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Abstract

Soil–atmosphere fluxes of trace gases (especially nitrous oxide (N2O)) can be significant

during winter and at snowmelt. We investigated the effects of decreases in snow cover on

soil freezing and trace gas fluxes at the Hubbard Brook Experimental Forest, a northern

hardwood forest in New Hampshire, USA. We manipulated snow depth by shoveling to

induce soil freezing, and measured fluxes of N2O, methane (CH4) and carbon dioxide

(CO2) in field chambers monthly (bi-weekly at snowmelt) in stands dominated by sugar

maple or yellow birch. The snow manipulation and measurements were carried out in

two winters (1997/1998 and 1998/1999) and measurements continued through 2000. Fluxes

of CO2 and CH4 showed a strong seasonal pattern, with low rates in winter, but N2O

fluxes did not show strong seasonal variation. The snow manipulation induced soil

freezing, increased N2O flux and decreased CH4 uptake in both treatment years,

especially during winter. Annual N2O fluxes in sugar maple treatment plots were 207

and 99 mg N m�2 yr�1 in 1998 and 1999 vs. 105 and 42 in reference plots. Tree species had

no effect on N2O or CO2 fluxes, but CH4 uptake was higher in plots dominated by yellow

birch than in plots dominated by sugar maple. Our results suggest that winter fluxes

of N2O are important and that winter climate change that decreases snow cover

will increase soil:atmosphere N2O fluxes from northern hardwood forests.
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Introduction

While most studies in global change biology have

focused on the ‘growing season,’ there is ample evi-

dence of marked changes in climatic conditions during

winter (Likens, 2000; Schwartz & Reiter, 2000; Dye,

2002; Hodgkins et al., 2003; Wolfe et al., 2005) and that

this change has implications for the biogeochemistry of

forest ecosystems (Mitchell et al., 1996; Murdoch et al.,

1998; Williams et al., 1998). Rates of soil biological

processes are surprisingly high in winter, accounting

for significant percentages of annual activity, and these

processes are sensitive to disturbance of winter climate,

especially snow depth and soil freezing (Clein &

Schimel, 1995; Brooks et al., 1996; van Bochove et al.,

2000b; Groffman et al., 2001a; Schimel et al., 2004;

Hubbard et al., 2005).

Winter dynamics have been shown to be particu-

larly important for soil–atmosphere fluxes of carbon

dioxide (CO2), nitrous oxide (N2O) and methane (CH4)

(Sommerfield et al., 1993; Brooks et al., 1997; Alm et al.,

1999; Brumme et al., 1999). In the soil, CO2 is a product

of root and microbial respiration, N2O is an intermedi-

ate product of nitrogen (N) transformations (primarily

nitrification and denitrification) and CH4 is produced

by anaerobic and consumed by aerobic microorganisms

(Mooney et al., 1987). Changes in these fluxes are of

interest as they are greenhouse gases, their concentra-

tions are increasing in the atmosphere, and N2O plays

a role in the destruction of ozone in the stratosphere

(Prather et al., 1995).

There has been particular interest in winter fluxes of

N2O in temperate ecosystems, as much of the annual
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flux appears to occur during winter and during the

transition from winter to spring, when freeze–thaw

events are common (Brumme et al., 1999; Groffman

et al., 2000; Butterbach-Bahl et al., 2002). High fluxes

during these periods have been attributed to: (1) red-

uced plant uptake leading to increased rates of micro-

bial transformations of N (Zak et al., 1990; Groffman

et al., 1993), (2) accumulation and release of N2O from

beneath frozen soil layers (Goodroad & Keeney, 1984;

Burton & Beauchamp, 1994; van Bochove et al., 2001),

(3) freezing-induced microbial mortality followed by

rapid regrowth and high rates of microbial transforma-

tions of N (Edwards & Killham, 1986; Christensen &

Tiedje, 1990; DeLuca et al., 1992; Schimel & Clein, 1996;

Brooks et al., 2004; Dörsch et al., 2004) and (4) freezing-

induced disruption of soil aggregates and release of avail-

able carbon that stimulates denitrification (Groffman &

Tiedje, 1989; van Bochove et al., 2000a). Fluxes of N2O

are notoriously heterogeneous, however, and there is

wide variation in the estimates of the importance of

winter fluxes in different ecosystems (Groffman et al.,

2000). There have been very few studies assessing the

response of these fluxes to variation (either natural or

manipulated) in snowpack and soil freezing (Schimel

et al., 2004). Fluxes of CH4 have been shown to be

sensitive to snowpack properties (Melloh & Crill,

1996; Borken et al., 2006), but as for N2O there have

been very few studies of the response of these fluxes to

variation in winter conditions.

We have been studying relationships between snow

depth, soil freezing and forest biogeochemistry at the

Hubbard Brook Experimental Forest (HBEF) in New

Hampshire, USA since 1997 (Groffman et al., 2001a).

We reduced snow cover by shoveling and monitored

changes in soil freezing (Hardy et al., 2001), root dyn-

amics (Tierney et al., 2001), soil solution chemistry

(Fitzhugh et al., 2001, 2003) and soil N cycling processes

(Groffman et al., 2001b) in forest stands dominated by

either sugar maple or yellow birch during the winters of

1997/1998 and 1998/1999. Here, we report soil–atmo-

sphere fluxes of CO2, CH4 and N2O during the two

treatment years and for one nontreatment, recovery year

(1999/2000). Our objectives were to: (1) quantify annual

trace gas fluxes in sugar maple and yellow birch stands

at the HBEF, (2) evaluate the importance of winter

activity to annual fluxes of these gases and (3) assess

the response of these fluxes to variation in soil freezing.

Methods and materials

Site description and experimental design

The HBEF is located in the White Mountain National

Forest in New Hampshire, USA (431560N, 711450W). The

northern hardwood forest vegetation is dominated

by American beech (Fagus grandiflora), sugar maple

(Acer saccharum) and yellow birch (Betula alleghanieusis).

The forest was selectively cut in the 1880s and 1910s,

and some of the older stands were damaged by a

hurricane in 1938. Soils are shallow (75–100 cm), acidic

(pH 3.9) Typic Haplorthods developed from unsorted

basal tills. Mean air temperature is 18 1C in July and

�9 1C in January. Average annual precipitation is

140 cm. A continuous snowpack develops each year to

depths of 0.5–1.5 m. Maximum snow water equivalence

usually occurs mid-March followed by 1–2 months of

snowmelt, depending on aspect and elevation.

The snow manipulation study (described in detail in

Groffman et al., 2001a) took place within four stands;

two dominated by sugar maple and two dominated by

yellow birch (80% dominance by the target species).

There were eight, 10 m� 10 m plots in this study; with

one snow reduction (treatment) and one reference plot

located in each of the four stands such that there were

two replicates of each vegetation by treatment combina-

tion. Plots were instrumented with soil solution sam-

plers (zero tension lysimeters), thermistors for soil

temperature monitoring, soil water content moni-

tors (Campbell CS615 water content reflectometers,

Campbell Scientific, Logan, UT, USA), frost tubes, mini-

rhizotron access tubes and trace gas flux measurement

chambers (described below). All instruments were inst-

alled in fall 1996 to allow for any installation-related

disturbance effects to subside before the treatment was

introduced in fall/winter of 1997.

All plots were equipped with dataloggers to allow for

continuous monitoring of soil moisture and tempera-

ture. Thermistors measured soil temperatures every

0.1 m to a depth of 0.5 m and snow temperatures every

0.2 m to a height of 0.8 m. We measured snow and soil

temperatures every 5 min and data were stored as

hourly averages on a datalogger. Every 2 weeks, we

made manual measurements of snow depth variability

(n 5 100), snow density and snow water equivalence at

two sites (Hardy et al., 2001).

To manipulate snow depth, shovels were used to

clear the treatment plots of snow as soon as practical

after each snow event. A few centimeters of snow were

left to compact on the ground to protect equipment and

the forest floor from shovel damage, and to increase the

albedo of the forest floor to aid in soil freezing. The

treatment was applied from late November through

January in the winters of 1997/1998 and 1998/1999.

After February 1, snow was allowed to accumulate on

the treatment plots to minimize disturbance of annual

water input to the plots. Water removal associated with

the treatment was less than 15% of annual precipitation

input (Hardy et al., 2001). Plot measurements (including
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trace gas fluxes) continued through the fall of 2000 to

provide for a complete ‘recovery year’ (1999/2000).

Soil–atmosphere trace gas flux methods

When plots were snow free, we used the gas flux

chamber design described by Bowden et al. (1990,

1991). This design calls for 287 mm diameter (ID) by

40 mm high polyvinyl chloride (PVC) cylinder cham-

bers with gas sampling ports in the center of the

chamber top. The chambers are placed on top of PVC

base rings of the same diameter that are permanently

installed 5 cm into the soil, immediately before mea-

surement. For snow-covered plots, aluminum chambers

(approximately 5 L) fitted with septa were inserted 5 cm

into the snowpack just before measurement. In all

seasons, 9 mL gas samples were collected using fine-

needle polypropylene syringes 0, 10, 20 and 30 min

following placement of the chamber on the base. Sam-

ples were transferred to evacuated glass vials which

were stored at room temperature before analysis by gas

chromatography using electron capture detection for

N2O, thermal conductivity detection for CO2 and flame

ionization detection for CH4. Fluxes were calculated

from the linear rate of change in gas concentration,

the chamber internal volume and soil surface area.

There were from three to five chambers in each plot.

Fluxes were measured weekly during early spring and

monthly at other times of the year.

Statistical analysis

Overall treatment and vegetation type effects were

assessed with two-way repeated measures analysis of

variance (with interactions) of plot means from each

sampling date with treatment and vegetation as main

effects. Seasonal values were computed by taking the

mean of all sampling dates within a season (December–

March 5 winter, April–May 5 spring, June–September 5

summer, October–November-fall) and multiplying by

either 120 days (winter), 71 days (fall, spring) or 90 days

(summer). Annual values were computed by summing

the seasonal values. Annual flux estimates were analy-

zed by two-way analysis of variance (with interactions)

without repeated measures. Relationships between

variables were explored using Pearson’s product–

moment correlations. The statistical analysis system

(SAS, 1989) was used for all analyses.

Results

Climate data and response to treatment for this study

were described in detail by Hardy et al. (2001). Briefly,

summer temperatures were comparable with the 30-

year average, but both treatment snow seasons (1997/

1998 and 1998/1999), as well as the recovery year

(1999/2000) were relatively mild, with average winter

(December–March) temperatures of �2.1, �3.2 and

�3.2 1C, respectively, compared with a 30-year average

of �4.7 1C. Maximum snow depths were also below

normal, with maximum snow depths of 61, 57 and

64 cm for the 3 years of the study, compared with an

average of 74 cm. Duration of snow cover was also

below normal, with 135, 105 and 92 days of cover

during the 3 years of the study, compared with an

average of 165 days.

The shoveling treatment successfully induced soil

freezing in all plots in both years (Table 1). Maximum

frost depths ranged from 10 to 50 cm and treated plots

stayed frozen until after snowmelt (Hardy et al., 2001).

Winter soil temperatures in the reference plots seldom

went below zero, while temperatures in the treatment

Table 1 Maximum snow and frost depth (from Hardy et al., 2001), in situ net N mineralization and nitrification, and microbial

biomass (from Groffman et al., 2001b), proportional overwinter fine root mortality (from Tierney et al., 2001) and nitrate leaching

(from Fitzhugh et al., 2001) in treatment and reference plots in 1998 (November 1997–October 1998) and 1999 (November

1998–October 1999)

1998 1999

Treatment Reference Treatment Reference

Maximum snow depth (cm) 31 (6) 76 (10) 23 (3) 76 (7)

Maximum frost depth (cm) 28 (9) 0 (0) 28 (4) 4 (2)

Net N mineralization (g N m�2 yr�1) 13.2 (2.6) 11.9 (1.7) 23.1 (1.0) 21.9 (3.4)

Net nitrification (g N m�2 yr�1) 8.4 (0.9) 7.1 (2.3) 13.5 (2.5) 12.2 (2.9)

Microbial biomass (mg C kg�1) 2376 (385) 2359 (386) 2171 (273) 2162 (281)

Overwinter root mortality 0.26 (0.04) 0.14 (0.03) 0.29 (0.01) 0.16 (0.02)

Nitrate leaching (mol ha�1 month�1)* 88 (13) 31 (5)

*Values are mean monthly leaching flux over both years.

Values are mean (standard error) of four treatment and four reference plots in two sugar maple and two yellow birch stands
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plots remained below zero (but never below �5 1C)

throughout the winter. The treatment doubled over-

winter root mortality (Tierney et al., 2001) and markedly

increased leaching of nitrate (NO3
�), soluble reactive

phosphorus, base cations and hydrogen ions (H 1 )

(Fitzhugh et al., 2001, 2003). The treatment had no effect

on rates of net N mineralization or nitrification, sug-

gesting that increased leaching was because of reduc-

tions in plant uptake (Groffman et al., 2001b). Net

mineralization and nitrification were markedly higher

in 1999 than in 1998.

A concern with our trace gas flux measurements was

that the need to use different chamber methods for

snow-covered and snow-free plots would inhibit our

ability to see differences between treatments. While a

comprehensive comparison of the two methods is not

possible, visual analysis of flux data (Figs 1–3) suggests

that the ‘over snow’ chambers used for snow-covered
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Fig. 1 Nitrous oxide flux in reference and treatment plots in sugar maple (left) and yellow birch (right) stands in the winters of

1997/1998 (top), 1998/1999 (middle) and 1999/2000 (bottom). Shoveling treatments were applied in 1997/1998 and 1998/1999 while

1999/2000 was a nontreatment, ‘recovery’ year. Values are means of two plots per treatment/vegetation combination (n 5 2)

with standard error. There were three or four flux chambers per plot.
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plots and the ‘in soil’ chambers used for snow-free plots

produced similar data. Visual analysis is particularly

illustrative around the time of snowmelt, which neces-

sitated a method shift for all plots (snow was allowed to

accumulate on the treatment plots after February 1). We

observed very few sharp changes in fluxes before and

after snowmelt, suggesting that the switch from ‘over

snow’ to ‘in soil’ chambers did not have a significant

effect on our evaluation of rates or patterns of flux.

Fluxes of N2O showed no clear seasonal pattern, with

production during the winter similar to fluxes during

the growing season (Table 2). The shoveling treatment

significantly increased N2O flux (Po0.05) during winter

and during the winter/spring transition period, in both
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Fig. 2 Carbon dioxide flux in reference and treatment plots in sugar maple (left) and yellow birch (right) stands in the winters of

1997/1998 (top), 1998/1999 (middle) and 1999/2000 (bottom). Shoveling treatments were applied in 1997/1998 and 1998/1999 while

1999/2000 was a nontreatment, ‘recovery’ year. Values are means of two plots per treatment/vegetation combination (n 5 2)

with standard error. There were three or four flux chambers per plot.
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sugar maple and yellow birch plots, in both winters of

treatment (Fig. 1). There was no difference between

treatment and reference plots in the year following

treatment (1999/2000). Averaged over all plots, winter

accounted for 11% of annual N2O flux in 1998, 33% in

1999 and 41% in 2000.

In contrast to N2O, fluxes of CO2 showed strong

seasonal patterns driven by temperature, with high

fluxes during summer and low (but significant) fluxes

during winter, and no treatment effect (Table 2, Fig. 2).

Winter represented 11%, 9% and 15% of annual fluxes

of CO2 in 1998, 1999 and 2000, respectively.

Similar to CO2, fluxes of CH4 showed strong seasonal

patterns driven by temperature, with high fluxes during

summer and low (but significant) fluxes during winter

(Table 2, Fig. 3). The freeze treatment significantly

(Po0.05) reduced CH4 uptake during the winter/

spring transition period just around snowmelt, in both
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Fig. 3 Methane uptake in reference and treatment plots in sugar maple (left) and yellow birch (right) stands in the winters of 1997/1998

(top), 1998/1999 (middle) and 1999/2000 (bottom). Shoveling treatments were applied in 1997/1998 and 1998/1999 while 1999/2000 was

a nontreatment, ‘recovery’ year. Values are means of two plots per treatment/vegetation combination (n 5 2) with standard error. There

were three or four flux chambers per plot.
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sugar maple and yellow birch plots, in both winters of

treatment (Fig. 1). There was no difference between

treatment and reference plots in the year following

treatment (1999/2000). Winter represented 18%, 17%

and 13% of annual fluxes of CH4 in 1998, 1999 and

2000, respectively.

Correlations between gas flux and soil temperature

were higher for CO2 (r 5 0.75, Po0.001) and CH4

(r 5 0.51, Po0.001) than for N2O (r 5 0.31, Po0.001).

There were no significant correlations between any gas

flux and soil moisture. Soil moisture was consistently

higher in the reference plots compared with the treat-

ment plots during winter (Fig. 4), which was consistent

with the snow (moisture) removal treatment and with

leachate collections during the winter period (Hardy

et al., 2001) but may also have been caused by the

limited ability of water content reflectometers to accu-

rately measure the water content of frozen soil (Seyfried

& Murdock, 1996).

Annual flux of N2O (Fig. 5 – top) was increased by the

shoveling treatment in 1998 (Po0.13) and significantly

in 1999 (Po0.02). There was significant (Po0.05) annual

variation in N2O flux, with higher fluxes in 1998 than in

1999 or 2000. High fluxes in 1998 were driven by high

activity in summer and fall (Table 2). There was no

vegetation effect on N2O fluxes.

There was no treatment or vegetation effect on annual

CO2 flux, but fluxes were significantly (Po0.05) higher

in 1999 than in 1998 and 2000 (Fig. 5 – middle). High

fluxes in 1999 were driven by high activity in summer

and fall (Table 2).

There was no treatment effect on annual CH4 flux, but

uptake (negative fluxes) was significantly higher in

yellow birch than in sugar maple in both 1998

(Po0.02) and 1999 (Po0.10) (Fig. 5 – bottom). CH4 up-

take was significantly lower (Po0.05) in 1999 than in

1998 or 2000, due primarily to low fluxes in spring and

fall of 1999 (Table 1).

Discussion

N2O

At first glance, it is not surprising that our snow

manipulation treatment increased N2O fluxes. The

treatment disrupted ecosystem N cycling and greatly

increased NO3
� leaching (Fitzhugh et al., 2001, Table 1),

and many studies have shown that this type of disrup-

tion increases N2O fluxes (Groffman et al., 2000). A more

in-depth analysis, however, raises some interesting

mechanistic questions. Note that the treatment increa-

sed NO3
� leaching but had no effect on microbial

biomass or net mineralization and nitrification or deni-

trification rates (Groffman et al., 2001b, Table 1), sug-

gesting that the increase in leaching was caused by a

reduction in plant uptake, a conclusion that is sup-

ported by the increase in overwinter fine root mortal-

ity associated with the treatment (Tierney et al., 2001,

Table 1). The increased N2O fluxes that we observed

were therefore not associated with microbial mortality

and a ‘flush’ of nitrification, denitrification and N2O

release as has been observed in some other studies

(Edwards & Killham, 1986; Christensen & Tiedje, 1990;

DeLuca et al., 1992; Schimel & Clein, 1996). Release of

N2O trapped beneath ice layers in the soil, another

mechanism by which soil freezing has been reported

to increase N2O flux (Goodroad & Keeney, 1984; Burton

& Beauchamp, 1994; van Bochove et al., 2001), also did

not appear to be a major factor in our study, as we did

not observe any marked ‘bursts’ of production, and

there was no increase in CO2 flux during winter or

spring. Freezing in our soils was ‘granular’ rather than

‘concrete (as is common in agricultural soils)’ and,

therefore, not a major barrier to diffusion (Hardy

et al., 2001). However, it is possible that our sampling

was not frequent, or keyed to thaw events enough to

detect these bursts.

We suggest that increased N2O flux in response to our

treatment was driven by increased levels of inorganic N

in the soil associated with reduced plant uptake. As

ammonium (NH4
1 ) and NO3

� are produced in the soil,

they are subject to multiple fates – plant uptake, leach-

ing and nitrification and denitrification, with associated

Table 2 Mean seasonal fluxes of CO2, N2O and CH4 in 1998,

1999 and 2000

1998 1999 2000

CO2 (mg C m�2 h�1)

Winter 9 (2) 13 (2) 12 (2)

Spring 21 (2) 20 (3) 26 (2)

Summer 54 (4) 108 (5) 48 (8)

Fall 32 (5) 51 (13) 37 (3)

N2O (ng N cm�2 h�1)

Winter 0.67 (0.43) 0.88 (0.18) 0.63 (0.22)

Spring 1.58 (0.22) 1.04 (0.25) �0.12 (0.66)

Summer 3.22 (0.22) 1.05 (0.21) 1.89 (0.74)

Fall 2.25 (0.42) 0.67 (0.17) 1.06 (0.28)

CH4 (mg CH4 m�2 day�1)

Winter �0.77 (0.23) �0.43 (0.09) �0.48 (0.15)

Spring �1.37 (0.14) �0.56 (0.10) �1.28 (0.15)

Summer �2.26 (0.17) �1.73 (0.09) �1.71 (0.12)

Fall �1.55 (0.27) �0.68 (0.23) �1.87 (0.29)

Values are the means (standard error) of all fluxes measured

during winter (December–March), spring (April–May),

summer (June–August) and fall (September–November) in

treatment and reference plots in two sugar maple and two

yellow birch stands, n 5 16–40.
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N2O production (Zak et al., 1990; Groffman et al., 1993).

Even though we did not observe significant increases in

nitrification and denitrification there was clearly an

increase in soil inorganic N levels and leaching, which

likely led to enough of an increase in nitrification and

denitrification to account for the increased N2O flux that

we observed. The increase in N2O flux (approximately

1 kg N ha�1 yr�1) was small relative to net mineraliza-

tion and nitrification (70–210 kg N ha�1 yr�1), and well

within the error estimates of these processes. It is also

possible that increased levels of inorganic N, or lower

soil moisture, altered the product ratios (NO : N2O : N2)

during denitrification to favor N2O (Davidson &

Verchot, 2000), leading to an increase in N2O flux with

no increase in net mineralization, nitrification or deni-

trification rates.

It is somewhat surprising that the treatment effect on

N2O flux was not more marked in sugar maple than

yellow birch plots, as the treatment effect on NO3
�

leaching was much more marked in sugar maple-domi-

nated plots (Fitzhugh et al., 2001). The fact that the

increase in N2O flux was small relative to other N fluxes

may explain the lack of vegetation effect. It is also

possible that complex differences in C and N dynamics

between sugar maple and yellow birch (Nielsen et al.,

2001) have balancing effects on the nitrification and

denitrification processes that produce N2O, resulting

in no net difference.

While winter fluxes of N2O were as important as

fluxes during warmer periods of the year, the annual

fluxes were not dominated by the winter period as has

been observed in some other sites (Brumme et al., 1999).

In contrast, we observed significant variation in annual

N2O flux that was driven primarily by high fluxes

during the summer and fall of 1998. The cause of this

variation is difficult to explain given our limited sam-

pling regime (monthly) during summer.

While the N2O fluxes that we measured are small

relative to other N fluxes in the ecosystem, they are high

relative to other N2O flux estimates for forests in the

northeastern US, and potentially important in a regional

context. In previous work at the HBEF, Keller et al.

(1983) reported much lower summer N2O flux

(0.17 ng cm�2 h�1) than we observed (from 1.05 to

3.22 ng cm�2 h�1). The Keller et al. (1983) measurements

were likely lower than ours because they were not

Sep-97 Mar-98 Sep-98 Mar-99 Aug-99 Feb-00

Yellow birch

0.00

0.15

0.30

0.45

0.60

Sep-97 Mar-98 Sep-98 Mar-99 Aug-99 Feb-00

Jun-97 Jan-98 Jul-98 Feb-98 Aug-99 Mar-00 Oct-00 Apr-01 Jun-97 Jan-98 Jul-98 Feb-98 Aug-99 Mar-00 Oct-00 Apr-01

V
o

lu
m

et
ri

c 
so

il 
m

o
is

tu
re

 (
v/

v)

Treatment

Reference

Sugar maple

−4

0

4

8

12

16

20

S
o

il 
te

m
p

er
at

u
re

 (
°C

)

0.00

0.15

0.30

0.45

0.60

V
o

lu
m

et
ri

c 
so

il 
m

o
is

tu
re

 (
v/

v)
0

4

8

12

16

20

S
o

il 
te

m
p

er
at

u
re

 (
°C

)

Sugar maple

−4

Yellow birch

Fig. 4 Volumeteric soil moisture (top) in the Oa horizon and soil temperature at 10 cm depth (bottom) in reference and treatment plots

in sugar maple (left panels) and yellow birch (right panels) stands from fall 1997 to spring 2000. Values are means of two plots per

treatment/vegetation combination (n 5 2) with standard error. There were two time domain reflectometry probes and thermistors

per plot. Data adapted from Hardy et al. (2001).
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focused on sugar maple and yellow birch (species

associated with high rates of N cycling; Lovett et al.,

2004) stands as ours were, and the forest at HBEF was

younger and growing more rapidly (and cycling N

more tightly) then. Bowden & Bormann (1986) reported

that N2O flux in drainage water increased in response to

clear cutting at the HBEF, but the total flux was low

(30 mg N m�2) compared with our flux estimates (up to

200 mg N m�2 yr�1). Many studies of N2O flux at the

Harvard Forest (approximately 200 km from the HBEF),

using the same methods that we use, have suggested

that these fluxes are very low (o1.0 ng cm�2 h�1) rela-

tive to the fluxes we measured at the HBEF and not

responsive to fertilization, soil warming or canopy tree

blowdown (Bowden et al., 1990, 1991, 1993; Peterjohn

et al., 1994; Venterea et al., 2003). The Harvard Forest

sites are dominated by oak and pine species that are

associated with low rates of N cycling compared with

sugar maple and yellow birch (Lovett et al., 2004). The

fluxes we measured are similar to those measured at

relatively N-rich sites in West Virginia (Peterjohn et al.,

1998; Venterea et al., 2004) and Pennsylvania (Bowden

et al., 2000), but are lower than fluxes in highly N

saturated forests in Europe (Brumme et al., 1999;

Groffman et al., 2000; Butterbach-Bahl et al., 2002).

The highest N2O fluxes that we measured (nearly

200 mg N m�2 yr�1) are potentially important relative to

atmospheric deposition of N, an important driver of N

dynamics at the regional scale in the northeastern US

(Aber et al., 1998). Given that deposition is less than

1000 mg N m�2 yr�1 at the HBEF and in many parts of

the northeastern US, our results suggest that approxi-

mately 25% of this deposition input may be offset

by N2O flux from soil to the atmosphere. This flux

is, thus, high enough to be considered when setting

‘critical loads’ for N deposition in this region (Driscoll

et al., 2003).

CO2

Our results support previous observations that soil–

atmosphere CO2 flux occurs during winter, and in

frozen soils (Sommerfield et al., 1993; Clein & Schimel,

1995; Brooks et al., 1997; Alm et al., 1999; van Bochove

et al., 2000b). However, winter fluxes of CO2 were much

less important to the annual flux of this gas than for

N2O. This pattern is likely because of the fact that one of

the two primary processes of soil CO2 production, root

respiration, is likely small during winter. Given that

root respiration represents a significant proportion of

total soil respiration, it is likely that a significant portion

of microbial respiration occurs during winter, but its

importance is masked by the seasonal variation in plant

activity. It is also likely that temperature effects on CO2

flux are more obvious than effects on N2O flux because

the regulation of the processes behind N2O flux are

much more complex.

Our estimates of respiration were low relative to other

measurements at the HBEF and at other forest sites

in the northeastern US. Fahey et al. (2005) report total

soil respiration ranging from 540 to 800 g C m�2 yr�1 in

eight stands at the HBEF sampled from 1998 to 2000,

Fig. 5 Annual nitrous oxide (top), carbon dioxide (middle) and

methane (bottom) flux in reference and treatment plots in sugar

maple and yellow birch stands in 1998, 1999 and 2000. Values

are means of two plots per treatment/vegetation combination

(n 5 2) with standard error.
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higher than our estimates which ranged from 230 to

400 g C m�2 yr�1. Savage & Davidson (2001) reported

soil respiration rates of greater than 500 g C m�2 yr�1

from upland sites at the Harvard Forest and greater

than 800 g C m�2 yr�1 from upland sites at the Howland

Forest in Maine. In contrast to our findings, these

authors reported lower respiration in 1999 than in

1998, due to lower soil moisture in 1999, which we did

not observe at HBEF. The fact that their estimates were

based on more high-resolution sampling, which cap-

tures episodes of high flux that are missed with our less

frequent sampling (Parkin & Kaspar, 2004), may also

contribute to the difference. Of likely greater importance

is the fact that both Fahey et al. (2005) and Savage &

Davidson (2001) made measurements over much shorter

time periods than we did (1–5 vs. 30 min). Accumulation

of high concentrations of CO2 in our chambers likely

inhibited flux from the soil (Holland et al., 1999). Com-

parison of our chamber method with the method

used by Fahey et al. (2005) on our plots found

consistently lower flux measurements with our method

(P. M. Groffman & T. J. Fahey, unpublished data).

CH4

As expected, CH4 flux responded to our snow manip-

ulation treatment, but the effect was restricted to the

period just before and immediately after snowmelt. The

treatment clearly altered N cycling, and this flux has

been shown to be responsive to increases in N avail-

ability (especially soil inorganic N levels) in many

studies (Steudler et al., 1989; Mosier et al., 1991). It is

somewhat surprising that the treatment effect on CH4

uptake did not persist into the growing season, as

leaching losses were increased by the treatment

throughout the summer. However, interactions between

N cycling and CH4 uptake have proven to be more

complex than first thought, and it is difficult to predict

CH4 fluxes given information on ecosystem N cycling

(Castro et al., 1995; Reay & Nedwell, 2004). While the

treatment increased leaching losses of N in our study,

rates of net mineralization and nitrification during the

growing season were not affected, so it may not be

surprising that CH4 flux was not affected.

In contrast to our results, Borken et al. (2006) found

that snow removal increased rates of CH4 uptake in

temperate forest soils. However, their snow removal

treatment did not result in soil freezing or stimulation of

N cycling. Rather, it enhanced diffusion of CH4 from the

atmosphere into the soil, leading to increased methano-

troph activity.

The CH4 uptake rates that we observed were similar

to those measured at other forested sites in the north-

eastern US (Castro et al., 1995), including previous

measurements at HBEF (Keller et al., 1983). Forests in

the northeastern US tend to have high CH4 uptake

relative to forests in other parts of the world (Smith

et al., 2000).

The significant differences in CH4 uptake between

plots dominated by different tree species (yellow birch

greater than sugar maple) that we observed is consis-

tent with other studies showing that tree species

can have significant effects on this flux (Butterbach-Bahl

& Papen, 2002; Borken et al., 2003; Menyailo & Hungate,

2003). The mechanisms behind these effects are com-

plex, as CH4 flux is affected by the balance between

production and consumption of this gas, physical fac-

tors that influence gas diffusion, and the above-men-

tioned complex links with N cycling. In our study, plots

dominated by yellow birch tend to have high C, and

low N availability to microbes relative to plots domi-

nated by sugar maple (Nielsen et al., 2001), which may

be driving the differences in CH4 flux that we observed.

Implications for climate change

Our results suggest that in a warmer world with less

snow and more soil freezing, N2O emissions from

northern hardwood forest soils may increase, perhaps

by as much as twofold. And these fluxes are important,

equal to a significant percentage of atmospheric N

deposition. Brumme et al. (1999) classified forest eco-

systems into three N2O emission classes: ‘background’

sites with very low emissions and ‘event (primarily

freeze/thaw events)-based’ and ‘seasonal’ emission

classes with much higher fluxes. Climate change that

results in increased soil freezing will push forests like

those at the HBEF from the ‘background’ to the ‘event-

based’ class. It should be possible to use regional-scale

forest databases and climate change scenarios to deter-

mine just how widespread this conversion will be, and

what effect it will have on regional and global N2O

budgets. These evaluations will also have to consider

climate change effects on N2O fluxes during the grow-

ing season, which could either amplify or dampen the

effects of changes in climatic conditions during winter.

In addition to effects on N2O, CH4 uptake was reduced

by the treatment, suggesting that in a warmer world

with less snow and more soil freezing, the capacity of

northern hardwood forests to remove this greenhouse

gas from the atmosphere will be reduced.

Our results support the idea that tree species are

strong regulators of biogeochemical processes in forests

(Lovett et al., 2004). Understanding relationships be-

tween species and trace gas fluxes should be useful as

a tool for landscape and regional-scale assessments of

flux, and for understanding how these fluxes will

change with climate.
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