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Abstract We evaluated the hypothesis that CO2 uptake
by a subalpine, coniferous forest is limited by cool
temperature during the growing season. Using the eddy
covariance approach we conducted observations of net
ecosystem CO2 exchange (NEE) across two growing
seasons. When pooled for the entire growing season
during both years, light-saturated net ecosystem CO2
exchange (NEEsat) exhibited a temperature optimum
within the range 7–12�C. Ecosystem respiration rate
(Re), calculated as the y-intercept of the NEE versus
photosynthetic photon flux density (PPFD) relationship,
increased with increasing temperature, causing a 15%
reduction in net CO2 uptake capacity for this ecosystem as
temperatures increased from typical early season temper-
atures of 7�C to typical mid-season temperatures of 18�C.
The ecosystem quantum yield and the ecosystem PPFD
compensation point, which are measures of light-utiliza-
tion efficiency, were highest during the cool temperatures
of the early season, and decreased later in the season at
higher temperatures. Branch-level measurements revealed
that net photosynthesis in all three of the dominant conifer
tree species exhibited a temperature optimum near 10�C
early in the season and 15�C later in the season. Using
path analysis, we statistically isolated temperature as a

seasonal variable, and identified the dynamic role that
temperature exhibits in controlling ecosystem fluxes early
and late in the season. During the spring, an increase in
temperature has a positive effect on NEE, because
daytime temperatures progress from near freezing to near
the photosynthetic temperature optimum, and Re values
remain low. During the middle of the summer an increase
in temperature has a negative effect on NEE, because
inhibition of net photosynthesis and increases in Re. When
taken together, the results demonstrate that in this high-
elevation forest ecosystem CO2 uptake is not limited by
cool-temperature constraints on photosynthetic processes
during the growing-season, as suggested by some previ-
ous ecophysiological studies at the branch and needle
levels. Rather, it is warm temperatures in the mid-
summer, and their effect on ecosystem respiration, that
cause the greatest reduction in the potential for forest
carbon sequestration.

Keywords Net ecosystem exchange · Photosynthesis ·
Eddy covariance · Ecosystem respiration · Path analysis

Introduction

Forested ecosystems cover a large expanse of the global
terrestrial surface area, represent a large global sink for
CO2, and strongly influence the dynamics of the global
carbon cycle (Houghton 1991; Wisniewski and Lugo
1992; Schimel 1995; Pacala et al. 2001; Schimel et al.
2001). Predictions from models of forest activity suggest
that this CO2 sink may not be maintained at its current
level in a warmer climate (Schimel et al. 1994; Grace and
Rayment 2000). In light of the current increase in
atmospheric CO2 and the potential for forest carbon
sequestration to provide a negative feedback on this trend,
the development of a mechanistic understanding of the
controls over forest activity is crucial (Rosenberg et al.
1983; Schimel 1995; Sellers et al. 1996; Schlesinger
1997; Keeling and Whorf 1998; Delucia et al. 1999; Field
1999; Law et al. 1999, 2001; Canadel et al. 2000). Studies
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of forest CO2 uptake have increased in number recently,
especially following the establishment of tower flux
networks and their emphasis on long-term continuous
monitoring using the eddy covariance technique (Wofsy
et al. 1993; Black et al. 1996; Goulden et al. 1996, 1997;
Greco and Baldocchi 1996; Baldocchi et al. 1997; Jarvis
et al. 1997; Hollinger et al. 1998; Malhi et al. 1998;
Anthoni et al. 1999; Aubinet et al. 2000; Goldstein et al.
2000; Granier et al. 2000; Law et al. 2001; Monson et al.
2002).

The development of ecosystem-level perspectives on
net CO2 exchange is relatively new to the field of plant
ecophysiology, and this new perspective has not been
fully integrated with past studies that were commonly
conducted at the leaf and branch scales. For example, in
the subalpine, coniferous forest ecosystem, past studies of
branch-level photosynthesis resulted in the hypothesis
that low temperatures throughout the spring and summer
constrain plant performance (DeLucia and Smith 1987;
Smith and Knapp 1990; Day et al. 1991; Teskey et al.
1995). Mid-summer rates of needle net CO2 fixation at
ambient temperature have been reported to be 50–60% of
the maximum (Smith and Carter 1988), with the impli-
cation that an increase in ambient temperature would
result in increased net photosynthesis. In fact, a strong
case has been made for the adaptive nature of the
morphology of subalpine conifer shoots in maintaining
needle temperatures substantially above air temperature
(Smith and Brewer 1994). In this study, we have used
2 years of continuous measurements of net ecosystem
CO2 exchange at the Niwot Ridge Ameriflux site to test
the hypothesis that cool temperatures during the growing
season, and their effect on photosynthetic processes,
represent a primary constraint on forest carbon seques-
tration. If this hypothesis could not be supported, we
aimed to elucidate the alternative constraint(s) on forest
carbon sequestration. In testing this hypothesis, we
particularly focused on whether a consistent line of
insight into the role of temperature as a constraint on
ecosystem-level carbon sequestration could be obtained
from studies at the scales of individual branches and the
entire ecosystem.

Materials and methods

Study site

This study was conducted at the Niwot Ridge Ameriflux site, in a
subalpine forest at approximately 3,050 m elevation above sea level
(40�1'583N, 105�32'473W). The forest is approximately 100 years
old, having regenerated following clear-cut logging in the early
1900s, and it consists primarily of lodgepole pine (Pinus contorta),
Engelmann spruce (Picea engelmannii), and subalpine fir (Abies
lasiocarpa). The average canopy height is 11.4 m and the average
mid-summer leaf-area index is 4.2 m2 m-2.

Ecosystem-level CO2 fluxes

Net ecosystem CO2 exchange (NEE) was measured using the eddy
covariance technique, with instruments mounted at 21.5 m on a

26-m scaffolding tower. Details of the eddy covariance measure-
ments have been provided in two separate papers, including co-
spectral analyses of the fluxes, dependence of fluxes on above-
canopy friction velocity, gap-filling procedures, statistical screen-
ing for stationarity, and a complete analysis of the ecosystem
energy budget, including efforts at energy budget closure (Monson
et al. 2002; Turnipseed et al. 2002). Briefly, fluxes of CO2 and H2O
were measured using a triaxial sonic anemometer (SWS-211/3 K,
Applied Technologies, Boulder, Colo., USA) and a closed-path
infrared gas analyzer (Li-Cor 6262, Li-Cor, Lincoln, Neb., USA).
Measurements were aligned with the mean wind streamlines
(Kaimal and Finnigan 1994), and standard density corrections
(Webb et al. 1980) were applied. Beneath-canopy CO2 storage
(primarily a nighttime and early-morning factor) was determined by
vertical integration of six profile stations located on the tower, and
added to the eddy-flux measurement to compute the overall NEE as
described in Goulden et al. (1996). Methods of gap filling are
described in Monson et al (2002), but no gap filled data were used
in the statistical relationships described in this paper. In the
micrometeorological literature, CO2 fluxes are assigned a mathe-
matical sign, which by convention is referenced to the atmosphere;
negative CO2 fluxes (carbon assimilation by the system) represent
CO2 loss from the atmosphere and positive CO2 fluxes (net
respiration) represent CO2 gain by the atmosphere. In this paper, we
have reversed this convention since the focus of the paper is on the
ecosystem CO2 balance, not the atmospheric CO2 balance. Thus,
net photosynthesis by the ecosystem is assigned a positive value,
and net respiration is assigned a negative value.

Photosynthetic photon flux density (PPFD) and temperature
were measured at 21.5 m using a cosine-corrected quantum sensor
(Li-Cor, Lincoln, Neb., USA) and a fine-wire platinum resistance
thermometer attached to a datalogger (Campbell Scientific, model
CR23X, Logan, Utah, USA). Within canopy air temperature was
measured with a platinum resistance thermometer at 8 m height.
Data were collected at 1 Hz frequency but are presented here and
analyzed as 30-min averages. Rainfall was measured with a tipping
bucket rain gauge located above the canopy. Long-term monthly
averages of air temperature (maximum, minimum and mean) were
taken from a nearby meteorological site operated by NOAA, and
archived in the LTER.

Branch-level CO2 fluxes

The photosynthetic and respiratory response to temperature was
determined with a portable gas-exchange system (Li-Cor, model
6400, Lincoln, Neb., USA) using branches from the mid-canopy of
three trees of each species within 40 m of the flux tower in May and
July 2001. Plants were accessed by three 12-m canopy-access
towers. The Li-Cor 6400 was modified to use a custom-made
integrating sphere cuvette with light provided through two fiber-
optic cables by a halogen-lamp light source (Walz, Effeltrich,
Germany). PPFD in the cuvette was measured with the standard
quantum sensor provided with the Li-Cor 6400. This cuvette
configuration provided a uniformly diffuse PPFD across the
photosynthetic surfaces of these conifer shoots. Temperature of
the cuvette was controlled with a circulating water bath. Needle
temperature was monitored with a single fine-wire thermocouple
pressed to the surface of one needle.

Branches were cut and transported to the photosynthesis system,
which was housed in a trailer, approximately 800 m from the trees.
Branches were re-cut under water and placed in the cuvette, where
they were acclimated to high light and a needle temperature of
15�C. After 30 min, we measured the light response of the branch
using ten PPFD values (at least five on the linear portion of the
curve), progressing from high to low light. A stable respiratory
signal was determined in complete darkness following the lowest
PPFD level, and the process was repeated at 10�C and 5�C (in July
we also included 20� and 25�C). At each temperature we used a 30-
min acclimation period prior to data collection after the needles had
reached the appropriate temperature. Following the gas-exchange
measurements, branches were harvested, and the needles were
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collected and oven dried at 70�C for 100 h. Hemispherical needle
surface area was determined from regressions of needle mass to
surface area (determined on a large sample of needles by the
volume displacement method, see Chen 1997).

In a separate sample of cut branches (n=3), we ran continuous
measurements of net CO2 exchange and stomatal conductance at a
single, light-saturating PPFD for 3 h to assess whether there were
any artifacts due to the long measurement period in the gas-
exchange cuvette; no significant effects were observed. In July
2000, we also compared photosynthesis rates of cut branches with
those left intact on the trees, and found no significant effects due to
cutting.

Analysis of NEE

Data from ecosystem fluxes were used in a statistical model to
assess temperature effects at different light levels across the day
and season. Half-hour flux data were separated into nine temper-
ature intervals (<0, 0–5, 5–7.5, 7.5–10, 10–12.5, 12.5–15, 15-17.5,
17.5–20, >20�C) for 1999 and 2000. The light response of canopy
CO2 flux for each temperature interval in each year was fit to the
following equation by non-linear, least-squares regression using
SigmaPlot (SPSS, Chicago, Ill., USA):

NEE ¼ a0e PPFD NEEsat

NEEsat þ a0e PPFD
� Re ð1Þ

where ae' is the apparent quantum yield of the ecosystem, NEEsat is
the net CO2 exchange at light saturation, and Re is the mean
respiratory net CO2 exchange at PPFD =0 (Ruimy et al. 1995).
Gross ecosystem CO2 exchange (GEE) was calculated as the sum of
NEEsat and Re. Standard errors for the mean of each parameter at
each temperature interval were determined from the least-squares
regression. For the determination of GEE, error terms were
combined for NEEsat and Re as the square root of their sum
squared. The majority of the PPFD-response curves at the nine
temperature increments were significantly different from each other
when evaluated by the method of Potvin et al. (1990), but the
differences between years were not as consistent. Because of an
earlier spring warm up and longer growing season in 2000, a
greater temperature range was available for analysis compared to
1999.

To evaluate more completely the photosynthetic responses of
the canopy, we estimated the temperature response of the ecosys-
tem quantum yield. The ae' determined from a best-fit model of the
photosynthetic response to the entire range of PPFD (Eq. 1) often
underestimates the true value. By using a linear regression model
and only evaluating the photosynthetic response to PPFD levels less
than 125 mmol m-2 s-1, while also excluding PPFD values of zero,
we estimated a “true” quantum yield (ae). We pooled temperature
increments to only four value ranges (<5�C, 5–10�C, 10–15�C,
>15�C). Standard errors for each mean were determined from the
least-squares regressions in SigmaPlot. From this linear analysis,
we also estimated the ecosystem light compensation point for both
1999 and 2000, determined as the point at which CO2 flux is zero
from the regression analysis.

Path analysis evaluation of ecosystem CO2 flux

To evaluate the dependence of NEE on several climate parameters,
we used path analysis (Li 1981; Sokal and Rohlf 1981; and
Schemske and Horvitz 1988) with eddy covariance data from 1999
and 2000. Path analysis is similar to multiple regression and is
especially useful as an analysis tool when a priori causal or
correlative information is known about the relationship among
variables (Li 1981). This is the case for climate effects on leaf-level
photosynthesis, and in this paper we make the same assumption for
ecosystem-level photosynthesis. Path analysis is most effective in
evaluating data where independence is not certain, making the more
common multiple regression techniques inappropriate.

We used a conceptual model similar to that used by Bassow and
Bazzaz (1998) in their evaluation of the control of leaf-level gas
exchange within the complexities of a deciduous forest. Our model
was designed to evaluate the seasonal shifts in primary factors that
were important in controlling NEE. In this model we assumed that
temperature, PPFD and vapor pressure deficit (VPD) are important
in driving or constricting photosynthetic carbon fixation, and their
interrelated paths provide the means to evaluate direct and indirect
responses (primarily of PPFD). To construct the path values for
each component, we conducted four multiple regressions (SPSS,
7.5.1, SPSS, Chicago, Ill., USA) on data collected between 0700
and 1700 hours Mountain Standard Time (MST) during rain-free
periods that did not violate conditions of statistical stationarity in
the measured turbulent fluxes. We used standardized partial-
regression coefficients to describe the path strengths generated
from the following analyses: (1) NEE regressed on ecosystem
evapotranspiration rate, above-canopy PPFD, and within-canopy air
temperature; (2) ecosystem evapotranspiration rate regressed on
above-canopy PPFD, within-canopy air temperature, and above-
canopy VPD; (3) within-canopy air temperature regressed on
above-canopy PPFD and above-canopy air temperature; and (4)
above-canopy VPD regressed on above-canopy air temperature.

We generated path diagrams for each month of the year that net
CO2 uptake of the forest was positive (May–September). From
these path diagrams we evaluated the following paths and their
control over NEE: (1) the direct effects of PPFD; (2) the indirect
effects of PPFD (e.g., through influences on within-canopy air
temperature); (3) the indirect effects of above-canopy air temper-
ature (e.g., through influences on above-canopy VPD); and (4) the
indirect effects of above-canopy VPD (e.g., through influences on
within-canopy air temperature). The direct effects of PPFD were
taken to be the standardized partial-regression coefficient from the
first multiple regression between NEE and PPFD. The indirect
effects were take to be the product of the standardized partial-
regression coefficients summed across all possible paths from our
parameter of interest (PPFD, above-canopy air temperature, VPD)
and NEE.

Results

Meteorological conditions

Mean monthly temperatures during the growing season
range from ~0� in April to a peak of 10.5�C during July
(Fig. 1A). Mean maximum air temperature is greater than
5�C from April through October; however, freezing
temperatures are possible at any time of the year and
the mean minimum temperature is consistently less than
5�C. Precipitation falls mainly as snow in winter, but late
summer rain events are also important (Fig. 1B). The
2 years used in this study both had total precipitation
amounts (757 mm in 1999 and 654 mm in 2000) that were
slightly lower than the long-term average (810 mm). Both
years were considered "La Ni�a" years, although the
summer of 2000 was considerably drier, especially from
April through September.

Seasonal pattern of NEE

During 1999 and 2000, maximum carbon uptake was
observed during the early season in late-May and early-
June, when air temperatures were relatively cool (mean
7–10�C) and the ground was still covered with several
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centimeters of snow (Fig. 2). Mid-summer NEE was
considerably lower than the early season maximum, and
there was a secondary increase in NEE during the late
season in September and October, when air temperatures
had cooled once again.

Temperature response of CO2 flux at the ecosystem
and needle scale

There was significant variation in the temperature
response of NEEsat, as determined from the parameters
generated from the least-squares regression model for the
1999 and 2000 growing seasons (Fig. 3a). Maximum
NEEsat occurred between 8 and 12�C for both years, but
the maximum was slightly higher in the wetter 1999
(18.4€0.9 mmol m-2 s-1), as compared to the drier 2000
(16.3€0.5 mmol m-2 s-1), growing season. For both years,
even at temperatures between 0–5�C, NEEsat was rela-
tively high (between 68 and 73% of the maximum). When
temperatures increased from the optimum (8–12�C) to
15�C, NEEsat decreased to 60–75% of the maximum.
Respiration at the ecosystem level (determined as the
respiration parameter from the regression model Re)
increased significantly with increasing air temperature in
both 1999 and 2000 (Fig. 3b). Even at air temperatures
below 0�C, Re was relatively high.

Because of the broad range of temperatures in the
respiration response for the ecosystem, we were able to
calculate a Q10 of Re for each year (see Giardina and Ryan
2000). From the data presented in Fig. 3, values in 1999
reflected a Q10 of 1.87, while those in 2000 reflected a Q10
1.53. The Q10 of Re had significant seasonal variation
throughout both years, as a peak Q10 is seen during
August and July, for 1999 and 2000 respectively (Table 1).

Fig. 2 The seasonal response of the average 24-h cumulative net
ecosystem CO2 exchange (NEE) during 1999 and 2000 at the Niwot
Ridge Ameriflux site. The symbols and solid lines represent weekly
averages. The dashed lines represent the range of values measured
during the week

Fig. 1A, B Meteorological data from the Niwot Ridge long-term
ecological research site. A The 15-year temperature (�C) averages
(mean, maximum and minimum) for each month of the growing
season at 3,050 m (taken from the NOAA C1 Climate Station
located approximately 500 m north of the Ameriflux site). B
precipitation (mm) over the 1999 and 2000 growing seasons

Table 1 The seasonal dynamics of the Q10 of ecosystem respira-
tion, calculated monthly for 1999 (relatively wet) and 2000
(relatively dry) from nighttime eddy covariance measurements
rather than directly from Eq. 1. Nighttime flux data, with low U*
values removed, was used in a regression against air temperature,
and the Q10 of Re was calculated as in Giardina and Ryan (2000)

Month Year

1999 2000

May 1.00 1.43
June 1.21 1.38
July 1.56 1.64
August 1.63 1.41
September 1.23 1.27
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Early and late in the growing season, Q10 was much
lower, and there appeared to be differences in the pattern
of seasonal change in Q10 of Re between 1999 and 2000,
with values slightly lower early in the season in 1999 as
compared to 2000. This is most likely due to differences
in early season temperature, and the later initiation of the
growing season (Fig. 1, 2).

The ae' of NEE derived from the least-squares model
did not vary significantly with temperature (Fig. 4a).
Values during 1999 were generally greater than during
2000. Using a linear regression model to calculate the
slope of the NEE response to PPFD between 0 and
125 mmol m-2 s-1, and using measurements of the canopy-
gap fraction (0.17, see Monson et al. 2002) (to adjust the
incident PPFD to eliminate photons that fell between tree
crowns) and an estimated foliar absorptance (0.85), we
calculated the ae as 0.04–0.06 mol CO2 mol-1 photons
(Fig. 4b). The ae was highest at low temperatures (2.5–
7.5�C). In 1999, the derived light compensation point was
lower than in 2000, and in both cases, there was a clear
effect of increasing temperatures (Fig. 4c). At an air
temperature of 15�C, the light compensation point was 3–
5 times that observed at 5�C.

The photosynthetic-temperature response of isolated
branches at light saturation was relatively flat between 5
and 15�C for all three species at most time periods of the
growing season (Fig. 5). Needle dark respiration rates
increased significantly in all three species as temperature
was increased above 5�C (Fig. 5).

The ratio of Re to GEE decreased with increasing
temperature in a curvilinear fashion (Fig. 6a). As
temperatures increased from 8�C to 15�C, gross ecosys-
tem CO2 uptake decreased by 3 mmol m-2 for every mmol
m-2 of CO2 lost by respiration, which represents a 15%
reduction in the capacity for the forest to assimilate CO2.
The relationship between respiration and gross photosyn-
thesis appeared similar at the needle scale as compared to
the whole ecosystem, except for temperatures less than
5�C and greater than 15�C. While the shape of the curve
was similar, the ratio was less negative at the needle scale
than at the ecosystem scale for relatively cooler temper-
atures, but similar at higher temperatures Thus, the

Fig. 4 Top panel The apparent quantum yield (ae'), derived from
the eddy covariance data fit to a non-linear least squares regression
as a function of air temperature. Middle panel An estimate of ’true’
quantum yield (ae), adjusted for the absorbance and gap fraction of
the forest, determined from the slope of the fit to a non-linear least
squares regression considering PPFD values <125 mmol m-2 s-1 and
expressed as a function of air temperature. Bottom panel The light
compensation point of the ecosystem (LCP), determined as the
point at which CO2 flux is zero from the non-linear least squares
regression, expressed as a function of air temperature

Fig. 3 Top panel Light-saturated net ecosystem CO2 exchange
(NEEsat) for 1999 and 2000 at the Niwot Ridge Ameriflux Site as a
function of air temperature. Values for NEEsat were determined
from the non-linear least-squares regression evaluation of light
response of the canopy. Regression lines are: [y=z�0.69(x2)+
1.45(x)+9.87; r2=0.92] for 1999 and [y=�z0.71(x2)+1.48(x)+7.88;
r2=0.96] for 2000. Middle panel Ecosystem respiration (Re) for
1999 and 2000 as a function of air temperature. This parameter was
generated from eddy covariance data categorized by temperature
and fit to the non-linear least squares regression
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inclusion of the soil respiration component most likely
results in a ratio that is more negative at the ecosystem
scale.

Path analysis evaluation of ecosystem CO2 flux

The path analysis revealed a number of minor relation-
ships among variables that will not be discussed in detail
here (Fig. 7). The effects of temperature and PPFD were
clearly dominant. The effect of temperature changed from
a strong positive effect (higher temperature causes higher
NEE) during May to a strong negative effect (higher
temperature causes lower NEE) throughout the remainder
of the summer. The direction of the effect of PPFD was
consistently positive throughout the season (increased
PPFD caused increased NEE).

From the path analysis, we calculated the direct and
indirect effects of PPFD, the direct and indirect effects of
temperature, and the indirect effects of VPD (Fig. 8).
Across the growing season the indirect effects of VPD did
not significantly explain variance in NEE. In some cases,
the indirect effects of PPFD were significant, such as the
strong positive effect in August 1999, when high PPFD
appears to have contributed to high NEE, through indirect
effects of water flux and canopy temperature. However,
for the most part, the indirect effects of PPFD were also
unimportant as a control over variance in NEE. Differ-

ences in the path values between years indicated that NEE
during 2000 was considerably less sensitive to PPFD and
more sensitive to the indirect effects of temperature,
compared to NEE during 1999 (Fig. 9). This is likely
related to the mid-summer drought of 2000 (see Fig. 1).

Discussion

We examined the emerging hypothesis that low temper-
atures during the growing season represent a primary
limitation to productivity, and assumedly restrict, NEE in
subalpine forests (Smith and Knapp 1990; Teskey et al.
1995). We expanded the scale of this issue by looking
across needles and branches to the whole ecosystem to
integrate responses attributed to both autotrophic and
heterotrophic components of the system, and thus we
gained a more comprehensive view of the limitations to
NEE than has been conducted in the past for this
ecosystem. Our analysis revealed that this subalpine
forest is optimally suited for net CO2 assimilation at
relatively low temperatures early in the growing season

Fig. 6 Top panel The ratio of ecosystem respiration (Re from the
non-linear least-squares regression evaluation of the light response
of the ecosystem) to light saturated GEE (NEEsat minus Re from the
same analysis) for 1999 and 2000. The regression line is
[y=�0.0011(x2)+0.016(x)z�0.02; r2=0.95]. Bottom panel the ratio
of needle respiration to light saturated gross photosynthetic rate
(determined from the light response curves) for 1999 and 2000. The
regression line is [y=�0.0004(x2)�0.004(x)�0.03; r2=0.88]. In the
bottom panel, filled symbols are from May 2000, and open symbols
are from July 2000

Fig. 5 Needle level photosynthetic and respiratory responses to
temperature in the three dominant conifer species. Data are taken
from branches harvested at mid-canopy. Presented variables are net
CO2 assimilation at light saturation (An) and needle respiration rate
(Rn). Data are plotted for each species for May and July of 2000.
Vertical bars represent €1 SE, n=3
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(Figs. 2, 3). The high capacity for CO2 assimilation at low
temperature was also observed in individual branches
(Fig. 5), and suggests that the photosynthetic biochemis-
try of the dominant trees in this forest is also optimally
suited for function at relatively cool growing-season
temperatures. Measurements across broad scales thus are

consistent in revealing near-optimal function by the plant
components of this ecosystem at cool temperatures.

As seasonal temperatures are increased above the
early-season optimum, increases in Re caused significant
reductions in NEE, a pattern that cannot be simply
predicted from branch level measurements (Fig. 6). Past
studies at the Niwot Ridge site have also determined that

Fig. 7 Path diagram that illus-
trates the changes in effects on
different parameters related to
NEE. Standardized correlation
coefficients are plotted as vari-
ation in the thickness of each
arrow (see legend on each fig-
ure). The data represent the
pooled values for all daytime
measurements during the grow-
ing seasons of 1999 and 2000,
illustrated by month
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Re is not an important factor in NEE dynamics early in the
growing season when snow still covers the ground
(Monson et al. 2002). It is only after snow melt, when
the soil is free of the insulating effects of the snow, that
soil respiration increases and causes Re to be a dominant
variable in driving dynamics in NEE. Soil respiration
measured by chambers is quite responsive to temperature
throughout the course of the season, but within any one
time period, spatial differences in respiration rate do not
correlate with spatial differences in temperature or soil
moisture (Scott-Denton et al. 2002). Differences between
spatial locations appear to be driven by variation in soil
organic matter content.

The temperature sensitivity of respiration is often
measured by the Q10. Compared to other studies, our
estimates of the respiratory Q10 are low. For a Canadian
boreal black spruce forest, Goulden et al. (1997) present a
Q10 of 2.3, for a European beech forest Valentini et al.
(1996) present a value of 2.2, and for a slash pine forest in
Florida. Clark et al. (1999) report a value of 2.0. The
lower values for our study (1.87 for a wet year and 1.53 in
a dry year) may be due to the fact that our forest may be
associated with relatively low growth rates associated
with the time since recovery from disturbance in this
forest ecosystem.

The temperature-dependence of the light compensation
point of the ecosystem may be a useful tool in
understanding temporal aspects of how respiration con-
strains NEE. In our analysis, the observed light compen-
sation point was low until temperatures above 15�C, when
it increased and became comparable with those reported
in other studies (between 100 and 250 mmol m-2 s-1;
Ruimy et al. 1995; Clark et al. 1999). The lower
compensation point values measured in this study were
likely a function of the relatively high rate of photosyn-
thesis, and low rate of soil respiration, during early season
periods when cool air temperatures are conducive to high
rates of photosynthesis and snow-covered soils are
conducive to low rates of respiration. Higher rates of
ecosystem respiration might be a more consistent com-
ponent of seasonal dynamics in the light compensation
point of other forest ecosystems that lack extended snow
cover during the growing season.

To better understand the role of temperature as a driver
of seasonal patterns in NEE, we used a path analysis
model. The model was designed to evaluate seasonal
shifts in factors that were important in controlling (in a
correlative or causal sense) NEE. The results of the
analysis revealed that during the spring, increased tem-
perature is associated with increased CO2 flux into the
ecosystem (positive NEE). The temperature response did
not appear to operate through influences on H2O flux;
rather, temperature most likely operated on rates of
biochemistry. Later in the growing season, increases in
temperature are associated with decreases in CO2 flux
into the ecosystem (negative NEE). This is attributed to
the increased control of soil respiration on NEE, and its
response to temperature. Chamber measurements of soil
respiration were higher later in the season as compared to

Fig. 8 The direct and indirect effects of above canopy PPFD, air
temperature and VPD on NEE as a function of month for the
primary growing seasons in 1999 and 2000. Since the path values
presented in this figure are the standardized partial correlation
coefficients, they can be evaluated relative to each other (and a
larger value represents a stronger effect). Positive effects, such as
that of PPFD throughout the season in both years, suggests that an
increase in NEE occurred with an increase in this parameter.
Negative values indicate a decrease in NEE with an increase in any
parameter

Fig. 9 The cumulative path values for the 1999 and 2000 season
(data pooled across date) for NEE. The parameters and interpre-
tation follows the description in Fig. 6 and described in the text
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earlier for both 1999 and 2000 (Scott-Denton et al. 2002).
The presence or absence of the snow pack in this
ecosystem appears to act as the switch that changes the
direction of the path analysis relationship with regard to
temperature.

The temperature optimum for photosynthesis in nee-
dles of high-elevation, North American conifer species
has been determined by a number of different researchers
in the past 40 years at a number of different locations
(Smith 1985; Delucia 1986; Delucia and Smith 1987;
Teskey et al. 1995). Smith and Knapp (1990) suggest that
freezing air temperatures constrain photosynthetic carbon
gain to between 80% and 100% of maximum capacity
during the early and late season (periods when freezing
nights occur). During the mid-summer period, instanta-
neous measurements of net CO2 fixation at ambient
temperatures have been reported to be 50–60% of the
maximum rate (Smith and Carter 1988). When taken
together, these studies support the emerging hypothesis
that low temperatures are the primary limitation to
productivity in these forests. The case for inhibition of
productivity by mid-season frosts, and subsequent recov-
ery, appears clear; we have not addressed frost damage in
the current study. However, the case for low, but non-
freezing temperatures limiting productivity is not sup-
ported by our observations.

In this study, we make the case that, depending on the
analysis used, CO2 uptake by these forests may be less
limited by low growing season temperatures than previ-
ously suggested. Furthermore, we argue that limitations to
CO2 uptake, as have been deduced through plant
ecophysiological studies, should not be used in isolation
to deduce limitations to ecosystem CO2 exchange. It is
clear from our studies that ecosystem respiration, partic-
ularly that from the soil, is crucial to understanding the
response of ecosystem CO2 fluxes to seasonal and
interannual temperature dynamics. This perspective is
consistent with the growing realization that a clear view
of ecosystem carbon sequestration must include an
accurate estimate of respiratory activity (see Giardina
and Ryan 2000; Valentini et al. 2000).
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