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Abstract The transition between wintertime net carbon
loss and springtime net carbon assimilation has an
important role in controlling the annual rate of carbon
uptake in coniferous forest ecosystems. We studied the
contributions of springtime carbon assimilation to the
total annual rate of carbon uptake and the processes in-
volved in the winter-to-spring transition across a range of
scales from ecosystem CO, fluxes to chloroplast photo-
chemistry in a coniferous, subalpine forest. We observed
numerous initiations and reversals in the recovery of
photosynthetic CO, uptake during the initial phase of
springtime recovery in response to the passage of alter-
nating warm- and cold-weather systems. Full recovery of
ecosystem carbon uptake, whereby the 24-h cumulative
sum of NEE (NEE,iy) was consistently negative, did not
occur until 3—4 weeks after the first signs of photosyn-
thetic recovery. A key event that preceded full recovery
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was the occurrence of isothermality in the vertical profile
of snow temperature across the snow pack; thus, provid-
ing consistent daytime percolation of melted snow water
through the snow pack. Interannual variation in the
cumulative annual NEE (NEE,,,,.) was mostly ex-
plained by variation in NEE during the snow-melt period
(NEEg,ow-mel), not variation in NEE during the snow-free
part of the growing season (NEEg,ow-free)- NEEgnow-melt
was highest in those years when the snow melt occurred
later in the spring, leading us to conclude that in this
ecosystem, years with earlier springs are characterized by
lower rates of NEE, ,,,,.a1, @ conclusion that contrasts with
those from past studies in deciduous forest ecosystems.
Using studies on isolated branches we showed that the
recovery of photosynthesis occurred through a series of
coordinated physiological and biochemical events.
Increasing air temperatures initiated recovery through the
upregulation of PSII electron transport caused in part by
disengagement of thermal energy dissipation by the
carotenoid, zeaxanthin. The availability of liquid water
permitted a slightly slower recovery phase involving in-
creased stomatal conductance. The most rate-limiting
step in the recovery process was an increase in the capacity
for the needles to use intercellular CO,, presumably due to
slow recovery of Rubisco activity. Interspecific differences
were observed in the timing of photosynthetic recovery for
the dominant tree species. The results of our study provide
(1) a context for springtime CO, uptake within the
broader perspective of the annual carbon budget in this
subalpine forest, and (2) a mechanistic explanation across
a range of scales for the coupling between springtime cli-
mate and the carbon cycle of high-elevation coniferous
forest ecosystems.
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Introduction

Climate transitions between the winter and spring exert a
principal control over the photosynthetic dynamics of
coniferous forest ecosystems (Troeng and Linder 1982;
Leverenz and Oquist 1987; Lundmark et al. 1998; Law
et al. 2000; Lloyd et al. 2002; Monson et al. 2002; Hux-
man et al. 2003; Tanja et al. 2003; Ensminger et al. 2004).
One of the advantages of the evergreen coniferous growth
form is the rapid upregulation of photosynthetic activities
during the spring warm-up, which allows trees to capi-
talize quickly on favorable weather conditions. This
“quick start” extends the length of the growing season
and minimizes the canopy developmental constraint to
seasonal photosynthesis that is often exhibited by decid-
uous trees (e.g., Goulden et al. 1996b; Black et al. 2000;
Barr et al. 2002). Despite the obvious advantage of rapid
springtime recovery in coniferous trees, and a significant
volume of research on the biochemical and biophysical
processes involved in the springtime upregulation of
photosynthesis (see Oquist and Huner 2003 for a review),
only limited insight has been uncovered about the influ-
ence of the springtime recovery on the annual rate of
ecosystem carbon uptake and the coupling of the recov-
ery process to transitions in specific climate variables.

Air and soil temperatures have been most widely ci-
ted as the dominant controls over springtime photo-
synthetic recovery. In northern Sweden, Bergh and
Linder (1999) used beneath-soil heating cables to dem-
onstrate that soil temperature had a key role in trig-
gering the seasonal recovery. Tanja et al. (2003) used a
statistical analysis of site-to-site variation in the timing
of spring CO, uptake to deduce that air temperature had
a primary role in triggering photosynthetic recovery in
boreal forests in Finland, while beneath-snow soil tem-
perature had no significant role. In a study of the effects
of spring air temperatures on the photochemical com-
ponents of photosynthesis in Scots pine trees in central
Siberia, Ensminger et al. (2004) found that warm
weather triggers rapid upregulation of photosynthesis,
but that subsequent cold weather can reverse the pho-
tosynthetic cues. Thus, there is growing consensus that
air temperature is a primary cue that regulates seasonal
switches in the carbon cycling of coniferous forests from
cold climates.

Studies of the components of the photosynthetic
apparatus that respond to increases in air temperature
have focused on the photochemical processes (see Oquist
and Huner 2003). Ottander and Oquist (1991) studied
several pine species and reported that photosynthetic
quantum yields were low at the end of winter, but
recovered within 3 days when trees or branches were
transferred to a warm laboratory setting. Verhoeven
et al. (1996, 1998, 1999) have shown that wintertime
downregulation of photosynthesis in a number of dif-
ferent species involves sustained engagement of xan-
thophyll-cycle energy dissipation from photosystem II
(PSII), and that in two coniferous species from cold
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montane environments, the recoveries of PSII and the
xanthophyll cycle occur within a few days after warm-
ing. Ensminger et al. (2004) have shown that in Scots
pine needles during winter, downregulation of photo-
synthesis is accompanied by similar changes in the
xanthophyll-cycle, as well as reductions in the amount of
total chlorophyll, D1 protein of the PSII reaction center,
and PSII light harvesting complexes. In late spring, with
the onset of warmer air temperatures, Ensminger et al.
(2004) observed recovery of PSII activity, increased
levels of chloroplast protein synthesis, and rearrange-
ments of pigment complexes. Insight into the springtime
recovery of other components of the photosynthetic
apparatus (e.g., stomatal conductance, Rubisco activity)
remains rudimentary. Past studies have shown that the
full recovery of CO, assimilation and stomatal conduc-
tance is dependent on soil thaw, warm air temperatures
and adequate water uptake (Smith 1985; Jurik et al.
1988; Day et al. 1989), but the timing of this recovery in
relation to the natural seasonal transition of ecosystem
CO, exchange, and its relationship to the recovery of the
photochemical components of photosynthesis, has yet to
be determined.

We report the results from a 5-year study in a sub-
alpine coniferous forest in the Rocky Mountains of
Colorado, USA. We aim to provide greater insight into
the importance of springtime net ecosystem CO, ex-
change (NEE) to the overall, annual rate of NEE, and
identify the mechanisms that force the transition in the
forest from being a wintertime CO, source to a spring-
time CO, sink. Our observations span the range from
ecosystem CO, flux to chloroplast photochemistry and
focus on four specific issues: (1) the difficulties sur-
rounding a precise definition of the time of transition
from winter net ecosystem CO, loss to spring net eco-
system CO, gain (i.e. the forest ‘turn-on date’), (2) the
quantitative relationship between interannual variation
in the rate of carbon uptake during spring snow melt
and interannual variation in the rate of total annual
carbon uptake, (3) the environmental variables that are
most important in triggering the forest turn-on date, and
(4) the physiological processes that are most limiting to
the springtime upregulation of photosynthetic CO,
assimilation. This insight has relevance to not only the
suite of biochemical and physiological adaptations that
have evolved in these trees, but also to the potential for
future climate warming to shift the seasonal transition in
CO, exchange, and thus influence dynamics in the global
carbon cycle.

Materials and methods
The study site

The studies were conducted at the Niwot Ridge
AmeriFlux site located at 3,050 m above sea level in a
subalpine forest just below the Continental Divide near
Nederland, Colorado (40° 1’ 58”N; 105° 32" 47”W). The
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secondary forest surrounding the site is ~100 years old,
having regrown after early twentieth-century logging.
The forest is dominated by subalpine fir (Abies lasio-
carpa, 46% of the mean tree density), Engelmann spruce
(Picea engelmannii, 28% of the mean tree density), and
lodgepole pine (Pinus contorta, 26% of the mean tree
density). The understory is relatively sparse, containing
tree seedlings from all three species and patches of
Vaccinium myrtillus (25% average understory coverage).
The forest slopes gently (6-7%) and uniformly,
decreasing from west to east. Maximum (late-summer)
leaf area index (LAI) for the forest is estimated to be
4.2 m* m~2, canopy gap fraction is 17%, canopy height
is 11.4 m, displacement height is 7.6 m, and roughness
length is 1.79 m. Annual precipitation for the site aver-
ages 800 mm (approximately 65% falling as snow) and
the mean annual temperature is 1.5°C. General charac-
teristics of turbulent fluxes of CO,, H,O and sensible
heat were reported in Turnipseed et al. (2003, 2004) and
energy budget characteristics were reported in Turnip-
seed et al. (2002). Overall dynamics in forest carbon
uptake have been previously reported for 1999 and 2000
in Monson et al. (2002).

Eddy covariance measurements

Turbulent fluxes were measured at 21.5m from a
scaffolding-type tower. Details of the flux measure-
ments have been reported previously (Monson et al.
2002; Turnipseed et al. 2002, 2003, 2004). Briefly, the
eddy covariance method was used to measure the eddy
flux for CO,, H,O and temperature (see Baldocchi 2003
for a review of the eddy covariance method). Wind
velocity was measured with a 3-dimensional sonic
anemometer (model CSAT-3, Campbell Scientific, Lo-
gan) and CO, concentration was measured with a
closed-path infrared gas analyzer (model 6262, LiCor,
Inc., Lincoln). Density corrections due to changes in
H,O vapor concentrations were made according to
Webb et al. (1980). Wind coordinates were rotated
according to Kaimal and Finnigan (1994) for the data
of 1999-2001, and according to Wilczak et al. (2001)
for the data of 2002-2003, to force the mean crosswind
and vertical wind speeds to zero. We have conducted
extensive analyses of these coordinate rotation methods
at our site, compared them to other rotation methods,
and estimated potential errors in the calculated eddy
flux due to low-frequency filtering, all of which is re-
ported in a previous publication (Turnipseed et al.
2003). The storage of CO, within the canopy was
measured using a vertical profile system as described in
Monson et al. (2002). The change in stored CO, was
added to the calculated eddy flux of CO, to provide net
ecosystem CO, exchange (NEE) as described by
Goulden et al. (1996a). By convention, NEE is con-
sidered negative in sign when the net CO, flux is from
the atmosphere to the forest and positive when the net
flux is from the forest to the atmosphere.

Soil and snow measurements

Soil temperatures were measured using cross-calibrated,
copper-constantan thermocouples for a single level
(5 cm) in the soil and platinum resistance thermometers
with integrated temperature for the upper 10 cm of the
soil. Soil moisture was measured using water content
reflectometers (model CS615, Campbell Scientific, Lo-
gan). The probes were inserted so as to measure the
integrated soil moisture in the top 15 cm of soil. Snow
temperature profiles were made in one of two ways;
manually (2001) by digging a snow pit and using a
handheld copper-constantan thermocouple inserted into
the undisturbed wall of the pit (~10 cm) at different
heights or automatically (2002) using one 100-cm and
two 200-cm long polycarbonate wands (model TP101,
Measurement Research Corporation, Gig Harbor), with
thermistors (accuracy of +0.1°C from —40 to 80°C)
embedded at 10-cm intervals and connected to datal-
oggers (model CR10, Campbell Scientific, Logan).
When deployed in the field, the lower 20 cm of each
wand was buried in the soil during the summer and left
in place during the winter. As snow buried the wands,
the vertical profile in snow temperature, at 10-cm
intervals, was obtained. We evaluated the snow-tem-
perature profile only using thermistor readings that were
located between, and including, the nearest thermistor to
10-cm below the upper snow surface and 10-cm above
the ground surface, in order to avoid boundary effects
due to solar heating from above or ground heating from
below. Calibration of the wands against a precision
mercury thermometer was accomplished in the labora-
tory, prior to installation in the field, using a controlled-
temperature water bath. All of the climatic, snow and
soil measurements were made within a 30x30 m plot
located approximately 50 m northwest of the eddy
covariance tower.

Branch-level experiments

We conducted two different branch-level experiments to
study the recovery of photosynthetic capacity after
transfer from the cold wintertime condition to a warmer
and/or hydrated springtime condition. One experiment
was conducted during the third week of March, 2000
(Experiment 1) and one was conducted during the first
week of April, 2004 (Experiment 2). In Experiment 1,
branches from four adult lodgepole pine trees were
collected in the field (diameter at breast height > 15 cm),
at mid-canopy on March 15, 2000. Greater than 1 m of
snow fell on the study site during the week immediately
prior to the branch collections. All branches were har-
vested before dawn, needle water potentials (¥,,) and
chlorophyll fluorescence patterns were measured (see
below for methods) in an instrument trailer located at
the site, and needles were collected for later pigment
analysis. Branches were then transported (total transit
time of 1 h) in opaque plastic bags kept on ice to



laboratory facilities at the University of Colorado,
Boulder. One branch from each of the four trees was
randomly placed into one of the following treatments:
(1) low light with no hydration (referred to as low-light
dry or LLD) with a 14 h photoperiod and a photosyn-
thetic (400-700 nm) photon flux density (PPFD) of
10 pmol m 2 s~ ! at 25°C; (2) low light with photoperiod
and temperature as above, but stems were re-cut under
tap water and the cut end was placed in tap water for
further hydration (referred to as low-light, hydrated or
LLH), and (3) temperature as above and hydration as
above, but kept under high light in a glasshouse (maxi-
mum PPFD of 1,800 pmol m 2 s~ ') and natural pho-
toperiod (approximately 12.4 h) supplemented with
artificial light from metal-halide lamps to produce a
total photoperiod of 14 h (referred to as high-light, hy-
drated or HLH). Branches were randomly chosen from
the treatments for sampling of physiological and bio-
chemical traits over the subsequent 5 days of recovery.

In Experiment#2, branches from subalpine fir and
lodgepole pine trees were harvested before dawn on
March 31, 2004 from trees with diameter at breast
height >15 cm at mid-canopy height. In this case, the
week prior to the harvest was characterized by war-
mer-than-normal temperatures (mean temperature of
2.7°C compared to —2.1+0.8°C for this same week
during the previous 5 years). Needles were immediately
measured for W, and fluorescence, and transported to
the laboratory, as described above. Once at the labo-
ratory, the branches were placed into one of four dif-
ferent treatments: (1) a warm growth chamber (model
E-15, Conviron, Inc., Toronto) (20/15°C day/night,
300 pmol m~2s~' PPFD, 14-h photoperiod) without
subsequent re-hydration (referred to as warm, dry or
WD), (2) a cold %rowth chamber (1.5/0.5°C day/night,
300 pmol m~2s~', 14 h photoperiod) without sub-
sequent re-hydration (referred to as cold, dry or CD),
(3) the same warm growth chamber described above,
but with re-hydration (referred to as warm, wet or
WW), and (4) the same cold growth chamber described
above, but with re-hydration (referred to as cold, wet
or CW). Once again, branches were randomly chosen
from the treatments for measurement, in this case
during a subsequent 7-day recovery period.

Branch and needle measurements

Needle water potentials were determined using a Scho-
lander-type pressure chamber (PMS Inc, Corvallis) with
N, as the pressurization gas. Stomatal conductance (g;)
was measured with an open-flow gas exchange system
(model 6400, LiCor Inc., Lincoln). Chamber temperature
was held at 25°C and relative humidity was maintained
between 20-40%. All measurements were made with
saturating light (PPFD=1,500 umol m 2 s~'; model
LS-2 halogen light source, Hansatech, King’s Lynn)
using the factory-provided conifer cuvette system. Five
measurements of gas-exchange were made and averaged
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over a one-minute period after the cuvette conditions had
stabilized. Total needle surface area was determined for
each experimental branch using the volume displacement
method described by Chen et al. (1997).

The relationship between net CO, assimilation rate
(A) and the intercellular CO, concentration (Cj) (re-
ferred to as the A—C; response) was initiated at ambient
CO, concentration (365 pmol mol™!). Chamber CO,
concentration (C,) was then reduced to 200 pmol mol ™!
for 5 min to stimulate stomatal opening. Assimilation
rate was determined at this value, then C, was reduced
to 75 pmol mol ™!, followed by incremental increases to
150, 250, 350, 550, 700, 800, 900, 1200, and
2000 pmol mol~'. The data from the A—C; responses
were analyzed using Photosynthesis Assistant (Dundee
Scientific Ver. 1.1.2; Dundee) and photosynthetic
parameters (€.2., Vcmaxs Jmaxs Rda» TPU) were calculated
as in Harley et al. (1992).

Chlorophyll fluorescence emissions were measured
using a portable pulse amplitude-modulated fluorometer
(model PAM-2000, Walz, Effeltrich) as described in
Demmig-Adams et al. (1996). In all treatments, needles
were briefly dark adapted (5 min) before determining the
intrinsic PSII efficiency, calculated as F,/F,, (the ratio of
variable fluorescence to maximum fluorescence). Nee-
dles to be used in pigment analysis were frozen in liquid
nitrogen, freeze-dried, and stored under a N, atmo-
sphere at —80°C until processing. Chlorophylls and
carotenoids were extracted according to Adams and
Demmig-Adams (1992) and analyzed using the HPLC
column and gradient system described by Gilmore and
Yamamoto (1991).

Statistical analysis

Differences among means for the branch-level recovery
experiment were evaluated using repeated measures
ANOVA. In cases where interactions among variables
were not of interest, we used repeated measures one-way
ANOVA. In this case, we tested for significant differ-
ences among measurement means for each species
independently at different times during the experiment
or for differences between species at specific times. In
cases where interactions among variables were of inter-
est, we used a repeated measures, three-way, split-plot,
ANOVA, in this case testing for the significance of time,
recovery treatment type, and their interaction. To eval-
uate the 4—C; response, data were compared across
treatments and time by the use of non-linear regression
of the gas exchange data (Huxman et al. 1998). The non-
linear regression model (Jacob et al. 1995) was fit
through the complete data set (all times and treatments),
then individually (each treatment and time point sepa-
rately) and F-statistics were constructed from the resid-
ual sum of squares from each regression line following
Potvin et al. (1990). In comparing mean values of pho-
tosynthesis rate and photosystem II efficiency in bran-
ches of fir and pine allowed to recover for 7 days in a
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cold regime or warm regime (i.e., in Table 4 last two
columns for each species), we used the Student’s ¢-test
for independent samples. Linear and non-linear regres-
sion analyses were conducted using the Regression
Wizard found in SigmaPlot ver. 6.10 (SPSS, Inc). Sig-
nificance of regression models was tested using ANO-
VA. We tested all regressions for normality of residuals
using the Kolmogorov-Smirnov test and constancy of
variance using the Levene Median test at P <0.05. In the
analysis of the relationship between daytime mean
NEE and daytime mean temperature (i.e., reported in
Table 2), not all regressions passed these tests. We have
decided to report the regressions, nonetheless, with
appropriate notation of which tests were failed, for two
reasons: (1) because the ANOVA used to test for the
significance of regressions is robust with regard to failure
of these tests (Pedhazur 1997), and (2) our purpose in
presenting the regressions is not to develop specific
models of variable dependence, but rather to heuristi-
cally probe the potential for variable relationships at
different times of the year.

In those analyses involving the calculation of daily,
seasonal or annual cumulative NEE, we used flux data
that included gap-filled values. This was required be-
cause cumulative data is sensitive to the total number of
summed intervals. In these cases, we used data from all
“flag” categories, with gap-filling accomplished as de-
scribed in the Niwot Ridge AmeriFlux data archive
(http://urquell.colorado.edu/data_ameriflux/). In those
analyses where we assessed 30-min averaged NEE as a
function of temperature or season (i.e., Figs. 1, 4, 5,
Table 2) we eliminated flux data from the analysis that
had been derived from the various gap-filling proce-
dures. This means that we only used flux values that had
been flagged with the value ““1” in the Niwot Ridge
AmeriFlux data record. In those cases, the inclusion of
gap-filled data would have compromised the analysis as
many of the “filled data” are derived from the rela-
tionship between NEE and temperature, the same rela-
tionship being probed in the analyses. Averaged data is
not sensitive to the total number of averaged intervals,
facilitating our decision to use only non gap-filled data.

Results

Date of transition from CO, source to CO, sink
and duration of spring snow melt

Although we observed evidence of daytime, 30-min
averaged NEE values (NEE;(_,;,) that were negative in
sign (reflecting apparent net CO, uptake) throughout
the winter, these observations were infrequent, positively
correlated to air temperature, and relatively small in
magnitude until the month of April; all of which sug-
gests that these values did not reflect photosynthetic
recovery. For example, during the mid-winter months of
January and February negative NEE values were ob-
served for only 16% of the total non gap-filled, 30-min

averaging periods across all 5 years. Of those negative
NEE3(_min that were observed in January and February
across all 5 years, 69% were near zero (i.e., between 0
and —0.5 pmol m 2 s~ ). A significant correlation was
observed between negative NEEs( i, values in January
and February (pooled across all 5 years) and air tem-
perature (y=0.0.81 x=-6.33, R>*=0.01, F=20.42;
df=1,525; P<0.0001). However, this correlation was
positive in sign, indicating that as air temperature in-
creased, NEE;q.,;, values became less negative, not
more negative; this reflects a response of respiration to
temperature, not photosynthesis. It is possible that the
complex topography of the site and non-ideal wind flow
patterns result in small errors in the NEE;( ,;, during
certain winter conditions. However, the low frequency
of these observations, their low magnitude and the po-
sitive correlation with air temperature indicate that they
probably do not reflect true photosynthetic recovery.
In Fig. 1, we present the five-year averaged pattern of
the transition in NEE;3(_,;, during the winter and spring
for the purpose of illustrating general trends in the
transition. As will become evident in later sections, there
is considerable interannual variance around the mean
pattern shown in Fig. 1. Wintertime average NEE3o_nin
was always positive in sign, whether averaged for day-
time or nighttime periods (Fig. 1). The nighttime-aver-
aged NEE;g.,, increased slightly as the seasons
progressed but, clearly, most of the seasonal change
occurred in the daytime NEE;_ i, indicative of pho-
tosynthetic recovery. During the second or third week of
April daytime-averaged NEE3q.,;, switched from being
slightly higher to slightly lower than nighttime-averaged
NEE3g_min (marked by arrow#1 in Fig. 1). This switch
reflected the first time during the spring when daytime

1999-2003

Average NEE

6 —e— Nighttime-averaged NEE3q.min |+
—O— Daytime-averaged NEE 34 i

-8 . : . .
0 5 10 15 20 25
Week of year

Fig. 1 Weekly average NEE3q.ni, during the day (0600-1730 h) or
night (1800-0530 h) for the five-year observation period. The data
included in this analysis was the “raw”, non-gap-filled, 30-min
NEE averaged data. Vertical bars represent +1 S.E. The
arrows#1,#2 and#3 mark reference points that are discussed in
the text. It should be noted that arrow#3 reflects the point at which
the daily cumulative NEE became negative; given the cumulative
nature of this calculation it was made using gap-filled data



periods of net photosynthetic CO, uptake were of high
enough magnitude and frequency to offset the late-
spring bias toward slightly higher ecosystem respiration
rates during the day, compared to the night. The switch
is presumably a response to the slow warming of
springtime conditions. Even after this switch, however,
daytime rates of NEE;q_,,;, that reflect net CO, uptake
were relatively weak in magnitude and not consistent in
their frequency of occurrence; in fact, the daytime-
averaged NEE;_,,;, remained positive in sign at the time
of the switch. Within 1 or 2 weeks after this initial
switch, we observed a date when daytime NEEj3q_ i,
values were consistently negative in sign (reflecting net
CO, uptake) and relatively consistent in frequency of
occurrence and magnitude (we used the un-averaged
data from this analysis to apply the arbitrary metric that
NEE;min had to be <—3 pmol m—2>s~! for at least
three consecutive half-hour averaging periods for at least
three consecutive days) (marked by arrow#2 in Fig. 1).
Finally, within 1 or 2 weeks following this second step in
forest recovery, we observed the first day when the daily
(24-h) cumulative NEE (NEE,i,) switched from being
positive in sign to being consistently negative in sign (we
used the NEE3q_,in data to create 24-h averages for this
analysis) (marked by arrow#3 in Fig. 1). Thus, the time
of photosynthetic recovery (reflected in arrows#1 or#2,
depending on how one defines “‘recovery’’), occurs well
before the time of ecosystem carbon balance recovery
(reflected in arrow#3). Among the 5 years, we found the
length of time between photosynthetic recovery (taken
as arrow#2 in Fig. 1) and ecosystem carbon balance
recovery (taken as arrow#3 in Fig. 1) to consistently be
9-11 days (significant correlation between the two vari-
ables; R2=0.80, F=11.70; df=1,3; P=0.042). Clearly,
there are several possible ways to define the date of
springtime photosynthetic recovery. From this point
forward, we will refer to the ‘forest turn-on date’ as the
date of recovery in ecosystem carbon balance; i.e. that
date when NEE,;, first became consistently negative in
sign (i.e. arrow#3 in Fig. 1).

Measurements of daily cumulative net ecosystem CO,
exchange during the spring snow melt

The length of the ““snow melt period” (time from the forest
turn-on date to the date when diurnal fluctuations in soil
temperature indicated disappearance of the snow pack)
each spring was variable among years (Table 1). At one
extreme, the entire snow melt lasted only 6 days following
the forest turn-on in 2002. This was the year with the
shallowest spring snow pack recorded for this site in over
50 years of continuous measurements (http://culter.col-
orado.edu/Niwot/NiwotRidgeData/C1.html), and re-
sulted in completely snow-free conditions by the end of
April. At the other extreme, the snow melt persisted for
36 days following the forest turn-on in 1999, a year with a
deeper-than-average spring snow pack. During
1999, a 55% increase in the snow pack was observed for
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the late-spring month of April alone (Table 1, Column 4),
and the snow melt period lasted well into the month of
June.

Cumulative NEE during the snow melt period
(NEEghow-meit» defined as the sum of NEEg,, between
the date when NEE,;, first switched to negative values
and the end of snow melt) ranged from 3% to 42% of
the total growing-season NEE [defined as NEEg, w-melt
plus the cumulative NEE during the snow-free part of
the growing season (NEE,,w.ree)] (Table 1). Despite
being confined to a shorter time interval (6-36 days), the
interannual range of NEEgow.mer (7.7 mol m~2) was
over two times the range of NEEgow-free (3.5 mol m~?),
despite the latter lasting several months longer. Year-to-
year variation in the length of the snow-free part of the
growing season was determined more by variation in the
length of snow melt in the spring (which varied by a total
of 30 days), than variation in the date of growing season
closure in the fall (which varied by a total of 13 days, see
Table 1 footnote ““g”). Cumulative wintertime NEE
(NEEnier) exhibited the least amount of variation from
year to year, with the total range of variation being only
2.6 mol m 2 The amount of cumulative warming (de-
gree-days) from February 1 to the first day of photo-
synthetic recovery (arrow # 2 in Fig. 1) varied among
years, whether assessed above a threshold of 0°C or 5°C
(Table 1). There was no common temperature threshold
among years leading up to the first day of photosyn-
thetic recovery.

The timing and magnitude of NEEg,;, during the snow
melt period was variable among the 5 years, with the
greatest rates of CO, uptake (i.e., the steepest slope to the
cumulative NEEg,;, as a function of date) occurring
during those years with the latest snow melt (Fig. 2).
During 2001, an extended (5-day) cold-weather system
moved into the site immediately following the forest turn-
on date, causing the slope of the relationship between
NEEq.iy and date to flatten out and even reverse itself as
several days during this period exhibited net CO, loss.
NEE during the snow melt was dependent on air tem-
perature whether expressed as NEEq,;, (which contains
gap-filled data) or NEE;o. i, (Which does not contain
gap-filled data) (Figs. 3a, b). Nonlinear regression anal-
ysis revealed a best-fit polynomial function to both sets of
data (y=ax’+bx+c; a=1.49, b=-26.15, c=—-100.28;
R*=0.43; F=42.81; df=2,114; P<0.0001 for NEZEqaiy,
and y=ax’+bx+c; a=0291, b=-0.695, ¢=-3.68;
R*=0.29; F=22.33; df=2,110; P<0.0001 for NEEqaiy
for NEE3o.min). Non-linear regression models explained
slightly more variance in both data sets than linear models
(data not shown). NEEg,;, became less negative at daily
mean air temperatures below 5°C and above 10°C
(Figs. 3a, b). The mean air temperature observed during
the spring snow melt was higher during years when the
initiation of snow melt and, concomitantly, the forest
turn-on date occurred later in the spring (Fig. 3c); al-
though this relationship could not be statistically vali-
dated given the limited number of observations
(y=0.141x—12.40, R*=0.51, F=3.19; df=1,3; P=0.17).



136

Sururem sanemMWNd 03 asuodsax
jueAd[RI-A[[eo13ojo1sAyd ®© 100pal sni) pue el sisayjuksoloyd ssoid ur so3uryd Aq Ajurewid USALIP 2q O] PIWNSSE SBM P[OYSIAY) UISOYD A[LIRIIIQIR SIY) SABDP JAINIASUOD ¢ 10] sporad
SUISBIOAL OAIINOASUOD ¢ 10] | _s . w [owr ¢ — > sem "OSgN Aeppru uaym 2)ep 181y a1 01 | A1eniqo woly potad oY) 10J 9,6 10 J,() 9A0qL SKEP 90159p 2ATIR[NTIND JO ToqUINU Y],

(«.3,, + .J.,) (L UWN[0d + 9 UWIN[OD) JO UONORIJ B SB (,J,,) 9 UWNJOD UI dN[BA JY ],

9AOQR B, UI SB PAJRUSISIP I1BIK 2I11UL 9] 10 FHN (WNd) 9ANB[NWND [BNUUR [B10) dY T,

aAneSou sem AP N uoym o1ep Surrds 151 oY) 03 aanisod sem AFPN USYM 918D [RUWININE ISIY Y} WOJJ 1$910J Y3 J0J AN (Wno) sAngmnund oy Ly

(A1oAnoadsar ‘€00¢

2002 “100Z ‘000Z ‘6661 10J L8T ‘96T ‘96T ‘00€ ‘687 AOC) dnyea ur oAnisod sem AIPPHHN USYM 18P UWNINE ISIY 9Y) PUB JOBJINS 991J-MOUS B PIIBIIPUI STUSUAINSBIW XN[J 18Y [0S pUB
anje1aduwa) [10S JO UOIIRUIGUIOD A} UdYM J)ep SuLids 1SI oy) U2am]aq AUIT) AY) SB PAUIULIDIAP UOSBIS SuImois oy Jo 1red 921y mous o) SuLmnp 1s10J oY) 10J FAN (WNd) dANBNWND Y] 5
20BJINS J2IJ-MOUS B PI[LIAJI SJUSWAINSLIW XNJJ JBIY [10S puk arnjeroduwd) [10s

JO UOTIBUIQUIOD 9} 91BP 9Y) 01 dN[BA dAIIEIOU © PAIqIUxd AP N 1ey) Surxds oY) SuLmp 91ep IsIy 9y} Wolj uaye) porad J[PWMOUS oY) SULINp 15910J oY) 10§ FAN (WND) SANB[AUIND oY 1
QIS SIY) 10J DT 0 F S [ ST arnjerodwo) [enuue uedwW (000Z—¢S61) Wil

-3uo] oy ], "sueaw aInjeradwa) UurW-()¢ [BNUUL 3Y) JO “J'S F UBIW I SANJBA "IBIK OB [¢ I19Q010() PUB | IIQUISAON Udam1aq porrad ay) 10J 1Yoy w ¢ [ 7 18 aInjetadwa) [enuue uesjA,
[udy jo yyuow Surrds [eonLIO

oy) Surmp yoedmous oy) woiy readdesip 10 readde 0) mous 10J AoUdPUL) ) )EIIPUT 0} PAPNIOUT ST AN[eA SIYL "¢ [UdY puB [¢ YOTEJA UMD HMS AU} Ul dFueyd dagejuddrad oy L,
(Wd 6'88—1"'S7=93URI) WD 9°C F €9f ST FAS WNWIXLUW UBIW (866]—-886]) WI)-UO[ oY, "I1eaK yoea Jo Surids ay) Summp painsesw JUs[BAINDI I19)eM-MOUS [BNUUER WNWIXLW Y
(3o mous jo awn) Yy} Je aInjerdduid) [10S Ul 9SLI UAPPNS Y3 Jo s9[dWexd 10J G 4 ‘SSI] 93S) 90BJINS 9IJ-MOUS B PI[BIAI SIUIWIINSBIW

XN 183y [10s pue a1njeradud) [10S JO UOHIBUIQUIOD Y} USYM 3)BP U} PUE AT} e3oU st PPN USyMm 3)Bp JSIY 9Y} UIIM}q SN} Y} SB PIUIULISNIP ISA00 mous dwngurds Jo yi3ua| ay Lg
8661 ‘1 JOQUIDAON UO UB3q

SOLIS dwW) AN dY) JO A®P ISIY Y} ‘Sny [, "[€ 10q0I10Q — | JOqUIOAON woj sueds Apnis S1y) Ul (FHN) 95UBYIXI {OD) WIAISASOI JU JO JUSWAINSLIW 10J PIsn 18K suo Aue ul pourad ay T,

-

(% 68 €€ SO S— LOOT cCol— 0rs— 1'0F97¢ vi— 9Ty 8C £00¢
[43 89 € ell— 8S°6 8€°01— €€'0— ['0FvC 00I— C6l 9 00T
1% L9 0¢ ¥9°6— 2! eLel— See— I'oFece 6— V'S¢ 9¢ 100C
[44 ¥s I 08'v— c0°Cl Ieel— 1s°¢— I'oFse 8¢— 1v'lE LT 000C
€€ 18 [4% IL9— 17l 68°01— €0'8— I'0F6'1  SS+ T9¢ 9¢ 6661
Yeidn
20D 10U Aeppiu Pxerdn €D 10U (%) AN uosees (._w J jow) (_w ) [ow) (. W D [our) Jzow D Joun) o(D0) q(skep)
JO 9ep ISI§ 0}  Aeppru Jo 9)ep 18Iy Juimoid jo agejudorad  (P"UUPGEND) (PMMgEN)  (CPYTetggN) (RPWOUSggN) AN 2anjerddwo) p(%) o(wo) uonemnp
oS < SABD 921390 01 D0 < SABP 22132 ownduudg AN [enuuy AN IOIUIA AN 991J-mous JPW-Moug [enuue UBIN IMS V dMS mous Juudg I X

SIBOA 9AINOASUOD 9AY JuLINp 9)IS XN[ LAWY 9Fpry 10MIN Y} 10] Blep AN QANB[NUWND pUB MOUS ‘djewdo swndunds | djqe],



—_—— 2 i ; i g ' 2
o
g
o 0
g
- 2t
L
=
o 4r
=
E L]
g 1| o
3 .y
[&]
> 8| 4
T -
(]
-10 - : : : : :
120 130 140 150 160 170
Day of year

Fig. 2 Cumulative daily NEE (NEE,i1y) for the period during the
spring snow melt during five successive years at the Niwot Ridge
AmeriFlux site. The time period of snow melt was determined as
described in Table 1. The day of year (DOY) for the initiation of
NEEy,jy was 134, 116, 117, 118 and 132, for 1999, 2000, 2001, 2002
and 2003, respectively

Temperature had a greater effect on photosynthetic
recovery as the season progressed from winter toward
spring. We analyzed the degree of statistical correlation
between mean daily air temperature and NEEsgin
during the binned periods between January 1 and March
1 (mid-winter), during the 3-week period just prior to the
forest turn-on each year, and during the period of snow
melt following the forest turn-on date (Table 2). We
found no correlation between NEEsq i, and air tem-
perature during the mid-winter months for any of the
5 years of observation. During the 3-week period just
prior to the forest turn-on date, a significant correlation
was present during all five years. We also observed sig-
nificant correlations between NEE;zg ., and air tem-
perature during the snow melt period for 4 of the 5 years
of observation. The one year that did not exhibit a sig-
nificant correlation was the snowmelt period for 2002
which, once again, was characterized by only 6 days.

In order to gain insight into interannual variation in
the coupling between springtime climate and the forest
turn-on date, we conducted detailed studies during the
spring snow melt for two (2001 and 2002) of the five
years of observation. In the spring of 2001, the forest
turn-on date was defined as DOY 117. Three periods of
brief warm weather occurred earlier in the spring
(marked by a, b, and c in Fig. 4a), which coincided with
small, but unsustained amounts of forest CO, uptake
(marked by a, b, and ¢ in Fig. 4d). A few days after the
forest turn-on date, a cold-weather system moved into
the site and lasted for 5 days (marked by d in Fig. 4a).
We were not able to successfully measure eddy fluxes of
CO, during 4 out of the 5 days in this period due to a
power outage (thus the gap in the NEE data of Fig. 4d
marked by d), but as evidenced in the successful mea-
surements on the last day, the forest turn-on was prob-
ably reversed during this period, and the ecosystem

137

=
= 0
o
€
= 100
£
L +
‘L-LI-'-Z{)O " s I e
w o 2000 °=*:'.+ e 4+ -
=0T R A
S _400 = 2003 + +
5 0 5 10 15

o

'
o

1
Y
(=]

La
a

"

5 0 5 10 15
Mean 21.5-m temperature (°C)

Mean midday NEE (umol m2 s1)

Mean temperature during
spring CO, uptake (°C)

D i i i
110 115 120 125 130 136

Date of initial spring CO5 uptake

Fig. 3 a Daily NEE (NEEg,;,) observed during the spring snow
melt as a function of mean daily air temperature. Each point
represents the value for 1 day. b Daytime mean of 30-min averaged
(NEE3g.min) as a function of daytime mean air temperature (at
21.5 m) determined for the periods between 0800 h and 1600 h.
¢ The mean daily temperature during the spring snow melt as a
function of the date of initial springtime net CO, uptake. The
initiation of spring net CO, uptake was determined as the first date
NEE,jy, was negative. Values represent the mean of all days within
the snow melt period for each respective year + S.E. The line
reflects the best-fit function as determined from linear regression
analysis (see text for regression details)

probably became a net daily CO, source once again,
before settling into a consistent pattern of continuous
CO, uptake. Soil temperature climbed above 0°C for the
first time on DOY 86, well before the forest turn-on
date, and remained slightly above zero through the snow
melt period. In this year, the variable that most accu-
rately predicted the forest turn-on date was the date of
isothermality across the snow pack (i.e., the date when
the temperature gradient across the vertical profile of the
snow pack reached zero) (Fig. 4c). Soil moisture was
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Table 2 Correlation between the average NEE3(_,;, and the aver-
age air temperature (measured at 21.5 m) during the period be-
tween 0800 h and 1600 h for three binned time periods: (1) the mid-
winter period of January and February, (2) the period of 3 weeks
immediately prior to the forest turn-on date, and (3) the combined
days for the snowmelt period following the forest turn on date.

Only NEE measurements that did not include gap-filled data were
used for this analysis. Linear regression models were used for all
analyses. Statistically significant regressions are shown in bold type.
T range refers to the total range in mean midday air temperature
observed during each respective period

Year Mid-winter 3-weeks before turn-on Snowmelt after turn-on
1999 y=—0.003 x+0.71 y=-023 x+0.35 »=-0.20 x—5.99
R*>=0.006; F=0.26; P=0.62 R>=0.84; F= 74.97; P<10.000 R*>=0.14; F=4.80; P=0.04
T range=—14.2 to 3.5°C T range=—6.1 to 11.2°C T range=—0.6 to 14.9°C
2000 y=-0.002x+0.95 y=-0.16 x+ 0.06 y=-024 x—4.3
R*=0.001; F=0.046; P=0.83%%* R*>=0.20; F=4.65; P=0.04 R*=0.18; F =5.18; P =0.03*
T range=—15.5 to 4.0°C T range = —7.8 to 8.9°C T range =—6.0 to 15.1°C
2001 y=-0.003 x+0.61 y=-0.19 x—0.60 y =—0.43 x—3.02
R*=0.001; F=0.09; P=0.80% R 2=0.43; F=14.40; P=0.001 R>=0.30; F=9.87; P=0.005
T range=—14.5 to 5.4°C T range=—5.9 to 11.1°C T range =—4.1 to 13.7°C
2002 y=-0.007x+0.60 y=-0.19 x—0.20 y=0.28 x—4.08
R>=0.016; F=0.73; P=0.40%* R 2=0.23; F=5.48; P=0.03 R>=0.39; F=2.60; P=0.18
T range=—15.8 to 5.5°C T range = —6.1 to 10.3°C T range=0.0 to 8.8°C
2003 y=—0.008x+0.65 y=-0.27 x—0.53 y=-0.29 x—4.38

R>=0.01; F=0.54; P=0.47
T range=—19.6 to 7.4°C

R?=0.28; F=6.24; P=0.02
T range = —5.0 to 7.4°C

R?*=0.18; F =5.01; P =0.03
T range=1.4 to 18.0°C

Regressions followed with * did no pass the test for normality of residuals at P <0.05. Regressions followed with ** did not pass the test
for constant variance at P<0.05. Regressions followed with *** failed both tests simultaneously

observed to increase markedly immediately following
the date of isothermality.

During the spring of 2002, air temperature fluctu-
ated at a higher frequency and showed no distinct
evidence of organized weather fronts, compared to the
observations from 2001. We observed numerous iso-
lated warm days in early spring with evidence of pho-
tosynthetic CO, uptake (Fig. 5d). For example,
between DOY 90 and 100, air temperatures warmed
each day above 5°C, correlating with a prolonged
period of CO, uptake (marked by a in Figs. 5a, d).
However, a short, but strong, cold period in the
vicinity of DOY 107 caused reductions in CO, uptake
to near zero (marked by b in Figs. 5a, d), and pre-
vented the forest turn-on from being initialized until
DOY 118. Soil temperatures were slower to reach 0°C
in 2002, compared to 2001, probably due to the shal-
lower snow pack and lower capacity for thermal insu-
lation against freezing nights. Soil temperatures
reached 0°C on approximately DOY 100, almost
3 weeks prior to the forest turn-on date. This was also
the same approximate date that the snow pack became
isothermal, and soil water content increased signifi-
cantly (Figs. 5c, e). Thus, in this year, the potential for
isothermality in the snow pack to trigger the forest
turn-on was mitigated by cold air temperatures that
settled over the site for several days. It is notable in
Figs. 4 and 5 that ecosystem respiration rates did not
increase during the spring snow melt. This trend is
consistent with the data reported in Fig. 1, in which the
average nighttime NEE;3q ., (which solely reflects
ecosystem respiration) increased by a factor of
approximately 2, but the average daytime NEEj3g i,
(which reflects ecosystem respiration and gross photo-
synthesis) increased by a factor of approximately 10,

from mid-winter to the end of the spring snowmelt.
These trends emphasize the fact that the dynamics in
NEE during the snow melt are clearly driven by pho-
tosynthetic processes, not respiratory processes.

Branch and needle measurements of the recovery of CO,
uptake capacity

In the first laboratory recovery experiment (conducted in
the spring of 2000), we only made observations on
lodgepole pine branches. Pre-dawn, field-measured nee-
dle ¥,, were approximately —2.5 MPa, but changed
after transport to the lab to approximately —1.1 MPa
(Fig. 6); this was probably due to wood thawing and
water re-equilibration in the branch system during
transport. There was a time (F=25.09; df=12,36;
P<0.05), treatment (F=27.17; df=2,6; P<0.05) and
time-by-treatment interaction (F=10.65; df=24,72;
P<0.05) that described needle ¥, throughout the
recovery experiment. In this experiment, we exposed the
branches to three recovery treatments; high-light with
hydration (HLH), low-light with hydration (LLH) and
low-light dry (LLD). Needle ¥,, increased as a function
of time for the HLH and LLH treatments, reaching
—0.3 MPa after 20 h. Branches in the LLD treatment
showed increases in W¥,, during the first few hours of
recovery (probably due to warming of the wood tissues),
followed by a sharp decrease to —4.5 MPa by 45 h post-
harvest.

There was an effect of time (F=284.9; df=12,36;
P <0.05) in the recovery of intrinsic efficiency of PSII,
as measured by F,/F,, (Fig. 7a). Values increased from
F,/F, <0.15 (relative units) upon harvesting in the field,
to F,/F,=0.50 in 24 h and F,/F, >0.65 after 40 h.
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Fig. 4 Climatic variables and NEE for the period surrounding the
springtime initiation of net CO, uptake during 2001. a Air
temperature at 21.5 m on the eddy covariance tower. b Soil
temperature at 10 cm depth (mean of three different thermocou-
ples). The arrow indicates the 26-day period between the forest
turn-on date and the date at which snow melt was completed.
¢ Temperature gradient across the snow pack taken as the snow
temperature measurement 10 cm below the upper surface of the
snow pack and 10 cm above the lower surface of the snow pack.

There were no differences between treatments (F'=1.08;
df=2,6; P<0.05) and there was not an interaction
between time and the different treatments (F=0.76;
df=24,72; P>0.05) . Thus, the only variable that was
statistically related to the recovery of F,/F, was the
increase in temperature. Induction of the xanthophyll
cycle [(zeaxanthin + antheraxanthin)/(violaxanthin +
antheraxanthin + zeaxanthin)] [(hereafter referred to as
(Z+A)/(V+A+Z)] decreased during the recovery
treatments (Fig. 7b). At the onset of recovery, (Z+A)/
(V+Z+A) was greater than 0.8. Relative to the total
pool of xanthophyll pigments, levels of (Z+A) de-
creased through time in all treatments with the conver-
sion state decreasing linearly to 0.27 for the LLH
treatment, 0.35 for the HLH treatment, and to 0.55 for
the LLD treatment. On the final day of measurement,
the means of (Z+ A)/(V+Z+ A) for the LLD and LLH
treatments were significantly different (F£=0.05; df=3,2;
P=0.048), despite no significant differences in F,/Fy,.
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d The 30-min averaged NEE measurement (no gap-filled data
included) from the 21.5 m height on the eddy covariance tower.
e Soil water content (measured as water volume relative to soil
volume, 0) integrated across 15 cm soil depth (mean of three
different probes). The value noted with the arrow in e represents the
soil water content at the time of initiation of net CO, uptake. The
grey bar represents the time of the forest turn-on (recovery of forest
carbon uptake), and is represented in all panels for comparison
purposes

Measurable stomatal conductance was observed on
the first day of recovery in the HLH and LLH treat-
ments, despite no measurable gas exchange in the field
during the day prior to harvest (Fig. 8). During
recovery of stomatal conductance, time and the inter-
action between time and the different recovery treat-
ments were significant (F=2.78; df=6,12; P<0.05 and
F=2.57, df=12,24; P<0.05, respectively). The HLH
treatment consistently had higher conductance values
(0.51+0.20 mol m 2 s~ ) comPared to the LLH treat-
ment (0.22+40.09 mol m2s~'). Needles in both of
these treatments exhibited stomatal conductances that
were larger than those in the LLD treatment
(<0.035 mol m 2 s 1.

The A-Ci response of needles through time was
dependent on recovery treatment (F=29.9; df=12,74;
P<0.01). The LLD treatment did not produce a re-
solvable A-Ci curve during the experiment. The LLH
and HLH treatments induced similar A-Ci responses
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Fig. 5 Climatic variables and

NEE for the period 5
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Experiment 1 (2000) treatment. The maximum rate of carboxylatlon (VCmaX)
0 increased from 10.3 pmol m ™2 s~ ' to 15.0 pmol m 2 s
o from Day 2 to Day 3 in both hydration treatments
% (Table 3). By Day 5, that value had increased to
= 4 23.8 umol m 2 s~ ! in the HLH treatment compared to
8 only 17.1 pmol m~2 s~ ! in the LLH treatment. Neither
S dark respiration rate (Ry) nor triose phosphate utiliza-
S ,| tion (TPU) limitation showed a trend over time; how-
= ever, the maximum rate of whole-chain electron
o transport (Jmax) increasezd f{qm 32.6 pumol m 257! to
= 3 greater than 60 pmol m™~ s~ in the two treatments, and
2 - —e— LLD most of the increase occurred during the first 72 hours of
3 —Oo= IE[ILHH the recovery treatments. The CO, compensation point
= - (I') showed a decrease with time from 204 to
-4 0 2'0 4'0 6‘0 8K0 1 (')0 120 144 umol mol ' during the time from Day 2 to Day 3.
, By Day 5, T' had not increased further in the HLH
Time (h) treatment, but had increased to 94 pmol mol™' in the

Fig. 6 Time-dependent changes in needle water potential during
the recovery treatments of Experiment 1 on cut branches of
lodgepole pine. Treatments are represented as low light, dry (LLD),
low light hydrated (LLH), and high light, hydrated (HLH). Values
represent the mean + SE (n=3 branches)

through time (Fig. 9). A single regression line described
each of the time-points for these two treatments except
for day 5 (F=10.0; df=4,22; P<0.05). On day 5, nee-
dles in HLH showed an initial slope that was steeper and
a saturated region that was greater than the LLH

LLH treatment.

In the second experiment (conducted in the spring of
2004), we made observations on lodgepole pine and
subalpine fir branches. Rather than focusing on the
physiological mechanisms that control the recovery, in
this experiment we aimed to determine whether differ-
ences exist in the recovery kinetics between these two
species. From observations made during our previous
experiment, we concluded that needles that are not hy-
drated during the recovery period do not exhibit
recovery of photosynthetic CO, assimilation, even after
7 days, and despite the recovery of PSII efficiency. Thus,
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Fig. 7 Time-dependent changes in the ratio of xanthophyll cycle
pigments (upper panel) and the intrinsic efficiency of photosystem 11
(Fy/Fn) (lower panel) for branches of lodgepole pine during
Experiment 1. The lines represent ‘‘best-fit” regression plots
obtained from either linear or second-order polynomial regression
analyses. Values represent mean = SE (n=3 branches for the
upper panel and 10 branches for the lower panel)

in this experiment, we focused on recovery in response to
two hydration treatments, one in a warm temperature
regime (WH) and one in a cold temperature regime (CH)
and on two physiological measures that are least
dependent on time-of-day and are easily measured in
order to facilitate sequential sampling, chlorophyll flu-
orescence and CO, assimilation rate at normal ambient
CO, concentration. In this case, the week prior to the
harvesting of branches was characterized by warmer-
than-normal temperatures at the field site. Perhaps in
response to this warm period, the pre-dawn needle ¥, of
lodgepole pine was already relatively high at the time of
harvest. Time of hydration did not have a further effect
in increasing the needle water potential of pines
(F=2.20; df=3,16; P=0.13). Pre-dawn needle ¥,, was
relatively low in subalpine fir branches at the time of
harvest (Table 4). Needle V¥,, recovered after only 1

day of hydration in the WH regime, with time of
hydration having a significant effect (F=10.86; df = 3,16;
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Fig. 8 Time-dependent changes in stomatal conductance to water
vapor of lodgepole pine needles during Experiment 1. Stomatal
conductance in this case is expressed on the basis of projected
needle surface area, not total needle surface area. Treatment
symbols are as described in Fig. 7. Values represent mean = SE
(n=15 branches)

P= 0.0004). In needles of subalpine fir, PSII photo-
synthetic efficiency was already relatively high at the
time of collection (Day 0), despite relatively low needle
Y. (Table 4). This may have been a relict, remaining
from some level of in situ photosynthetic recovery the
previous week. In pine needles, PSII efficiency was still
relatively low when needles were harvested, despite rel-
atively high needle W; this might indicate the lack of
photosynthetic recovery in this species the previous
week, despite having experienced needle re-hydration.
Within the first day in the WH treatment, PSII effi-
ciencies in pine needles had increased to 93% of the
observed maximum. In both species, there was a sig-
nificant overall effect of time of hydration in the warm
regime on recovery of F,/F,, (subalpine fir, F'=84.88;
df=4,36; P<0.0001; lodgepole pine, F=220.33;
df=4,45; P<0.0001) and significant (P <0.05) pairwise
contrasts between Day 0 and all subsequent days, and
Day 1 and all subsequent days. After Day 1, pairwise
contrasts were not significant. In other words, in both
species, recovery in F,/F,, was complete after 1 day in
the WH regime. At the time of harvest net CO, exchange
of needles in both species solely reflected net CO, loss
(Table 4). After 1 day in the WH treatment (indicated as
“Dayl” in Table 4), the needles of subalpine fir switched
from net CO, loss to net CO, uptake, with CO, uptake
rates being 34% of their eventual maximum. There was
a significant effect of time of hydration on the recovery
of CO, assimilation rate in subalpine fir (F=18.70;
df=4,25; P<0.0001). Pine needles were considerably
slower in their recovery in the WH treatment. Needles in
lodgepole pine exhibited significant increases in net CO,
uptake after 2 days of hydration, compared to 1 day in
subalpine fir, and rates of CO, uptake significantly
greater than 0 only after 7 days of recovery, compared
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Experiment 1 (2000)
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Fig. 9 Time-dependent recovery of the relationship between needle
net CO, assimilation rate (A) and needle intercellular CO,
concentration (C;) in lodgepole pine during Experiment 1. Net
CO, assimilation rate in this case is expressed on the basis of
projected needle surface area, not total needle surface area.
Treatment symbols are as described in Fig. 7. Each point
represents one measurement. Lines were fitted to the points with
“best-fit” second-order polynomials determined from regression
analysis

to 1 day for subalpine fir. As we only sampled on days 3
and 7 in the recovery experiment, we conclude that pine
needles require between 4 days and 7 days in a warm,
hydrated state for significant photosynthetic recovery.
In the cold regime (CH), after 7 days of hydration, fir
needles recovered to a significantly lower rate of net CO,

uptake, compared to those in the WH regime (Table 4)
(means compared between WH fir and CH fir signifi-
cantly different; 1 = 4.55; 2-tailed P = 0.004), despite
exhibiting similar needle W, values and photosystem II
efficiencies. Needles of pine that were rehydrated in the
cold regime did not regain the capacity for CO, uptake,
even after 7 days, again despite having relatively high
initial needle ¥,, (means compared between WH pine
and CH pine significantly different; 7=5.50; 2-tailed
P=0.0005). In pine needles, photosystem II efficiency
(Fv/Fm) did not recover after 7 days in the CH treat-
ment to the same level as that for needles in the WH
treatment (z=15.58; 2-tailed P <0.0001).

Discussion

Considerable attention has recently been devoted to the
timing of, and controls over, the springtime greening of
deciduous forests (Goulden et al. 1996b; Bergh et al.
2003) and commencement of springtime photosynthetic
activity in evergreen forests (Bergh and Linder 1999;
Vaganov et al. 1999; Bergh et al. 2003; Suni et al. 2003;
Tanja et al. 2003; Smith et al. 2004). Springtime CO,
assimilation in northern hemisphere forests affects an-
nual dynamics in the hemispheric CO, drawdown
(Randerson et al. 1999) and is correlated with remotely-
sensed patterns of surface ’greening’ (Myneni et al. 1997,
Way et al. 1997; Nichol et al. 2002). Evergreen forest
trees in cold-winter climates normally downregulate
photosynthetic activities during the winter and require
warm weather cues to trigger recovery. The nature of
these cues and the sequence of physiological responses
involved in the recovery have been examined in the case
of certain boreal forest species (e.g., Ensminger et al.
2004), but are largely uninvestigated for mid-latitude
coniferous trees. In this study, we focused on a subalpine
coniferous forest in the Rocky Mountains of Colorado.
We demonstrated that (1) the time of recovery in the
photosynthetic processes of the trees can be offset by
several weeks from the time of recovery in the capacity
of ecosystem carbon uptake, (2) once the capacity for
carbon uptake does recover, CO, assimilation during the
period of snow melt represents a significant, but variable
component of growing-season NEE and annual NEE,
(3) warm, early-spring, air temperatures are sufficient to

Table 3 Recovery of photosynthetic and respiratory variables for lodgepole pine in Experiment#1 in either the high light hydrated (HLH)

or low light hydrated (LLH) treatments

2

Treatment Time of recovery (h) R4 (nmol m~2s7h) Vemax (mol m™2 s7h) Jinax (umol m 2 s71) T (umol mol™})
HLH 48 —2.11 10.3 38.9 205

72 —2.02 15.0 67.0 142

120 —3.25 23.8 69.5 144
LLH 48 -2.85 12.7 50.3 224

72 —2.03 16.4 52.5 134

120 —1.21 17.1 48.5 94

Data represent the least squares regression estimations in the program Photosyn Assistant, for dark respiration rate (Ry), maximum
carboxylation velocity of Rubisco (Vcmax), maximum rate of electron transport (Jiax), and CO, compensation point (I")
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Table 4 Needle water potential (¥,,), photosystem II efficiency (F,/F,), and net CO, assimilation rate at ambient CO, concentration (A) for needles of subalpine fir and lodgepole pine in
ND not determined

Experiment#2 measured after varying times of recovery from winter photosynthetic downregulation in a warm or cold growth chamber with hydration of branches

Values in the same row with the same letter are not significantly different at P <0.05

Values represent the mean + SE (n=23-10)
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trigger limited photosynthetic recovery in NEE, but the
availability of liquid soil water combined with even
warmer air temperatures constitutes the set of environ-
mental triggers that cause eventual full recovery in the
capacity for ecosystem carbon uptake, (4) there is a
specific sequence by which components of the photo-
synthetic apparatus recover and thus constrain the
overall pattern and pace of recovery, and (5) differences
exist in the rate of springtime recovery between the
dominant tree species in this forest ecosystem, and
probably the degree to which they respond to early
spring versus late spring warming.

The springtime recovery of photosynthesis and car-
bon uptake in this forest represents a composite of re-
sponses extending across several weeks. It is difficult to
assign a specific date to the recovery. Periodic and
transient warm periods during the early spring trigger a
limited capacity for photosynthetic CO, assimilation
and reduce the rate of CO, loss from the forest, al-
though this recovery is seldom strong enough to com-
pletely offset nighttime respiration and the daily CO,
balance remains one of net loss. These early recovery
events are characterized by multiple initiations and
reversals depending on the passage of local weather
systems. Later in the spring, after the snow pack be-
comes isothermal, snow melt begins and soil water
availability increases, the forest is primed to a state
whereby further warming can trigger a full recovery in
forest photosynthetic capacity and high rates of carbon
uptake return.

Over five consecutive years the fraction of NEEyowing-
season, Which was represented by NEEq,  w.mei, ranged
from 3 to 42% (Table 1). This variation could not be
accounted for by differences in the time of autumn
closure to the growing season, as this date varied little
among the years. Interannual variation in NEE,, a1
among several of the years can be better explained by
interannual variation in NEE,,w-mert, than by interan-
nual variation in NEEg,ow.fee- FOr example, in compar-
ing the two extreme years with the highest (1999) and
lowest (2002) NEE, ,,ua, We observed that NEEg,ow-free
was similar (A = 0.51 mol C m2) (Table 1). The
difference in NEEq,ow-mert (A = 7.70 mol C m~?), how-
ever, along with the difference in wintertime respiration
(NEEwiner», A=-2.63mol Cm?), almost com-
pletely accounts for the difference in NEE,qual
(A=5.58 mol C m?). As another example, we note the
difference in NEE,,,,,..; between the years 1999 and 2000.
NEEguow-fice Was higher in 2000 by 2.42 mol C m 2,
compared to 1999, but NEE, .. Was lower by 1.91 mol
C m 2. The difference in NEE;,.; between these two
years was only 0.19 mol C m~2. The lower NEE nua in
2000, despite accumulating more carbon during the
snow-free part of the growing season, can be accounted
for by the difference in NEEg,ow-melt-

We should add a note of explanation concerning our
interpretation of the influence of NEEg, w.mex ON
NEEgrowing—season and NEEannual- The term NEEsnow—mell
is a hybrid composed of physiological and climatological
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components. It is marked at the early-spring boundary by
the time at which the trees recover physiologically and are
able to use the snow-melt water, and at the late-spring
boundary by the climatologically-determined end of the
snow melt itself. Use of the melted snow water will no
doubt continue for some time after the disappearance of
the snow pack, although this cannot be determined solely
by measurements of NEE and soil moisture. It would be
informative to determine interanual variation in the
parameter NEEg, ,w.mei; defined solely in physiological
terms (i.e., with the late-spring boundary defined as the
time when the trees cease using snow melt water). Studies
are in progress to develop this insight using the stable
isotope signatures of winter snow versus summer rain
water. Nonetheless, the term NEEg,qw-mei: does have
inherent relevance to analyses of ecosystem carbon bud-
gets. As defined in this study, NEE,ow-mei represents the
time between when the ecosystem begins to sequester
carbon in the early spring and the time when the disap-
pearance of snow in the late spring causes soil respiration
rates to increase significantly (see Monson et al. 2002).
Thus, this is the interval when the forest reaches its highest
gross photosynthesis/respiration ratio, and thus its
greatest potential to sequester carbon. Additionally, we
note that as defined in this study NEEg,ow-mec reflects a
conservative estimate of the influence of the snow melt
period on interannual NEE dynamics. If anything, the
contribution of NEE, ow.mel to growing-season and an-
nual NEE will increase once we know the actual extent of
late-spring forest usage of snow-melt water.

During those years when the forest turn-on occurred
earlier in the spring, NEE, ow-meie and NEE, ,u. were
lowest (Fig. 2, Table 1). This relationship was due to
two effects. First, we observed a springtime tempera-
ture dependence of NEE reflecting a low temperature
constraint during the earliest part of the recovery
(Fig. 3); this result is consistent with the statistical path
analysis conducted by Huxman et al. (2003), which
showed that cooler spring periods have a negative
influence on NEE. Second, during those years with
earlier springs the depth of the snow pack at the forest
turn-on date was lower; thus, earlier springs coincided
with less snowmelt water to drive CO, uptake. One
hypothesis that does not receive support from our
observations concerns the question of whether an early
spring with a low snow pack influences NEE during the
subsequent snow-free part of the growing season; in
other words, does less snow in the spring lead to a
stronger moisture constraint the following summer?
The anecdotal evidence from our study does not sup-
port this hypothesis. For example, the spring snow
packs of 1999 and 2002 reflected the high and low
extremes observed during our study, yet NEE during
the snow-free periods of these two years were nearly
equal. It is likely that summer rains have greater con-
trol over summertime NEE than snow water from the
previous spring. There is clearly room for further re-
search into the coupling between spring and summer
hydrological regimes and their influence on NEE.

Our conclusion that earlier springs are correlated
with lower rates of annual NEE has important ramifi-
cations for predicting the effects of future climate change
on the terrestrial carbon cycle. In general, earlier spring
warming is predicted to enhance forest NPP, especially
in sites with cold winter climates (White et al. 1999;
Arain et al. 2002; Bergh et al. 2003). In deciduous forest
ecosystems of the eastern U.S. and southern Canada,
earlier springs were correlated with higher annual rates
of carbon uptake (Goulden et al. 1996b; Black et al.
2000; Barr et al. 2002). In a deciduous forest ecosystem,
annual CO, uptake is highly constrained by the fraction
of the growing season during which newly-formed leaves
are expanding and forest leaf-area index (LAI) is below
its seasonal maximum; normally, an earlier spring re-
duces this fraction and increases the time during which
the forest can assimilate CO, at its maximum LAI. In an
evergreen forest the seasonal constraint on CO, uptake
caused by LAI is small compared to the various envi-
ronmental constraints that affect NEE, particularly
those associated with temperature and moisture. In an
evergreen forest, an earlier spring will only have a po-
sitive influence on annual NEE if these additional con-
straints are relieved; a condition that we did not observe
during our 5 years of observations.

The environmental triggers that facilitate the switch
from a winter phase of net CO, loss to a spring phase of
net CO, gain include both isothermality of the snow
pack and the occurrence of favorable air temperatures.
Although we observed multiple initiations and reversals
of CO, uptake in the NEE3(_,;; data depending on the
passage of local warm and cold weather systems (Figs. 4
and 5), we never observed consistent cumulative daily
CO, uptake prior to isothermality in the snow pack. In
studies of photosynthetic recovery in boreal forest
conifers, Ensminger et al. (2004) observed similar
dynamics with regard to reversible stretches of warm
weather and its influence on PSII activity. In an exam-
ination of five boreal forest sites, Tanja et al. (2003)
found a strong correlation between the forest turn-on
date and the mean air temperature during the few days
preceding the date (also see Hadley and Schedlbauer
2002; Suni et al. 2003). Thus, there is broad support for
the role of air temperature in controlling some level of
recovery in the photosynthetic systems of the forest.
There is less support for the role of soil moisture. In the
studies of Tanja et al. (2003) soil moisture availability
was poorly correlated with the forest turn-on date.
Clearly, there are differences in the nature of the envi-
ronmental triggers between high-latitude boreal forests
where seasonal thaw of the permafrost occurs well into
the growing season and lower latitude subalpine forests
where there is no permafrost.

The downregulation of photosynthesis in evergreen
conifers during the winter months has been attributed to
low temperature induced photoinhibition of PSII
(Oquist and Huner 2003; Yamazaki et al. 2003).
However, studies to date have not simultaneously con-
sidered recovery in the photochemical, diffusive and



carboxylation components of the photosynthetic appa-
ratus. We argue that only by considering the responses
of all of the primary components of the photosynthetic
apparatus, can we build a complete understanding of
springtime recovery. Our studies showed that recovery
of photosynthesis from wintertime downregulation oc-
curred in a series of events involving all of these physi-
ological processes. Recovery of stomatal conductance
(gs) and the intrinsic efficiency of PSII (F,/F,,) occurred
rapidly and in parallel (Figs. 7 and 8). F,/F,, has been
documented to achieve near-full recovery in less than
70 h for conifer species in response to an increase in
temperature (Verhoeven et al. 1998). In the present
study, recovery in lodgepole pine was even faster,
recovering to near-maximal values within 48 h. Fur-
thermore, the recovery of F,/Fy, in lodgepole pine nee-
dles was not dependent on needle ¥ , only warm
temperature, as has been shown previously (Ensminger
et al. 2004). In contrast to the pattern for Fy/Fy,, (Z+ A4)/
(V+Z+ A) was dependent on needle W¥,,, in addition to
temperature (Fig. 7). Perhaps due to these different re-
sponses, PSII recovery and the xanthophyll cycle did not
show concurrent recovery in all cases, as has been seen in
Pinus ponderosa and Pseudotsuga menziesii (Verhoeven
et al. 1996). In our study, the well described relationship
between PSII efficiency and (Z+ A) pools was observed
in all cases except the non-hydrated recovery treatment.
Although it remains uncertain why the reconversion of
Z+ A to V was incomplete in this case, several recent
studies have shown that additional photosynthetic pro-
teins (PsbS for example; see Li et al. 2000) are important
for zeaxanthin-dependent energy quenching; this further
complicates the relationship between PSII efficiency and
Z+ A pools (also see Adams et al. 2001). Given the
potential for multiple factors to influence the coupling
between PSII recovery and Z + A4 pool size, it is possible
that the springtime recovery of PSII function occurs
despite the existence of high Z+ A pools under some
conditions.

The recovery of photosynthetic carboxylation
capacity occurred at the slowest rate of those processes
that we studied, as evidenced by the slow recovery of
the initial slope of the A4:C; response (Fig. 9). We did
not observe recovery of the 4:C; relationship in needles
kept in the LLD treatment. The maximum carboxyla-
tion rate of Rubisco (Vemax) reached a maximum in the
HLH treatment as compared to the LLH treatment
(Table 3), suggesting that in addition to water, light is
important for the upregulation of Rubisco activity. The
slow pace at which Vcpax was up-regulated and its
reliance on several environmental variables suggests
that recovery from winter downregulation requires not
only changes in the activation state of Rubisco, but
also de novo synthesis of Rubisco protein. The recovery
of Vemax occurred at a different rate than that for
whole-chain electron transport, as reflected in the esti-
mated J.x, suggesting a lack of biochemical coordi-
nation between these two processes during springtime
up-regulation.
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When all processes are considered within a sequential
context, it appears as though photosynthetic recovery is
(1) initiated by response to warm air temperatures
through the inductive up-regulation of PSII caused in
part by disengagement of thermal energy dissipation by
zeaxanthin and in part by the upregulation of whole-
chain electron transport rate, (2) continued during soil
warming as water is provided to the hydraulic system
and the stomata begin to exhibit greater amplitude in
their diurnal dynamics, and (3) completed as Rubisco
enzyme is reactivated, re-synthesized, and/or re-allo-
cated from storage pools to provide recovery of the
carboxylation potential of the chloroplasts. Recovery of
maximal springtime rates of forest net CO, uptake ap-
pears to occur only after all three of these stages are
completed.

We observed interspecific differences in the timing of
photosynthetic recovery. Subalpine fir needles recovered
near-maximal photosynthetic capacities within 3 days
after being rehydrated at a warmer temperature (Ta-
ble 4). Needles of lodgepole pine required at least
4 days, and perhaps as many as 7 days, for photosyn-
thetic recovery. The ecological and adaptive reasons for
these differences are not clear at the current time.
However, in general, pines tend to occupy drier habitats
compared to firs (Rebertus et al. 1991; DeLucia et al.
2000; Martinez-Vilalta et al. 2004). It might be that the
suite of photosynthetic adaptations that facilitate
drought tolerance in pines, includes a slow, generally
conservative response to transitions from dry to wet
conditions. The differential responses of fir and pine may
explain our observation of limited photosynthetic
recovery early in the spring, with a full recovery in
carbon uptake occurring much later. Rapid but partial
photosynthetic recovery of fir trees in response to tran-
sient warm periods, and concomitant partial thawing of
water in the branches and bole, may explain the weak
signal in forest CO, uptake that we observed early in the
spring. Recovery of pine may require the initiation of
snow melt and longer, sustained periods of warm air
temperature, such as occur later in the spring. A research
investigation into the in situ patterns of photosynthetic
recovery during the early and late spring in these two
species, as well as the third important species, Engle-
mann spruce, is clearly justified.

Our results show that the timing of the transition
between wintertime down regulation and springtime
upregulation of net CO, uptake has an important role in
controlling the rate of annual forest carbon uptake in
this subalpine, coniferous forest. This conclusion is
consistent with the many other past reports that earlier
springs have a significant effect on annual NEE in forest
ecosystems. However, from these past studies, we con-
clude that it is more rare to observe a negative influence
of an early spring on annual NEE, as we have shown
here, than a positive influence. The issue as to whether
future climate warming, and concomitantly earlier
springs, will enhance CO, uptake in cold-climate forests
should continue to be viewed as unresolved. The envi-
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ronmental triggers that control the transition from
winter net CO, loss to spring net CO, gain appear to be
consistent at both the needle and ecosystem scales; i.e.,
both liquid water and warm air temperatures are re-
quired for recovery at both scales. With a deeper
understanding of how specific physiological and bio-
chemical processes interact with these triggers, we
should be able to improve our predictions of how future
climate change, and particularly the onset of earlier
springs, will influence ecosystem, and even global,
dynamics in surface-atmosphere carbon exchange. The
development of these predictions will likely require dif-
ferent approaches for deciduous and evergreen, conif-
erous forests. However, given that there are discernable
mechanistic controls, that these mechanisms tightly
couple springtime NEE to the prevailing environment,
and that these mechanisms appear to be consistent
across scales of observation, the problem of prediction is
a tractable one.
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