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ABSTRACT

In 2000–03, continuous eddy covariance mea-

surements of carbon dioxide (CO2) flux were made

above mature boreal aspen, black spruce, and jack

pine forests in Saskatchewan, Canada, prior to and

during a 3-year drought. During the 1st drought

year, ecosystem respiration (R) was reduced at the

aspen site due to the drying of surface soil layers.

Gross ecosystem photosynthesis (GEP) increased as

a result of a warm spring and a slow decrease of

deep soil moisture. These conditions resulted in the

highest annual net ecosystem productivity (NEP) in

the 9 years of flux measurements at this site.

During 2002 and 2003, a reduction of 6% and 34%

in NEP, respectively, compared to 2000 was ob-

served as the result of reductions in both R and

GEP, indicating a conservative response to the

drought. Although the drought affected most of

western Canada, there was considerable spatial

variability in summer rainfall over the 100-km

extent of the study area; summer rainfalls in 2001

and 2002 at the two conifer sites minimized the

impact of the drought. In 2003, however, precipi-

tation was similarly low at all three sites. Due to

low topographic position and consequent poor

drainage at the black spruce site and the coarse soil

with low water-holding capacity at the jack pine

site almost no reduction in R, GEP, and NEP was

observed at these two sites. This study shows that

the impact of drought on carbon sequestration by

boreal forest ecosystems strongly depends on rain-

fall distribution, soil characteristics, topography,

and the presence of vegetation that is well adapted

to these conditions.

Key words: boreal forest; carbon dioxide;

drought; eddy covariance; Fluxnet Canada Re-

search Network; interannual climate variability;

soil moisture content.

INTRODUCTION

The boreal region forms a nearly continuous cir-

cumpolar belt of forest extending between 50� and

70�N in North America, Europe, and Asia. This

forest covers some 12 million square kilometers

and constitutes the world‘s second largest forested

biome (after the tropical forest) (Landsberg and

Gower 1997). Recent studies suggest that the bor-

eal region plays an important role in regulating the

climate of the northern hemisphere and in the

global carbon (C) cycle (for example, Keeling and

others 1996).

The boreal forest is characterized by long, severe,

and dry winters and short, moderately warm, and

moist summers. It consists of either pure or mixed

stands of deciduous and coniferous trees, as well as

wetlands. The diversity of boreal species is rela-

tively low given the recent glacial history and the

slow rate at which species migrate and evolve

(McClone 1996). Boreal ecosystems are expected,

therefore, to be sensitive to the midcontinent

warming and drying forecasted by most global

change models (Albritton and others 2001).

During the last decade, considerable attention

has been drawn to the interactions between the

boreal forest and the atmosphere and the impact of

climate change on boreal forest C cycling. The first

major boreal forest C cycle investigation was the

Boreal Ecosystem–Atmosphere Study (BOREAS), a

large-scale international interdisciplinary field

experiment in the boreal forest of Canada, that was

conducted between 1993 and 1996 (Black and

others 1996; Baldocchi and Vogel 1997; Sellers and

others 1997). In 1997, the Boreal Ecosystem Re-

search and Monitoring Sites (BERMS) program was

initiated to continue the long-term monitoring of

climate and forest–atmosphere interactions at three

of the southern BOREAS sites. In 2002, these sites

became part of the Fluxnet Canada Research Net-

work (FCRN). They represent one of the longest

continuous records of carbon dioxide (CO2) ex-

change for the three dominant species of the boreal

forest—namely, trembling aspen (Populus tremulo-

ides Michx.), black spruce (Picea mariana Mill.), and

jack pine (Pinus banksiana Lamb).

The sites are all located within extensive mature

stands that are situated within 100 km of each

other. The proximity of these sites provides a un-

ique opportunity to compare the responses of the

three ecosystems to similar interannual climate

variability. Several studies (Black and others 2000;

Arain and others 2002; Griffis and others 2003)

have shown that the net ecosystem productivity

(NEP) of these forests depends on spring tempera-

ture, which determines the start of the growing

season, and midsummer temperature, which can

cause a marked increase in ecosystem respiration

(R). However, during the period addressed by these

studies, there were no significant changes in soil
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water availability. Thus we still have only a poor

understanding of how these forest types might re-

spond to potential climate change (that is, to war-

mer and drier conditions than present). The

demarcation between the southern boreal forest

and temperate grassland is determined by moisture

stress (Sellers and others 1997; Hogg 1997). The C

budget at the southern boreal tree line may

therefore be highly sensitive to climate variations.

When Griffis and others (2003) compared the an-

nual NEP of the three sites in 2000, they found

strong phenological differences between the

deciduous and the evergreen ecosystems. They

hypothesized that warmer and drier conditions

would reduce the photosynthetic efficiency and C

fixation rate of the deciduous stands, thereby

reducing their sink strength. They also hypothe-

sized that the high water table at the black spruce

sites would prevent strong reductions in tree pho-

tosynthesis, but reduced water table position

resulting from warmer and drier conditions could

have an important negative impact on moss

(bryophyte) photosynthesis. Furthermore, hetero-

trophic respiration is expected to decrease sub-

stantially with drier soil conditions, whereas

autotrophic respiration is expected to be conser-

vative and proportional to gross ecosystem photo-

synthesis (Griffis and others 2004).

The goal of the present study was to analyze how

environmental variables regulate ecosystem CO2

exchange, focusing on the differences in the re-

sponses of the three ecosystems. The selected years

(2000–03) are a unique sequence in that they start

with a year when temperatures and precipitation

were close to the long-term (30-year) average. The

subsequent years were affected by a combination of

a drought in western Canada (Lotsch and others

2005) and the occurrence of an early or late spring.

The two objectives of this paper are to (a) compare

the effects of the 3-year drought on the C balance

of the deciduous and conifer stands, and (b) assess

the impact of warm and cold springs on the C

balance of these stands relative to the impact of the

drought.

SITES, INSTRUMENTATION, AND DATA

ANALYSIS

Site Descriptions

The three sites are located in the southern boreal

forest of Saskatchewan, Canada. They were estab-

lished in 1993, at the start of BOREAS, and are

referred to as Southern Old Aspen (SOA), Southern

Old Black Spruce (SOBS), and Southern Old Jack

Pine (SOJP). The SOA site, which is in Prince Al-

bert National Park, is 70 km NW of Prince Albert

and approximately 80 km WSW of SOBS, whereas

SOJP is about 30 km ESE of SOBS (Table 1).

Flux measurements at SOA have continued since

the completion of BOREAS, in 1996, to the present.

Flux measurements at SOBS and SOJP were rees-

tablished in 1999.

The annual mean air temperature in the study

area was 0.4�C, and the annual precipitation was

467 mm (30-year record 1971–2000 at Waskesiu

Lake, Environment Canada, 20 km north of SOA).

The long-term record of the monthly mean air

temperature shows a maximum in July (16.2�C)

and a minimum in January ()17.9�C). The sites

receive most of their precipitation during the

summer months.

The terrain of the three sites is predominantly

flat. All three stands resulted from natural regen-

eration after wildfires that occurred in 1919, 1879,

and 1929 at SOA, SOBS, and SOJP, respectively.

Postfire tree establishment depends on disturbance

history and species composition at the time of fire,

as well as the physical, chemical, and biological

characteristics of the soil. Trembling aspen grows in

a wide range of soil conditions; however, soil water

drainage is necessary. Aspen is quick to pioneer

disturbed sites where there is bare soil. Regenera-

tion occurs mainly from suckers, which can survive

extreme fire events. Black spruce is commonly

found on organic soils with persistently occurring

high water tables. Jack pine is found primarily on

sandy soils. It is well adapted to dry sandy or

gravelly soils where other tree species find it diffi-

cult to survive. Regeneration of conifer species

occurs mainly from cones and is promoted by fire

events (Burns and Honkala 1990).

The aspen stand at SOA is even-aged trembling

aspen except for some scattered balsam poplar

(Populus balsamifera L.). The soil is moderately well

drained. The water table is at a depth of approxi-

mately 3 m, and the root zone has a high available

soil water storage capacity. The uniform fetch of

the flux tower is at least 3 km in all directions. The

black spruce stand at SOBS is fairly uniform in age

and is comprised largely of black spruce, with

approximately 10% tamarack (Larix laricina Du

Roi) and a very few jack pine. The SOBS site has

poor drainage; the water table is near the surface

because the site is located in a topographic

depression over a scale of 10 km. Vegetation at this

site is thus adapted to wet conditions. The flux

tower at SOBS has a uniform fetch in the prevailing

wind directions of at least 1.2 km. At the SOJP site,

there is a relatively pure jack pine stand. Due to the
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coarse-textured soil, this site is well drained. The

water table is very deep, and the vegetation is

adapted to dry conditions. The uniform fetch at this

site extends beyond 1 km in all directions. At all

three sites, most of the fine roots are in the upper

30 cm of the soil; the maximum depth of the fine

roots is around 60 cm at SOA and SOBS and 70 cm

at SOJP (A. Kalyn, personal communication). The

sites and their ecosystem characteristics are sum-

marized in Table 1. For detailed descriptions of the

three sites, see Blanken and others (1997), Jarvis

and others (1997), and Baldocchi and Vogel

(1997).

Flux footprint estimates were derived using the

model of Kljun and others (2004). Footprints under

convective conditions (for example, during day-

time) typically extended from the tower up to 450–

550, 200–300, and 250–400 m, at SOA, SOBS, and

SOJP, respectively (90% isopleth in the along-wind

direction). During stable or neutral conditions (for

example, at night), the footprints typically ex-

tended up to 900, 500, and 600 m, at SOA, SOBS,

and SOJP, respectively. Thus, daytime and night-

time footprints of the CO2 flux measurements were

well within the uniform fetch at all three sites.

Griffis and others (2003) found little or no depen-

dence of measured CO2 flux on wind direction at

the three sites.

Eddy Covariance Measurements

At all three sites, CO2 and water vapor (H2O) fluxes

were measured using the eddy covariance (EC)

technique. The EC sensors were mounted on scaf-

fold towers at approximately twice the canopy

height (see Table 1). The sensors included a three-

dimensional sonic anemometer–thermometer for

measuring wind velocity and temperature fluctua-

tions (R3; Gill Instruments Ltd., Lymington, UK, at

SOA and SOBS, and CSAT3; Campbell Scientific

Inc., Logan, UT, USA, at SOJP), and a closed-path

infrared gas analyzer (IRGA 6262; LI-COR Inc.,

Lincoln, NE, USA) operating in absolute mode for

measuring fluctuations in CO2 and water vapor

density.

Details about the EC system can be found in

Black and others (1996), Arain and others (2002),

and Griffis and others (2003). To estimate the

change in the CO2 storage in the air column be-

tween the forest floor and EC measurement height,

CO2 concentration was measured at eight levels

between the ground and the EC sensors (Yang and

others 1999).

Supplementary Measurements

Standard climate variables were measured at all

three sites (Griffis and others, 2003). Air tempera-

Table 1. Site Characteristics

SOA SOBS SOJP

Location 53.63�N, 106.20�W 53.99�N, 105.12�W 53.92�N, 104.69�W
Elevation [m] 601 629 579

Year of last disturbance 1919 1879 1929

Dominant overstory

species

Trembling aspen,

(Populus tremuloides

Michx.)

Black spruce

(Picea mariana Mill.)

Jack pine

(Pinus banksiana Lamb)

Understory species Hazelnut (Corylus cornuta

Marsh.)

Sphagnum (Sphagnum,

fuscum Schimp.) Feathermoss

(Pleurozium spp.)

Reindeer lichen

(Cladina mitis Sandst.)

Green alder (Alnuscrispa Ait.)

Stand height [m] 21 11 13

Stand density [stems ha)1] 830 6350 1190

Leaf area index

(total canopy) [m2m)2]

5.6 ± 0.5 4.2 ± 1.0 2.4 ± 0.2

Depth of organic layer [m] 0.05–0.1 0.2–0.3 0.02–0.05

Mineral layer texture Loam to clay-loam Sand and clay Coarse sand

Soil drainage Moderate Poor Good

Belowground carbon

[kg C m)2]

6.9 40.2 3.7

Total ecosystem carbon

[kg C m)2]

15.8 44.6 6.9

Height of eddy covariance

sensors [m]

39 25 28

Sources: Baldocchi and Vogel (1997), Blanken and others (1997), Gower and others (1997), Jarvis and others (1997), Ryan and others (1997).
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ture, humidity profiles, and beneath-canopy pho-

tosynthetic photon flux density (PPFD) were

measured at all three sites. Soil temperature was

measured at five depths between 2 and 100 cm

with copper-constantan thermocouples. Volumet-

ric soil water content was measured at 2.5, 7.5,

22.5, 45, and 75 cm using soil water reflectometers

(CS615; Campbell Scientific) and at SOA using

time domain reflectometry (TDR) profiles (Mois-

ture-Point; Environmental Sensors Inc., Victoria,

BC, Canada). At SOA, leaf area index (LAI) was

measured periodically during the growing season

using a plant canopy analyzer LAI-2000; LI-COR)

(Barr and others 2004). Soil CO2 efflux was mea-

sured at all three sites using non–steady-state

automated chamber systems, starting in 2000 at

SOA and SOBS and in 2002 at SOJP (Drewitt and

others 2002; Gaumont-Guay and others 2006).

Data Processing

Fluxes of CO2 and H2O (positive values upward)

were calculated as 30-min covariances of the ver-

tical velocity (w) and the mole mixing ratios of CO2

and water vapor (Webb and others 1980). The co-

variances were calculated as block averages with-

out detrending. A three-dimensional coordinate

rotation to align the vertical velocity measurement

normal to the mean wind streamlines, thereby

bringing the mean vertical and lateral velocity

components to zero, was applied following Tanner

and Thurtell (1969). The CO2 and H2O fluxes at the

three sites were corrected for lack of complete en-

ergy balance closure by dividing by the fractional

energy balance closure (87%, 89%, and 85% for

SOA, SOBS, and SOJP, respectively) (compare

Griffis and others 2003). The fractional energy

balance closure was calculated as the ratio of the

sum of the sensible and latent heat fluxes to the

available energy flux.

Net ecosystem exchange (NEE) was then calcu-

lated by adding the EC CO2 flux (FC), to the rate of

change in storage of CO2 in the air column between

the forest floor and the EC flux measurement

height (Yang and others 1999). Advection terms

were neglected in this study. Net ecosystem pro-

ductivity was obtained from NEP = )NEE. Positive

values of NEP correspond to CO2 uptake by the

ecosystem, whereas negative values correspond to

CO2 loss to the atmosphere.

During the years from 2000 to 2003, the average

loss of EC data due to instrument failure was 11%,

13%, and 9% for SOA, SOBS, and SOJP, respec-

tively. Nighttime fluxes were rejected when the

friction velocity, u*, was less than 0.35 m s)1 (see,

for example, Aubinet and others 2000; Griffis and

others 2003). Applying this threshold led to an

additional loss of 45%, 55%, and 58% of nighttime

data for SOA, SOBS, and SOJP, respectively.

Ecosystem respiration and gross ecosystem pho-

tosynthesis (GEP) were derived from NEP mea-

surements. Ecosystem respiration was estimated

from (a) growing-season nighttime NEP measure-

ments—that is, R = )NEP—and from (b) non–

growing-season 24-h measurements (defined as TA

less than 0�C and TS less than 0�C, where TA is the

air temperature and TS is the soil temperature).

Values for GEP were obtained from measured NEP

and estimated daytime R as GEP = NEP + R. Miss-

ing flux data were then filled following the Fluxnet

Canada Research Network (FCRN) standard

methodology (Barr and others 2004). The core of

this methodology is to first derive simple annual

empirical relationships (for example, R = f (TS))

from measured data, processing one year at a time.

An additional parameter is then introduced to ac-

count for additional environmental variables or

phenological stages that vary over a shorter period

of time than an entire year (for example, soil

moisture, growing-season length). Accordingly,

this parameter was allowed to vary in time, t, while

the parameters in the annual relationships were

held constant. The time-varying parameter was

determined within a moving window (100 accept-

able data points wide, which corresponded typi-

cally to 5–15 days) using a linear regression of

estimates modeled from the annual relationship

versus measurements. Daytime and missing night-

time R values were calculated from an empirical

logistic equation:

R ¼ f ðTS; tÞ ¼ rtðtÞr1=½1þ expðr2ðr3 � TSÞÞ� ð1Þ

where TS is measured at the 0.05 m depth; rt (t) is

the time-varying parameter; and r1, r2, and r3 are

the empirical parameters, held constant over the

year. Gaps in GEP were filled using the dependence

of GEP on down-welling PPFD above the stand, Q

(Michaelis-Menten light-response equation):

GEP ¼ f ðQ; tÞ ¼ ptðtÞaQ Amax=ðaQþ AmaxÞ ð2Þ

Here, pt(t) is the time-varying parameter; a is the

quantum yield; and Amax is the canopy-scale pho-

tosynthetic capacity. Both a and Amax were held

constant throughout the year. Finally, NEP was

gap-filled using NEP = GEP ) R.

Annual values of R and GEP depend on the gap-

filling method together with the number, size and

distribution of data gaps. To estimate the range of

uncertainty in these values, the resulting values
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were tested and compared with values derived

from two simple approaches based on empirical

annual relationships (AR1 and AR2) and from the

daytime light response (DLR) analysis of Griffis and

others (2003). AR1 uses Eqs. (1) and (2) with the

time-varying parameters set to unity as is often

done in the literature. AR2 was similar to AR1

except that it was based on an exponential equa-

tion for R (for example, Morgenstern and others

2004). For the DLR analysis, missing daytime flux

data during the growing season were gap-filled

using Eq. (2) (Griffis and others 2003). Table 2

shows the annual totals of NEP obtained using the

above methods. Note that the standard deviation

does not represent random Gaussian error and

therefore cannot be used to assess whether the

differences between years are statistically signifi-

cant. The uncertainty range derived from the above

gap-filling methods is in agreement with Griffis and

others (2003), who used a Monte Carlo method to

estimate the uncertainty of the gap-filling proce-

dure and derived an uncertainty range in NEP

(2000) of 64 to 142, 18 to 53, and 61 to 91 g C m)2

y)1 for SOA, SOBS, and SOJP, respectively. Inde-

pendent of the gap-filling method, NEP at SOA was

highest in 2001 and very low in 2003. Similarly, at

SOBS and SOJP, NEP was lowest in 2002.

Growing-season nighttime EC CO2 fluxes gap

filled using the FCRN methodology were compared

with the corresponding soil CO2 efflux measure-

ments because the latter generally accounts for a

large proportion of nighttime NEE (Gaumont-Guay

and others 2006). High correlation between these

fluxes was observed for both average nighttime

values (r2 = 0.87, 0.92, and 0.84 at SOA, SOBS,

and SOJP, respectively) and the temporal variation

of the 30-min fluxes. Therefore, for further analysis

and discussion, gap-filled values using the FCRN

method have been used in this study.

RESULTS AND DISCUSSION

Seasonal Climate

From a temperature standpoint, 2000 was a fairly

normal year, whereas 2001 was characterized by an

early spring with relatively high April–May average

TA and TS (Figure 1 and Table 3). In contrast, the

spring of 2002 was cold, with temperatures

remaining below 0�C until the end of April (Fig-

ure 1 and Table 3). In 2003, the spring was rela-

tively warm, but TS was very similar to that of

2000. Air temperatures in September were similar

Table 2. Annual Totals of Net Ecosystem Productivity (NEP) Obtained Using Different Gap-filling Methods

Site Year FCRN GF DLR AR1 AR2 Avg SD

SOA 2000 148 115 134 111 127 17.2

2001 361 322 357 378 355 23.6

2002 139 90 113 93 109 22.7

2003 97 66 95 97 89 15.2

SOBS 2000 66 27 53 55 50 16.5

2001 68 30 77 80 64 22.9

2002 21 )21 14 )17 )1 21.4

2003 62 15 68 85 58 29.8

SOJP 2000 78 54 81 89 76 15.0

2001 41 28 54 56 45 12.9

2002 )23 )53 )23 )8 )27 18.8

2003 29 7 31 47 29 16.4

Annual totals of NEP (in g C m)2 y)1) as derived by the Fluxnet Canada Research Network (FCRN) standard gap-filling method (FCRN GF), the daytime light-response
method (DLR) (Griffis and others 2003), and annual respiration (R) and gross ecosystem productivity (GEP) relationships AR1 and AR2 (see Data Processing section). Also
shown are the average (Avg) and the standard deviation (SD) of the four estimates.

Figure 1. Air temperatures (TA) (15-day averages) ob-

served at the three sites (average of three sites) in 2000

(dashed thin line), 2001 (solid thin line), 2002 (dashed line),

and 2003 (solid line).
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during the 4 years, and no early autumn frosts

occurred. Precipitation (P) at the three sites in 2000

was very similar to the 1994–2000 average at SOA

and the 30-year mean (1971–2000) at Waskesui

Lake (Table 3). Starting in summer 2001, the three

sites were affected by a severe drought that oc-

curred in western Canada and persisted through

2003. During the drought, P was 35% to 50%

lower than the 30-year mean (Table 3 and Fig-

ure 2). Although the sites were exposed to the

same mesoscale weather systems, in 2001 and 2002

SOA received significantly less precipitation than

the other two sites. In 2003, P was below normal

and similar at all three sites.

Several approaches have been used to analyze

the effects of drought on vegetation. Baldocchi

(1997) introduced an empirical drought index de-

rived from the ratio of cumulative potential evap-

oration to cumulative P. Griffis and others (2003)

used cumulative P ) E, where E is the evapo-

transpiration, as an upper limit of the amount of

water available for tree growth. Reichstein and

others (2002) suggested using the ratio of volu-

metric soil water content, h, to soil water content at

field capacity, hfc, to determine drought effects. In

the present study, relative available soil water

content, hr ¼ ðh� hwpÞ=ðhfc � hwpÞ, where hwp is

the soil water content at the wilting point, is used

to characterize the impact of the drought. Gener-

ally, plant water uptake remains high until about

one-half of the available water has been extracted

(Campbell and Norman 1998). Foti and others

(2003) found that predawn plant water potential of

Miscanthus · giganteus began to decline markedly

when hr dropped below 0.5, suggesting the likely

occurrence of water stress for hr less than 0.5.

Table 3. Climate Characteristics

1971–2000 1994–2000 2000 2001 2002 2003

Apr–May TA [�C] 5.7 ± 2.5 6.9 ± 1.8 5.0 ± 0.7 7.4 ± 0.4 2.2 ± 0.3 6.9 ± 0.3

Apr–May TS [�C] n.a. 2.8 ± 0.8 2.3 ± 1.2 3.0 ± 0.9 0.5 ± 0.5 2.3 ± 0.8

Annual TA [�C] 0.4 ± 4.7 2.8 ± 1.3 0.9 ± 0.5 3.0 ± 0.2 0.8 ± 0.3 1.7 ± 0.4

Annual P [mm] 467 481 ± 55 449 ± 61 317 ± 87 383 ± 84 271 ± 16

May–Sep P [mm] 312 318 ± 73 326 ± 62 217 ± 68 266 ± 75 176 ± 16

TA, air temperature; TS, soil temperature; P, precipitation.
Values for 1971–2000 are based on the 30-year record at Waskesiu Lake, 53.92�N, 106.08�W, Environment Canada. Values for 1994–2000 are from averaged measurements
at SOA and SD of the annual values. Values for 2000–03 are the average values of measurements at the three sites with the SD of the sites. TA was measured at approximately
twice the canopy height, TS at the 5-cm depth.

Figure 2. Cumulative precipitation (P) (left panel) and cumulative water balance (precipitation ) evapotranspiration) (right

panel) observed at the three sites in 2000 (dashed thin line), 2001 (solid thin line), 2002 (dashed line), and 2003 (solid line).
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At SOA, h at the 7.5-cm depth increased after

snowmelt in all 4 years, with hr being well above

0.5 (Figure 3). In 2000, hr remained high until the

end of August. In 2001, it dropped steadily during

June, July, and August, reaching 0.5. In 2002 and

2003, hr dropped to 0.5 by the end of June and

remained well below 0.5 for the rest of the growing

season. At the 30–60-cm depth, h dropped from

about 0.3 m3m)3 to 0.2 m3m)3 during June, July,

and August of 2001 (Figure 3). There was almost

no recharging of soil water at lower depths after

snowmelt in spring 2002 and spring 2003, and

available water deep in the soil profile remained as

low as at the end of the 2001 growing season (that

is, hr less than 0.5). The water table receded from a

depth of 3 to 4 m below the surface over the period

2001–03 (Barr and others 2007).

At SOBS, summer rain events reduced the

impact of the drought in 2001 and 2002, and hr

remained larger than 0.5 throughout the growing

seasons of 2000 to 2002. The effect of the

drought was most evident in 2003 when h at the

7.5-cm depth dropped at the beginning of July

and hr reached 0.2 at the end of August. In

contrast to SOA, h at the 30–60-cm depth re-

mained almost constant throughout the 4 years,

with a slight increase each year during snowmelt.

That there was no marked drop in h at this depth

reflects the persistently high water table in the

surrounding area, resulting in the dominance of

black spruce.

At SOJP, h at the 7.5-cm depth was at similar

levels between April and June for all 4 years.

Similar to conditions at SOBS, the water regime at

SOJP in 2001 and 2002 was affected by the July

and August rain events. In 2003, hr at the 7.5-cm

depth dropped to zero in mid-July, increasing only

slightly during the rest of the growing season. At

the 30–60-cm depth, it remained at 0.5 during the

2000–02 growing seasons, whereas in 2003 it fell

from 0.4 to 0.2.

Response of Net Ecosystem Productivity
to Climate Conditions

As indicated above, climate conditions in 2000

were not significantly different from the recent

30-year climate normals. We assumed, therefore,

that 2000 could serve as a reference or normal

year to help interpret the seasonal and interan-

nual variations in NEP. A comparison of the CO2

fluxes at SOA, SOBS, and SOJP in 2000 with

those of previous years (for example, Baldocchi

and others 1997; Black and others 2000; Barr and

others 2004; Jarvis and others 1997) supported

this assumption.

Impact of Spring Temperatures on Net Ecosystem

Productivity. Warm spring temperatures in 2001

and 2003 caused leaves to emerge about 2 weeks

earlier than in 2000, and this in turn led to an

earlier start of photosynthesis (Table 4). Early leaf

emergence at SOA was also observed during similar

Figure 3. Interannual and

seasonal variation in soil

moisture content (10-day

averages) at the 7.5-cm depth

(left panel) and the 30–60-cm

depth (right panel) observed at

the three sites in 2000 (dashed

thin line), 2001 (solid thin line),

2002 (dashed line), and 2003

(solid line). The shaded areas

represent the range of the

available water fraction between

0 and 0.5 (dark gray) and

between 0.5 and 1 (light gray). 0

corresponds to wilting point and

1 to field capacity. Water stress is

likely between 0 and 0.5.
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spring conditions in 1998 caused by El Niño (Black

and others 2000). Although leaf emergence at SOA

in 2003 started as early as in 2001, the maximum

LAI (aspen plus hazelnut: 4.0 m2m)2) was reached

10 days later and was 20% lower than in 2001. This

suggests that the trees experienced some water

stress early in the growing season and fewer aspen

clones had started photosynthesizing as early as in

2001 (Barr and others 2004). However, it‘s also

possible that the timing of the leaf emergence was

influenced by the spring soil temperature, which

was lower in 2003 than in 2001 (compare Baldoc-

chi and others 2005).

Although at SOA the correlation between the

date of onset of photosynthesis was highest for

April–May average TA (r2 = 0.94), at the conifer

sites the date of onset of photosynthesis correlated

better with TA in March and April (r2 = 0.62 and

0.83 for SOBS and SOJP, respectively). In particu-

lar, March 2001 was colder than March 2000;

consequently, at the conifer sites, photosynthesis in

2001 was initiated 10 days later than in 2000

(Figure 4, right panel). During the warm spring

period of 2003, GEP and R at the conifer sites

started on almost the same dates as in 2000 (Fig-

ure 4). Respiration at the three sites was not sig-

Table 4. Growing-season Characteristics

Year SOA SOBS SOJP

2000 First day May 16 March 24 March 26

Last day September 28 November 4 November 2

GS length 135 225 221

2001 First day May 7 April 3 April 5

Last day September 28 November 8 November 14

GS length 144 219 223

2002 First day May 28 April 14 April 22

Last day October 6 October 16 October 16

GS length 131 185 177

2003 First day May 11 March 24 March 31

Last day October 2 October 30 November 1

GS length 141 220 215

First and last day of detectable photosynthetic activity (reliability ± 3 days) and length of growing season (GS) in days (reliability ± 6 days). The first day of photosynthetic
activity was detected from the decrease in daytime eddy covariance (EC) CO2 fluxes below the trend in respiratory fluxes. Daily net ecosystem productivity (NEP) began to
increase 2–3 days after this (compare Black and others 2000).

Figure 4. Interannual and

seasonal variation in ecosystem

respiration (R) (left panel) and

gross ecosystem productivity

(GEP) (right panel) observed at

the three sites in 2000 (dashed

thin line), 2001 (solid thin line),

2002 (dashed line), and 2003

(solid line) (5-day averages).
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nificantly greater during the warm springs of 2001

and 2003 (Figure 4, left panel) because TS was not

significantly higher than in 2000.

During the cold spring of 2002, photosynthetic

activity at SOA was initiated 2 weeks later than in

2000. The two conifer sites were also affected by

the colder temperatures, such that photosynthetic

activity started 3–4 weeks later than in 2000.

Respiratory activity was inhibited at all three sites

due to the cold spring conditions (Figure 4). For

the 4 years analyzed here, the observed changes

in NEP during spring corresponded closely to the

changes observed for GEP at the three sites (Fig-

ure 5).

Impact of Drought On Net Ecosystem Productiv-

ity. To separate the effects of spring tempera-

tures and drought, we focus on the analysis of

summer fluxes in this section. Instead of using

annual or growing-season totals, NEP, GEP, R,

and E were summed over the part of the growing

season that was less directly influenced by a

warm or cold spring. To account for the earlier

start of photosynthesis (and thus the longer

growing season) at the conifer sites compared to

the deciduous site, which can only photosynthe-

size after leaf emergence, the length of this ref-

erence growth period (RGP) was site dependent.

In the following analysis, the RGP was limited to

the period between June 15 and September 30

for SOA, and June 1 to September 30 for the

conifer sites. Thus, NEPrgp, GEPrgp, Rrgp, and Ergp

represent the totals for this period. Although

spring temperature conditions could affect or

even amplify the response of the trees to drought

later in the growing season, the direct impact of

drought would likely outweigh this effect. Fig-

ure 6 and Table 5 show NEPrgp, GEPrgp and Rrgp

for the 4 years.

For SOA, cumulative P – E, was largely negative

(Figure 2, right panel), but there was no reduction

in GEPrgp or Ergp in the 1st year of the drought

(2001) (compare Figures 4, 6, and 7 and Table 5).

This suggests that the tree roots were able to access

water at depths lower than the upper 30 cm, where

most fine roots develop. In fact, water balance

estimates by Bernier and others (2006) suggest

water uptake can occur as deep as 200 cm at this

site. In 2002 and in 2003, GEPrgp dropped by 13%

to 15% per year and Ergp by 14% to 20% (Figure 6

and Table 5). Maximum daily E and GEP (Q >

1200 lmol m)2 s)1, 10 AM to 3 PM local time)

during the RGP were reduced by 31% and 28%,

respectively, compared to 2000. Barr and others

(2004) showed that reduced GEPrgp in 2002 and

2003 corresponded to low midsummer aspen LAI

values of 2.3 and 1.9 m2m)2, respectively, com-

pared to values of around 2.7 m2m)2 in 2000 and

2001. They suggested that these low values were

partly due to reduced leaf water potential during

leaf emergence.

In contrast to GEPrgp, Rrgp at SOA dropped by

10% in the 1st year of the drought (Figure 6). Soil

CO2 effluxes also decreased significantly (Griffis

and others 2003; Gaumont-Guay and others 2006).

Figure 5. Interannual and

seasonal variation in net

ecosystem productivity (NEP) (5-

day averages) observed at the

three sites in 2000 (dashed thin

line), 2001 (solid thin line), 2002

(dashed line), and 2003 (solid

line).

1048 Erratum



This decrease was likely due to reduced heterotro-

phic R in the surface soil layer as a result of the

pronounced drop in h (Figure 3). Any decrease in

autotrophic R was likely to be small because there

was no decrease in GEPrgp. In the following 2 years,

Rrgp further dropped by up to 10% per year. These

reductions were likely caused by decreases in both

heterotrophic and autotrophic R.

Reichstein and others (2002) argued that the

effect of drought on GEP depends largely on how

much water is available to roots in the whole soil

profile, whereas the effect on R depends mainly on

the soil water content and temperature of the up-

per soil layers. Borken and others (1999) assumed

that autotrophic R did not decrease because fine-

root growth was not severely affected and that root

R had shifted to deeper soil layers to ensure water

supply to the trees. Borken and others (2006)

found that experimentally induced drought caused

a strong reduction in 14CO2 soil efflux. This

reduction resulted from a decrease in the decom-

position of older C substrates (that is, heterotrophic

R) compared to autotrophic R. These findings sup-

port our hypothesis that the observed reduction in

Rrgp at SOA in 2001 was largely due to a decrease in

heterotrophic R.

The decrease in Rrgp in the 1st year of the

drought caused a remarkable 25% increase in

Figure 6. CO2 Fluxes for the reference growth period (RGP). Net ecosystem productivity (NEPrgp) (squares, dashed line),

gross ecosystem productivity (GEPrgp) (diamonds, solid line), and ecosystem respiration (Rrgp) (circles, dash dotted line) during

the summer months of 2000–03 (SOA, June 15 to September 30; SOBS and SOJP, June 1 to September 30). Vertical bars

denote the range of values derived from four gap-filling methods (see Table 2). Where required for clarity, the vertical bars

for GEP and R have been moved to the left and right, respectively.

Table 5. Net Ecosystem Productivity (NEP), Ecosystem Respiration (R), Gross Ecosystem Productivity
(GEP), and Evapotranspiration (E) for the Reference Growth Period (RGP)

Site Year NEPrgp [g C m)2 y)1] Rrgp [g C m)2 y)1] GEPrgp [g C m)2 y)1] Ergp [mm H2O y)1]

SOA 2000 343 708 1051 269

2001 429 639 1068 264

2002 330 576 907 213

2003 230 559 789 180

SOBS 2000 83 604 687 212

2001 67 606 674 227

2002 65 593 658 205

2003 47 603 650 203

SOJP 2000 65 463 528 176

2001 19 525 544 164

2002 6 517 523 175

2003 26 489 515 157

Reference growth period (RGP): period between June 15 and September 30 for SOA, and June 1 to September 30 for the conifer sites. Totals of NEPrgp, GEPrgp, Rrgp, and Ergp

are given for this period.
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NEPrgp. This factor contributed significantly to the

large increase in annual NEP in that year, as will be

discussed later. In the 2nd year of the drought,

NEPrgp was only slightly lower than before the

drought. This was because the drop in Rrgp nearly

canceled the decrease in GEPrgp. In 2003, however,

NEPrgp was almost a third lower than in 2000 be-

cause the drop in GEPrgp was much larger than Rrgp

(Figure 6). Maximum daily NEP during the RGP

was reduced by 38% compared to 2000; this

reduction corresponds closely with the drought

effects reported by Baldocchi (1997).

In the case of the conifer sites, GEPrgp and Rrgp

were remarkably constant over the 4 years, show-

ing very little effect of the 3 drought years. Even

during the 3rd drought year, when growing-season

precipitation was significantly lower than in the

first 2 drought years, the effect on GEPrgp and Rrgp

was hardly detectable given the uncertainty in the

calculated values. Slight reductions in GEP and R

occurred only in August 2003, when precipitation

was very low. With the measured values of NEPrgp,

the absolute differences between the 3 drought

years and the non-drought year (2000) were small

(Table 5). Maximum daily E during the RGP re-

mained unaffected at SOBS and dropped by only

12% at SOJP. This finding is also in good agree-

ment with Baldocchi and Vogel (1997), who sug-

gested that evapotranspiration is more conservative

at the conifer stands than at SOA.

Factors Controlling Ecosystem Respiration, Gross Eco-

system Photosynthesis, and Net Ecosystem Productiv-

ity. Figure 8 (left panel) shows the relationships

Figure 7. Interannual and seasonal variation in evapo-

transpiration (E) (5-day averages) observed at the three

sites in 2000 (dashed thin line), 2001 (solid thin line), 2002

(dashed line), and 2003 (solid line).

Figure 8. Influence of relative

available soil moisture content hr

on ecosystem respiration (R) and

gross ecosystem productivity

(GEP). Left panels: Dependence of

measured nighttime R on TS (5-

cm depth) and on hr (7.5-cm

depth). Right panels: Dependence

of GEP on Q and hr at the 30–60-

cm depth. hr greater than (solid

line, diamonds) or less than or

equal to (dashed line circles) 50%.

Symbols denote bin-averages of

200 and 350 data points of R and

GEP, respectively. Lines are fits

(Eqs. [1] and [2]) through 30-

min data (see Table 6). Error bars

denote the SD within each bin.
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between nighttime R and TS (at the 5-cm depth) for

all three sites. The data have been stratified into

high and low availability of soil water. For the

stratification, the threshold value of hr was set to

0.5 (compare Figure 3). Based on this threshold for

the 7.5-cm depth, 59% to 70% of the 2001–03

growing-season data at SOA was classified as hav-

ing low available soil water content. At SOBS and

SOJP, the percentage of low soil moisture data was

0 (in 2002) to 39% and 28% to 62%, respectively.

The influence of available soil moisture content

was most pronounced at SOA. The soil temperature

sensitivity of R decreased in response to the drought.

Similar findings have been reported by Reichstein

and others (2002), who examined R in two ever-

green Mediterranean ecosystems. The correlation

between total growing-season R and total growing-

season P was high (r2 = 0.98) for the 4 years of the

present study. At SOBS, the dependence on h was

not as strong but was still discernible, whereas at

SOJP it was slightly more pronounced than at SOBS;

the correlation between total growing-season R and

total growing-season P was r2 = 0.86 at SOBS and

r2 = 0.40 at SOJP. The parameters determining the

R(night)–Ts relationship are given in Table 6.

To study the relationship between GEP and Q,

we separated the data into high and low avail-

ability of soil water based on h at the 30–60-cm

depth because this is the layer that most likely

controls GEP and E at SOA. Again, the threshold

value of hr was set to 0.5. At SOA, the relation-

ship for dry years and years of high h can be

easily distinguished (Figure 8, right panel, and

Table 6). Thus, the results of this study demon-

strate the importance of measuring h at depths

greater than 60 cm for specific soil types and

topography. Deep h at the two conifer sites, in

contrast, could not be stratified into dry and

moist conditions because the differences were too

small. Consequently, GEP at the two conifer sites

showed no dependence on h. Using shallow h for

stratification did not alter this finding.

The relationship between monthly mean values

of GEP and E remained almost linear throughout

the 4 years, with no dependence on the drought

(Figure 9). The average values of water-use effi-

Figure 9. Growing-season gross ecosystem productivity

(GEP) versus evapotranspiration (E) (monthly averages)

observed at the three sites in 2000 (diamonds), 2001

(circles), 2002 (squares), and 2003 (plus signs). a [g C m)2

d)1] denotes the intercept; b [g C m)2 d)1/mm H2O d)1 or

g C/kg H2O] denotes the slope of the fitted linear rela-

tionship between GEP and E.

Table 6. Parameters of Eqs. (1) and (2) for Dry and Moist Conditions

Site Condition Ts versus R (night), EQ. (1) Q versus GEP, Eq. (2)

r1 [lmol m)2 s)1] r2 [�C)1] r3[�C] R2 [)] a [mol mol)1 photons] Amax [lmol)2 s)1] R2 [)]

SOA Moist 8.4 0.34 7.9 0.50 0.062 34.2 0.59

SOA Dry 7.2 0.27 9.2 0.51 0.061 23.1 0.50

SOBS Moist 8.5 0.25 8.4 0.65 0.042 15.3 0.55

SOBS Dry 6.0 0.27 6.9 0.53 – – –

SOJP Moist 214.8 0.14 41.2 0.54 0.032 13.3 0.39

SOJP Dry 5.9 0.25 11.1 0.47 0.030 12.4 0.43

R, ecosystem respiration; GEP, gross ecosystem productivity.
The parameters were fitted to data in Figure 8 for average (hr at least or equal 0.5) and low (hr less than 0.5) availability of soil water.
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ciency (dGEP/dE—that is, the slope of the regres-

sion lines) were 4.62, 3.12, and 3.12 g C kg)1 H2O

for SOA, SOBS, and SOJP, respectively. Arain and

others (2002), who analyzed data from SOA and

SOBS for 1994–99, reported a similar value for

SOBS (2.82 g C kg)1 H2O) but a significantly lower

value for SOA (2.85 g C kg)1 H2O).

Interannual Variability in Net Ecosystem
Productivity

Figure 10 shows the annual NEP, GEP, and R at the

three sites, as well as the range of these values

derived from the four different gap-filling methods.

Although the range is not negligible, we found that

the temporal variation of these annual values is

independent of the gap-filling method.

In 2000, SOA was a moderate sink for CO2,

sequestering 148 g C m)2 y)1 (Table 7). This is

consistent with the values reported over the

previous 6 years, during which there were no

significant shortages of soil moisture (Black and

others 2000). By comparison, the two conifer

sites, SOBS and SOJP, were weak sinks for CO2,

sequestering 66 and 78 g C m)2 y)1, respectively,

in normal years. This finding is in good agree-

ment with the analysis of Griffis and others

(2003).

In 2001, SOA sequestered 2.5 times more C than

in 2000 (Figure 10 and Table 7), which was the

highest annual CO2 uptake in the 9 years of flux

measurements at this site. This extraordinary in-

crease resulted from both very high GEP due to the

early start of photosynthesis and reduced R due to

the drought. The effect of the early start of GEP

(approximately 100 g C m)2) can be assessed by

comparing Figures 10 and 6. The GEP values for

SOBS and SOJP in 2001 were very similar to the

respective values in 2000 because the conifers did

not benefit from the early spring. Also, R was not

reduced in 2001 because the conifer sites were not

significantly affected by the drought. Thus, the net

Figure 10. Annual net ecosystem

productivity (NEP) (squares, dashed line),

gross ecosystem productivity (GEP)

(diamonds, solid line), and ecosystem

respiration (R) (circles, dash dotted line)

for the three sites in 2000–03. Vertical

bars denote the range of values derived

from four gap-filling methods (see

Table 2). Where required for clarity, the

vertical bars for GEP and R have been

moved to the left and right, respectively.

Table 7. Annual Totals of Net Ecosystem Productivity (NEP), Ecosystem Respiration (R), Gross Ecosystem
Productivity (GEP), and Evapotranspiration (E)

Site Year NEP [g C m)2 y)1] R [g C m)2 y)1] GEP [g C m)2 y)1] E [mm H2O y)1]

SOA 2000 148 1086 1234 359

2001 361 1025 1386 375

2002 139 880 1019 279

2003 97 941 1038 269

SOBS 2000 66 813 879 309

2001 68 826 894 329

2002 21 744 765 280

2003 62 813 875 296

SOJP 2000 78 605 684 254

2001 41 676 717 237

2002 )23 626 602 236

2003 29 624 653 222
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CO2 uptake by the conifers remained the same as in

2000 (within the range of uncertainty).

In 2002, annual R for all three sites was lower

than in 2001. This reduction was mainly due to the

cold spring (the coldest of the 4 years); however,

for SOA the drought also had a significant effect

(compare Figures 6 and 10). Gross ecosystem pro-

ductivity dropped sharply from 2001 at SOA due to

both the cold spring (that is, late leaf emergence)

and the drought; it also dropped significantly at the

two conifer sites but this change also appeared to be

mainly a result of the cold spring (Figures 6 and

10). Net ecosystem productivity was in the same

range as in 2000 at SOA, and the two conifer sites

registered the lowest NEP of the 4 years. Thus, SOA

was a sink for CO2, SOBS was close to neutral, and

SOJP was a small source of CO2. Since the begin-

ning of year-round CO2 flux measurement at the

conifer sites, 2002 was the first year in which SOJP

was a CO2 source. This finding is consistent with

other studies that have reported the possibility that

mature boreal forests are significant sources of CO2

(for example, Lindroth and others 1998; Milyukova

and others 2002).

Finally, in 2003, R at SOA was only slightly

higher than in 2002 (likely due to the higher spring

temperature) and GEP remained low due to the

drought. Consequently, annual C sequestration at

SOA was slightly less than in 2002 (Figure 10).

Although the conifer sites had a reduction in P that

was similar to that recorded at SOA, they seques-

tered C at rates similar to 2000 and 2001. At SOBS,

it would probably require several years of precipi-

tation as low as in 2003 for there to be a significant

drop in h deep in the root zone—enough to cause a

noticeable drop in GEP and R. Griffis and others

(2003) speculated that drier conditions at SOBS

would affect NEP by reducing the photosynthetic

contribution of the moss understory. However, in

this study, the drought conditions exerted almost

no effect on GEP at SOBS (Figure 6)—even in

2003, when annual P was much lower than in

2000 (Figure 2). It would require a watershed-scale

hydrologic modeling study to estimate the number

of years of sustained drought that would be re-

quired before an impact on GEP and R would be

seen at SOBS. At SOJP, it appears that the benefit

of high rainfall is lost due to the low water-holding

capacity of the sandy soil, which results in extra

water draining from the root zone. Consequently,

there are generally low soil moisture conditions at

this site regardless of total P. However, conifer

stands may also be affected by a drought, depend-

ing on the soil characteristics and topography. For

example, when Hollinger and others (1998)

examined a conifer site (Larix gmelinii Rupr.) in

Siberia that was located in a climatic zone similar to

that of the sites in the present study, they found

that the CO2 uptake declined after several days of

drought.

When we compared total CO2 uptake at the

three sites between 2000 and 2003, it was clear that

the deciduous stand sequestered more C than the

conifer stands, even though it was the site most

affected by the drought. Kimbal and others (2000)

found that aspen stands covered only 12% to 13%

of the southern study area (SSA) of BOREAS. Wet

conifer stands (mainly black spruce) were the

dominant forest type, representing 46% of the SSA,

followed by dry conifer stands (mainly jack pine),

which covered 20% of the area. If we assume that

these proportions and the C uptake at SOA, SOBS,

and SOJP are representative, these three forest

types would have accounted for about 28%, 48%,

and 24%, respectively, of the C sequestered in the

southern boreal forest in western Canada in 2000.

During the worst drought year (2003), these per-

centages became 25%, 62%, and 13%, respec-

tively. Thus, on the one hand, the stabilizing

character of the widespread black spruce stands

might help to reduce the impact of a drought. On

the other hand, the C balance of the southern

boreal forest may be highly influenced by cold

springs, which affected all three forest types in our

study period.

SUMMARY AND CONCLUSIONS

In this study, we analyzed EC flux measurements

of CO2 and climate data obtained from three

southern boreal forests—a deciduous (aspen) stand

and two conifer stands (black spruce and jack pine).

The time series included a normal climate year,

which was followed by 3 years when the stands

were affected by drought. The springs of the 1st and

3rd drought years were warm, whereas the spring

of the 2nd drought year was cold. The study sepa-

rated the impacts of drought and variable spring

temperatures on GEP, R, and NEP.

Although this was a major regional drought,

there was significant spatial variability in precipi-

tation over distances of 80–100 km. The reduction

in precipitation (approximately 50%) was very

similar in each of the 3 years at the deciduous site

whereas at the conifer sites summer rain dimin-

ished the impact of the drought in the first 2 years.

In the 3rd year, the drought was equally severe at

all three sites. This shows that sites within the

BERMS study area cannot be assumed to be ex-

posed to the same precipitation. This study illus-
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trates that knowledge of the spatial variation in the

regional water balance is essential for assessment of

the impact of drought on forest ecosystems.

The drought significantly affected the annual C

budget of the deciduous forest. During the 1st

drought year, low soil water content significantly

decreased R whereas GEP was unaffected. In the

2nd and 3rd years of the drought, the reduction in

E and GEP indicated the occurrence of tree water

stress. The conifer sites, on the other hand, showed

very limited response to the low growing-season P.

The relative extent of drought effects on R and GEP,

and thus on the resulting C balance, depended on

soil characteristics and the topographic location of

the forest. In ecosystems where the water table is

controlled by subsurface-lateral water flow as a

result of topographic position (for example, sites in

a relatively low elevation location, such as SOBS),

the trees are not much affected by a reduction in

precipitation. In ecosystems where little water is

stored due to the coarse texture of the soil (for

example, SOJP), the benefit of rainfall events is

small and the vegetation is not greatly affected by

drought. However, a comparison of the total CO2

uptake at the three sites between 2000 and 2003

shows that the deciduous stand sequestered more C

than the conifer stands, even though it was affected

most by the drought. So far, it cannot be assumed

that R, GEP and LAI are not completely indepen-

dent of the impact of the previous year‘s drought.

The quantification of these possible antecedent ef-

fects is part of current research.

As had also been found in previous studies,

warm springs significantly increased GEP at the

aspen site. This factor, together with the reduction

in R as a result of low soil moisture content in the

1st year of the drought, resulted in the highest

annual C sequestration in the 9 years of flux

measurement at this site. In contrast to the decid-

uous site, GEP at the conifer sites did not benefit

from the warm spring due to earlier timing of fac-

tors triggering the start of the growing season. The

cold spring, however, affected all three sites simi-

larly, such that photosynthesis began later at all

sites. The reduction in CO2 sequestration in spring

caused one of the conifer sites (SOJP) to be a source

of CO2 in 2002 for the 1st year since the beginning

of year-round CO2 flux measurement at this site,

whereas the CO2 uptake at the other conifer site

(SOBS) decreased to near zero.
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