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Abstract

Continuous measurements of carbon exchange using the eddy covariance (EC) technique were made at three boreal fores
mature sites including Southern Old Aspen (SOA), Southern Old Black Spruce (SOBS) and Southern Old Jack Pine (SOJP)
in 2000. Climatic conditions were slightly warmer than normal with precipitation exceeding evapotranspiration at each site.
Annual ecosystem respiratioR)(derived from daytime analyses of EC data was 1141, 815 amd 62h 2 per year and
was consistently lower than nighttime EC estimates of 1193, 897 a@d 6% 2 per year for SOA, SOBS and SOJP,
respectively. The differences, however, were not statistically significant given the large uncertainty associated with each
analytical technique. The uncertainty in annual net ecosystem productivity (NEP) was assessed by randomly simulating
missing data and gap filling using simple biophysical algorithms. The uncertainty analysis supports the finding that each site
was a net sink, and that differences in NEP were only significant between SOA and SOBS. The annual NEP and uncertainty
for SOA, SOBS and SOJP was 122 (64-142), 35 (18-53) and 78 (5d-Ct2 per year, respectively. These relatively old
growth forests represent a weak to moderate carbon sink. Despite having the shortest growing period, carbon sequestration
was greatest at SOA because of its relatively large photosynthetic capggdly. (At the evergreen sitefmax was marginally
larger at SOBS; however, annual carbon sequestration was smaller as a result ofRyréateevergreen sites exhibited a
pronounced mid-season reduction in NEP, which was attributed to a large incrdaséile Anax had not reached its full
capacity. Non-growing seas@resulted in a carbon loss of 285, 120 artigsC nT2 and accounted for 70, 80 and 46% of
the summertime NEP at SOA, SOBS and SOJP, respectively. Six years of EC data at SOA indicate that carbon sequestration
at boreal aspen sites may benefit from warmer climatic conditions beBaisselatively conservative and photosynthesis
increases in response to a longer growing period.
© 2003 Elsevier Science B.V. All rights reserved.
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ecosystemsSellers et al., 1997; Grant et al., 2001; Frost and freeze events can also have a dramatic
Chen et al., 2000; Baldocchi et al., 2Q0mterannual impact on physiology, phenology and therefore car-
data sets from long-term research programs, such asbon exchangeHollinger et al. (1994¥ound that the
AmeriFlux, Euroflux and the Boreal Ecosystem Re- first autumn frost eventf; < —1°C) significantly re-
search and Monitoring Sites (BERMS) Program, are duced the NEP of a boreal-northern hardwood tran-
providing new insight into the biophysical controls on sitional forest near Bangor, Maine, USA. It has been
ecosystem—atmosphere carbon exchange and the rolavell documented that conifer photosynthetic rates de-
that different forest types play in the global carbon crease substantially after being exposed to subfreez-
cycle Black et al., 2000; Law et al., 2000; Valentini  ing temperaturesdelucia and Smith, 1987; Hallgren

et al., 2000; Barr et al., 2002The major issues that et al., 1990. The impact of springtime freeze events,
have emerged from these studies include: (1) the following leaf emergence, on NEP is not well known.
importance of phenology and its impact on ecosys- Hogg et al. (2002hypothesize that the increased fre-
tem carbon sequestration; (2) interannual variation in quency of late spring thaw/freeze events in Western
ecosystem respiratiofR) and its relative contribution ~ Canada from 1984 to 1993 may partially explain the
to annual carbon exchange; (3) problems associatedrecent dieback of aspen stands in the region. To what
with eddy covariance (EC) measurements over tall extent spring freeze events influence the interannual
vegetation; and (4) the significance of old growth variation in NEP remains poorly understood.

forests as carbon sinks. Here, we examine the annual

net ecosystem productivity (NEP) of three relatively 1.2. Ecosystem respiration

old growth forests located near the southern boreal

treeline in central Canada, treating each with a com-  Considerable debate has focused on the role of plant
mon methodological and analytical approach, to help and soil respiration in determining the carbon balance

address some of the above issues. of forest ecosystems and hdRwill respond to future
climate change (se¥alentini et al., 2000; Giardina
1.1. Phenology and Ryan, 2000; Grace and Rayment, 2000; Piovesan

and Adams, 2001; Jarvis et al., 2001; Janssens et al.,

In northern boreal ecosystems, phenology is espe- 2001). Valentini et al. (2000xoncluded from EC ex-
cially sensitive to the timing of snowmelt and spring periments thaRis the main determinant of the carbon
warming, which can have a significant impact on the balance, observing an increas&with increasing lat-
annual and growing season carbon balanBadk itude across the Euroflux study sit&arr et al. (2002)
et al., 2000; Griffis et al., 2000; Lafleur et al., 2001  argue that this trend is unusually strong in Europe be-
In a Southern Old Aspen (SOA)P¢pulus tremu- cause latitude integrates the main features of climate,
loides Michx) boreal forest located in Prince Albert which is not true for North America. Several studies
National Park, Saskatchewan, CanaBéack et al. have concluded th& controls the interannual varia-
(2000) found that warm spring conditions enhanced tion in NEP. In a Southern Old Black Spruce (SOBS,
annual carbon sequestration due to earlier leaf emer-Picea marianaMill.) forest, located near Prince Al-
gence. This phenological response was significant bert, Arain et al. (2002)used EC measurements and
during the 1998 growing season as a consequencethe Canadian Land Surface Scheme (CLASS) with the
of El Nifio and increased the carbon sink strength at carbon sub-model (C-CLASS) to argue that the inter-
SOA by about 18 g C nT2 per year. Warmer air and  annual differences were due primarily to an increase
soil temperatures and the increase in productivity did in R and a small reduction in gross ecosystem pho-
not appear to increade significantly. Saigusa et al.  tosynthesisi) at warmer temperatureblorgenstern
(2002) and Yamamoto et al. (1999) also reported etal. (2002yeported similar findings for a West Coast
earlier leaf emergence during 1998 for a cool tem- Douglas-fir forest located near Campbell River, Van-
perate deciduous forest in central Japan and found couver Island, Canada. In their 4-year study, NEP was
phenology to be an important cause of the interannual controlled byR and the carbon sink strength was re-
variability in NEP and to be directly related to spring duced substantially due to a largeresponse to the
temperatures. warmer temperatures produced by the 1997-1998 El
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Nifio. Lee et al. (1999)eported large interannual dif-
ferences in NEP for a mixed deciduous forest lo-
cated at Camp Borden, in Southern Ontario, Canada.
Greater sequestration was attributed to loRem-
duced by colder temperatures during spring and fall
periods. Similar findings were reported Bylegaard

et al. (2001)for a beech Fagus sylvatical.) for-

est located in Denmark.aw et al. (2000)also ob-
served greater variation iR thanP for an old growth
pine forest in the Pacific Northwest region of the US,
which is frequently subject to water stress. Over longer
time scales, predicting the responsePRofo climate
change will prove more challenging. Recent evidence
from plot-scale soil warming experiments indicate that
soil respiration may acclimate to long-term warming
(Liski etal., 1999 and there is also evidence that some
plant species will also acclimate to long-term changes
in temperature Tjoelker et al., 1999 Furthermore,
Janssens et al. (2008howed that there is strong cou-
pling between productivity an®, so that changes in

P will likely limit R.

1.3. Eddy covariance fluxes above tall
vegetation

There is substantive evidence to suggest that night-
time EC-derived fluxes underestimate the true biotic
flux (ecosystem respiration) over tall vegetation. For
example,Lavigne et al. (1997Wwho scaled up biotic
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A number of other researchers have demonstrated
the strong sensitivity of estimating annudlto EC
measurements below a critical friction velocity, (
ms1) threshold Wofsy et al., 1993; Goulden et al.,
1997; Jarvis et al., 1997; Black et al., 2000; Barr et al.,
2002. Barr et al. (2002demonstrated that increasing
u, from 0.15 to 0.35ms! causedr to increase from
940 to 1210 g C m? at a temperate mixed wood forest
near Camp Borden, Ont., and 910-0@AC nT?2 at
SOA. HoweverBarford et al. (2001have shown that
the sensitivity of annual NEP is very small above the
critical friction velocity thresholdLee (1998)argued
that the nighttime EC measurements could underesti-
mate the true biotic flux under weak synoptic mixing
conditions as a consequence of subsidence, vertical
advection, and the development of thermal circula-
tion, which are all interrelated. Although there has
been considerable debate over this hypothesis, and the
ability to measure and quantify such effed&npigan,
1999, Lee’s analysis indicates that additional carbon
loss at SOA could be as large as02C T2 per
year causing the measured sink strength to nearly
vanish.

1.4. OIld growth forest carbon dynamics

For years, the carbon balance of mature forests
has been considered to be in equilibrium, reaching a
maximum capacity for a given climate and physio-

chamber measurements to represent the forest ecosysgraphic setting. Current research, however, suggests

tem at six different boreal sites found that EC fluxes
were on average 27% lower than the scaled sum of
chamber fluxesLaw et al. (2000)also reported an
underestimate of about 23% for a Pacific pine forest.
Drewitt et al. (2002)measured continuous forest floor
CO;, exchange with an automated six chamber system
and found that the average soil efflux (heterotrophic

that mature forest carbon sequestration is underesti-
mated in global carbon balance studi€afey et al.,
200)). Studies byCarey et al. (1997andLavigne and
Ryan (1997)indicate that autotrophic respiration de-
creases with increasing age, allowing mature forests to
maintain a carbon sink statusntry and Emmingham
(1998) showed that mature Douglas-fir forest soils

plus autotrophic root respiration) was 17% greater contained greater carbon content and higher percent-
than R derived from nighttime EC measurements ages of recalcitrant compounds than young forests, and
above the forest. Recentlyilson and Baldocchi  that soil carbon recycling rates decreased with age.
(2001)showed that nighttime EC measurements over The accumulation of recalcitrant compounds may be
a deciduous forest near Oak Ridge, TN, USA, were key in maintaining the long-term sink strength of old
susceptible to drainage flows, which resulted in a forests (Schulze et al., 2000).

systematic underestimate Bf They replaced all of In this paper, we make use of daytime and night-
the nighttime data using either chamber data or the time half-hour EC measurements and a form of the
ecosystem model CANOAK. Their corrected annual Michaelis—Menten light-response equation to better
NEP value was approximately 89 C nt2 less than understand the ecophysiological controls on the an-
the estimate based primarily on EC measurements. nual carbon balances of three old forests located at
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the southern boreal treeline. The three forest types 2. Methods
chosen for this investigation include aspétojfulus
tremuloidesMichx.), black spruce Ricea mariana 2.1. Study sites
Mill. BSP) and jack pine Rinus banksiand.amb.).
These three forest types dominate the boreal biome The study sites were established in 1993 as part of
(Sellers et al.,, 1997and we hypothesize that they the Boreal Ecosystem—Atmosphere Study (BOREAS)
will each exhibit a unique response to climate vari- and are referred to as Southern Old Aspen (SOA),
ation. In order to assess these potential differences Southern Old Black Spruce (SOBS) and Southern Old
and improve our understanding of boreal forest car- Jack Pine (SOJP). The sites are located near the south-
bon cycling, it is critical to obtain reliable estimates ern boreal treeline and are subject to the same synop-
of NEP, P, R and key ecophysiological parameters. tic meteorological forcing. SOA is located in Prince
Here, we report on measurements made during the Albert National Park, Saskatchewan, Canada, approx-
year 2000 and present the first annual comparison of imately 80 km west—southwest of SOBS. SOJP is lo-
carbon fluxes and annual carbon balances for thesecated about 30 km east—southeast of SOBle J).
three boreal forest types. The objectives of this paper Detailed descriptions of the sites (vegetation, soil, etc.)
are to: can be found in Blanken et al. (1993arvis et al.

. . o ) (1997)andBaldocchi et al. (1997a)Jnder the Boreal

(i) estimateR using independent analyses of night- gcqsystem Research and Monitoring Sites Program,

_ time and daytime EC data; _ ~ flux measurements at SOA have continued since 1996
(ii) contrast the seasonal changes in the ecophysio- 54 at SOBS and SOJP since 1999.
logical characteristics of deciduous and evergreen

boreal forests; 2.2. Eddy covariance flux measurements
(i) compare the seasonal and annual NEP values

among these forest types and interpret these dif- Wind velocity and temperature fluctuations were

ferences by partitioning NEP int® andR. measured with a three-dimensional sonic anemo-
Table 1
Physical and historical features of the southern boreal forest study sites
Site? Location Elevation Slope (%) Depth of Soil carbon  Mean annual air  Annual precipitation
(m) organic (cm) (kgCnr2)  temperature°C)®  (mm)
(a) Location, physiography and climate
SOA  53.629N, 106.200W 600.6 ~1 5-10 6.7 1.340.2) 484 (463)
SOBS 53.987N, 105.117W 628.9 ~1 20-30 39.2 1.140.2) 484 (463)
SOJP 53.918\, 104.69W 579.3 2-5 0-5 3.4 1.310.2) 379 (463)
Site Stand age Canopy EC height LAI Stand density Understory Life history
(yearsy height (m§! (m) (stems hat)d
(b) Stand characteristics and life history
SOA 73 20.1 33.0 5.8 980 Dense hazelnut Wildfire 1919 and
natural regeneration
SOBS 121 7.2 25.0 4.2 5900 Dense moss covéfniform age structure
with shrubs suggesting regeneration
following wildfire
SOJP 71 12.7 28.0 25 1190 Dense lichen covwdniform age structure,
with herb species regeneration from
wildfire

a8SOA is located in Prince Albert National Park, Saskatchewan, Canada, approximately 80 km west-southwest of SOBS and SOJP.
SOJP is located about 30 km east-southeast of SOBS.

b Bracketed term is the climate normal based on the 30-year record 1951-1980 at Waskesiu Lake&N53.067083W) from
Environment Canada.

¢Age of stand as of year 2000 fro@ower et al. (1997)

d Characteristics measured Bower et al. (1997)
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meter—thermometer (model R3, Gill Instruments, tem at SOA and SOBS. At SOJP, the storage cor-
Lymington, UK at SOA and SOBS; model CSAT3, rection was computed using the change in,Gon-
Campbell Scientific, Inc., Utah, USA at SOJP) centration at the EC level followinglollinger et al.
mounted above the forestdble 1) on scaffold tow- (1994) This procedure was validated followingng

ers. CQ and water vapour fluctuations were mea- et al. (1999)by comparing differences between the
sured with a closed-path infrared gas analyzer (IRGA, one-level correction and eight-level correction at SOA.
model 6262, LI-COR, Inc., Lincoln, NE, USA). The In each case the annual cumulative storage was less
IRGA was located in a temperature-controlled enclo- than1gC nt2 per year with half-hour fluctuations as
sure and mounted on the canopy tower within 3m of large as 2jumolm—2s~1. NEP was approximated by
the sonic anemometer. A heated tube, 4 m in length, —NEE, the net ecosystem exchange, and computed
was connected to the IRGA, which sampled air from from

within 30 cm of the sonic anemometer. A diaphragm NEP = —(Fee + Se) @)
pump (model DOA-V191-AA, Gast, Inc., Dayton,

OH) pulled the air through the IRGA at a flow rate whereFc is the EBC corrected COflux and & is

of 10Imin~1. The tube intake was positioned below the change in air column COstorage between the
the sonic array to reduce flux loskr{stensen et al.,  forest floor and the sonic anemometer. MissiRg
1997. The IRGA was automatically calibrated daily observations at SOA, SOBS and SOJP in 2000 ac-
using CQ standards from the Canadian Greenhouse counted for 9.3, 9.5 and 8.2% of the half-hour flux
Gases Measurement Laboratory (GGML) of the Me- measurements, respectively. Approximately 2% of
teorological Service of Canada in Downsview, ON. the missing observations resulted from system cali-
The analogue EC signals were measured by a data acbration. The remaining missing data were most often
quisition system (model DAQBo0k/200, IOtech, Inc.) caused by frost accretion on the sonic anemometer
at a sampling rate of 125Hz, digitally filtered and transducers.

down-sampled at 20.8 Hz to a computer for on-line

flux calculations (se€hen et al. (1999or a detailed 2.3. Climate measurements

description of the EC system). Half-hour block aver-

aged carbon flux calculations were computed using Supporting measurements included air and soil
7 temperature, measured using a platinum resistance
fa

Fc = w'sg 1) thermometer and copper—constantan thermocouples,
Ma respectively. Atmospheric humidity was measured
whereF. is the eddy flux of C@ above the forest, using humidity sensors (model HMP-35C, Vaisala,
pa the density of dry airM, the molecular weight of  Inc., Oy, Finland). Incident photosynthetic photon
dry air, w the vertical velocitys. the CGQ mole mix- flux density (PAR), was measured above the canopy
ing ratio, the primes indicate the differences between (Qo) with a quantum sensor (model 190-SB, LI-COR,
instantaneous and mean values and the over bar indi-Inc., Lincoln, NE, USA). Net radiation was measured
cates an averaging operatian’s’c is the covariance ~ above each canopy with a net radiometer (model
of w ands.. The averaging interval was 30 mif, CN1-R, Middleton Instruments, Melbourne, Aus-
values were corrected for daytime and nighttime en- tralia). Precipitation was measured with a weighing
ergy balance closure (EBC) at each of the sites. The gauge (Belfort Instruments, Baltimore, MD, USA)
correction was derived from the linear regression anal- at each site. Volumetric soil water content was mea-
ysis of annual half-hour turbulent fluxe$f (+ AE) sured using soil water reflectometers (model CS 615,
versus available energy (net radiatid@y) — soil heat ~ Campbell Scientific, Inc.).
flux (G) — change in air column and biomass heat
storage ). The linear regression equation was ap- 2.4. Canopy PAR absorption
plied to the half-hour fluxes oF.. Energy balance
closure at SOA, SOBS and SOJP was 88, 89 and FollowingChen et al. (1999)e estimated the frac-
85%, respectively. C®fluxes were storage corrected tion of incident PAR absorbed by the canopy foliage
using an eight-level C® concentration profile sys- (Qg) for each of the forests. For SOA PAR absorption
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was calculated from

Qa — QO[l _ e*kaALa + e*ka(ALa+Awa)(1 _ e*khALh )]
x(1—a) (3a)

wherek; andky, are extinction coefficients for the as-
pen and hazel nut (0.540 and 0.756, respectivéiy,
andA, the effective leaf area index (LAI), corrected
for clumping, for aspen and hazelnuiaple 1), Aya

the wood area index for aspen (0.96), anthe PAR
albedo (0.03) of the aspen forest canopy. For SOBS
and SOJPQ, was calculated from

Qa= Q01— e )1 -a)

wherek is the extinction coefficient (0.430 and 0.523,
respectively)A; the effective LAl (4.2 and 2.5), and
o the PAR albedo (0.035 and 0.04, respectively).

(3b)

2.5. Canopy-scale light-response analysis

Light-response functions have been used exten-
sively in the literature to characterize the photo-
synthetic and respiratory characteristics of a variety
of ecosystemsRuimy et al., 1995; Landsberg and
Gower, 1997; Frolking et al., 1998We analyzed the
daytime only Qa > Opmolm=2s~1) EC half-hour
fluxes, using a minimum friction velocity threshold
of u, = 0.35ms L. This quality control criterion was
used to ensure turbulent conditions during periods of
low light and low available energy during the early
morning and late afternoon hours and to reduce the
run-to-run variability in half-hour EC fluxes caused by
changes in C@storage. The photosynthetic and res-
piratory parameters were obtained daily and monthly
during the growing period using a non-linear least
squares optimization of the light-response function
from Landsberg and Gower (1997)

OlpAmaan
apQa+ Amax

NEP = — Ry 4)
whereAmax is the canopy-scale photosynthetic capac-
ity, ap the quantum yield an&y the daytime ecosys-

tem respiration. The sensitivity of the light-response

T.J. Griffis et al./Agricultural and Forest Meteorology 117 (2003) 53-71

function independent of nighttime EC measurements
(discussed below).

2.6. Annual ecosystem respiration and
photosynthesis

We estimated annud using empirical functions
to fill gaps inR at night and to estimatR during the
day. We compared two empirical approaches based
on nighttime and daytime EC measurements of NEP.
In both cases, measured NEP was excluded when
was less than 0.35n78. The first approach used the
nighttime measurements of NEP to estim&eas a
function of soil temperature at the 2 cm depth:

R = dledsz (5)

whered; and dy are the fitted parameters obtained
from the regression of nighttime NEP versus the 2cm
soil temperatureTs). We refer to this as the nighttime

R function (Ryf). Barr et al. (2002emonstrated that

R is not sensitive tou, above 0.35m3s! at SOA,
which was also the case for SOBS and SOJP. A bin
width of 2°C with a minimum bin size of: = 10
was used in the fitting procedure to reduce the effects
of heteroscedasticity and to provide equal weighting
in the parameter estimates. For comparative analysis,
the daily estimates oRy and the non-growing sea-
son daytime carbon fluxes satisfying thethreshold
criterion, u, > 0.35ms™!, were used to develop
an annual daytimeR function Ry;) dependent on
the mean daytime soil temperature measured at the
2cm depth.Ry values were included in the annual
analysis for cases with a regression coefficient of de-
termination (2) greater than 0.70 for the daily fitting
procedure. The partitioning of daytime NEP info
andR using the daily light-response analysis is shown
in Fig. 1 for each site during three different growing
periods. The agreement between the light-response
estimate and measured NEP on a daily basis illus-
trates that this method can be used to estinfate
independently of nighttime EC measurements. Each
of the light-response parameters was successfully ob-
tained (i.er2 > 0.70 and excluding unrealistic values
of Amax andRy) for greater than 60% of the growing

parameters to a simultaneous 10% change in each ofperiod days for each of the sites. The annRdlinc-

the Q4 parameters was less than 0.5% fgrax and
Ry and 13% forap. The daily estimates oRy were

tion derived from this daytime EC analysR4) was
described using the exponential functioBg( (5).

used to develop an annual respiration—temperature For consistency, bin widths of Z with a minimum



T.J. Griffis et al./Agricultural and Forest Meteorology 117 (2003) 53-71

59

30| SOA % & 2 ° o o
Q ° 0,
% "0 S @% QS e OF g % 0 S
10; S By ot § o1 I o0 By G St
5% Sagr ol - o8 %31 27 98 40 % ° o 5%
A @ Q@ & - do . Q8
0 ® 24 s g & o§% & éoé ®
@(gé ® % 33& %§ i %@ T
"o 30} SOBS
o
E 20
o o om 2 D
E 10 ® Q 5
S RRAN A AARARR L
g o JPUMA o3 RFE T
= .
30| SOJP -
2
20 £
£
10 & £ @
AAA
o AAMA At AAR
A measured
156 158 190 192 230 232 0 10 20 30
Day of Year 2000 NEP (umol m2s™)

Fig. 1. Daily light-response analysis showing the agreement between diurnal half-hour estimates (closed symbols) and measured NEP values
(open symbols) for three different growing periods (left panels) and the 1:1 plot of the half-hour estimates of NEP versus measured NEP for
the three periods (far right panel). The non-linear fitting procedure was based on daytime eddy covariance data WiB85 ms . The
Michaelis—Menten light-response paramefy, was accepted for cases when the coefficient of determinatidrwés greater than 0.70.

bin size ofn = 10 were used in the fitting procedure.

precipitation than SOA and SOBS. The majority of
Finally, annualP was estimated from? = NEP+ R.

the precipitation, 81%, was received during the period
of 1 May (DOY 120) to 31 August (DOY 242). An-
nual evapotranspiration measured using EC was 399,
346 and 283 mm at SOA, SOBS and SOJP, respec-
tively. The corresponding sum of precipitation minus
evapotranspiration was 85, 138 and 96 mm indicating
that water was not limiting during this year. The sum-
Climatic conditions during 2000 were warmer and mertime volumetric soil water content at a depth of
wetter at SOA and SOBS and warmer and drier at ~10cm ranged from 20 to 33% at SOA, 9 to 15% at
SOJP than the 30-year normal recorded at WaskesiuSOBS and 4 to 10% at SOJP.
Lake (Table 1andFig. 2). Daily average air tempera- SOA absorbed~56% of the annualQp (Qo in
ture andQp was similar among the sites. The warmest Eq. (3) with maximum absorption occurring between
air temperatures were observed during late July, with leaf emergence (24 April, DOY 115) and the begin-
maximum half-hour air temperatures exceedingG0 ning of leaf senescence (15 September, DOY 260).
For the three sites, average annual mean air tempera+AR reaching the forest floor was substantial prior to
ture was 1.2C and average annual precipitation was hazelnut leaf emergence. This observation is in good
449 mm. SOJP received significantly less summertime agreement with Blanken et al. (1997) who measured

3. Results

3.1. Forest climate
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Fig. 2. Comparison of forest climate at the Southern Old Aspen (SOA), Southern Old Black Spruce (SOBS) and Southern Old Jack Pine
(SOJP) sites during 2000. Each site is subjected to the same synoptic meteorological forcing. Air tempkyawae (neasured at each

site at the height of the sonic anemometer; soil temperafigewfas measured at a depth of 2 cm; cumulative water balance,— E),

was estimated by subtracting the eddy covariance estimate of evapotranspiration from precipitation.

the spatial variability in PAR below the aspen canopy soil respiration rates. Differences in soil temperature
using a tram system. By May 29 (DOY 150), the SOA between the sites and through the season were sub-
canopy absorbed nearly 90% @f. The SOBS over-  stantial. From May to August, SOJP had the highest
story absorbed 81% of annu@b. About 19% pene-  soil temperature followed by SOA and SOBS. High
trated to the forest floor and was available for driving soil temperature at SOJP was due to the relatively
the photosynthetic activity of the dense surface cover large transmission of radiation to the soil surface
of mosses and shrubRoujean (1999gstimated that  and the high thermal conductivity of its sandy soil.
only 10% of Qg reached the SOBS forest floor but During September to December the soil at SOA was
acknowledged this could be an underestimate due torelatively warm. From January to April the lowest
the placement of sensors within a relatively dense soil temperatures were observed at SOJP and SOBS,
sample plot. The SOJP canopy absorbed0% of while soil temperature at SOA remained ne&C0
annual Qo and was substantially lower compared The upper soil layer was frozen at SOBS and SOJP
to SOBS. This value is in excellent agreement with from approximately November to May and at SOA
measured observations at SOJBalflocchi et al., from December to May.
1997a; Roujean, 1999A small fraction of radiation
reaching the lichen surface is absorbed and used for3.2. Comparing nighttime and daytime estimates
photosynthesisBaldocchi and Vogel, 1996 of ecosystem respiration

Canopy structure and phenological changes af-
fect radiation absorption, transmission, and energy Given the potential problems associated with night-
exchange with the atmosphere and, thereby, influ- time EC measurements such as inadequate turbulent
ence the thermal regime of the underlying soil and mixing, vertical advection, extended flux footprints,
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and as well, the potential for differences in physi- tion is lower during the daytime than at night due to
ological behavior between daytime and nighttime, the Kok effect—the light inhibition of dark respira-
we compared the annual valuesRstimated using  tion (Brooks and Farquhar, 1985; Villar et al., 1994
the function derived from daytime EC measurements Padmavathi and Raghavendra, 200Ignssens et al.
(Rgi) with those estimated using the nighttime func- (2001) suggested that daytimi@ could be overesti-
tion (Rn) derived from highu, EC measurements. mated by as much as 15% when using nighttime func-
The annualR,s and Ry functions computed for the tional relationships because they do not account for
three sites indicated that the daytime respiration values the Kok effect. However, it must be noted that the Kok
were within the uncertainty of the nighttime estimates effect only influences daytime leaf respiration, which
(Fig. 3andTable 2. Falge et al. (2002also reported is a relatively small component of total Ryan et al.,
excellent agreement between daytime light-response 1997). Annual Ry; for SOA, SOBS and SOJP were
estimates oR and nighttimeR for a variety of ecosys- 1141, 815 and 5Rg C n7 2 per year, respectively, and
tem types. Studies have concluded that leaf respira- were slightly lower than the nighttime EC estimates,

Table 2
Nighttime and daytime respiration algorithms and annual respiration estimates
Site and wind direction d; dy r2 Qo MeanT, (°C) MeanTs (°C)  Xmax (M) n Annual R
(gCm2 per year)
SOA
Rt
All directions 117 015 098 43 -16 34 153 3191 1193
NE 144 013 097 35 -52 2.9 114 571 1235
SE 1.14 013 095 37 29 4.8 132 670 1022
SW 116 016 099 50 -25 2.7 200 584 1364
NW 1.19 015 099 43 -23 3.1 156 1366 1229
Ryt 137 012 091 33 4.4 5.7 78 5084 1141
SOBS
Rt
All directions 126 012 098 35 -36 12 268 2437 897
NE 096 015 099 45 -37 1.6 249 418 852
SE 111 013 096 3.8 0.3 2.9 235 512 845
sw 109 015 096 46 -34 0.3 342 253 979
NW 128 013 097 37 -51 0.6 273 1254 951
Ryt 1.38 010 092 27 4.9 4.2 114 4532 815
SOJP
Rt
All directions 0.64 013 099 36 -43 1.6 171 2560 578
NE 053 014 099 40 -46 31 153 986 529
SE 070 012 095 32 -24 25 169 411 565
SW 057 017 094 56 -52 -0.9 223 311 832
NW 059 015 099 46 -46 0.3 174 852 680
Ryt 0.76 010 091 27 4.9 5.1 86 4762 521

Nighttime respiration functionsR;) were estimated using NEP data as a function of the 2 cm soil temperature f00.35ms1. Wind

direction analysis for the nighttime data was used to examine the uncertainty caused by landscape heterogeneity on estimating respiration
parameters and annual estimates of respiration. Daytime respiration fundighsmvere estimated using daytime only NEP data with

u, > 0.35ms! derived from a light-response analysis. Bin widths 6iC2with a minimum bin size ofi = 10 were used in the fitting
procedure to reduce the effects of heteroscedasticity and to provide equal weighting in the parameter estimates. Peak fluxfggtprint (

was used to examine the influence of extended flux footprints on estimating the daytime and nighttime respiration functions. The model
proposed bySchuepp et al. (1990)as adapted to include stability correctiodgnken et al., 2001to estimatexmax. The energy balance

closure correction was applied prior to calculating the respiration parameters.
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Fig. 3. Comparison of nighttime (closed symbols) and daytime
(open symbols) derived respiration functions. Nighttime respira-
tion functions were estimated from the relation between NEP data
and the 2 cm soil temperature foy > 0.35m s 1. Daytime respi-
ration functions were estimated using daytime only NEP data with
u, > 0.35ms 1 with daily respiration values during the growing
season estimated from the Michaelis—Menten light-response anal-
ysis. Bin widths of 2C with a minimum bin size ofi = 10 were
used in the fitting procedure to reduce the effects of heteroscedas-
ticity and to provide equal weighting in the parameter estimates.

however, within the relative error of each analytical
technique. TheRy; estimates were also similar to
the Rys estimates based on a wind direction anal-
ysis. Although the nighttime-derived functions and
annualR totals are associated with extended flux foot-
prints (approximately double the daytime peak flux
footprint estimated from thé&chuepp et al. (1990)
one-dimensional model) they generally agree with the
daytime-derived estimates at each site. Furthermore,
there was no evidence of a significant influence of
landscape heterogeneity on the annRakstimates
derived using the nighttime analysis. The useRaf

may not be suitable at study sites where heterogene-

ity and fetch limitations are an issue. The agreement
betweenR,; and Ry in this analysis confirms that
these study sites are not significantly affected by het-
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erogeneity or fetch problems. These two independent
approaches, therefore, suggest that they can be used
reliably to partition daytime NEP int® andP.

3.3. Seasonal variation of net ecosystem
productivity, respiration and photosynthesis

The daytime and nighttime values of NEP for the
three stands are shown ffig. 4 for the year 2000.
Approximately 48, 56 and 61% of the nighttime ob-
servations at SOA, SOBS and SOJP, respectively,
were excluded due to low friction velocity. The sea-
sonal change in nighttimB (minus nighttime NEP)
at each of the sites was strongly correlated with soil
and air temperature. Maximum wintertime (Novem-
ber to March) nighttimeR fluxes from SOA, SOBS

gain

nighttime

NEP (g C m?2d™")

Month

Fig. 4. Seasonal course of the total daytime (open symbols) and
total nighttime (closed symbols) NEP measured with eddy covari-
ance foru, > 0.35ms ! with number of acceptable half hours
during a night > 5 at SOA (circles), SOBS (squares) and SOJP
(triangles). Note the large day-to-day variability in fluxes and
the large number of missing observations at night resulting from
low u,.
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and SOJP were 1.4, 1.0 and?@.C nm2 per day, re- lished values ranging from 0.04 to 0.06 for SOA
spectively. Corresponding maximum growing season (Chen et al., 1999Hogg et al., 2000). This is largely
(May to September) nighttim®& fluxes from SOA, related to the data screening procedure where-
SOBS and SOJP were 4.9, 2.9 an8 @C nT?2 per 0.35ms L. Low u, values are often experienced in
day, respectively. The maximum daytime growing the early morning when conditions are relatively sta-
season NEP (i.&2 — R)was 17.4, 6.0 andSg C n1 2 ble and light-levels are low. Removal of these data
per day at SOA, SOBS and SOJP, respectively. Therefrom the analysis tends to increase the initial slope
was considerable day-to-day variability in the daytime of the light-response curve and therefosge Ry pro-
growing period NEP and a significant reduction was gressively increased during the summer at SOA and
observed at both of the evergreen sites during July. SOBS reaching a maximum in August, while at SOJP
Fig. 5illustrates the differences in the canopy-scale, it was greatest in July.
Amax, @p and Ry, among the sites for June, July Daily average NEPP andR are shown inFig. 6.
and August. SOA showed the large&tax, reach- There were strong phenological differences between
ing a maximum of 43.4molm=2s-1 during July. the evergreen and deciduous ecosystems and a high
SOBS and SOJP reached a maximum of 21.6 and degree of similarity between the evergreen forests.
18.5umolm—2s1, respectively during Augustoyp Photosynthetic activity occurred 31 days earlier in
reached a maximum during July for each of the sites spring and 25 days later in fall at SOBS and SOJP com-
and was greatest at SOA, followed by SOBS and pared to SOA. At SOAP was greatest during early
SOJP. Ourxp values are larger than previously pub- summer wherR was relatively small. Daily carbon

June July August
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0l- Ay =306 =008 R = 53 Arax
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o
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Fig. 5. Michaelis—Menten light-response analysis (Eee (4) of daytime eddy covariance NEP data for the BERMS sites during June,
July and August 2000 plotted as a function of absorbed photosynthetically active radi@florAll eddy covariance data shown satisfy
u, > 035msi.
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Fig. 6. Seasonal courses of daily values of net ecosystem production (NEP), gross ecosystem photof)namesiscOsystem respiration
(R) for the BERMS sites. NEP was partitioned irfousing the annual nighttime eddy covariance respiration-temperature furetieas
estimated by addin® to the daytime NEP. All values are corrected for energy balance closure.

sequestration during the early summer period aver-

aged~8pumolm2s! (~8gCnr? per day). NEP 1. 3

decreased as the summer season progressed due to ifknnual estimates of ecosystem respirati®), (gross ecosystem
creasedR and a small reduction inax during Au- photosynthesisR) and net ecosystem production (NEP)

gust. No appreciable change was observed.iNEP Site R P NEP

was greatest at SOBS and SOJP during May, June and
August.P was greatest during August and September
due to a peak iA\max during this period. The strong  SOA

mid-summer (July) decline in NEP at the evergreen ~ Annual 1193 1081 1315 1188 187 122 107
sites was characterized by relatively |@wax and in- gg\t ‘;jg Zgé

creasingR. A comparison of the light-response func-

. SOBS
tions for SOBS and SOJP for June, July and August Annual | 897 800 932 830 142 35 30

EBC N-EBC EBC N-EBC Raw EBC N-EBC

highlight these seasonal changegy( 5. Night 311 277
Day 586 523
3.4. Annual carbon balances SOJP

Annual 578 491 656 557 104 78 66

The annual cumulative carbon balance for each Night 196 166
site was computed by replacing missing daytime DPay 382 325
growing season data with a 14-day moving window EBC, energy balance closure corrected flux values; N-EBC,
light-response estimate of NEP. Missing nighttime non-energy balance closure corrected flux values; Raw, non-energy
and non-growing season data were estimated from thebalance closure corrected with low nighttime observations in-

; cluded. Annual totals were obtained by replacing missing daytime

R fun_ctlt_)n. The annual sum of raw and corrected growing season data with a 14-day moving window light-response
fluxes is listed inTable 3 In each case, replacement estimate of NEP. AIR totals were derived from the nighttinfe
of low u, data at night reduced the raw flux totals function.P was estimated as NER R.
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substantially. EBC andi, corrected annual totals
were 122, 35 and&g C n2 per year at SOA, SOBS
and SOJP, respectively. Without EBC correction totals
were 107, 30 and @g C nT 2 per year, respectively.
The EBC correction increased daytime fluxes more
than nighttime fluxes and resulted in greater NEP
becauseP was significantly larger than daytime.
The replacement of low, data at night reduced
the annual NEP at SOBS the most due to the large
difference between fluxes during calm and turbulent
conditions.

The uncertainty in the annual NEP estimates was
assessed by randomly removing up to 30% of the
annual data using a uniform discrete random num-
ber generator. The humber of continuous missing ob-

65
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Fig. 7. Seasonal pattern of cumulative NEP in 2000. Missing

servations was also randomly selected to range from daytime growing season data were estimated with a 14-day mov-

one missing half-hour to 3 days. The daytime and
nighttimeR functions and the light-response estimates
of NEP, used for gap filling, were then recomputed
from the remaining data. The missing observations
were replaced with the new gap filling function esti-

ing window light-response function. The non-growing season and
nighttime missing data were replaced using the eddy covariBnce
functions. Nighttime observations witl, < 0.35ms! were re-
placed with the nighttime eddy covariarRdéunction. All half-hour
fluxes were energy balance closure corrected. The solid line rep-
resents the best estimate of the cumulative NEP and the cloud of

mates (as described above) and the annual carbon palpoints represents the uncertainty of the estimate. The uncertainty
ance was recomputed (sléalge et al., 2001: Goulden was evaluate_d by (1) .randon_”lly removing up to 30% of the ann.ual
N . NEP data using a uniform discrete random number generator; (2)
et al., 1996for similar approaches). The experiment missing data were randomly selected in continuous blocks rang-
was repeated 100 times to produce the uncertainty ing from a single half-hour up to 3 days to simulate worst-case
range shown itfrig. 7. From this analysis we conclude equipment failure; (3) newR and light-response functions were
that the annual carbon balance differences were only computed using the remaining data; (4) the missing data were
significant between SOA and SOBS. The annual un- 93P f'”e; g the new f“br;_Ct;‘O”S; and (?) the ﬁxE‘eEanent_ was
Certainty in NEP fOI’ SOA, SOBS and SOJP ranged repeate times to establish a range of annua estimates.
from 64 to 142, 18 to 53 and 61 td g C nT 2 per year,
respectively. A large number of the uncertainty sim-
ulations indicated that NEP was substantially lower and SOJP, respectively. The phenological difference
than our “best” annual estimate demonstrating that between the deciduous and evergreen sites has a dom-
the gap filling procedure tends to incred@eelative inant influence on the shape of the seasonal variation
to P. in cumulative exchange. Although the growing period
Annual R, based on corrected estimates fré, was 56 days longer for the evergreens, annual photo-
were 1193, 897 and B Cn1?2 per year for SOA, synthesis was greatest at SOA. Both evergreen sites
SOBS and SOJP, respectively. DaytilReaccounted experienced a mid-season decline in NEP resulting
for 59, 53 and 51% of the tot& at SOA, SOBS and  from an increase iR during a period wher\yax had
SOJP, respectively. Non-growing season carbon lossnot reached its full capacity. Increased sequestration
(or NEP) was about ZBgCnt2 at SOA. A strong at SOBS and SOJP occurred during early fall when
increase inR was observed in May and correlated Amax reached its maximum and air temperature de-
with spring warming, an increase in soil temperature, creased. SOBS and SOJP showed markedly similar
and the onset of photosynthesis. Non-growing sea- seasonal changes in ecophysiological characteristics
son carbon losses at SOBS and SOJP were 120 andand changes iP and R. The main difference be-
64 g Cnr2, respectively. Thus, non-growing season tween these sites was the largerat SOBS, which
carbon losses accounted for approximately 70, 80 is likely related to its greater soil carbon storage and
and 46% of the summertime NEP at SOA, SOBS biomass.



66 T.J. Griffis et al./Agricultural and Forest Meteorology 117 (2003) 53-71

4. Discussion time R help constrain the annu& budget of these
forests.
4.1. Ecosystem respiration Black et al. (2000yeported annualR estimates at

SOA of 1140, 1101, 1096 and 108 C nT 2 per year,
One of the major uncertainties in estimating the an- in 1994 and 1996-1998, respectivelrain et al.
nual carbon balance of forest ecosystems results from (2002) estimated an annud® of 1127 gCnm? per
the transfer of carbon by non-turbulent exchange pro- year for 1999. Our nighttime- and daytime-derived
cesses, which are not detected by the EC techniqueannual R estimates of 1193 and 114Cnt?2 per
(Mahrt, 1998. These processes dominate under calm year for 2000 are in good agreement with these pre-
and stable atmospheric conditions and frequently oc- vious values. These results highlight the fact that
cur at night. Since respiratory fluxes are relatively interannual variation irR is relatively conservative
large at night, unlike the scalar fluxes of sensible and for the deciduous aspen forest despite significant
latent heat, methods must be developed to provide avariation in climate. Measured estimates of annual
best estimate of nighttime respiration. Furthermore, R are not available for SOBS or SOJP for the years
since micrometeorological methods measure the netprior to 2000. HoweverGrant et al. (2001)mod-
ecosystem C@exchange, nighttime functions are of- eled annualR at SOBS usingecosysand reported
ten used to partition daytime NEP inbandR. How- an estimate 0f~900gCn1?2 per year. This value
ever, daytime light-response analyses or stable isotopeis in excellent agreement with our nighttime- and
techniques Bowling et al., 2001 may provide suit- daytime-derived estimates of 897 and&C n12 per
able alternative methods to obtain daytifReand P. year, respectively. Measured and modeRdalues
Greater than 48% of the EC data were excluded from for partial years at SOBSJérvis et al., 1997; Arain
our nighttime analysis dR for each of the sites due to et al., 2002 indicate greater interannual variability
low friction velocity. Annual nighttimeR algorithms, than is observed at SOA. Despite the relatively small
derived for different wind directions (source areas), soil organic carbon pool at SOJRaple ) annual
showed little variation in parameter value and temper- R was relatively large (521-8B% Cn12 per year).

ature sensitivityQ10). The daytime estimat®&ys, was Baldocchi et al. (1997bjound similar growing sea-
similar to the nighttime estimates and was associated sonR rates (15 g C n2 per day) at this site in 1994
with a Q¢ closer to the accepted value of 2Ry@n, and hypothesized that the relatively large magnitude

199) often used in modeling studies. Furthermore, is caused by increased root respiration from rapidly
the lower daytimeQig value supports the findings of growing roots and is stimulated by the dry soil con-
Tjoelker et al. (2001who demonstrated that th@;q ditions. Continuous multi-year datasets are needed to
decreases at higher temperatures for boreal speciesbetter quantify the interannual variation Bf at the
From this analysis we conclude that local-scale het- southern boreal conifer sites and to examine how it
erogeneity is not an important source of error in esti- responds to varying climatic conditions.

mating R or extrapolatingR to the daytime when the

peak flux footprint is often half of the nighttime peak 4.2. Photosynthesis

flux footprint value. A comparison of aircraft flux mea-

surements with these micrometeorological tower-sites  The uncertainty irR ultimately limits our ability to
support that there is adequate fetch and that they areaccurately estimate and understand how it responds
representative of the regioé¢sjardins et al., 1997 to environmental conditions diurnally, seasonally and
It is apparent that the light-response analysis of day- interannually. Our estimate d? for SOA was 40%
time EC data cannot resolve potential differences be- larger than that for SOBS and 90% larger than that
tween nighttime and daytimR rates resulting from  for SOJP.Black et al. (2000yeported annudP esti-

the Kok effect. Although the daytim®y; estimate mates at SOA of 1284, 1181, 1212 and Q42 n1 2

was generally lower than the nighttime estimate we per year, in 1994 and 1996-1998, respectivAhain
cannot conclude with certainty that it was related to et al. (2002)estimated an annu& of 1259 g C nt2

the photoinhibition of leaf respiration. Together, how- per year for 1999. OuP estimate of 13%gCnt?2
ever, the independent estimates of daytime and night- per year represents the second largest total in the 6
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years of study. There is accumulating evidence that leaf chlorophyll.Middleton et al. (1997showed that
the southern aspen site increases productivity in warm chlorophyll content per leaf area in jack pine and black
years. The best direct evidence for this was observed inspruce needles reached a maximum (R@%nm 2)

1998 when warm conditions associated with El Nifio
increasedP by approximately 10 g Cnt? per year

relative to the average of the other 5 years. Annual es-

timates ofP for SOBS and SOJP are not available for
the years prior to 2000. Howevegrant et al. (2001)
simulate an annuaP of ~950gC m?2 per year for
SOBS in 1994. This value is in excellent agreement
with our measured value of 93 C n 2 per year for
the year 2000. Simulations brain et al. (2002)us-
ing C-CLASS indicate that the interannual variation
in P is more conservative relative to SOA. Daily mea-
sured values oP at SOJP in 1994 ranged from 1 to
6gCnT2 per day and reached maximum values in
spring (DOY 160) and mid to late summer (DOY 200
to DOY 240) Baldocchi et al., 1997b The magni-
tude, seasonal variability and large day-to-day vari-
ability of P observed at SOJP in 1994 are very similar
to our observations in this study.

At the leaf level, Hogg et al. (2000) measured

during late May and early June and again during mid
September. A mid-season (July) minimum was also
observed. A similar pattern was not observed for mea-
sured leaf nitrogen concentration. At SOMiddleton

et al. (1997)ound the chlorophyll content to reach a
maximum of 30.6ug cn2 during late July to early
August and to rapidly decline during September to
8.5ug cni 2. These seasonal changes in chlorophyll
content may partially explain the differences in the be-
havior of photosynthesis and cumulative NEP among
the BERMS sites.

Precipitation frequency is likely an important con-
trol on the photosynthetic uptake of carbon at SOBS
given the large component of moss&wanson and
Flanagan (20013howed that the meakyax of feather
moss andSphagnurmat SOBS was 4.Amolm—2s-1
and 9.50molm2s1, respectively during the 1996
summer period 12 July (DOY 193) to 1 August (DOY
213). They concluded that the understory mosses rep-

the net photosynthetic rate, based on the branchresented approximately 13% Bf Grant et al. (2001)
bag technique, and reported light-saturated half-hour used the modedcosyso show that values d® for the

values of 1Zumolm?leafs? for aspen and
4pmolm—2leafs® for the understory hazelnut at

moss understory and the black spruce overstory were
288 and 660 g C ¥ per year, respectively. The annual

SOA. Scaling up the branch bag estimates using a partitioning of P at SOA into the aspen and hazelnut

linear function of LAI (following Dang et al., 199y
gave a canopy-scalimay of 46 umolm-2ground st
and agrees favorably with our EC light-response
analysis of 4umolm—2grounds?. Leaf-level mea-
surements ofAnax for aspen leaves at SOA under
saturated light and Cfreached a maximurmax of
33—-41umolm~—2leafs ! in mid-summer Kliddleton

et al.,, 199J. These values are considerably higher

than those obtained under natural conditions at SOA

and indicate that the carboxylation capac¥y{ay) of
aspen leaves is substantially higher thanAhkgyx ob-

canopies was estimated Byant et al. (1999%p be 811

and 321 g Cm? per year, respectively. These model
results are consistent with those obtained using above
and below canopy EC measurementsBigck et al.
(1996)and further highlight the complexity of canopy
architecture and its role in ecosystem carbon cycling.

4.3. Ecological and climatic significance

Although the distribution of deciduous stands with
in the southern boreal study area represent only 15% of

served under ambient conditions at the canopy-scale.the land coverkiall et al., 1997, their evapotranspira-
Middleton’s analysis at SOBS and SOJP showed that tion rates are relatively large compared to the wet ev-

maximum black spruce and jack pirgnax values
for light and CQ saturated (5—-10% CQOn air) nee-
dles were 19 and I4molm2leafs !, respectively.
Their study also revealed th#nax peaked during
late summer to early autumn, which supports our

analysis at the canopy-scale. The difference in physi-

ological behavior ofAyax between the deciduous and

ergreen sites that dominate the regi8fafken et al.,
2001; Jarvis et al., 1997; Baldocchi et al., 199 7de
greater water loss from deciduous aspen stands in the
southern boreal is thought to regulate the local climate
by reducing the vapor pressure deficit and temperature
of the convective boundary layer, and by promoting
precipitation events during the growing seasbiodg

evergreen sites may be related to seasonal changes iret al., 2000n These feedbacks likely have important
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carbon cycling implications for the southern boreal
region. Under drier climatic conditions it is likely that
the photosynthetic efficiency and carbon fixation at
SOA would decrease (se&neth et al., 200pappre-
ciably due to the strong sensitivity of aspen and hazel-

nut stomatal conductance to atmospheric saturation
deficits greater than 4 kPa and decreasing soil water 2.

content Hogg et al., 1997, 200QbTo date, however,
summer drought has not occurred during the period
of ongoing carbon balance studies at BERMS. Drier

climatic conditions at SOBS could have a significant 3.

impact on NEP by reducing the photosynthetic con-

tribution of the mosses. Long-term measurement and
modeling studies are needed to better understand how

these stands will respond to warmer and drier climatic
conditions and to explore the implications that this
might have on the region’s carbon balance. The po-
tential for a change to net carbon loss is most likely at
SOBS because of its large soil carbon poflfle J),
relatively low photosynthetic capacity, and strong
sensitivity ofR to soil temperature. At present the an-
nualR represents less than 3% of the soil carbon pool

521 gCn1?2 per year and were consistently lower
than nighttime EC estimates of 1193, 897 and
578gCn12 per year for SOA, SOBS and SOJP,
respectively. The differences, however, were not
statistically significant given the large uncertainty
associated with each analytical technique.

The agreement between the anriRaktimates de-
rived from daytime and nighttime analyses of EC
data indicate that these study sites are not signifi-
cantly affected by heterogeneity or fetch problems.
Annual NEP at BERMS indicated that these rela-
tively old growth forests are a weak to moderate
sink of carbon ranging from 35 to 22) C n 2 per
year. The uncertainty in the annual estimates, based
on random simulations of missing data and gap fill-
ing with simple biophysical algorithms, suggests
that the differences in NEP was only significant
between SOA and SOBS.

. Although the growing period was 56 days longer

for the evergreen forests, NEP was greatest at the
deciduous aspen forest due to its larger photosyn-
thetic capacity Amax)-

at SOBS. However, heterotrophic respiration could
decrease substantially with drier conditions. Evidence
is emerging that acclimation of respiration to warmer Acknowledgements
temperatures may result in lower soil respiration rates
over the long-term L{uo et al., 2001; Giardina and
Ryan, 2000; Liski et al., 1999 Furthermore, the de-

Funding for this research has been provided by the
Natural Sciences and Engineering Research Council
pendence oR onP may limit the ability to predicRin of Canada (NSERC) in the form of a 2-year Postdoc-
a changing climate. The ratR/P, based on the annual toral Fellowship (TJG) and an Operating Grant (TAB).
totals, for SOA, SOBS and SOJP was 0.91, 0.96 and Additional support has been provided by the Mete-
0.83, respectively, and further supports the hypothesis orological Service of Canada through a Contribution
thatR is proportional to productivityJanssens et al., Agreement to the University of British Columbia.
2001). Future studies are needed to: (1) develop new
methods to partition daytime NEP inbandRto help
validate nighttime and daytime andP estimates; (2)
study the links betwee® and R; (3) better under-
stand how drought will impact carbon cycling in these
forests; and (4) examine the amount of interannual
variation in theR and P ecophysiological parameters
and their sensitivity to environmental factors, which
are needed in climate-carbon modeling studies.
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