Global Change Biology (2002) 8, 459478

Carbon sequestration in a high-elevation, subalpine forest

R. K. MONSON*t, A. A. TURNIPSEED*,]J. P. SPARKS*, P. C. HARLEY*,{, L. E. SCOTT-
DENTON?*, K. SPARKS* and T. E. HUXMAN?*

*Department of Environmental, Population and Organismic Biology, University of Colorado, Boulder, Colorado, 80309-0334, USA,
tCooperative Institute for Research in Environmental Science, University of Colorado, Boulder, Colorado, 803090334, USA,
TAtmospheric Chemistry Division, National Center for Atmospheric Research, Boulder, Colorado, 80301, USA

Abstract

We studied net ecosystem CO, exchange (NEE) dynamics in a high-elevation, subalpine
forest in Colorado, USA, over a two-year period. Annual carbon sequestration for the
forest was 6.71 mol C m 2 (80.5 g C m ?) for the year between November 1, 1998 and
October 31, 1999, and 4.80 mol C m~? (57.6 g C m~?) for the year between November 1,
1999 and October 31, 2000. Despite its evergreen nature, the forest did not exhibit net CO,
uptake during the winter, even during periods of favourable weather. The largest frac-
tion of annual carbon sequestration occurred in the early growing-season; during the
first 30 days of both years. Reductions in the rate of carbon sequestration after the first
30 days were due to higher ecosystem respiration rates when mid-summer moisture was
adequate (as in the first year of the study) or lower mid-day photosynthesis rates when
mid-summer moisture was not adequate (as in the second year of the study). The lower
annual rate of carbon sequestration during the second year of the study was due to lower
rates of CO, uptake during both the first 30 days of the growing season and the mid-
summer months. The reduction in CO, uptake during the first 30 days of the second year
was due to an earlier-than-normal spring warm-up, which caused snow melt during a
period when air temperatures were lower and atmospheric vapour pressure deficits were
higher, compared to the first 30 days of the first year. The reduction in CO, uptake
during the mid-summer of the second year was due to an extended drought, which was
accompanied by reduced latent heat exchange and increased sensible heat exchange.
Day-to-day variation in the daily integrated NEE during the summers of both years
was high, and was correlated with frequent convective storm clouds and concomitant
variation in the photosynthetic photon flux density (PPFD). Carbon sequestration rates
were highest when some cloud cover was present, which tended to diffuse the photosyn-
thetic photon flux, compared to periods with completely clear weather.

The results of this study are in contrast to those of other studies that have reported
increased annual NEE during years with earlier-than-normal spring warming. In the
current study, the lower annual NEE during 2000, the year with the earlier spring
warm-up, was due to (1) coupling of the highest seasonal rates of carbon sequestration
to the spring climate, rather than the summer climate as in other forest ecosystems that
have been studied, and (2) delivery of snow melt water to the soil when the spring
climate was cooler and the atmosphere drier than in years with a later spring warm-up.
Furthermore, the strong influence of mid-summer precipitation on CO, uptake rates
make it clear that water supplied by the spring snow melt is a seasonally limited
resource, and summer rains are critical for sustaining high rates of annual carbon
sequestration.
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Introduction

Two of the primary aims of carbon cycle research are to
quantify the long-term rate of carbon sequestration or
losses for various ecosystems and to determine the
primary environmental controls over diurnal, seasonal
and interannual carbon exchange dynamics. Control of
net ecosystem CO, exchange (NEE) is complex, often
involving phenological variability, temporal varia-
tion in moisture availability, seasonal and interannual
temperature variation, and forest structure and variation
in light intensity. Two of the more important controls
over NEE dynamics in forest ecosystems include soil
moisture, which tends to be most important at lower
latitudes (Goulden et al. 1996b; Greco & Baldocchi
1996; Malhi et al. 1998; Anthoni et al. 1999; Goldstein
et al. 2000; Granier et al. 2000), and soil temperature
which is more important at higher latitudes (Jarvis
et al. 1997; Baldocchi et al. 1997, Goulden et al. 1998;
Hollinger et al. 1998; although see Valentini et al. 2000).

In montane forest ecosystems of the western United
States, both soil moisture and soil temperature are likely
to affect NEE (Smith & Knapp 1990). Years with persist-
ent climatic perturbations (e.g. La Nifia years), can pro-
duce shallow snowpacks, and warm, dry summers. Dry
climatic conditions can combine with shallow, rocky
soils, to force these high elevation forests into a state
of strong moisture limitation (Pataki et al. 2000).
Furthermore, winter temperatures can be extremely
cold, limiting aboveground metabolism to relatively
low rates, and preventing water transport through
frozen soils and xylem conduits. The interaction
between moisture availability and temperature can
be complex, and only a few studies have investigated
these interactions as controls over forest NEE
(Goulden et al. 1996b, 1998; Bubier et al. 1998; Granier
et al. 2000).

In this report, we describe recent studies at the
Niwot Ridge Ameriflux site in the Front Range of
the Rocky Mountains of Colorado. Forests in the
mountains of the western United States provide recre-
ational opportunities, maintain biodiversity across sharp
climatic gradients, and ensure the availability of water
resources for one of the fastest growing components
of the US population. The potential for these forests to
sequester carbon, and play a role in national efforts
to reduce the US contribution to rising atmospheric
carbon dioxide concentrations is currently unknown.
Our studies focused on quantifying the potential for
carbon sequestration, and determining the effects of soil
moisture and temperature on seasonal and annual
patterns of NEE.

Materials and methods

The study site

The studies were conducted at the Niwot Ridge
Ameriflux site located in a subalpine forest ecosystem
just below the Continental Divide near Nederland,
Colorado (40°1’ 58"N; 105°32" 47"W). The site is located
at 3050 m elevation, within 600 m of the NOAA C1 long-
term monitoring station, approximately 8 km east of
the Continental Divide. The surrounding subalpine forest
is ~97-year-old and in a state of aggradation, having
recovered from early twentieth century logging. Flux
measurements were conducted using a 26-m walk-up,
scaffolding-type tower. The forest, west of the tower
(within the fetch of the prevailing wind) is composed of
subalpine fir (Abies lasiocarpa, 16 trees 100 m?), Engel-
mann spruce (Picea engelmannii, 10 trees 100 m?), and
lodgepole pine (Pinus contorta, 9 trees 100 m?). The
understorey is relatively sparse, containing tree seedlings
from all three species and patches of Vaccinium myrtillus
(25% average coverage). The forest slopes gently (6-7%)
and uniformly, decreasing from west to east. Midsummer
leaf area index for the forest west of the toweris4.2 m>m™2,
canopy gap fraction is 17%, canopy height is 11.4 m, dis-
placement heightis 7.6 m, and roughness length is 1.79 m.
Subalpine forestextends to2 km west of the tower, where it
forms a Krumholz, treeline ecotone that ultimately blends
into alpine tundra. Annual precipitation for the site aver-
ages 800 mm and the mean annual temperature is 4 °C.

A climate-controlled trailer is located 600 m from the
measurement tower and houses a Sun Microsystems
(Sparc 5) workstation with an Ethernet connection to
laboratories at the University of Colorado, approximately
25 km away. This connection allows instantaneous moni-
toring of instrument status from the university campus.
Line power is supplied to the tower and trailer by two
17 kW power transformers.

Eddy covariance measurements

All CO;, fluxes were calculated according to Goulden et al.
(1996a). Net ecosystem CO, exchange (NEE) was defined
as:

z
—— [dc
NEE =w'c’ —d 1
wc+Jdt z 1)

0
I I

where Term I is the time-averaged eddy flux for CO,
[covariance between the turbulent fluctuations for verti-
cal wind speed (w’) and scalar concentration (c’)] and
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Term II is the beneath canopy storage of scalar [the time-
dependent change in scalar concentration (dc/dt) as a
function of vertical height (z)]. The eddy covariance
method was used to measure the eddy flux for CO,,
H,O and temperature. All flux measurements reported
in this study were made at 21.5 m, approximately 10 m
above the canopy. Wind velocity was measured with a
Campbell Scientific Inc. (model CSAT-3) sonic anemom-
eter and CO, concentration was measured with a Licor
Inc. (model 6262) closed-path infrared analyser. The CO,
analyser was kept on a platform near the base of the
tower in an insulated box containing a small fan that
mixed the air to maintain a homogenous operating tem-
perature. Air was carried to the CO, analyser through
18 m of 5-mm (I.D) Dekabon tubing, filtered at the inlet
with a 2-um stainless steel filter. The air flow rate was
maintained at 8.5 L min . A 1-m coil of copper tubing
was used as a heat exchanger to remove temperature
fluctuations within the insulated box, and a second 2-
um stainless steel filter and flow meter (MKS, model
259 C) were attached to the inlet of the CO, analyser.
The CO, analyser was operated in the absolute mode
with Ultra High Purity (UHP) nitrogen flowing through
the reference cell. Automated calibrations consisting of
20 s of zero gas followed by 20s of span gas were
conducted every 4 h, and controlled with a Campbell
Scientific (model 21x) datalogger. Needle valves were
adjusted such that the pressure within the CO, analyser
during span calibration was the same as during sampling
(typically 49-50 kPa). Span calibrations were conducted
with secondary standards of CO, in air (N, and O,),
at concentrations between 370 and 400 pmol mol™' as
determined by comparison to a National Oceanic and
Atmospheric Administration (NOAA) primary standard.
Lag times due to transit for the CO, sample in the
inlet tubing were periodically calculated using cross-
correlation of the w-wind axis with CO, concentration.
The lag was found to vary linearly with flow rate, which
we constantly measured. On average the lag was found to
be 1.6 s. Density corrections due to changes in HO vapour
concentrations were made according to Webb et al. (1980).
Wind coordinates were rotated according to Kaimal &
Finnigan (1994) to force ¥ and @ (the mean crosswind and
vertical wind speeds, respectively) to zero.
Post-processing of the eddy covariance data included
screening for spikes in the anemometer and CO, concen-
tration data and identification of data gaps due to loss of
line power, sensor malfunction or inclement weather.
The method of substitution for CO, flux data depended
on the number of missing values. For three or fewer
consecutive missing values, a spline fit to remaining
values was used. For longer gaps, empirical regressions
of CO, flux vs. PPFD at different air temperatures
were used for daytime data if PPFD data was available
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(otherwise 10-day averages for the period preceding and
following the gap were used), and CO, flux vs. air tem-
perature alone was used for nighttime data. Data were
also screened to identify periods of nonstationarity and
failure to comply with integral statistics (Foken &
Wichura 1995). If both of these conditions were violated,
the data were rejected and replaced as described above.
Otherwise data were retained. Overall, less than 20% of
the data record required filling or replacement.

The storage of CO, within the canopy was measured
using a vertical profile system of six separate 21.8-m
Dekabon lines (each 8 mm 1.D) with a 1-um Teflon filter
at the intake. Tubing inlets were positioned 0.5, 1, 2, 5, 10
and 21.5 m above the ground. The lowest three inlets
were attached to a short mast located 7 m from the
tower base to avoid influences from the small clearing
that surrounds the tower. Higher inlets were extended
horizontally approximately 1 m from the tower. A sam-
pling manifold consisting of a series of electrically
activated solenoid valves (controlled with a Campbell
Scientific 23x datalogger) were used to cycle among the
inlets every 10 min. Air from each inlet was pulled
through the tubing to a magnesium perchlorate desiccant
trap to remove water vapour, through a second 1-um
filter, to a CO, analyser (model 6251, Licor Inc.). The
sampling flow rate was maintained at 0.43 L min .
Data for the first 50 s of each sample was discarded to
achieve complete flushing of the desiccant trap.
Calibration of the zero and span for the CO, analyser
was conducted automatically every 4 h as described
above. The CO, concentration recorded for each level
was averaged over a 30-min time interval, multiplied by
vertical distance (taken with the inlet as midpoint), and
used to compile the total CO, stored beneath 21.5 m.

Night-time, cold-air drainage could result from the
sloped topography of the site. In the presence of a down-
slope CO, concentration gradient, downslope flow
would cause a net CO, flux which would go undetected
in both the eddy covariance and storage measurements.
Such advective CO, losses would violate the assumption
of mass balance in the horizontal coordinates, and cause
an overestimate of the true NEE. This issue would only
be relevant during stable night-time periods when turbu-
lent mixing is too weak to maintain good coupling be-
tween soil respiratory fluxes and the eddy covariance
measurement. We dealt with this issue by replacing
the measured NEE during night-time stable periods
(u* < 0.2 m s ") with data from regressions of CO, flux
vs. temperature observed during turbulent periods
(u* > 0.2 m s') (Goulden et al. 1996a). The regressions
were derived from data collected during the months
between May-September of each respective year. The u*
threshold of 0.2 ms ' was chosen according to the
method recommended by Goulden et al. (1996a). Briefly,
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the empirical function of night-time NEE vs. soil tem-
perature (i.e. Fig. 12) was used to calculate a corrected
NEE for u* increments of 0.1 m s~ for the data pooled
from both years. The ratio of the ‘actual NEE” (NEE,) to
‘corrected NEE’ (NEE,.) at each respective u* increment
was determined. The u* threshold (depicted in Fig. 2)
was chosen as the point where NEE,/NEE. exceeds 0.7.
This corresponds to a value of 0.2 m s ! at our site. The
ratio drops rapidly below 0.7 at u* <02ms ' At
02ms ' <u*>03ms ' the ratio ranges from 0.71 to
0.76. Above 0.3 m s~ ' the ratio fluctuates between 0.8
and 1.1.

Sensible and latent heat fluxes were also measured
with the eddy covariance technique using the same
sonic anemometer described above. Water vapour fluctu-
ations were measured with an open-path Kr hygrometer
(KH20, Campbell Scientific) mounted approximately
19 cm to the east of the sonic anemometer. Sensible heat
flux was measured using temperature fluctuations
obtained from the sonic anemometer. The sonic tempera-
ture flux was converted to real temperature flux using the
correction described by Schotanus ef al. (1983).

Canopy displacement height and roughness length
were determined from vertical profiles of wind velocity
during neutral conditions. A total of 314 profiles were
analysed under these conditions for the period between
November 1, 1998 and October 31, 1999. The measured
displacement height was 7.6 + 0.2 m, which is 67% of
the average canopy height (11.4 + 0.5 m). The measured
roughness length was 1.79 + 0.07 m, which is 16% of the
average canopy height.

Footprint analysis was conducted using measured
variables of canopy height, displacement height and
roughness length in combination with the model of
Schuepp et al. (1990). In unstable conditions
(L = — 10 m, where L is the Obukhov length), it is esti-
mated that 95% of the measured flux (at 21.5 m) comes
from a 1.23-km fetch west of the tower. Under neutral
conditions (L = —10 km), the westward fetch is pre-
dicted to expand to 3.2 km. A detailed analysis of the
forest energy budget and turbulence structure has been
conducted and is reported in a separate manuscript
(Turnipseed, Blanken, Anderson & Monson, submitted).
Briefly, the surface energy budget can be balanced (inci-
dent net radiation balanced by sensible, latent and soil
conductive heat fluxes) to within 12% during the winter
and 16% during the summer. The balance is equally
effective irrespective of whether the wind originates
from the west or east. During daytime summer periods
when wind speeds were high (e.g. u* was greater than
12ms™ '), the energy budget could be completely
closed, and the dominant turbulence frequency was
shifted to higher values. This suggests that the failure of
complete closure at lower wind speeds was not due to

inadequacies in measuring the high frequency flux com-
ponent, but rather the low frequency flux component.

Statistical methods

For the data concerning the response of net ecosystem
CO, exchange (NEE) to photosynthetic photon flux dens-
ity (PPFD) nonlinear regression was used to compare the
two study years (1999 and 2000), and differing environ-
mental conditions. F-statistics were constructed from the
residual sum of squares from each regression line
following Potvin et al. (1990).

Results

Co-spectral analysis of sensible heat and CO, fluxes
revealed that most of the power for both fluxes occurred
at turbulent frequencies less than 1 Hz (Fig. 1). Sensible
heat fluxes were measured to a frequency of 10 Hz, and it
is assumed that the entire flux was measured. The upper
limit to the resolution of the CO, flux is assumed to be
1-2 Hz, with the primary limitation resulting from the
closed path CO; sensor, electrical noise which precludes
the high frequency flux signal, and attenuation of flux in
the tubing. Co-spectral analysis indicated that 99% of the
total sensible heat flux occurred at turbulent frequencies
less than 1 Hz. By superimposing cospectra of the sens-
ible heat and CO, fluxes, it is concluded that 91% of the
CO; flux below 1 Hz was actually measured (i.e. approxi-
mately 9% of the flux was lost due to inadequacies in the
CO, measurement system).

The study site is regularly characterized by stable,
night-time conditions, especially during the late summer
and early autumn, which can confound the accurate de-
termination of eddy fluxes. This is exemplified in the
reduction of CO, flux as the surface friction velocity (u*)
dropped below 0.2 m s™' (Fig. 2). This analysis repre-
sents the basis for the u* filter; i.e. invoking replacement
of fluxes when u* < 0.2 m s ..

The CO; flux data were collected across two sequential
years that exhibited markedly different climatic condi-
tions. Both 1999 and 2000 have been characterized as La
Nifia years, though 2000 was considerably drier and
warmer than 1999 (Table 1). As an example, consider
the months of April and May; two critical months with
regard to snow melt dynamics and the initiation of net
ecosystem CO, uptake. The average temperature of April
and May, 2000 was 3-5 °C warmer and precipitation was
57% lower than in 1999. This was due primarily to an
earlier spring warm-up, with April temperatures being
significantly warmer in 2000. The average temperature
during July and August, two months that support high
summertime net CO, uptake rates, was 1-2 °C warmer
and precipitation was 47% lower in 2000 compared to
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Fig. 1 Co-spectra of the sensible heat and CO, fluxes expressed as semilogarithmic plots. Data are derived from typical fluxes measured
at mid-day during clear weather on July 23, 1999. Vertical reference lines are added to mark the 1 and 2 Hz frequencies.
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Fig. 2 NEE as a function of surface friction velocity (u*) using 30-min average fluxes from the entire 1999 growing season

May-November. It is clear that fluxes decrease below a threshold of approximately 0.2 m s~ .

1999. Most of the difference in July and August precipi-
tation between the two years was due to weather patterns
during the first two weeks of August.

Cumulative carbon sequestration for the period be-
tween November 1, 1998 and October 31, 1999 was
6.71 mol C m~2 (80.5 g C m?), and for the period be-
tween November 1, 1999 and October 31, 2000 it was
4.80 mol C m 2 (57.6 gC m~?) (Fig. 3). These values rep-
resent cumulative sums obtained from the data subjected
to the postprocessing u* filter and gap filling. The re-
spective unfiltered sums for these periods were
13.82 mol C m 2 (165.9 g C m %) and 10.51 mol C m 2
(126.2 g C m™~?). Cumulative losses of carbon by ecosys-
tem respiration during the winter (i.e. the time between
growing seasons) were 12.13 mol C m 2 for 1999 and
11.84 mol C m ™2 for 2000. Growing-season cumulative
carbon sequestration was 18.84 mol C m 2 during 1999
and 16.64 mol C m ? during 2000. The cumulative
carbon sequestration rate during the first 30 days of the
growing season was 6.01 mol C m % for 1999 and
3.36 mol C m ™ for 2000. Most of the difference between
the two years was due to consistently lower net CO,
uptake rates beginning after the first week of carbon
sequestration in the spring of 2000, compared to 1999
(Fig. 4A). The lower rates of NEE during the beginning

1

of the 2000 growing season were due to lower rates of
daytime CO, uptake, not higher rates of night-time res-
piration (Fig. 4B). Air temperatures during the first
30 days of the 2000 season (which occurred in late April
and early May) were 3-5 °C lower, and daytime atmos-
pheric vapour pressure deficits were 0.2-0.3 kPa higher,
compared to the first 30 days of the 1999 season (which
occurred in mid May and early June) (Fig. 4C). Snow
depth dynamics were markedly different during the
spring months of the two years. At the beginning of
April 1999, the average snow depth was 64 cm (57% of
the average snow depth at the beginning of April for the
previous 17 years). By the end of April 1999, the snow
depth had increased to 113 cm (103% of the average snow
depth at the end of April for the previous 17 years). At
the beginning of April 2000, the average snow depth was
131 cm (116% of the average snow depth at the beginning
of April for the previous 17 years). By the end of April
2000, the snow depth had decreased to 59 cm (54% of the
average snow depth at the end of April for the previous
17 years). The liquid water equivalent of the measured
snowpack was not different between the two years,
being 33% in both cases (indicating that differences
in snow depth were not due to differences in compac-
tion). [Snow data were obtained from the Niwot Ridge
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Table 1 Climatic parameters for the Niwot Ridge Ameriflux site
during the 24-month period from November 1, 1998 — October 31,
2000, the same analysis period used in the measurements of net
ecosystem CO, exchange rate. Seasonal values were calculated as
the average of the monthly means (for T,, PPFD and VPD) or the
sum of the monthly totals (for Ppt). Note that values for the
Autumn 2000 only include two months since the measurement
period began on November 1, 1998. T, = average air tempera-
ture, Ppt = precipitation, PPFD = average daytime photosyn-
thetic photon flux density, VPD = average atmospheric vapour
pressure deficit (e, — €, where e is HO vapour pressure)

PPFD VPD
Season T. (°C) Ppt (mm) (pumol m~2s") (kPa)
Winter 98-99 — 6.51 105 507 0.28
(Dec, Jan, Feb)
Spring 99 —0.84 313 804 0.36
(Mar, Apr, May)
Summer 99 11.42 250 847 0.71
(Jun, Jul, Aug)
Autumn 99 4.65 89 754 0.67
(Sep, Oct, Nov)
Winter 99-00 —5.19 179 591 0.50
(Dec, Jan, Feb)
Spring 00 1.59 186 900 0.89
(Mar, Apr, May)
Summer 00 12.86 181 924 1.45
(Jun, Jul, Aug)
Autumn 00) 6.05 88 819 1.05
(Sep, Oct)

Long-Term Ecological Research (LTER) Climate Database
recorded for the C-1 site, which is approximately 600 m
from the flux tower.]

A second period of significant deviation in the cumu-
lative NEE patterns for the two years occurred during the
late summer and early autumn. In 1999, heavy convective
rain storms occurred during the first 10 days of August,
keeping the soil relatively moist during the late-summer
weeks. In 2000, late-summer drought occurred particu-
larly during early August. The contrast between years is
evident in the lower NEE rates observed in early August
2000, compared to 1999 (Fig. 5). NEE rates during both
years recovered from the summer drought and increased
again during October, in response to more frequent pre-
cipitation events (primarily as snow) and cooling of the
soil with concomitant reductions in respiration.

Daily integrated NEE during the winter remained posi-
tive, indicating a persistent phase of respiration (Fig. 6).
Even when the daily average air temperature increased
above 0 °C, photosynthetic carbon uptake was not sig-
nificant during the winter (Fig. 7). In early May 1999 and
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mid April 2000, NEE for the forest switched sharply from
net CO, emission to net CO, uptake, and reached max-
imum rates of CO, uptake within a few days of the switch
(Fig. 6). As the growing season progressed, carbon
uptake rates decreased, though there was considerable
day-to-day variation. Much of the variation in NEE was
correlated with variation in daily integrated PPFD. In this
mountain environment, clouds form on a near-daily
basis. Depending on when during the day the clouds
form, the daily integrated NEE can swing from strongly
negative (CO, uptake) to strongly positive (CO, loss).
Summertime days with the most positive NEE (e.g. the
two dates marked by the ellipse in Fig. 6) had cool,
cloudy weather for the entire day. On June 16, for
example, the first day of those marked by the ellipse,
night-time air temperatures plunged to —2 °C, the subse-
quent daytime temperature did not rise above 5 °C, and
PPFD averaged 212 pumol m2s~!. Soil temperatures
(upper 10 cm) remained relatively high at 4-7 °C (soil
temperatures immediately before and after this anomal-
ous cold event ranged between 6 and 11 °C).

Carbon sequestration rates progressively decreased
from the beginning of June through the beginning of
August 1999, and the decrease was correlated with in-
creases in night-time respiration, not decreases in day-
time CO, uptake (Fig. 8). Net radiation and sensible heat
exchange were generally higher during the first 10 days
of July, compared to the same period during June, and
August Latent heat exchange was similar during June
and July, but increased slightly during early August in
response to precipitation events (the average Bowen
ratio, or ratio of sensible to latent heat exchange, during
the first 10 days of August 1999 was 0.77). Night-time
respiration rates were higher during the first 10 days of
July and August, compared to the first 10 days of June (a
period in which snow continued to cover the ground),
although daytime net CO, uptake rates were similar.
A substantially different pattern emerged during the
summer of 2000. The summer drought developed
early in the season, as evidenced by the high rates of
sensible heat exchange and low rates of latent heat ex-
change during the first 10 days of August (Fig.9)
(the average Bowen ratio during this time was 2.86).
Night-time respiration rates during the first 10 days of
July and August were not significantly different from
those during the first 10 days of June (a period when
snow did not cover the ground). Daytime net CO, uptake
rates during August were lower compared to those
during June and July.

The effects of variations in PPFD on NEE are evident in
the short term flux data. The relationship between NEE,
calculated from the 30-min averages, and PPFD was non-
linear, although considerable scatter in the data was
observed (Fig. 10). Data trends for the two years were
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Fig. 3 (A) Cumulative net ecosystem CO, exchange (NEE) as a function of Julian date for the Niwot Ridge subalpine forest during two
sequential years. Standard convention is used to indicate the direction of the CO; flux, with positive NEE indicating net respiratory CO,
emission and negative NEE indicating net photosynthetic CO, uptake. (B) The same data from A, but presented in overlapping fashion to
make clear the earlier initiation of net CO, uptake, and the slower rate of carbon sequestration in the growing season of the second year
(1999-2000), compared to the first (1998-99). Also note, the similar magnitude of winter respiration for the two years.
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positive daily integrated NEE to negative daily integrated NEE), for the 1999 and 2000 seasons. (B) The mean ( + SE) of NEE as a function
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air), both measured at 21 m above the ground, for the first 30 days of the 1999 and 2000 growing seasons.
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Fig. 5 The change in cumulative NEE during the first few days of August 1999 or 2000. During 1999, this period was characterized by
heavy convective rain showers. During 2000, the period was characterized by an extended mid-summer drought.

different, with generally smaller fluxes in response
to increasing PPFD in 2000 (F=89.1, p < 0.001,
d.f. = 3637). The maximum observed NEE in 1999 and
2000 was approximately 19 pmol CO, m Zs™ %
Regression analysis revealed that the maximum mean
NEE (obtained as the predicted asymptote of the regres-
sion) was —15.5pumol CO, m 2s™' for 1999 and
—13.8 pmol CO, m~2 s ! for 2000. The observed mean
NEE appeared to reach a maximum in the range
8-9 umol CO, m2s™' for both years, although the
mean observed NEE was slightly lower for 2000 com-
pared to 1999. In 1999, the apparent quantum yield (ini-
tial slope of the response) was —0.038 mol CO, mol *
photons, and the ecosystem respiration rate (y-intercept)
was 3.57 pmol CO, m 2s~%. For 2000, the apparent
quantum yield was —0.030 mol CO, mol™" photons and
the ecosystem respiration rate was 2.92 umol
CO, m % s . During cloudy periods, NEE was slightly
higher than during clear, sunny periods (Fig. 11). The
predicted maximum NEE during cloudy periods (from
regression analysis) was —18.5 umol CO, m2s7}, the
apparent quantum yield was —0.042 mol CO, mol ™!
photons, and the ecosystem respiration rate was
4.37 ymol CO, m 2s™". The predicted maximum NEE

during sunny periods was —16.7 pmol CO, m 257}, the
apparent quantum yield was —0.030 mol CO, mol '
photons, and the ecosystem respiration rate was
4.39 pmol CO, m 2 s~ ', The sunny and cloudy relation-
ships are significantly different (F = 16.2, d.f. = 4.182,
p < 0.0001).

When calculated as 30-min averages, night-time NEE
(i.e. ecosystem respiration rate) was sensitive to soil sur-
face temperature, and an exponential function best de-
scribed the relationship (Fig. 12). Respiration rates were
lower during 2000 at any given temperature, compared to
1999. Considerable scatter occurred within the relation-
ships between night-time NEE and temperature.

Discussion

The annual rate of C sequestration measured for the
Niwot Ridge forest is low compared to most other forest
ecosystems that have been studied. The annual rate of
NEE is 23% of that reported for a coastal, temperate
coniferous forest (Anthoni ef al. 1999), 19% that of a wet
tropical forest in Brazil (Grace et al. 1995), 20-101% that of
a boreal aspen forest (Chen et al. 1999; Black et al. 2000),
and 29-33% that of temperate, northern hemisphere

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 459478
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deciduous forests (Goulden et al. 1996b; Granier et al.
2000). In a thorough study of annual NEE in forest
ecosystems across a latitudinal transect in Europe,
Valentini ef al. (2000) reported values ranging from
—470 to —660 g C m 2 at the lowest latitudes and 80 to
—245 g C m™? at the highest latitudes. The Niwot Ridge
forest exhibited annual NEE of —58 to —81 g m~2, which
is considerably less than that reported along the entire
transect, except for some of the most northerly boreal
sites. The low rate of C sequestration for the Niwot
Ridge forest is presumably due to the harsh, high-
elevation climate that characterizes the site, and the
constraints that such a harsh climate place on soil miner-
alization, plant growth, and the recruitment of new trees.

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 459478

The cold winters of the Niwot Ridge site are particularly
effective in reducing the potential for carbon uptake.
Unlike a more productive ponderosa pine stand in old-
growth forest of central Oregon, which gains 50% of
its annual carbon uptake during the relatively mild
winters (Anthoni et al. 1999), the forest of Niwot Ridge
exhibits consistent wintertime respiration, losing 60% of
its annual carbon uptake as winter CO, emissions.

In a recent analysis of carbon gain in a high-elevation
subalpine forest in Montana, Carey ef al. (2001) presented
the case that old forests may be larger C sinks than
previously realized. Through destructive harvests and
allometric scaling they estimated that annual net primary
productivity (ANPP = annual NEE plus the microbial
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Fig. 7 The relationship between wintertime daily integrated NEE and average daily temperature for both 1999 and 2000.

component of soil respiration) of a 100-year-old-subalpine
forest was approximately 250 g m~2, and that by 500
years annual NPP could average 500 g m > These
estimates are considerably higher than those generated
from forest-growth models, and the authors used this fact
to argue that old forests, and in this case old subalpine
forests, may contribute significantly to global CO, sinks.
Using harvest techniques, as well as determination of
NPP from NEE plus soil chamber measurements of res-
piration, we have derived an estimate of NPP for the 100-
year old Niwot Ridge forest that is between 250 and
500 g m 2 (data not shown), similar to the estimate of
Carey et al. (2001). However, the large gap between the
estimated NPP and the measured NEE (ie. from
250-500 ¢ m 2 56-81 g m 2) demonstrates that when soil
respiration is added into the calculation, the potential for
the forest to be a significant CO, sink is greatly diminished.

For the two years studied, NEE in the Niwot Ridge
forest was sensitive to interannual variation in precipita-
tion and temperature. The wetter, cooler climate of 1999
resulted in higher rates of carbon sequestration com-
pared to the drier, warmer climate of 2000 (Fig. 3). Most
of the difference was due to growing-season CO, uptake,
rather than winter respiration. Cumulative winter respir-
ation was only 2% higher during 1999-2000, compared to

1998-99, whereas cumulative growing-season CO,
uptake was 14% lower. Much of the year-to-year differ-
ence in CO, uptake was due to the first 30 days of the
growing season. Cumulative NEE for the first 30 days of
the 2000 growing season was only 56% the rate during
the first 30 days of the 1999 season (Fig. 4A). These early
season patterns were, once again, due to differences in
the daytime CO, uptake rate, not night-time respiration
rates (Fig. 4B). The most obvious springtime environ-
mental difference between the two years involved the
timing of the snow melt and the climate during the
snow melt. The spring warm-up in 2000 resulted in an
abnormally early loss of snow, compared to the spring
warm-up of 1999. The differences in spring snow melt
dynamics between the two years were equivalent to a
loss of 12 cm of liquid precipitation (taken from the
snowpack) in April 2000 and a gain of 13 cm of liquid
precipitation (stored in the snowpack) in April 1999. The
water from the 2000 snow melt was supplied to the soil
during a period when daytime air temperatures were
4-5 °C lower and daytime atmospheric vapour pressure
deficits were 0.2-0.3 kPa higher, compared to when
water was supplied to the soil during the 1999 snow
melt (Fig. 4C). In both cases, the snow depth at the be-
ginning of the melt period was similar (in fact, it was

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 459478
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Fig. 8 Ten-day averages for 1999 of net radiation (Rn), sensible heat exchange (H; open symbols), latent heat exchange (LE; closed
symbols), and NEE as a function of hour of day for the first 10 days of June (panels A-C), July (panels D-F), and August (panels G-I).
Vertical bars represent +SE. The dashed lines in panels F and I represent the mean NEE pattern for the first 10 days of June (panel C)
presented again for purposes of comparison.
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Fig. 10 (A) The dependence of 30-min
averages for NEE on the 30-min averages
for photosynthetic photon flux density
(PPFD) during the growing season (days
with daily integrated negative NEE
values) for both years of the study.
B. The best-fit nonlinear relationships

for the data presented in the upper panel
for both years of the study. The equation
describing the 1999 relationship is NEE =
[(- 0.038 PPFD 15.5)/(15.5 + 0.038 PPFD)] -20 -
+ 3.57, with an associated > = 0.79; and

1999
b 2000 1

the equation describing the 2000 relation-
ship is NEE = [(— 0.030 PPFD 13.8)/ 1

(13.8 + 0.030 PPFD)] + 2.9, with an asso- 0
ciated 7* = 0.81.

slightly greater in 2000 at 131 cm than in 1999 at 113 c¢m),
it is the timing of the melt that most differed. It appears
that total forest carbon sequestration is greater with a
snowpack that lasts later into the growing season, rather
than when a warm-up occurs that melts the snowpack
earlier in the growing season.

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 459478
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It is clear that the timing of the spring warm-up will
have a different impact on carbon gain by this subalpine
forest ecosystem, compared to forest ecosystems that
have been observed in past studies. Goulden et al.
(1996b) observed that a 2-fold range in annual NEE by a
north-eastern deciduous forest over a five-year period
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Fig. 11 (A) The dependence of 30-min
averages for NEE on the 30-min averages
for photosynthetic photon flux density
(PPFD) measured during the summer
(Julian days 180-210) during sunny morn-
ing periods (defined as periods when aver-
age net radiation was greater than 70% the
maximum recorded for the same time of
day over the 30-day interval). (B) The same
as panel A, but for cloudy morning
periods (defined as periods when average
net radiation was less than 70% the max-
imum recorded for the same time of day
over the 30-day interval). (C) The best-fit
nonlinear relationships for the data pre-
sented in the upper panels. The equation
describing the relationship during sunny
periods is NEE = [(— 0.030 PPFD 16.7)/
(16.7 4+ 0.030 PPFD)] + 4.39; and the equa-
tion describing the relationship during
cloudy periods is NEE = [(— 0.042 PPFD
18.52)/(18.52 + 0.042 PPFD)] + 4.37.

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 459478



CARBON SEQUESTRATION IN A HIGH-ELEVATION FOREST 475

10 L] J v L] L] ) L]

1999

W

E

S

g

EJ/ 12 L] | J v L] L] v L
L

L 2000

10 b ° 7

0 2 4 6 8 10 12 14
Soil temperature (°C)

Fig. 12 The relationship between night-time, 30-min average NEE and soil temperature (T;) (measured at 10 cm depth) observed for the

period July-November during both study years. The best-fit functions for each year are NEE = 0.945 exp (0.154 T) for 1999 (* = 0.48)
and NEE = 0.889 exp (0.113 Tg) for 2000 (* = 0.34).

© 2002 Blackwell Science Ltd, Global Change Biology, 8, 459478



476 R. K. MONSON etal.

could be explained in large part by the timing of the
spring warm-up and its influence on bud-break and sub-
sequent leaf expansion. As long as summer precipitation
was adequate, an earlier warm-up led to earlier leaf ex-
pansion and higher rates of annual NEE. A hard summer
drought could negate the effects of an early spring warm-
up. Chen et al. (1999) observed an earlier-than-normal
spring warm-up in a boreal, deciduous aspen forest,
and documented a 54% increase in annual net carbon
uptake. Several years of observations in the same boreal
forest showed that those years with the highest annual
NEE had the warmest springs with the earliest leaf emer-
gence (Black et al. 2000). In these deciduous forest ecosys-
tems, an early spring warm-up allows for large carbon
assimilation in leaves that emerge a few weeks earlier-
than-normal and which compound the growth they sup-
port over the entire season. For these forests, maximum
growth and carbon uptake occur during the middle of the
summer. Thus, the spring climate is only indirectly con-
nected (through its influence on the timing of spring bud
break) to the mid-summer processes that control max-
imum rates of NEE. In the Niwot Ridge forest, the period
of maximum growth and carbon uptake occur during the
spring. Thus, the physiological processes that control the
maximum rate of NEE are directly coupled to the spring
climate, and annual NEE is more dependent on spring-
time conditions.

At the present time, the springtime cues that cause the
forest to switch from the wintertime phase of respiration
to the springtime phase of net carbon uptake are unclear.
During the springs of 1999 and 2000, we observed that
the initiation of springtime net carbon uptake occurred
within one to three days of the night-time soil tempera-
ture within the first 10 cm rising above 0 °C (data not
shown). It is not clear if this is due to a direct response of
the trees to warmer soil temperatures, or a response to
the seasonal availability of liquid water for night-time
rehydration. In both years, carbon sequestration
rates were highest during the early part of the growing
season, compared to the middle or end of the grow-
ing season (Fig. 6). This is due to seasonal dynamics in
soil respiration during years with adequate mid-summer
moisture (e.g. 1999), and seasonal dynamics in photosyn-
thetic CO, uptake during years with inadequate mid-
summer moisture (e.g. 2000). During the first 30 days of
the 1999 growing season, snow continued to cover the
ground, and soil respiration rates were suppressed (Fig. 8).
Following snow melt, ecosystem respiration rates in-
creased and forest NEE declined. Daytime rates of CO,
uptake were similar before and after snowmelt, leading
to the conclusion that higher night-time respiration rates
after snowmelt are responsible for the observed mid-
summer reductions in NEE. In 2000, a pronounced
mid-summer drought prohibited soil respiration rates

from increasing above early season values, but mid-day
CO, uptake was reduced. Mid-day sap flow and stomatal
conductance in Abies lasiocarpa and Pinus contorta have
been observed to be significantly reduced during summer
droughts in the subalpine forest of Wyoming (Pataki et al.
2000). Thus, two different mechanisms function to curtail
the high rates of early season NEE as the growing season
progresses. If mid-summer rains are adequate, night-time
soil respiration rates increase after snow melt and drive
down NEE; if mid-summer rains are inadequate, de-
creases in mid-day photosynthetic CO, uptake drive
down NEE.

Once the forest begins sequestering carbon in the early
summer, day-to-day variation in NEE can be substantial
(Fig. 6). Much of the variation is due to the changeable
weather typical of high elevation ecosystems. Convective,
summertime thundercells develop on a routine basis in
the late-morning and early afternoon, especially after
cool, clear mornings. The timing of these convective
events, which often bring darkened skies and rain, can
significantly reduce NEE (Fig. 10). Additionally, during
some midsummer periods synoptic, upslope storms
affect the site for an entire day or more. These storms
cause cool temperatures and are characterized by dark,
thick clouds that persist throughout the day. During such
periods, the cold air temperatures and low PPFD reduce
daytime photosynthesis to a minimum; but relatively
warm soil temperatures maintain soil respiration rates
near maximum. The result is that the daily integrated
NEE can be positive, indicative of a net carbon loss (see
the dates encircled by the ellipse in Fig. 6). There were
no significant correlations between the amount of daily
precipitation and the magnitude of daily integrated NEE
the following day (data not shown). It is likely that the
observed day-to-day variation in NEE is more due to
variation in air temperature and PPFD than variation in
precipitation.

Though heavy clouds can reduce photosynthesis, and
lead to overall lower rates of carbon sequestration, the
diffuse photon flux that occurs during cloudy weather
enhances the photon-utilization efficiency of CO, uptake
(Fig. 11). This effect has been observed in past studies of
coniferous forests (Goulden et al. 1997) and deciduous
forests (Gu ef al. 1999), and is presumably due to deeper
penetration of PPFD into the canopy. In our study, the
relationship between NEE and PPFD at the lowest por-
tion of the response curve was derived from morning
observations. Thus, a higher apparent quantum yield
(initial slope) for cloudy mornings is indicative of greater
dispersion of the photon flux, which is delivered to the
forest from more angles than would occur with a colli-
mated photon flux. This drives higher photosynthesis
rates in west-facing portions of the trees that would nor-
mally be shaded on clear mornings. When NEE was
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analysed as a function of all PPFD data (diffuse and
direct; Fig. 10), there was some indication that residuals
for data for the highest PPFD’s fell below the regression
lines more often than data for the moderately high
PPFDs. This trend was apparently not strong enough to
influence the overall shape of the regression. However, it
does indicate some tendency toward decreases in NEE at
the highest PPFDs compared to moderately high PPFDs.
This may be due to covariance between temperature and
PPFD, with the effects of high temperature on NEE being
observed at the highest PPFDs.

The results of this study clearly identify dynamics in
the timing of the spring snow melt as a primary control
over the annual rate of carbon sequestration in this high-
elevation subalpine forest. Additionally, the strong influ-
ence of mid-summer precipitation on CO, uptake rates
make it clear that the water supplied by the spring snow
melt is a limited seasonal resource, and summer rains are
critical for sustaining high rates of annual carbon seques-
tration. At the present time, it is unclear how the timing
of the spring warm-up and the intensity of summer
droughts will respond to future climate change. Past
experiments that relied on artificial warming in a mon-
tane meadow ecosystem demonstrated that climate
warming could significantly change the timing of the
spring snow melt, its interaction with summer moisture,
and their effects on ecosystem carbon exchange (Saleska
et al. 1999). The resolution of such responses would
appear to be a crucial issue in understanding the re-
sponse of ecosystems to future warming. Future research
at the Niwot Ridge site will aim to better understand the
physiological processes that are most affected by the
timing of the spring warm-up, the interannual nature of
the warm-up within the context of temperature—
snowpack interactions, and the compensatory inter-
actions of snow melt dynamics and mid-summer
precipitation events.
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