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Exchange of Carbon Dioxide by a Deciduous Forest: 32))  col"1991-19921 the 2nd 
1993-1994, the 4th  coldest), and moderate 

Response to In terannual Climate Variability (1992-1993, the 14th coldest; 1994-1995, 
the 19th coldest) years (10, 1 1) ,  mild (1991 

Michael L. Goulden, J. William Munger, Song-Miao Fan, and 1995, among the four wartnest) and 
Bruce C. Daube, Steven C. Wofsy* cold (1993 and 1994, among the eight cold- 

est) winters, cool (1992, the 3rd coldest) 
The annual net uptake of CO, by a deciduous forest in New England varied from 1.4 to and hot  (1993, 1994, and 1995, among the 
2.8 metric tons of carbon per hectare between 1991 and 1995. Carbon sequestration was six hottest) sutntners, and dry (1995, the 
higher than average in 1991 because of increased photosynthesis and in 1995 because 6th driest) and wet (1991, 1992, and 1994, 
of decreased respiration. Interannual shifts in photosynthesis were associated with the among the seven wettest) summers. 
timing of leaf expansion and senescence. Shifts in annual respiration were associated with T h e  forest gained 30 to 60 kg C ha-' 
anomalies in soil temperature, deep snow in winter, and drought in summer. If this daypi  in the growing seasons and lost 10 to 
ecosystem is typical of northern biomes, interannual climate variations on seasonal time 20 kg C ha-' day-' in the dormant periods 
scales may modify annual CO, exchange in the Northern Hemisphere by 1 gigaton of (Fig. 1).  Annual net C02 uptake ranged 
carbon or more each year. from 1.4 to 2.8 tnetric tons C ha-' (Table 

1 )  (12 ,  13),  with above-average uptake in 
1990-1991 and 1994-1995 (14).  T h e  rlse 
in sequestration during 1990-1991 was 

Observations of atmospheric CO: indicate technique (8, 9 )  was used to measure hourly caused by increased annual gross produc- 
that the carbon balance [net ecosystem pro- NEE from 28 October 1990 to 27 October tion, and the rise during 1994-1995 was 
duction (NEP)] of the Earth's terrestrial 1995 (1 0) at Harvard Forest in central Mas- caused by decreased annual R. Annual GEE 
biosphere varies by 1 gigaton of carbon per sachusetts. Ecosystem respiration was mea- and R varied as the result of 1- to 2-month- 
year ( G t  C year-') ( 1  G t  = 10%etric sured directly during dark periods and esti- long episodes of anomalous activity (Fig. 2).  
tons) or more frotn year to year (1 ). Many mated as a f ~ ~ n c t i o n  of soil tetnperature For example, lower than average annual net  
ecosystem processes are sensitive to weather during l ~ g h t  periods (8). Hourly GEE was productlon in 1993-1994 (Table 1 )  was a 
(2), and the fluctuations in global NEP are inferred by subtracting R from NEE. consequence of both higher than average 
probably a consequence of interannual cli- Measurements of NEE were obtained respiration (Fig. 2) and lower than average 
mate variability. However, direct observa- during 27,000 of 44,000 hours, wlth gaps for gross production (Figs. 2 and 3 )  in spring. 
tions of the effects of climate variab~lity on  calibration, data transfer, maintenance, Large changes in annual GEE were as- 
the CO: exchange of whole ecosystems are equipment failure, rain, and stable noctur- sociated with modest changes in the  
required before the causes of global NEP nal periods. T h e  study included warm length of the  growing season (Figs. 2 and 
variation can be assessed reliably. (1990-1991, the 2nd warmest year out of 3 ) .  T h e  leaves emerged 6 to  10 days later 

W e  used a 5-year record of the turbulent 
exchange of C02 between the atmosphere 
and a deciduous forest in New England [net 7 60 Fig. 1. Day net CO, exchange 
ecosystem exchange (NEE)] (3-5) to eval- 2 (NEE) (f~lled symbols connected by 

40 uate the magnitude and causes of interan- lhnes) and d a y  respraton (R) (sold 
lhne) during 5 years at Haward For- nual variations in net production (NEP), 5 20 est. Observat~ons are means for 4 

respiration (R) ( 6 ) ,  and gross ecosystem 0 days (8). 
exchange (GEE) (7). T h e  eddy-covariance g -20 

m 
5 -40 
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Table 1. Values of NEE and R summed from day of year (DOY) 301 to DOY 300, and GEE summed from 
DOY 100 to DOY 300. Exchange from the forest is positive. Numbers in parentheses are 5 and 95 
percentile confidence intmals (8, 74). Net exchange in 1994-1 995 was significantly more negative than 
in 1991 -1 992 and 1993-1 994, which in tum were more negative than in 1992-1 993. Net exchange in 
1990-1 991 was significantly more negative than in 1992-1 993 and 1993-1 994. 

Year 
Annual exchange (tons C ha-l year-l) 

NEE GEE R 

in 1992,1994, and 1995 than in 1991 and 
1993, with similar delays in the uptake of 
carbon. Leaf expansion was correlated 

.with air temperature, starting around 300 
degree-days (15) and ending around 650 
degree-days. Large shifts in annual GEE 
therefore resulted from brief anomalies in 
temperature during April and May. Can- 
opy senescence began after the onset of 
cool nights (below 5" to 10°C). Th' IS oc- 
curred relatively late in 1992 and 1993, 
allowing photosynthesis to continue for 5 
to 10 days longer than in 1994 and 1995 
and increasing gross production by around 
500 kg C ha-'. 

Prolonged periods of cloudiness during 
mid-July 1992, mid-August 1992, and Au- 
gust 1994 each reduced gross production by 
around 400 kg C ha-' (Fig. 2). The,re- 
sponse of forest photosynthesis to the phys- 
ical environment (light, temperature, and 
evaporative demand) varied little from 
summer to summer. We observed small en- 
hancements (5 to 10%) in the instanta- 
neous rates of photosynthesis at a given 
light level in 1993 and 1994 compared with 
1991 and 1992, but these were only slightly 

I I I I 

GEE 
=8ay 

I I I I I I 

Fig. 2. (Top) Cumulative net carbon exchange 
during 5 years. (Bottom) Occurrence of anom- 
alous (74) respiration (R) and gross ecosystem 

larger than the long-term precision of the 
measurements (8). A modest (10%) reduc- 
tion in photosynthesis at a given light level 
was associated with severe drought in Au- 
gust and September 1995 (Fig. 1). 

The most striking period of anomalous 
respiration occurred in winter 1992-1993, 
when intermittent increases in efflux re- 
leased a total of 1.6 to 2.0 tons C ha-' (Figs. 
1 and 2) (1 6, 1 7). These episodes coincided 
with high winds (8), a pattern we attribute 
to aspiration of COz accumulated in soil 
pores. The increases were observed only 
when the flux footprint was northwest of the 
tower, a poorly drained area that includes a 
bog. Periods of extreme efflux were not ob- 
served from this sector in other vears and 
never from the southwest, an uplaAd area of 
oaks and maples. The episodes started in 
December 1992, after a heavy snow on un- 
frozen soil (Fig. 4). This snowpack and sub- 
sequent rains possibly compressed regions of 
the bog, altering soil aeration and causing 
increased pore-space CO, for several months 
as a result of accelerated decomposition. The 
cumulative uptake in 1993 after removal of 
winter periods with northwest winds was 3.3 

I 

M ~ Y  June 

exchange (GEE) during 2- or 3-month intervals. Fig. 3. (A) Cumulative gross carbon exchange 
Positive exchange is to the atmosphere. Upward during the spring. (6) Fraction of photosynthetical- 
arrows indicate greater exchange to the atmo- ly active radiation intercepted by the canopy ((,a 
sphere (increased respiration or decreased pho- as determined with above-canopy (30 m) and be- 
tosynthesis). low-canopy (8 m) light sensors. 

tons C ha-', significantly greater than in 
1992, 1994, or 1995, and the cumulative R 
in 1993 was 9.6 tons C ha-'. 

Smaller enhancements in fall. winter. 
and spring respiration (Fig. 2) were corre- 
lated with unusually warm soil temperatures 
(Fig. 4). An increase in respiration of 200 
kg C ha-' during fall 1993 coincided with a 
2°C increase in soil temperature. Respira- 
tion rates and soil temperatures were higher 
than normal in winter 1994, despite colder 
than normal air temperatures, reflecting 
thermal insulation by deep snow. The sen- 
sitivity of spring and winter respiration to 
soil temperature was often greater than ex- 
pected for a direct affect of temperature on 
metabolism. Soil temperatures averaged 
2.7"C from 15 March to 30 April 1992, 
with freezing periods through most of April, 
compared with 4.5"C during the other 
years, when freezing ended in late March or 
early April. The corresponding decline in 
respiration during 1992, around 500 kg C 
ha-' or 40%, exceeded the 13% reduction 
expected for a respiration coefficient Q,, of 
2.0 (8, 18). The rate of microbial decom- 
position near 0°C may be limited by freez- 
ing (19), potentially amplifying the re- 
sponse of ecosystem respiration to weather 
anomalies that affect soil frost, such as late 
amval of spring or deep snow. 

Respiration rates in summer were ex- 
tremely consistent from 1991 to 1994 (Figs. 
1 and 2) despite a range of mean air tem- 
peratures. A decline in respiration of nearly 
1000 kg C ha-' during late summer 1995 
(Figs. 1 and 2) coincided with a severe 
drought when only 10% of normal precipi- 
tation was recorded. Remarkably, this de- 
crease in respiration (30%) more than offset 

Nov Dec Jan Feb Mar Apr 

Fig. 4. Snow depth (shaded) and soil temperature 
(lines separating symbols). The solid line shows 
the m e d i i  soil temperature on the given date for 
the 5 years of observation. 
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the  simultaneous decrease in photosynthe- 
sis (10%). T h e  depletion of water near the 
soil surface apparently reduced soil respira- 
tion, while water remaining deep in the soil 
column supported photosynthesis, resulting 
in above-average carbon storage during 
1994-1995 (Table 1). 

Annual  C02 exchange was particularly 
sensitive to  four aspects of climate: ( i )  the  
length of the  growing season, regulated by 
air temperature In spring and early fall, (ii) 
cloud cover in summer, (iii) snow depth 
and other factors affecting soil temperature 
in the dormant season, and 1iv) droueht in , , - 
summer. Photosynthesis and respiration 
were relatively insensitive to other aspects 
of c l~mate ,  lncluding growing-season t e n -  
perature. Shifts in annual C02 exchange 
resulted from weather anomalies durine De- - L 
riods when the  forest was particularly sen- 
sitive, rather than from changes In annual 
meall conditions. Most predictions of the  
response of terrestrial ecosystems to climat- 
ic warming focus o n  a shift in annual mean 
temperature, ignoring the  poss~bility that 
C02 exchange may be espec~ally sensitive 
to the  weather during spec~flc intervals of 
the year. 

A quantitative assessment of the  effects 
of climate variability o n  global GEE, R,  and 
NEE will require combining long-term flux 
observations in all of the  rnaior biomes 120) 
with spatially and temp;rally resolve; 
weather data (21).  W e  can make a rough 
estlnlate of the  interannual var~ability in  
Northern Hemisphere C02 exchange by 
assurnine that all northern blomes r e s ~ o n d  - 
with half the  intensity observed a t  Harvard 
Forest. Mid-winter snow cover in the  
Northern Hemisphere has varied over the  
past 20 years by 7 x 106 km2 (22) ,  poten- 
tiallv shiftine helnis~her ic  R hv 0.1 to  0.8 
G t  c yearp', deper;ding o n  i l l e the r  the  
phenomenon observed in 1992-1993 oc- 
curs elsewhere. Similarlv. variations in fall , , 
and spring temperatures, lnferred from the  
extent of fall and spring snow cover, could 
shlft hemispheric R by 0.2 to 0.4 G t  C 
year-' and GEE by 0.2 to 0.4 G t  C year-'. 
Finally, variation in cloud cover over con- 
tinents in summer could s h ~ f t  global GEE by 
a t  least 1 G t  C yearp1 (23,  24).  These 
fluctuat~ons in  hemispheric C02 exchange 
are of the  same magnitude as those derived 
from analyses of atmospheric C02 data (1  ). 

T h e  climate over nor thern continents 
has tended in recent decades toward 
warmer springs (25) ,  warmer autumn 
nights (26),  diminished snow pack (22) ,  
and increased cloud cover 123). W e  have 
shown that  the  annual CO, exchange at 
Harvard Forest is sensitive to  each of these 
aspects of climate. If t he  responses ob- 
served a t  Harvard Forest are indeed typical 
of nor thern biomes and ~ e r s i s t e n t  over 
decadal time scales, these trends in  cli- 

mate rnav have altered the  carbon balance 
of the  n i r t h e r n  terrestrial biosphere (21).  
Longer grov,ling seasons and reduced snow 
cover may therefore account for some of 
the  net  uptake of C 0 2  attributed to  the  
terrestrial biosphere (1 ). 
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