy loca-
tions, effectively prolonging the snowmelt season in some
cases. The deeper snowpack at the Colorado site resulted
in warmer soil temperatures throughout the winter period
despite the colder air temperatures relative to the New

Mexico site. Clear relationships between snow accu-
mulation, temperature and soil moisture were observed
in which increase (decrease) in snow accumulation and
decrease (increase) in air temperature act to increase
(decrease) the lag between onset of spring and snowmelt
infiltration. Associated temporal dynamics in water avail-
ability and partitioning of available energy into sensible
and latent heat fluxes were evident, with warmer temper-
atures and earlier snowmelt onset associated with greater
water vapour flux to the atmosphere. Implicit impacts to
the terrestrial carbon budget were evident as decreases in
soil moisture after peak snowmelt caused greater reduc-
tions in ecosystem photosynthesis relative to ecosystem
respiration.
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