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Abstract

Soil moisture affects microbial decay of SOM and rhizosphere respiration (RR) in

temperate forest soils, but isolating the response of soil respiration (SR) to summer

drought and subsequent wetting is difficult because moisture changes are often con-

founded with temperature variation. We distinguished between temperature and moist-

ure effects by simulation of prolonged soil droughts in a mixed deciduous forest at the

Harvard Forest, Massachusetts. Roofs constructed over triplicate 5� 5 m2 plots excluded

throughfall water during the summers of 2001 (168 mm) and 2002 (344 mm), while

adjacent control plots received ambient throughfall and the same natural temperature

regime. In 2003, throughfall was not excluded to assess the response of SR under natural

weather conditions after two prolonged summer droughts. Throughfall exclusion sig-

nificantly decreased mean SR rate by 53 mg C m�2 h�1 over 84 days in 2001, and by

68 mg C m�2 h�1 over 126 days in 2002, representing 10–30% of annual SR in this forest

and 35–75% of annual net ecosystem exchange (NEE) of C. The differences in SR were

best explained by differences in gravimetric water content in the Oi horizon (r2 5 0.69)

and the Oe/Oa horizon (r2 5 0.60). Volumetric water content of the A horizon was not

significantly affected by throughfall exclusion. The radiocarbon signature of soil CO2

efflux and of CO2 respired during incubations of O horizon, A horizon and living roots

allowed partitioning of SR into contributions from young C substrate (including RR) and

from decomposition of older SOM. RR (root respiration and microbial respiration of

young substrates in the rhizosphere) made up 43–71% of the total C respired in the

control plots and 41–80% in the exclusion plots, and tended to increase with drought. An

exception to this trend was an interesting increase in CO2 efflux of radiocarbon-rich

substrates during a period of abundant growth of mushrooms.

Our results suggest that prolonged summer droughts decrease primarily heterotrophic

respiration in the O horizon, which could cause increases in the storage of soil organic

carbon in this forest. However, the C stored during two summers of simulated drought

was only partly released as increased respiration during the following summer of natural

throughfall. We do not know if this soil C sink during drought is transient or long

lasting. In any case, differential decomposition of the O horizon caused by interannual

variation of precipitation probably contributes significantly to observed interannual

variation of NEE in temperate forests.
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Introduction

Soil temperature and soil moisture influence the tem-

poral dynamics of heterotrophic and autotrophic re-

spiration in soil, which are major carbon fluxes from
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the terrestrial biosphere into the atmosphere. Moreover,

these climatic variables influence the residence times

and storage of soil organic carbon on a global scale, a

pool that is two or three times larger than the carbon

reservoir of the atmosphere (Sundquist, 1993; Eswaran

et al., 1993). Exponential functions and derived Q10

values, defined as the factor by which the rate of a

chemical reaction increases when temperature increases

by 10 1C, are commonly used to describe the tempera-

ture dependency of soil respiration (SR) (total CO2

efflux from the forest floor surface) and to extrapolate

the response of SR in terms of global warming. The

temperature dependency of heterotrophic respiration is

of particular importance for the sink or source strength

of soils for atmospheric CO2.

In addition to the direct effects of temperature, how-

ever, possible changes in precipitation, evapotranspira-

tion, and soil water content are likely to affect

decomposition and SR. Increasing global surface tem-

peratures are thought to change the amount, intensity

and frequency of precipitation as well as evapotran-

spiration in most regions of the earth (IPCC, 2001). Over

the 20th century, precipitation has increased by 7–12%

in the mid- and high latitudes of the northern hemi-

sphere, especially during autumn and winter, however,

these increases varied both spatially and temporally.

Future intensification of the hydrological cycle is ex-

pected to increase not only the frequency of severe

droughts and wet spells but also to change the land

area of dry and wet ecosystems (IPCC, 2001). Yet, it is

not clear how fluxes and storage of carbon in terrestrial

ecosystems will respond to extreme changes in precipi-

tation.

The study by Goulden et al. (1996) suggested that

temperate forests may become a larger net sink for

atmospheric CO2 in years with extended summer

droughts, because the decrease in SR was greater than

the decrease in CO2 uptake by photosynthetic fixation

during a dry summer. However, it is not clear whether

this apparent C sink was transient or whether a

drought-induced sink might persist. Interannual varia-

tion in net ecosystem exchange (NEE) of carbon ob-

served at the Harvard Forest ranged from 1.2 to

2.5 Mg ha�1 yr�1 during the period 1992–2000 (Barford

et al., 2001), and part of that variation may be because of

transient sources and sinks in the mineral soil and O

horizon because of climatic effects on interannual var-

iation of decomposition.

Soil moisture may limit or inhibit microbial decay of

SOM at high and low water contents, whereas respira-

tion of roots and microbes within the rhizosphere can be

less affected by low water content, because many plants

may compensate for soil water deficit in surface soils by

water uptake from wetter, deeper soil depths. Many

laboratory studies have shown that drying of soils can

limit heterotrophic respiration when water potential

falls below a certain threshold (Orchard & Cook, 1983;

Skopp et al., 1990; Howard & Howard, 1993). This

threshold may vary from soil to soil and within the soil

profile as soil organisms are differently adapted to

water stress. Fungi are generally better adapted to

water stress than bacteria or soil fauna (Swift et al.,

1979). Some soil organisms may survive during drought

periods by formation of cysts, capsules and spores. This

is particularly important in O horizons and top mineral

soils where frequent drying and wetting may occur. We

have recently shown that microorganisms in O horizon

respond within a few seconds to wetting events as

indicated by large CO2 peaks (Borken et al., 2003).

One of the difficulties in studying the effects of soil

water content on SR is that precipitation, temperature,

and evapotranspiration often covary, thus making it

difficult to separate the effects of soil moisture and

temperature on SR (Davidson et al., 1998). In the New

England forest, for example, soils tend to dry as they

warm during the summer and then become wet during

the cold winter and spring. In this study, we sought to

separate the effects of temperature and water content by

conducting an experiment in which all plots experi-

enced the same temperature regime, but throughfall

was excluded in half of the plots. The effects of natural

summer drought were observed in the control plots,

and the effects of more severe, experimentally induced

drought were observed in the throughfall exclusion

plots. Excluding throughfall from small plots is logisti-

cally easier to accomplish in the middle of a forest than

is adding large quantities of water through irrigation.

Moreover, summer droughts are common in many

temperate forests, and so simulation of an extended

dry period is relevant to possible consequences of on-

going climatic disruption.

In addition to studying the effects of throughfall

exclusion, we also sought to understand the mechan-

isms by which the effects occur. Radiocarbon measure-

ments of CO2 from SR and soil air provide some

information about the age and origin of respired carbon

(Trumbore, 2000). Rhizosphere respiration (RR) yields

CO2 that is usually derived from recent photosynthetic

products, which should have 14C-signature of contem-

porary atmospheric CO2, whereas the decay of SOM

can produce CO2 with a broad range of radiocarbon

signatures, depending on the mean age of the carbon

being decomposed. It is not clear whether drying and

wetting of forest soils affect the decay of younger or

older SOM under field conditions.

To evaluate the effect of intensive summer droughts

on SR and radiocarbon efflux of a temperate forest soil,

we established three roofed plots to exclude throughfall
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water in a mixed deciduous forest at the Harvard Forest

in central Massachusetts. Soil droughts were simulated

for 84 and 127 days during the summers of 2001 and

2002, respectively. We hypothesized (1) that severe

summer droughts would decrease SR, mainly because

of moisture limitations in the O horizon and (2) the

average age of respired carbon would decrease during

the droughts as a result of relatively stronger reductions

in the decay of SOM compared with the reduction in

RR. Furthermore, we hypothesized for the exclusion

plots (3) that an increase in SR would occur in the

posttreatment period of 2003, because relatively labile

SOM may have been accumulated during the droughts

in 2001 and 2002.

Materials and methods

Site description

The experiment was conducted in a mixed deciduous

forest at the Prospect Hill tract of the Harvard Forest (42

32’N, 72 11’W) at 340 m elevation, in Petersham, Mas-

sachusetts. The present forest developed after a hurri-

cane in 1938 and is dominated by red maple (Acer

rubrum L.) and red oak (Quercus rubra L.). Black birch

(Betula lenta), white pine (Pinus strobus) and hemlock

(Tsuga canadensis) are also present. There is little un-

derstory vegetation at these sites, and little light pene-

tration to the forest floor. Before the hurricane, a similar

mixed deciduous forest had developed on pastures

abandoned since the late 19th century (Foster, 1992).

The O horizon is 3–8 cm thick, stores about 7 kg m�2 of

organic matter, and consists of Oi, Oe and Oa horizons

(Table 1). The ground vegetation, consisting mainly of

ferns, covers about 30–100% of the soil surface during

summer. As a result of 19th century agricultural use, the

upper mineral soil is partly disturbed as indicated by

varying depths of the A horizon from 2 cm down to

15 cm, being 4.4 cm thick on average at our study site.

The thickness of the total mineral soil varies from 40 to

65 cm and has rock contents up to 40% of soil volume.

The soil, a fine sandy loam on glacial till, is well aerated

and has been classified as a well-drained Typic Dystro-

chrept.

The climate is dominated by warm and moist air from

the Gulf of Mexico between May and December and by

cold and dry subarctic air from December to March

with April being a transitional month. Occasionally,

cool and moist air from the north Atlantic can influence

the weather. According to the long-term records at the

Harvard Forest meteorological station, mean annual air

temperature is 8.5 1C and mean annual precipitation is

1050 mm, with precipitation evenly distributed

throughout the year. Average air temperatures were

9.7 1C in 2001, 8.4 1C in 2002, and 7.4 1C in 2003 with

means of 16.4, 15.7 and 15.6 1C during the growing

seasons from May 1 to October 31. The amounts of

precipitation were 865 mm in 2001, 1110 mm in 2002 and

1311 mm in 2003 with 461, 583 and 717 mm during the

growing seasons of 2001, 2002 and 2003, respectively.

The soil is intermittently covered by thick layers of

snow from late December to early April. The spring

snowmelt often causes water saturation of soils in

March and April. Potential evapotranspiration rates

often exceed the precipitation from June to August,

resulting in decreasing soil moisture (Greenland, 1996).

Experimental design and installations

The plots were located on a small plateau with slopes of

o31. Three translucent roofs, each 5� 5 m2, were con-

structed 1.3 m above the forest floor in April 2001 in

order to simulate severe soil droughts during the grow-

ing seasons of 2001 and 2002. The roofs were built of

corrugated PVC panels with a rain gutter to exclude

and remove all throughfall water from the exclusion

plots, except perhaps small amounts that may have

blown in horizontally around the perimeter. The exclu-

sion plots were not trenched from the surrounding soil,

because we did not wish to exclude roots from outside

Table 1 Some soil characteristics of the study site

Horizon

Depth

(cm)

Amount of

soil (kg m�2)

Rock content

(m3 m�3)

Bulk density

(o2 mm fraction)

(g cm�3)

Water-holding

capacity (mm)

Oi 2.0 0.53 – – 1.9

Oe 2.6 4.09 – – 10.2

Oa 2.1 2.60 – – 4.7

A 4.4 29.1 0.02 0.71 15

B I 16.1 99.6 0.15 0.81 43

B II 34.5 229.3 0.28 0.92 73
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the plots. This may have allowed lateral water transport

and hydraulic lift by roots from outside into the exclu-

sion plots. Throughfall water was excluded over 84

days from July 2 to September 24 in 2001 and over

127 days from May 7 to September 10 in 2002. Herbac-

eous plants were not visibly affected by throughfall

exclusion and the roof construction. Roof panels were

removed in September to enable undisturbed leaf litter

fall and snow fall to the forest floor in the exclusion

plots. Measurement in the posttreatment period with-

out manipulation continued until November 10, 2003. A

control plot of same size was established 2 m from each

of the three exclusion plots.

In April 2001, three quantitative pits of 1� 1 m2 were

established adjacent to the control and exclusion plots

to determine some soil characteristics and soil physical

parameters. The thickness and the gravel and rock

contents were measured for each organic and mineral

soil horizon down to the bedrock. We calculated the

field capacity of each mineral soil horizon using gravi-

metric water contents of sieved soil samples (o2 mm),

which were taken after snow melt. The A, B1 and B2

horizons may store 15, 43 and 73 mm, respectively,

resulting in a water holding capacity of 131 mm for

the total mineral soil (Table 1). A maximum water

holding capacity of 16.8 mm has been determined for

the total O horizon by wetting of undisturbed cores in

the laboratory. According to the water retention curves

from an adjacent study site (Savage & Davidson, 2001),

a water potential value of �1.5 MPa, often used as an

indicator of plant water stress, corresponds to a volu-

metric water content of about 8.5%. Hence, we calculate

that plant available water (PAW) is about 95 mm for the

mineral soil and roughly 12 mm for the O horizon.

Soil pits were enlarged to about 2 m width for the

installation of sensors within each control and exclusion

plot. One wall of each pit was adjacent to a control plot

and another wall of the same pit was adjacent to an

exclusion plot. Six temperature and four TDR probes

(CS615 Water Content Reflectometer, Campbell Scienti-

fic, Logan, UT, USA) were installed into each of these

two pit walls to record soil temperatures and volu-

metric water contents. Additionally, six 1/8’’ stainless-

steel tubes of 1.8 m length were horizontally inserted

about 50 cm into the pit walls at same depths as soil

temperatures probes to measure CO2 gradients and

their isotopic signature. The installation depths of

probes and gas tubes varied from plot to plot because

of differences in the thickness of soil horizons and in

total depth of the soil profiles. The pits were refilled

with soil and rocks after the installations.

Relative changes in gravimetric water content of the

Oi and Oe/Oa horizons were continuously measured

during the growing season of 2001–2003 using DC half

bridge sensors. At each plot, four and eight sensors

were installed in the Oi and Oe/Oa horizons, respec-

tively. The DC half bridge sensors consisted of 1.59 mm

thick and 9 cm2 large basswood piece (cut out from 1/

16’’� 4’’� 24’’ basswood, Midwest Products CO. Inc.,

Hobart, IN, USA), connected to two stainless-steel

alligator clips to 15–25 m lengths of 6 conductor 22

AWG cable (Belden, Richmond, Indiana, USA). All

basswood pieces were replaced in April 2002 and 2003

because the wood was partly decomposed. Signals of

DC half bridge sensors were converted into gravimetric

water contents using calibration curves for the Oi

horizon (y 5 1.76� 1 0.01) and the Oe/Oa horizon

(y 5 2.63��0.16) based on samples from our study site

(Borken et al., 2003), where � is the voltage (V) of the

DC half bridge sensors. Further information about this

method is given by Borken et al. (2003).

Soil temperatures, volumetric water contents and

signals from DC half bridge sensors were recorded at

hourly intervals with two data loggers (CR10X, Camp-

bell Scientific). Spatial variation in throughfall was

measured weekly from April to November using 21

rain gauges evenly distributed in the study area. The

amount of excluded throughfall water in the exclusion

plots was calculated from these 21 rain gauges.

CO2 measurements

In each of the six plots, four PVC collars (Livestock

Equipment Sales & Service Inc., Riverside, Iowa, USA),

10 cm tall and 25 cm in diameter, were installed approxi-

mately 4 cm into the soil for the duration of the experi-

ment. The collars were located at least 1 m from the

perimeter of the plot, to avoid edge effects. SR was

measured between 09:00 and 12:00 hours on a weekly

basis during growing season and biweekly or monthly

during dormant season. A vented chamber with a

volume of 5.2 L was placed over a collar and connected

to a portable infrared gas analyzer (IRGA, Licor 6252,

Li-Cor Inc., Lincoln, Nebraska 68504, USA). Air was

circulated in this closed system by a pump with a

constant rate of 0.5 L min�1, and the increase in CO2

concentration was recorded every 12 s for a 5 min

period. Linear regressions were performed to calculate

the CO2 flux rates, which were corrected for changes in

air pressure and air temperature within the headspace.

A certified standard of 523 mL CO2 L�1 ( � 2%) was used

to calibrate the IRGA each sampling day. More details

about this method are given by Savage & Davidson

(2003). Soil temperature at 10 cm depth was manually

measured next to each collar using a temperature probe.

After an anecdotal observation that CO2 fluxes

seemed to increase whenever a fungal fruiting body

appeared within a chamber collar, we installed four
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additional collars adjacent to our plots in July 2002, each

including one fruiting body of the fungus family Rus-

sula spec. CO2 fluxes of these plots and the control and

exclusion plots were measured at the same time.

In June 2002, one automated chamber was installed in

each of the six plots to detect short-term changes in SR.

The automated chambers, 35.5 cm in diameter and

15 cm tall, were connected to an IRGA (Licor 6252)

and measured hourly SR fluxes. A detailed description

of this automated system is given by Savage & David-

son (2003).

Soil CO2 concentration profiles were determined by

taking 10 mL samples with gas tight plastic syringes

from each control and exclusion plot. The first 10 mL of

gas were expelled to flush the stainless-steel tubes with

ambient soil air. Then 10 mL gas samples were drawn

and the syringes were closed with stopcocks. Gas

samples were analyzed within 6 h in a laboratory at

the Harvard Forest with the same IRGA as described

above. The gas samples were injected into a 4-port

valve, equipped with an open 2.5 mL sample loop

which was immediately connected to a stream of CO2-

free air by switching the valve (Davidson & Trumbore,

1995). Each injected gas sample was diluted in a mixing

chamber of 120 mL volume before the gas mixture

passed the IRGA and a datalogger recorded the CO2

concentrations in 1 s intervals. Four standards of 0.51,

2.09, 10.0 and 25.0 mL CO2 L�1 air certified to � 5%

were repeatedly measured to calibrate the system.

Calibration curves were obtained by linear regressions

of standard CO2 concentrations with their peak areas.

The coefficient of variation for replicated injections of

standard gases was usually o2.5%.

Isotopic signature of CO2 from SR, soil air, incubated
roots and soil

The radiocarbon content of CO2 from SR and soil air

was determined on 12 occasions during the growing

seasons in 2001–2003. We used the same type of cham-

ber to sample isotopes in SR from two collars per

control and exclusion plot which were used for regular

SR measurements. After closure of each chamber, am-

bient CO2 trapped within the chamber headspace was

removed from the chamber headspace using a pump,

circulating air for 45 min at a rate of 0.5 L min�1 through

a column filled with soda lime. In a second step, the

CO2 concentration was then allowed to increase within

the chambers for 15–25 min without air circulation in

order to obtain 1–2 mg of soil-derived CO2–C for iso-

topic analysis. Afterwards, the enriched chamber air

was pumped for 15 min through a column filled with

drierite and through a stainless-steel tube filled with

13X Molecular Sieve (Alltech Associates, Deerfield,

Illinois, USA) that quantitatively trapped CO2. At

UC Irvine, CO2 was desorbed from the columns, cryo-

genically purified, and converted to graphite targets

using sealed tube zinc reduction methods (Vogel,

1992). Radiocarbon analysis of these graphite targets

were performed by accelerator mass spectrometry

(AMS) (National Electrostatics Corporation, Middleton,

Wisconsin, USA) at Lawrence Livermore National

Laboratory, Livermore, California (LLNL) and at the

W. M. Keck Carbon Cycle AMS facility at UC Irvine,

California. More details on this field sampling method

are given by Gaudinski et al. (2000). In 2002, nonspecified

coarse and fine roots were collected from the top

soil at three locations close to our plots to sample

isotopes from RR. Immediately after sampling, the roots

were rinsed with water to remove SOM. Visually dead

roots were also removed. The clean, live roots were

incubated in gastight jars for 2–3 h, connected to the

same sampling device that we used in the field to

measure isotopes from SR. We assume that cutting and

preparation of fine roots had no significant effect on

isotopic signature of RR.

The isotopic signature of CO2 from soil air was

determined by taking gas samples from stainless-steel

tubes (see above). Evacuated stainless-steel cans of 0.5–

2 L volume were connected to the tubes and slowly

filled over 2–4 h using flow restrictors to minimize

disturbances in the CO2 concentration gradient. The

filled cans and tubes were closed and transported for

purification of CO2 and graphite preparation at the

University of California, Irvine.

Laboratory incubations of field-moist and subse-

quently wetted Oe/Oa and A horizons from each con-

trol and exclusion plot were conducted in 2001 and

2002. One sample of the Oe/Oa and A horizon was

collected from each plot about 2 weeks before the end of

throughfall exclusion in September 2001 and August

2002. In 2001, visible live roots were removed from

samples while roots were not removed in 2002. As we

will show in the Results section, we erroneously

thought in 2002 that the live roots would die quickly

and would not contribute to CO2 produced during

laboratory incubations, and that the extra effort to

remove them was unnecessary. We include these data

to illustrate this error. The samples were incubated in

airtight plastic containers at constant temperature until

CO2 production was constant. Incubation jars were

flushed with CO2-free air, and CO2 was allowed to

accumulate to sufficient concentrations to yield enough

carbon for isotopic (13C and 14C) analysis. CO2 was

trapped on molecular sieve as described above for

incubation of roots. Once the field-moist soil incuba-

tions had been sampled for the isotopic signature of

evolved CO2, soil samples were wetted to field capacity
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over 1–2 days and then CO2 was again collected for

isotopic analyses as described above.

Radiocarbon data were expressed in D14C, the %
deviation from the 14C/12C ratio of oxalic acid standard

in 1950, corrected to a d13C value of –25 to account for

mass-dependent isotopic fractionation effects (Stuiver

& Polach, 1977). The precision of radiocarbon analysis

including graphite preparation was � 6% for modern

samples analyzed at LLNL and � 3–4% for samples

analyzed at UC Irvine (the difference is because of

measurement of 13C/12C ratios on zinc-reduced gra-

phite by the UCI AMS). Comparison of the 14C values of

respired CO2 in incubations with the record of atmo-

spheric D14CO2 values of the northern hemisphere and

measured values from the Harvard Forest were used to

determine the mean age of respired CO2 (Levin &

Hesshaimer, 2000; Trumbore 2004, personal communi-

cation). For this study, we estimated the ‘mean age’ of

respired C as the number of years elapsed since atmo-

spheric CO2 (i.e. photosynthetic products) had the 14C

value observed in CO2 evolved during soil incubations.

Clearly, the CO2 evolved in incubations is derived from

a mixture of materials of different ages, but we use this

simplification for comparison.

To partition SR into RR and CO2 production from

decay of soil organic matter (HR) we used following

approach to determine the fraction of RR:

D14CSR � SR ¼ D14CRR � RRþ D14CHR �HR;

where SR 5 1, HR 5 1 – RR, D14CSR is the radiocarbon

signature of SR, D14CRR is the radiocarbon signature of

incubated roots, and D14CHR is the radiocarbon signa-

ture of the 2001 root-free incubated O and A horizons.

The D14CHR value represents the integrated (flux-

weighted) sources of heterotrophic respiration of both

young and old C substrates under incubation condi-

tions (2001 incubations were used for reasons described

above). Included in the estimate of RR would be re-

spiration of mycorrhizae and rhizosphere organisms

present during the root incubations. The annual decline

rate of D14C in atmospheric CO2 was about 5–8%,

which allows resolving the mean age of respired carbon

within a range of � 1 year.

Data analysis

SR rates, CO2 concentrations of soil air and their radio-

carbon values, soil temperatures, gravimetric and volu-

metric water contents were calculated as the means of

the three replicated control and exclusion plots. Re-

peated measures analysis (Systat Software, 2001) was

performed to test significant differences of mean CO2

fluxes between the control and exclusion plots for

different periods. Exponential curves of the form

y ¼ b0eb1T were applied to evaluate the relationship

between SR and soil temperature, where y is SR, b0

and b1 are fitted constants and T ( 1C) is soil tempera-

ture. The relative change in SR by an increase in soil

temperature of 10 1C was calculated as Q10 ¼ e10�b1 .

Linear regressions were performed (Systat Software,

2001) to evaluate the relationships between the differ-

ences of the exclusion and control plots in SR and water

contents of the Oi, Oe/Oa, and A horizons.

We used an empirical model approach (Borken et al.,

1999) to estimate SR (mg C m�2 h�1) during growing

seasons as a function of soil temperature and water

content of the Oe/Oa horizon:

SR ¼ Aeð�E=RTÞð1þ bWCÞ;

where A is an Arrhenius constant (dimensionless), E is

the apparent activation energy (kJ mol�1), R is the

universal gas constant (0.008314 kJ mol�1 K�1), T is the

soil temperature at 10 cm depth (K), b is an empirical

fitting parameter that describes the influence of soil

water content on SR, and WC is the water content

(g g�1) of the Oe/Oa horizon. This model cannot fit a

decrease in SR as a result of O2 limitation at high water

contents. However, we did not observe such a limitation

at our well-drained study site.

Results

SR, temperature, water contents and precipitation in the
control plots

In the control plots, SR followed in general the seasonal

pattern in soil temperature with the highest rates of

4200 mg C m�2 h�1 from July to August and the lowest

rates o40 mg C m�2 h�1 from December to April (Fig.

1). Overall, soil temperature explained 88% of the

seasonal variation in SR of the control plot and a Q10

of 3.9 indicated a strong temperature sensitivity of SR.

SR also responded to changes in soil water contents in

the O horizon and mineral soil (Fig. 1c, d). Gravimetric

water contents of the Oi horizon varied form 0.01 to

2.17 g g�1 and showed strong fluctuations because of

drying and wetting cycles (Fig. 1c). The intensively

rooted Oe/Oa horizon was also affected by drying,

but to lesser extremes, as indicated by water contents

ranging from 0.64 and 2.64 g g�1 (Fig. 1d). The rapid

increases in water content corresponded well with rain

events (Fig. 1f), suggesting that large amounts of rain-

water passed into the Oe/Oa horizon. Moreover, the

capacity of the Oe/Oa horizon to store larger amounts

of throughfall water was variable, depending on pre-

vious moisture conditions. During periods of several

days between throughfall events, gravimetric water
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contents of the Oe/Oa horizon remained below

1.7 g g�1.

Volumetric water contents of the mineral soil at 5 cm

depth followed a seasonal pattern with maximum va-

lues in spring after snow melt and minimum values in

late August to mid-September (Fig. 1e). We observed a

strong decrease in liquid water content estimated by

TDR technology at 5 cm depth in February 2002, which

was related to frost at this depth. The A horizon (5 cm

depth) showed generally higher water contents (0.10–

0.37 cm3 cm�3) and responded more intensively to rain

events than the B horizon (not shown). A drop in

volumetric water contents to 0.10 cm3 cm�3 occurred

in both horizons, suggesting that water became a limit-

ing factor for biological processes in August/September

2001 and 2002. Because of higher precipitation in 2003,
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soil water content did not fall below 0.13 cm3 cm�3 in

the summer of 2003.

In total, we observed 10 periods of 7 days or more

without precipitation and with water contents

o0.10 g g�1 in the Oi horizon of the control plots during

the three growing seasons (Fig. 1c, f). The longest

drought period without any precipitation occurred over

18 days from mid- to end August of 2001 (Fig. 1f). SR

dropped by 122 and 151 mg C m�2 h�1 in the control

plots during two periods with high temperatures and

low precipitation in July and August/September of

2001. A clear decrease in SR by 89 mg C m�2 h�1 related

to natural soil drought was observed within 1 week in

early September 2002. Moreover, SR decreased to a

lesser extent during other drought periods.

SR markedly peaked at five occasions during the

growing seasons, which were partly explained by wet-

ting of dry soil (Fig. 1). The week-to-week increases in

SR of 116 and 123 mg C m�2 h�1 in July and August 2001

were the result of wetting events.

In addition to wetting events, high SR rates were also

related to the development of fruiting bodies from a

fungus species at our site. We first noticed one large

fruiting body growing in one collar, which produced

one of the highest fluxes that we have ever measured

(431 mg C m�2 h�1 on August 7, 2001). In July 2002, we

set up four additional chambers, each including one

fruiting body of Russula spec. and again measured

high mean CO2 fluxes of 511 � 52 mg C m�2 h�1 as

compared with chambers from the control plots

(265 � 65 mg C m�2 h�1) without fruiting bodies. Be-

lowground mycelium of these fungi that are not

visible may also contribute to the large fluxes occasion-

ally measured in some of the collars without fruiting

bodies.

Comparing the growing seasons, mean SR rates of

135, 143 mg and 154 mg C m�2 h�1 in 2001, 2002 and

2003 were not statistically different. However, this trend

of increasing mean CO2 fluxes across years coincided

with a similar increase in the amount of precipitation

(461 mm, 583 mm and 717 mm during the growing

seasons of 2001, 2002 and 2003, respectively).

Effect of throughfall exclusion on SR

Before the treatment in 2001 and 2002, SR rates of the

control and exclusion plots were not different (Fig. 1a,

Table 2). The exclusion of 168 and 344 mm throughfall

significantly (Po0.05) reduced cumulative SR by 101

and 210 g C m�2 in 2001 and 2002, respectively (Table 2).

In 2001, SR in the exclusion plots declined from 197 to

44 mg C m�2 h�1 over 84 days, whereas soil temperature

showed little variation (15.1–20.6 1C) during this period.

A different pattern was found in 2002 as SR increased

moderately with soil temperature from early May to

mid-July. Afterwards, SR decreased in the exclusion

plots from 138 to only 84 mg C m�2 h�1 as compared

with 44 mg C m�2 h�1 in 2001.

SR increased by 66 mg C m�2 h�1 in 2001 and by

53 mg C m�2 h�1 in 2002 after the roof panels were

removed and 65 mm (in 2001) and 22 mm throughfall

(in 2002) wetted the soil. The responses of SR to these

wetting events were rather small, but similar to the CO2

peaks observed in the control plots following soil wet-

tings in September of 2001 and 2002.

Soil temperature explained 73% of the temporal var-

iation in SR in the exclusion plots, considering all

measurements of these plots from winter to summer

in 2001 and 2002. The Q10 of 3.0 is lower than for the

control plots (3.9) but still indicated a strong winter–

summer temperature dependency of SR. During the

simulated summer drought periods, however, SR was

not correlated with soil temperature from 12.5 to 20.3 1C

(r2 5 0.09).

Water content of the Oi horizon dropped rapidly after

the installation of the roof panels and remained below

0.10 g g�1 throughout the treatment periods in both

years (Fig. 1c). The Oe/Oa horizon also showed a clear

treatment effect but the drying process lasted nearly

over the entire period (Fig. 1d). In contrast to the Oe/Oa

Table 2 Mean soil respiration rates ( � SE) and differences in cumulative CO2 fluxes (exclusion plots�control plots) by treatment

and season using manual chambers from 2001 to 2003

Period No. of days

Control plots Drought plots Difference

(mg C m�2 h�1) (g C m�2)

Pretreatment May 9–July 1, 2001 54 105 (10) 107 (1) 1 2

Throughfall exclusion July 2–September 24, 2001 84 166 (19) 117 (5) �101*

No treatment September 25, 2001–May 7, 2002 227 58 (4) 53 (3) �13

Throughfall exclusion May 8–September 10, 2002 127 159 (17) 91 (11) �210*

Posttreatment September 11, 2002–November 10, 2003 424 244 (23) 258 (14) 1 46*

Total 916 131 (13) 110 (5) �276

Significant differences are indicated by * at a5 0.05.
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horizon of the control plots, water contents of the

exclusion plots reached minimum values of 0.07 g g�1.

The Oi and Oe/Oa horizons responded quickly to

wetting after the removal of the roof panels. Through-

fall exclusion had apparently no significant effect on

volumetric water contents of the mineral soil at 5 and

32 cm depth (not shown) during periods between

throughfall events (Fig. 1d), and the 5 cm depth showed

no or only small increases in water content after rain

events as compared with the control plots. Overall,

water contents ranged between 0.08 and 0.24 cm3 cm�3

at the 5 cm depth and from 0.09 to 0.28 cm3 cm�3 at the

32 cm depth in 2001 and 2002.

SR was statistically different (Po0.003) between the

control and exclusion plots during the posttreatment

period from September 2002 to November 2003 (Table

2). The difference in cumulative interpolated SR was

46 g C m�2 for the posttreatment period and –276 C m�2

for the total period, indicating that subsequent wetting

of soil did not compensate the inhibitory effects of two

summers of throughfall exclusion treatment on SR.

However, it is possible that some enhanced respiration

may have occurred in the exclusion plots during the wet

period of winter and spring 2003, when we sampled

infrequently.

Hourly changes in SR

In the control plots, SR generally followed the diurnal

trend in soil temperature (Fig. 2a, b), except when the Oi

horizon was dry, such as JD 185–190 (Fig. 2c). Similarly,

although the diurnal variation in soil temperature was

slightly greater in the exclusion plots compared with

the control plot (Fig. 2b), presumably because of less

thermal mass in the dry mineral soil and O horizon, diel

variation in SR was very weak in the exclusion plot (Fig.

2a). SR responded immediately to wetting events in the

control plots as indicated by increasing water contents

in the Oi horizon and by precipitation (Fig. 2e). The CO2

pulse lasted 1–5 days depending on the amount of

precipitation and the water content in the Oi horizon.

In contrast to the Oi, the water content of the A horizon

increased only on Julian days 178–180 with 19.3 mm

precipitation while small amounts of o5 mm did not

affect the water content of the A horizon (Fig. 2d).

In order to estimate the magnitude of postwetting

pulses of CO2 efflux relative to seasonal sums in the

control plot, a ‘nonwetting’ estimate was derived for a

4-week period when automated chambers were operat-

ing during the growing season. Linear regressions

between SR rates in exclusion and control plots were
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performed for periods with water contents o0.4 g g�1

and 40.4 g g�1 in the Oi horizon (Fig. 3). Based on the

regression for water contents o0.4 g g�1, we estimated

what the respiration rate would have been in the control

plots had rainfall events not occurred and had prerain

rates in the control plots responded only to the same

gradual seasonal warming experience by the exclusion

plots. The difference between the estimated and mea-

sured SR rates in the control plots was attributed to

wetting events and amounted to 29 g C m�2 within the

4-week period, which is about 24% of the measured flux

(121 g C m�2) in the control plots.

Cumulative SR rate for this period was 121 g C m�2

using automated and 111 g C m�2 using manual cham-

bers, indicating that weekly measurements may have

under estimated SR at our site. This difference between

manual and automated chambers is small, considering

that manual chambers are sums of interpolations

whereas the autochamber estimates are sums of hourly

measurements.

Relationships between SR and soil moisture

Mean soil temperatures of the exclusion plots were 0.2

and 0.4 1C lower during the treatment periods in 2001

and 2002, indicating that the roof construction had only

little effect on soil temperature. Hence, the differences

in SR between the control and exclusion plots can be

attributed to the differences in soil water contents. The

effects of throughfall exclusion on SR were best ex-

plained by the differences in water contents of the Oi

horizon (r2 5 0.74, Po0.01) and Oe/Oa horizon

(r2 5 0.67, Po0.01) (Fig. 4a, b). By contrast, the water

contents of the A horizon showed absolutely no rela-

tionship (r2 5 0.001) to the differences in SR (Fig. 4c),

indicating that experimental drought mainly reduced

CO2 production in the O horizon.

We used an empirical model to predict SR in the

control and exclusion plots using soil temperature and

soil water content of the Oe/Oa horizon during the

growing seasons. The model explained 85% of the

variance in SR combining data of the control and

exclusion plots. The fitted parameters were

A 5 1.76� 1016, E 5 79.3, and b 5 0.69. The model fit

and model parameters were not significantly different

using only data from the control plots (A 5 9.31� 1015,

E 5 78.0, and b 5 0.83, r2 5 0.82). According to the model

results, the importance of soil water content increases

with increasing soil temperature (Fig. 5), indicating that

changes in soil moisture at high soil temperature

have large effects on SR. Soil temperature as a single

independent variable explained only 60% of the var-

iance in SR.

Radiocarbon content of air, SR and incubated fine roots

The D14CO2 signature of ambient air ranged from 67%
to 79%. Similar signatures of 69–80% were found for

CO2 from incubated fine roots, indicating that roots

respired recently fixed carbon from June to September

2002 (Fig. 6). The D14CO2 signatures of SR were nearly

identical (105% and 106%) in control and exclusion

plots before the beginning of the treatment on July 2,

2001. With one exception, the D14CO2 signature of SR

varied between 85% and 107% in the control plots and

between 54% and 108% in the exclusion plots over the

entire experimental period. The exception occurred on

August 1, 2002, when CO2 enriched in D14C was re-

leased in the exclusion plots (263%) and the control

plots (141%). This occurred simultaneously with the

development of numerous fruiting bodies throughout

the study area of a fungus species that was not deter-

mined. One large fruiting body was growing in one

collar which exhibited the highest radiocarbon signa-

ture (422%) and resulted in a large standard deviation

(Fig. 6). High radiocarbon contents were also detected

for CO2 fluxes from chambers without fruiting bodies in

both the exclusion and control plots on this date,

perhaps indicating that the belowground mycelium of

this fungus was utilizing carbon that is more enriched

in D14C than recent photosynthetic products. Only

decomposition of woody detritus (coarse roots or

branches) formed from photosynthate originally fixed

10–20 years ago is likely to produce 14C values this high

(Gaudinski et al., 2000).
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A trend towards lower D14CO2 values in the exclu-

sion plots as the summer progressed in 2002 suggests

that the relative contribution from decomposition of

older organic matter may have gradually decreased

during the exclusion treatment. In other words, RR

was less affected by the exclusion treatment than was

the decay of older SOM.

When the top soil was thoroughly wetted with 22 mm

throughfall after the removal of roof panels in Septem-

ber 2002, the 14CO2 signature dropped to 54% which is

lower than the 14CO2 signature of the atmosphere and

roots (both 72%). Hence, wetting of soil caused a strong

release of prebomb carbon that diluted the 14CO2 sig-

nature of modern fixed carbon in the exclusion plots.

In 2003, when no roofs were in place, the 14CO2

signature of SR decreased from about 108% to less than

90% in both the control and exclusion plots, indicating

that the ratio of RR to the decay of SOM increased

during the growing season in 2003. Moreover, the

exclusion treatments in 2001 and 2002 did not affect

the 14CO2 signature of SR in 2003.

14CO2 signature of soil air and its relationship to CO2

concentration

In both the control and exclusion plots, the 14CO2

signature of soil air varied between 77% and 284% in

the A and B horizon and between 87% and 106% at
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53 cm, the transition from the B to the C horizon (Fig. 7).

We observed almost no dynamic and no relationship

between D14CO2 values and CO2 concentration at the

lowest depth, which may be explained by RR and

decomposition of relative young root litter as the pre-

dominant CO2 sources at this depth.

The 14CO2 signature of soil air increased with de-

creasing CO2 concentration in the A and B horizon. Low

CO2 concentrations and high radiocarbon values gen-

erally occurred under both natural and experimental

drought conditions, whereas high concentrations and

low radiocarbon values occurred when the soil was

relatively wet. As already noted, SR rates also declined

during drought conditions, but in contrast to mineral

soil concentrations, the radiocarbon values of CO2

emitted from the soil surface were either relatively

constant or showed a trend toward declining values

with drought. Therefore, most of this radiocarbon-poor

CO2 emitted from the soil surface must be produced

above the A horizon, because our measurements within

the A horizon clearly show higher radiocarbon values.

The high D14CO2 values observed in the soil atmo-

sphere at the A and B horizon in the mineral soil are

interesting, but apparently are usually not quantita-

tively important with respect to SR fluxes.

14CO2 signature of incubated O and A horizons and
partitioning of SR

The exclusion treatment reduced the 14CO2 signature of

incubated soil samples of the O and A horizons in both

years (Table 3). Because of large variations in the 14CO2

Fig. 5 Mean soil respiration rates of the control and exclusion

plots as a function of soil temperature and water content in the

Oe/Oa horizon during the growing seasons in 2001–2003

(n 5 112).
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signature, the drought effect was only significant for the

A horizon in 2002. The low 14CO2 value of 46% for the

A horizon from the exclusion plots shows that prebomb

carbon was released during incubation.

With one exception, wetting of O and A horizon from

the control and exclusion plots increased the radio-

carbon content of respired CO2 indicating that the

portion of CO2 from ‘older’ SOM increased. In 2001,

the wetted A horizon from the exclusion plot had a

lower radiocarbon content than the field-moist sample.

However, the variation in the 14CO2 signature was

particularly large in 2001 when live roots were removed

from samples. The removal of live roots had a large

effect on the 14CO2 signature as indicated by about 60–

70% higher values for the field-moist samples without

roots. Apparently, the rhizosphere (i.e. live root cells

and/or heterotrophic microorganisms in the rhizo-

sphere) still produced CO2 and diluted the 14CO2 signal

from the decay of SOM in 2002.

The results of the 2002 incubation could not be used

to partition SR because the 14CO2 signatures of the O

and A horizons were below the signatures of SR. Thus,

we calculated an endmember for the decay of SOM of

139% using the 14CO2 signatures (Table 3), the CO2

production rates (not shown) and the total amount of

the O and A horizons (Table 1) from both plots from

2001. However, we did not attempt to partition SR for

the fungus derived peak on August 1, 2001, or after

wetting of dry soil on September 17, 2002, because the

assumption that the heterotrophic endmember had a
14CO2 signature of 139% was probably not valid under

those special circumstances. We used the atmospheric
14CO2 signature as an endmember of RR, because the
14CO2 signatures of the atmosphere and incubated roots

were not different.

The relative portion of RR generally increased during

the growing seasons and ranged between 43% and 71%

in the control plots (Fig. 8a) and between 41% and 80%

in the exclusion plots (Fig. 8b). Moreover, the partition-

ing of SR revealed that the exclusion treatment had a

greater negative effect on the decay of SOM than on RR

(Fig. 8c). By contrast, SOM respiration slightly increased

in the exclusion plots during the posttreatment period

in 2003.

Discussion

This experiment clearly showed that extended summer

drought decreases SR at the Harvard Forest. Exclusion

of 168 and 344 mm throughfall reduced cumulative SR

by 101 g C m�2 in 2001 and by 210 g C m�2 in 2002,

which is about 15–30% of mean annual SR rate at the

well-drained sites (Savage & Davidson, 2001). Because

both control and treatment plots experienced the same

temperature regime, these effects can be attributed

primarily to lower soil water content.

The effect of throughfall exclusion on SR was best

explained by the differences in water content of the Oi

and Oe/Oa horizons between the exclusion and control

plots, suggesting that the exclusion treatment caused a

decrease in respiration mainly in the O horizon. By

contrast, the differences in volumetric water content of

the A horizon could not explain the decrease in SR. This

result does not mean that respiration in the A horizon is

unimportant or that it does not vary seasonally with

variation in temperature and water content. A previous

analysis of SR and temperature data revealed that the

residuals of an exponential temperature function were

correlated with water contents in both the A and O

horizons of the control plots at our site (Borken et al.,

2003). However, the present results from the throughfall

exclusion experiment demonstrate a more frequent and

larger effect on the O horizon.

The amount of throughfall from June to August of

230 mm in 2001 and 250 mm in 2002 was less than

average evapotranspiration of approximately 350 mm

during these periods (Greenland, 1996). Therefore, the

PAW of 109 mm that can be stored in the soil down to

53 cm depth must have been almost completely used

in August/September of 2001 and 2002. Taking an

Table 3 Mean ( � SE) radiocarbon signature of released CO2 and gravimetric water contents during incubation of field moist and

subsequently wetted O and A horizons from the control and exclusion plots at the Harvard forests in 2001 and 2002

Horizons Wetting

2001 2002

Control Exclusion Control Exclusion Control Exclusion Control Exclusion

D14CO2 (%) Water content (g g�1) D14CO2 (%) Water content (g g�1)

O horizon Field moist 148 (9) 127 (15) 0.88 (0.13) 0.38 (0.12) 85.6 (7.0) 68.0 (6.0) 1.01 (0.09) 0.68 (0.05)

Wetted in lab – 160 – 1.07 117.8 (5.5) 110.7 (8.9) 2.18 (0.33) 1.53 (0.29)

A horizon Field moist 146 (13) 112 (17) 0.28 (0.04) 0.21 (0.02) 75.7 (5.7) 46.4 (3.7) 0.30 (0.00) 0.18 (0.02)

Wetted in lab – 104 (4) – 0.41 75.9 (2.6) 118.9 (1.5) 0.80 (0.11) 0.65 (0.00)

Live roots were removed from samples in 2001, but not in 2002. We suspect lowered 14C values in 2002 are because of remnant

respired C from live roots and have used 2001 values to calculate fraction of rhizosphere respiration for all years of the experiment.
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estimated daily evapotranspiration of 3–4 mm into ac-

count (Greenland, 1996), PAW of 109 mm may last for

approximately 31 days in June–August. Trees may also

have access to water that is stored in fissures and clefts

of the bedrock. Goulden et al. (1996) showed that total

respiration of this forest decreased by 30% or 100 g m�2

in the extremely dry summer of 1995 but photosynth-

esis decreased by only 10%, suggesting a stronger effect

of drought on heterotrophs than on autotrophs. Simi-

larly, the decay of organic matter in the O horizon may

be more severely affected by summer droughts than RR

in the O horizon. The red oak that dominates this forest

may be able to tolerate moderate drought because its

root system penetrates more deeply than many co-

occurring species, such as red maple (Abrams, 1990).

The partitioning of SR supports this conclusion, be-

cause the portion respired from recently fixed carbon

increased and the portion respired from older carbon

decreased in the exclusion plots as compared with the

control plots in 2002. An opposite result was found for

the A and B horizon where the radiocarbon signature of

soil air indicated a decrease of the portion of recently

fixed carbon with decreasing water content. Because of

the distinct pattern in the 14CO2 signature, however, it

appears that the CO2 production of the mineral soil

made a minor contribution to total soil surface CO2

efflux. Although the radiocarbon signature of surface

efflux represents a mixture of all CO2 sources, the O

horizon must have released somewhat younger carbon

with increasing drought, and this was the dominant
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2003. We used an endmember of 139% for SOM respiration in this calculation.
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effect on total SR. Gaudinski et al. (2000) found 64% of

total fine root detritus in the O horizon of an adjacent

plot at the Harvard Forest suggesting that RR released

large amounts of recently fixed carbon in the O horizon.

Curiously, this result indicates that roots in the O

horizon must remain relatively active even when the

O horizon becomes very dry, suggesting a possible role

for hydraulic lift (Caldwell et al., 1998).

The increasing age of CO2 with decreasing CO2 con-

centration and decreasing water content in the A and B

horizon, could be because of fungal decomposition of

old SOM in the mineral soil, because fungi are better

adapted to soil drought than heterotrophic bacteria

(Swift et al., 1979). We speculate that the development

of fruiting bodies and high belowground activity of a

saprophytic fungus was responsible for the efflux of old

carbon on August 1, 2001 in both the exclusion and

control plots. The release of old carbon was associated

with the highest SR rate in 2001, indicating that this

fruiting fungus respired relatively large amounts of old-

SOM-derived carbon during this period. We do not

know the extent to which fungi can store carbon to

use for rapid growth of fruiting bodies, so we do not

know if fungal decomposition rates also increased.

Further research is needed to evaluate the function of

fungi in the decomposition of relative resistant SOM in

forest soils and the possibility of episodic pulses of CO2

efflux during periods of prolific mushroom production.

The linear relationship of differences in SR and soil

water content between the exclusion and control plots

(Fig. 4) suggests that the magnitude of the CO2 peak

following wetting is most parsimoniously explained by

the change in water content and the intensity of wetting.

However, the response of SR to wetting was weak in the

exclusion plots after the removal of roof panels in

September 2001 and 2002, considering that easily de-

composable carbon could have accumulated during the

simulated droughts because of death of microorganisms

(van Gestel et al., 1991) and desorption of SOM from

mineral soil surfaces (Seneviratne & Wild, 1985).

The weak response to wetting in September may be

related to soil temperature. Our empirical model indi-

cates the increasing importance of soil water content in

the Oe/Oa horizon with increasing soil temperature on

SR (Fig. 5). A similar relationship using soil temperature

and water potential of the O horizon was described by

Hanson et al. (2003) for incubated samples of the O

horizon from a mixed deciduous forest near Oak Ridge,

Tennessee. They concluded from their study that fre-

quent drying and wetting of the O horizon may

strongly affect the rate of total SR. Borken et al. (1999)

reported a strong wetting effect on SR at high tempera-

tures during July and a rather weak effect at low

temperature in September in an exclusion experiment

in Germany. Not only the duration of drought period

but also the temperature at wetting may affect annual

SR rate and perhaps the storage of SOM.

Drying and wetting of soil may mobilize carbon

sources of different stability and age. The changes in

the radiocarbon value of opposite signs following la-

boratory wetting of samples from the O and A horizons

of the exclusion plots may result from this effect. A

stimulation of the decay of organic matter that was fixed

by plants in the 1960s–1990s would cause an increase in

bomb carbon released, but a stimulation of decomposi-

tion of SOM originally fixed by plants prior to atmo-

spheric weapons testing in the 1950s would cause a

decrease in the release of radiocarbon. In case of the

field-moist (i.e. dry A horizon in 2002) the latter process

may have dominated because the radiocarbon value of

46% was below that of the atmosphere. Similarly, the

radiocarbon value of SR dropped to 54% in the exclusion

plots after the first heavy rainfall in September 2002,

suggesting that prebomb carbon became available for

microorganisms. The 14CO2 signature as a mixture of

respired prebomb, postbomb, and modern carbon can be

misleading in terms of calculating turnover times of

SOM under very dry and subsequent wetting conditions.

Our throughfall exclusion experiment did not simu-

late the total ecosystem response to soil drought because

water uptake by entire trees was probably not affected

by the exclusion of throughfall in our 5� 5 m2 treatment

plots. Lateral movement of water and hydraulic lift may

have also contributed water input to the mineral soil

within the treatment plots. Hence, the volumetric water

content of the mineral soil followed the same seasonal

trend in the control and exclusion plots. We did not

want to exclude RR in the small exclusion plots, so plots

were not trenched. Because roots within exclusion plots

may have been supplied with carbohydrates and water

from the surrounding tree roots, RR may have been

higher in the exclusion plots than would be the case

during a natural drought of same severity. Reductions in

rainfall throughout the entire forest stand may have

diminished SR more strongly. On the other hand, a

whole-ecosystem treatment could have a variety of

effects on C cycling, including more allocation of C

belowground for deep root growth, less RR and more

root mortality in dry horizons, more decomposition of

dead roots, and less decomposition of dry organic

matter in the O horizon. After 3 years of throughfall

exclusion of an entire 1 ha plot in an Amazonian forest,

Davidson et al. (2004) have yet to observe a net effect on

soil CO2 efflux despite a clear treatment effect on N2O

and CH4 fluxes and on tree growth and mortality.

Therefore, the integrated effects of drought on the

ecosystem C balance is probably complicated by many

interacting process responses.
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The partitioning of SR at the Harvard Forest suggests

that the decay of SOM decreased more during extended

summer droughts than did RR. We hypothesized that

extended summer droughts can, at least temporarily,

increase the storage of SOM in the O horizon, particu-

larly when subsequent wetting occurs at low tempera-

tures. In total, 311 g C m�2 or 38% less carbon was

respired in the exclusion plots during the two summer

periods of throughfall exclusion. Assuming that about

60% of this amount can be attributed to a decrease in the

decay of SOM and the other 40% to a decrease in RR,

then about 190 g C m�2 may have remained undecom-

posed in the O horizon and as SOM during the two

treatment years. This inhibition of decomposition of

about 95 g C m�2 yr�1 caused by experimental drought

is significant compared with annual NEE rates of 120–

250 g C m�2 yr�1 between 1992 and 2000 at the Harvard

Forest (Barford et al., 2001). Severe summer droughts

occur, on average, once every 4 years at this site (Savage

& Davidson, 2001), and their effect on decomposition,

especially in the O horizon, may contribute significantly

to interannual variation in NEE.

In contrast to dry summers, wet summers may accel-

erate the decomposition of SOM as long as O2 avail-

ability is not limited. Goulden et al. (1996) found high

values of total ecosystem respiration but low values of

NEE during wet summers, suggesting that less carbon

was sequestered in soil, perhaps because of greater rates

of decomposition in moist conditions. However, SR in

the exclusion plots increased only by 46 g C m�2 during

the posttreatment period in 2002/2003.

We do not know if the C that was not decomposed

during the experimental droughts of 2001 and 2002 was

very gradually decomposed at undetectable rates dur-

ing the subsequent fall, winter, and spring, when we

sampled infrequently, if it may have leached as DOC, if

it was transformed into more resistant SOM that is

persisting as a C sink, or if some of the undecomposed

dry litter was simply blown away by the wind and

decomposed later elsewhere in the landscape. Hence,

we cannot conclude whether the apparent soil C sink

during drought years in this experiment was transient

or long-lasting. If the apparent sink of 190 g C m�2 over

2 years of throughfall exclusion was persistent, that

would be only a 9% increase in the standing stock of

the O horizon, which would be difficult to detect by

inventory measurements, because of high spatial varia-

bility of the O horizon depth.

In a throughfall exclusion study in a hardwood forest

at Oak Ridge, Tennessee, the opposite problem was

encountered, where no detectable change in SR was

observed but a change in O horizon standing stock was

detected. Similar to our study, Hanson et al. (2003)

documented decreased SR during natural summer

drought. In contrast to our results, however, they re-

ported only a 22 g C m�2 average annual decrease in SR

in the throughfall exclusion plot compared with a

control plot, and the difference was not statistically

significant. Their 0.64 ha study plot was much larger

than ours, and the soils of their site are also very deep

(410 m) compared with the thin Harvard Forest soils

(o1 m) on glacial till, which probably has implications

for PAW. Curiously, Johnson et al. (2002) reported a 40%

increase in standing stocks of O horizon mass in the

same plot after 5 years of throughfall exclusion com-

pared with the control plot. Changes in stocks could not

be attributed to differences in litterfall, suggesting a

long-term treatment effect on litter decomposition. The

O horizon mass accumulation caused by throughfall

exclusion in that experiment was equivalent to about

45 g C m�2 yr�1, which is only two times larger than the

nonsignificant treatment effect on SR and only 5% of the

annual SR rates reported by Hanson et al. (2003). Given

the typically large temporal and spatial heterogeneity of

SR, it is not surprising that a change of only

45 g C m�2 yr�1 might not be detected with statistical

confidence using SR measurements. Therefore, even

frequent seasonal measurements of soil CO2 efflux

may not always be good indicators of treatment effects

on soil C stocks at multi-year time scales. The same may

be true, but perhaps to a lesser degree, at our more

northern Harvard Forest site in Massachusetts, where O

horizon standing C stocks are larger and SR rates are

smaller than in more southern hardwood forests of

Tennessee.

Our results show that interannual variability in cli-

mate appears to affect the source/sink strength of forest

soils, thus potentially affecting interannual variation in

NEE. These results cannot be simply extrapolated to the

effects of long-term, persistent changes in climate, how-

ever, climatic disruption will also affect long-term pat-

terns of NPP, C allocation, and C inputs to soils. These

results do clearly show, however, that drought can

reduce SR independently of temperature, that RR was

less affected by drought than was decay of organic

matter, that the drought effect was manifest primarily

in the O horizon, and that these responses to drought

caused at least a transient sink of carbon.
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