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In temperate regions, a majority of N2O is emitted during spring soil thawing. We examined the influence
of two winter field covers, snow and winter rye, on soil temperature and subsequent spring N2O
emissions from a New York corn field over two years. The first season (2006e07) was a cold winter
(2309 h below 0 �C at 8 cm soil depth), historically typical for the region. The snow removal treatment
resulted in colder soils and higher N2O fluxes (73.3 vs. 57.9 ng N2OeN cm�2 h�1). The rye cover had no
effect on N2O emissions. The second season (2007e08) was a much milder winter (1271 h below freezing
at 8 cm soil depth), with lower N2O fluxes overall. The winter rye cover resulted in lower N2O fluxes (5.9
vs. 33.7 ng N2OeN cm�2 h�1), but snow removal had no effect. Climate scenarios predict warmer
temperature and less snow cover in the region. Under these conditions, spring N2O emissions can be
expected to decrease and could be further reduced by winter rye crops.

� 2011 Published by Elsevier Ltd.
Nitrous oxide (N2O) is a greenhouse gas with 297 times more
climate forcing potential than carbon dioxide (CO2). Agriculture
accounts for 10e12% of the total anthropogenic greenhouse gas
emissions and is responsible for 58% of the total anthropogenic N2O
emissions (Smith et al., 2007). In temperate regions, freeze-thaw
cycles during the spring are responsible for 50% (Rover et al.,
1998) to 66% (Duxbury et al., 1982; Johnson et al., 2010) of annual
N2O emissions from agricultural soils. Changes in management
practices have the potential to change N2O emission levels (Johnson
et al., 2007), but understanding the key sources and mechanisms
responsible for generating N2O in agricultural systems is needed to
design mitigation strategies.

In a field study that addressed the effects of winter agricultural
field cover on N2O emissions, Wagner-Riddle et al. (2007) deter-
mined time spent below 0 �C (specifically, freezing degree hours) to
be the most important factor explaining differences in winter/
spring N2O fluxes. They showed treatments with surface residue
trapped snow, experienced more freezing degree hours, and had
lower N2O fluxes. Indeed, the absence of snow leads to lower soil
temperatures, deeper freezing depth, and quicker rates of freezing
and thawing (Groffman et al., 2001; Rich, 2008), conditions which
were positively correlated with higher N2O fluxes in northern
temperate and boreal forests (Goldberg et al., 2010; Maljanen et al.,
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2009). Understanding the implications of a relationship between
antecedent temperatures and N2O emissions is important in
regions of the world predicted to experience less snow cover, such
as the Northeastern U.S. (Hayhoe et al., 2007).

Soil covers which can be controlled by management include
agricultural residues, mulch and cover crops. Of these covers,
a living crop has the added benefits of affecting winter soil nutrient
and C dynamics and may decrease N2O emissions by limiting
available NO3

� (Parkin et al., 2006).
The purpose of this study was to assess the influence of snow

and a rye cover crop on winter soil temperatures and subsequent
N2O fluxes in a New York corn field by testing the following
hypotheses: 1) less winter snow cover will lead to lower soil
temperatures and greater N2O emissions, 2) winter rye cover
cropping will take up and immobilize NO3

� and thereby reduce
N2O fluxes during spring thaws.

Experimental plots were established in autumn 2005 near
Harford, NY (42.427� N, 76.228� W, elevation 362 m). The soil is
awell-drained Howard gravelly loam. Cornwas grown beginning in
the spring of 2005, following multiple years of alfalfa cropping.
Winter rye (Secale cereale L.) was grown from late September
through early May, when it was killed chemically. Further field
management details are given in Rich (2008). The field experiment
was set up as a 2� 2 factorial, randomized complete block design
(RCBD) with two cropping system treatments (maize/winter fallow
and maize/winter rye) and two snow treatments (natural snow
depth and snow removed). Each treatment was replicated three
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Fig. 1. Air and soil temperatures (at 8 cm depth) recorded in (A) 2006e2007 and (B)
2007e2008.
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times. Soil temperature was measured in each plot with thermo-
couples placed at 8 cm depth.

In 2007 and 2008, gas samples used to measure N2O fluxes (ng
N2OeN cm�3 h�1) from the soil were collected from 3 of the 4
experimental blocks (12 plots) using the static chamber method as
described by Venterea et al. (2005). In 2007, samples were taken
Table 1
Summary of temperature factors and N2O fluxes in 2006e07 and 2007e08. Measuremen
thaw cycles (FTC) and N2O flux. Temperature data were collected Nov. to May each year a
crop: winter rye vs. fallow; snow cover: snow removal vs. ambient snow; and cover crop

Year Treatment MT (�C)

2006e2007 Ambient snow Rye �0.1
Fallow �0.7

Snow removed Rye �6.7
Fallow �5.1

Effects
Cover crop 0.32
Snow cover <0.0001**
Interaction 0.26

2007e2008 Ambient snow Rye �1.1
Fallow �2.1

Snow removed Rye �7.2
Fallow �5.2

Effects
Cover crop 0.97
Snow cover 0.14
Interaction 0.44

* Significant at p� 0.10.
** Significant at p� 0.05.
every 8e10 d between February and May, and on Days 1, 2, 3, 5, 7,
and 10 of the year’s first sustained thaw. In 2008, the chambers
were duplicated within each plot and samples were taken roughly
every two weeks from February through April. Samples were
analyzed by gas chromatography using a 63Ni electron capture
detector (ECD) (Varian GC Model CP-3800 and Model 3700, Varian,
Inc., Palo Alto, CA). More details of this study can be found in Dietzel
(2009). Nitrous oxide flux data that were greater than two standard
deviations from the mean were suspected of vial leakage and
excluded from data analysis. Remaining nitrous oxide fluxes were
averaged for each year across all dates in each plot and treatment
effects were tested by use of ANOVA. All analyses were performed
in JMP 7 (SAS Institute, Cary, NC).

Snow removal resulted in colder soils in the 2006e2007 winter
season (Fig. 1), with lower minimum temperature (p< 0.0001),
more freezing degree hours (p¼ 0.02), andmore freeze-thaw cycles
(p¼ 0.003) experienced in plots where snow was removed
(Table 1). Snow removal in the winter of 2007e2008 resulted in
more freezing degree hours (p¼ 0.02) and a higher number of
freeze-thaw cycles (p¼ 0.08), but not significantly lower minimum
temperatures. Soil in the spring warmed more quickly in snow
removed plots (Fig. 1). In the winter of 2006e2007, air temperature
was below 0 �C for a longer time, while 2007e2008 had several
periods of warming during the winter (Fig. 1). Accordingly,
2007e2008 had fewer freezing degree hours and freeze-thaw
cycles than 2006e2007, although the minimum temperatures
were similar.

N2O fluxes in spring 2007 ranged from �449 to 1194 ng N cm�2

h�1. No significant differences between individual treatments were
found using Tukey’s test (Fig. 2A). N2O fluxes in spring 2008 aver-
aged an order of magnitude lower than spring 2007 and ranged
from �24 to 97 ng N cm�2 h�1 (Fig. 2B). A comparison of individual
treatment means (Tukey’s test) showed that for plots where snow
was removed, fallow plots produced significantly higher N2O fluxes
than plots with a rye cover crop. No significant relationships were
found between any of the temperature variables and N2O fluxes;
however, the data from 2008 seemed to display a relationship
between freezing degree hours and N2O fluxes (Fig. 2B), with the
exception of the rye, snow-removed treatment. When these data
were removed from the 2008 analysis, the results showed a strong
freezing degree hour to N2O flux relationship (r2¼ 0.98, p¼ 0.08).
ts include lowest minimum temperature (MT), freezing degree hours (FDH), freeze-
nd N2O fluxes were measured Feb. to May each year. Individual contrasts were cover
x snow cover interaction. Values in parentheses are standard deviations.

FDH (h) FTC (No.) N2O (ng N2OeN cm�2 h�1)

1112 1.00 94.0 (282.6)
1562 0.75 21.7 (81.7)
2400 3.75 53.8 (283.7)
2309 2.25 92.8 (249.4)

p-values
0.45 0.16 0.18
0.02** 0.003** 0.97
0.12 0.3 0.26

792 0 7.6 (11.7)
1147 0.75 16.3 (28.4)
1275 0.75 4.2 (9.6)
1271 1.75 17.4 (27.5)

p-values
0.13 0.08* 0.05**
0.02** 0.08* 0.40
0.12 0.79 0.02**



Fig. 2. Average N2O fluxes (ng N2O cm�2 h�1) and freezing degree hours (h 100�1), for
the four field treatments: rye, snow, fallow, snow, rye, snow removed, and fallow, snow
removed in (A) 2006e2007 and (B) 2007e2008. Different letters denote significant
differences between variables.
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This treatment was removed from analysis because there was
evidence that NO3

� immobilization by rye may have confounded
the relationship (Rich, 2008).

There was no evidence to support the hypothesis that snow
removal and the concomitant colder soil temperatures led to higher
N2O fluxes in 2007. However, evidence of a relationship between
low soil temperatures and high N2O emissions was supported by
differences in N2O fluxes between the two years. Soils in 2007
experienced a colder winter with more freezing degree hours than
2008 and had N2O fluxes that were nearly an order of magnitude
higher than fluxes measured in 2008 (Table 1, Fig. 2).

Use of a rye cover crop led to lower N2O fluxes in 2008. This
partly supports our second hypothesis; that a rye cover crop would
immobilize NO3

�, and thereby reduce N2O fluxes. Evidence of N
immobilization is further supported in a related study at the same
field site (Rich, 2008).

Results reported here provide evidence that during coldwinters,
as historically experienced in the Northeastern U.S., the absence of
snowwill likely lead to colder soils and higher N2O fluxes. However,
if the predicted winter warming trends for the Northeastern U.S.
occur, soil temperatures and subsequent N2O emissions may no
longer be affected by snow cover. Muchwill depend onyear-to-year
variation in the relative magnitude of the deviation from historical
averages in air temperatures as compared to the deviation in snow
cover and soil freezing dynamics. In a scenario of warmer winters
as exemplified by the 2008 season, results of this experiment offer
strong evidence that a winter rye cover crop could help to reduce
spring N2O emissions.
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