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Abstract. Nitrous oxide (N20) fluxes between aerobic soils and 
the atmosphere were measured each month for 2 years (except during 
the period of snow cover) in control and N-fertilized plots in a red 
pine plantation and a mixed hardwood forest in the northeastern 
United States. Nitrogen was added as NH4NO3; application rates 
were 0 (control), 37 (low-N), and 120 (high-N) kg N/ha/yr in year 1. 
In year 2, application rates were 0 (control), 50 (low-N), and 150 
(high-N) kg N/ha/yr. A total of 2520 individual flux measurements 
were made over the 2 years. Mean emission rates (jag N/m2/h) from 
the control plots were low (pine: year 1 = 0.17, year 2 = 1.10; 
hardwood: year 1 = 0.27, year 2 = 0.29). Fertilization resulted in only 
small increases in N20 effluxes even in the second year, with low rates 
in the low-N plots (pine: year 1 = 2.19, year 2 = 3.87; hardwood: year 
1 = 1.16, year 2 = 0.77) and also in the high-N plots (pine: year 1 = 
0.71, year 2 = 5.24; hardwood: year 1 = 1.12, year 2 = 0.90). The 
maximum N20 loss was 0.350 kg N/ha/yr from the red pine high-N 
plot. Weak seasonal flux trends were noted in both stands, with 
highest effiux rates in spring and mid to late summer. No statistically 
significant relationships between fluxes and soil temperatures, soil 
moisture, or soil NO 3- or NH4 + were detected. Low rates of net 
nitrification in both the control plots and the fertilized plots are 
thought to be responsible for the low N20 emissions. Small increases 
in net nitrification were measured in the forest floor of the the pine 
stand, with rates in the control, low-N, and high-N plots of 1.5, 4.5, and 
8.5 kg N/ha/yr, respectively. Net nitrification rates in the hardwood 
plots were 0.1, 0.9, and 0.6 kg N/ha/yr in the control, low-N, and high- 
N plots, respectively. Low NH4 + availability in the forest floor and 
low NH4+ concentrations in soil solution below the rooting zone (0.5 - 
0.7 m) suggest that NH4 + availability for nitrification is limited by 
competition with plant uptake and microbial immob'dization, and that 
this competition is not alleviated by 2 years (50 - 150 kg N/ha/yr) of N 
addition. 

Introduction 

Disturbances to forest ecosystems influence rates of soil 
processes contributing to N20 production in forest soils, resulting in 
increased emissions of N20 to the atmosphere [e.g., Bowden and 
Bormann, 1986; Luizao et al., 1989; Matson et al., 1987; Levine et al., 
1988]. Disturbances can be physical, such as forest cutting or burning, 
or chemical, such as N additions. High nitrogen (N) deposition due to 
anthropogenically increased emissions is a chemical disturbance that 
has become important in some regions of North America and Europe 
[Bonis et al., 1980; Melillo et al., 1989] and is suggested to be 
increasing in other areas of the world [Galbally and Gillett, 1988; 
Mayewski et al., 1990]. Chronic high-N deposition may lead to 
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nitrogen saturation; that is, the availability of ammonium and nitrate 
in excess of plant uptake and microbial nutritional demand [Aber et 
al., 1989; Schulze, 1989]. One possible effect of this disturbance on 
forest ecosystems is an increase in the rate of nitrogen cycling, and 
hence the potential for an increase in the emission of nitrous oxide 
(N20) from soil to the atmosphere. 

Nitrous oxide is a radiatively important tropospheric trace gas 
that absorbs long-wave infrared radiation and thus influences the 
global heat budget [Wang et al., 1976; Donner and Ramanathan, 1980; 
Cicerone, 1987]. It also contributes to stratospheric ozone depletion 
[Crutzen, 1974, 1976; Crutzen and Ehhalt, 1977; Cicerone, 1987], 
further affecting the global atmospheric chemical and thermal 
balance. This gas has received considerable attention because its 
atmospheric concentration has been increasing at 0.2 - 0.3% per year 
[Weiss, 1981; Khalil and Rasmussen, 1983; Rasmussen and Khalil, 
1986; Brasseur and Hitchman, 1988; Prinn et al., 1990], and increases 
in the atmosphere can have long-lasting effects. Nitrous oxide has a 
long (100-175 years) atmospheric residence time [Crutzen, 1976; 
McElroy et al., 1976; Khalil and Rasmussen, 1983; Cicerone, 1989], 
and it is 180 times more effective as a greenhouse gas than CO 2 
[Lashof and Ahuja, 1990]. 

Nitrous oxide emissions from forest soils have been related 

positively to short-term nitrogen additions [Keller et al., 1988] and to 
nitrification [Matson and Vitousek, 1987], but the response of 
nitrification and N20 emissions to chronic N additions is less well 
known. Recently, McNulty et al. [1990] found a strong relationship 
between atmospheric N deposition and nitrification in spruce forests, 
and Bowden et al. [1990] and Melillo et al. [1989] indicated that 
nitrification is a key factor controlling N20 emissions from temperate 
aerobic forest soils. Brumme et al. [1989] also documented high rates 
of nitrification and N20 emissions from forests in Germany that have 
been subjected to chronic high rates of atmospheric N deposition. 

The objective of this 2-year study was to determine the effect of 
ammonium nitrate additions on annual N20 fluxes from a mixed 
hardwood forest and a red pine plantation in the temperate forest 
region of the northeastern United States. The purpose of the N 
addition was to increase the rates of nitrogen cycling, particularly 
mineralization and nitrification, thus mimicking long-term chronic N 
deposition. Environmental factors and soil processes controlling flux 
rates, as well as seasonal and diel flux patterns, were examined. 

Site Description 

The study plots, a 2.3-ha 62-year-old red pine (.Pinus resinosa 
Ait.) plantation and an adjacent 2.3-ha 80-year-old mixed hardwood 
stand, are located at the Harvard Forest in Petersham, Massachusetts 
(42ø30'N, 72ø10'W) and have a well-described history [Bowden et al., 
1990]. Soil is an Entic Haplorthod (spodosol) of the Gloucester 
series, is of glacial origin, and is described as a stony, well-drained, 
sandy loam. It is acidic with a mean forest floor pH value of 3.2 in the 
pine stand and 3.3 in the hardwood stand. The hardwood stand has a 
deeper forest floor (6.5 cm) than the pine plantation (4.6 cm). 

The pine plantation is nearly pure red pine (97% of the total 
basal area (50.0 m2/ha)) and the hardwood stand is dominated by 
black oak (Ouercus velutina Lam.) which comprised 76% of the total 
basal area (21.8 m2/ha). The remaining vegetation in the hardwood 
stand is mostly black birch (Betula lenta L.), paper birch (Betula 
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papyrifera Marsh.), and red maple (Acer rubrum L.). Understory 
vegetation is sparse in both stands. 

Methods 

Chronic N deposition was simulated by adding NH 4 and NO 3 to 
two 30 x 30 m plots in each stand. A low-N plot received 37 kg 
N/ha/yr in year 1 (1988-1989) and 50 kg N/ha/yr in year 2 (1989- 
1990) and a high-N plot received 120 kg N/ha/yr in year 1 and 150 kg 
N/ha/yr in year 2. One plot in each stand served as a control. Plots 
were separated by corridors at least 5 m wide. Ammonium nitrate 
was applied in liquid form with a backpack sprayer in six equal 
treatments throughout the year from May through October. The total 
water volume applied throughout the year was equivalent to 0.13 mm 
of rainfall, or less than 0.012% of the 30-year (1950-1980) mean 
annual precipitation of 108 cm (National Weather Service, personal 
communication, 1990). 

Each plot was divided into 5 x 5 m subplots, and the outer 
subplots in each plot served as buffer strips and were not sampled. 
Three interior subplots from each plot were randomly selected for 
measurement of gaseous fluxes. Soil sampling was restricted to the 
remaining subplots and was not conducted on the subplots used for 
gas flux measurements. 

Nitrous oxide fluxes were measured using an in situ chamber 
incubation technique [Steudler et al., 1989; Bowden et al., 1990]. 
Chambers, constructed of 1.8-cm-thick polyvinyl chloride plastic, 
consisted of a 28.7-cm-diameter x 4.0-cm-tall chamber top and a 5.2- 
cm-tall lower portion (anchor) attached to the forest floor with 
stainless steel stakes. Anchors were pushed no more than 1 cm into 
the forest floor to minimize disturbance, and the volume within each 
anchor was measured. Anchors were removed during the winter of 
1988-1989, but were left in place throughout the year in 1989-1990. 
Incubations were conducted by placing chamber tops, colored white to 
minimize solar heating, on the anchors and holding them in place with 
two 4.5-kg weights. Total chamber volume, measured when anchors 
were implanted 1 cm, was approximately 5.4 L. Gas samples were 
withdrawn from the headspace via a stainless steel luer-lock needle 
that extended 2.5 cm into the headspace. 

Fluxes were measured 6 times (every 4 hours) in a 24-hour 
period and were timed to provide sampling at approximate minimum 
and maximum daily soil temperatures. During each 30-rain flux 
measurement, headspace air samples (20 cm 3) were collected at the 
beginning of the incubation and at 10-rain intervals thereafter. 
Samples were withdrawn with 20-mL nylon syringes. Chamber tops 
were removed from anchors upon completion of each flux 
measurement. 

Flux measurements began in May 1988 and were conducted for 2 
years (year 1= 1988-1989, year 2= 1989-1990). Measurements were 
made at least once per month during nonwinter months, and twice per 
month during most spring and fall months; fluxes were measured at 
least 2 weeks after each fertilizer application. Fluxes were considered 
to be zero during winter (December 14, 1988, to April 2, 1989, 
December 15, 1989, to March 13, 1990) when soils were snow-covered 
and soil temperatures were at or below freezing. Incubations resumed 
in the spring when the upper 5 cm of soil began to thaw. Mean spring 
soil temperatures (0-2.5 cm depth) in the pine plantation were 4.6øC 
in year 1 and -1.5øC in year 2. In the hardwood stand, spring soil 
temperatures were 6.5øC and 0øC in years 1 and 2, respectively. Soil 
below 5 cm was still frozen in the pine stand, and the upper 5 cm of 
soil in the hardwood stand had thawed within the previous week. The 
net annual N20 flux for each plot was calculated as the mean of the 
annual fluxes of the three chambers. Each sampling date was 
considered the midpoint of a sampling period, and the net annual flux 
was the sum of all sampling periods. Annual flux periods for years 1 
and 2 were thus 256 and 278 days, respectively. 

Laboratory tests showed that chambers and syringes were inert 
to N20, showed no "memory effect" after exposure to high 
concentrations, and stored samples satisfactorily [Bowden et al., 1990]. 
Gas samples were generally analyzed within 4 days of collection. 
Sample preservation could be extended up to 21 days by compressing 
the 20-cm 3 volume to and holding the syringe plunger syringe 15 cm 3 

in place with a rubber band. This technique also prevented diffusion 
of atmospheric N20 from the atmosphere into the syringes. 
Coefficients of variation of triplicate headspace samples taken from 
the same chamber at the same time ranged from 0.5% to 6%. 

Nitrous oxide was measured using a Shimadzu gas 
chromatograph equipped with an electron capture detector [Bowden 
et al., 1990]. Carrier gas (95% Ar, 5% CH4) flowed throulgh the 
separatory column (Poropak Q, 80/100 mesh) at 20 cmO/min. 
Injection and detector temperatures were 275øC and the column was 
50øC. Standard curves prepared from certified N20 standards (299.7, 
500, and 999 ppb N20 in N2, Scott Specialty Gases, Plumsteadville, 
Pennsylvania) were linear over the range used. 

Nitrous oxide concentrations were corrected to STP conditions 

and fluxes were calculated using the linear portion of the N20 
concentration increase within the chamber (usually all four samples 
over the 30-rain incubation). Concentration changes were generally 
linear during the first 10 min of the incubation. Initial concentrations 
within the chambers at the be•nning of each incubation averaged 305 
+ 1 (SE, n=462) ppb during 1988-1989. The minimum detection limit 
for individual flux measurements was 0.57-1.50/•g N20-N/m2/h, 
depending upon combined field and analytical precision on each 
sampling date. 

Ambient air (at Im), chamber air, and soil temperatures (0-2.5 
cm and 2.5-5.0 cm) were measured during each flux measurement. 
Air temperature was measured at one location in each stand, and 
chamber air and soil temperatures were measured at one chamber in 
each plot. Forest floor samples (n-3-9) were analyzed for moisture, 
NO3--N pools, and NH4+-N pools during each sampling [Bowden et 
al., 1990]. Soil NO 3- and NH4 + pools were determined by extracting 
soil samples with I N KCI [Aber et al., 1983]. Net N mineralization 
and net nitrification rates for the forest floor (O horizon) and topmost 
5 cm of the mineral soil (B horizon) were measured from May 1988 
until May 1989 using the buried bag technique [Melillo, 1977; Aber et 
al., 1983]. In this technique, nine soil samples in each plot were 
incubated in situ in polyethylene plastic bags; net changes in NO 3- and 
NH4 + indicate net nitrification and mineralization rates, respectively. 
Incubations lasted 4 to 6 weeks from May through October and 7 
months during the overwinter period. Net mineralization and net 
nitrification were not measured in year 2. Soil solution NO 3- and 
NH4 + concentrations below the rooting zone (0.5 - 0.7 m) were 
analyzed monthly during year 2 using porous cup tube lysimeters; 
three lysimeters were established in each plot in July 1988. Soil 
solutions were collected from lysimeters to which a suction of 3.5 
kg/cm 2 had been applied for 24 hours. Nitrate and NH4 + were 
analyzed as described above [Aber et al., 1983]. 

An assessment of the role of nitrification versus denitrification as 

the source of N20 was made by measuring fluxes during May and 
October 1988 on similar nearby red pine and mixed hardwood stands 
(see McClaugherty et al. [1982] for description) to which KNO 3 had 
been added for 3 years at the rate of 100 kg N/ha/yr. By adding a 
large source of NO 3- only, increases in N20 emissions due to added N 
could result primarily from denitrification, not from both 
denitrification and nitrification as might be expected in the plots to 
which both NH4 + and NO 3- had been added. 

Results 

Mean annual flux rates from the control plots in the hardwood 
stand were similar over the 2 years, 0.27 t•g N/m2/h in year 1 (1988- 
1989) and 0.29 t•g N/m2/h in year 2 (1989-1990). The mean flux in 
the pine plantation, however, was 6 times greater in year 2 (1.10 

2 N/m/h) than in year 1 (0.17 t•g N/m2/h). In both stands and in all 
treatments, we observed both net daily uptake and net daily effiuxes 
(Figure 1). The range of fluxes (t•g N/m2/h) in the hardwood stand 
was similar among the three plots during the year (control: -3.71 to 
+ 5.14; low-N: -3.78 to + 3.24; high-N: -3.30 to + 5.20). The pine stand, 
however, had higher fluxes (/•g N/m2/h) in the fertilized plots, as well 
as lower rates of net daily uptake (control: -1.24 to + 5.34; low-N: -1.28 
to + 22.70, high-N: -1.31 to + 34.1). 

There were no statistical differences (analysis of variance, P < 
0.05) in annual N20 emissions between fertilized and control plots; 
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however, there were discernible trends. In both forest stands, mean 
annual effiuxes in fert'dized plots were greater than effiuxes in control 
plots. The hardwood stand showed only a small increase in N20 
emission due to N addition (Table 1), with the highest rates observed 
in the fertilized plots in the first year. There was no difference in rates 
between the two years. In the pine plantation, mean rates of net 
emissions were higher in the fertilized plots than in the control plot, 
with the largest fluxes evident in year 2, when rates were nearly 5 
times greater than rates in the control plot, and over 7 times greater 
than rates in year 1 (Table 1). Total N20 losses from all plots were 
small compared to N additions. For example, the total emission in the 
pine high-N plot in year 2 was only 0.35 kg N/ha/yr, compared to 150 
kg N that was added per year. 

Fluxes showed only weak seasonal trends (Figure 1), with the 
highest emission rates generally occurring in July or August, and again 
in the spring (March or April). Spring values were highest in the pine 
plantation, where the flux in the control plot in 1990 was 5 times the 
mean annual rate, and the fluxes in the fertilized plots were 6 times 
the mean annual rate. As reported previously [Bowden et al., 1990], 
predictable diel patterns were not evident. Periods of net uptake and 
net effiux were often observed on the same sampling date in the same 
chamber, but the time of maximal daily uptake or emission was not 
consistent. 

Nitrous oxide fluxes showed no strong relationship to soil 
parameters (Table 2), including moisture, air or soil temperatures, 
and N concentrations. High rates of effiux observed in July and 
August did correspond to the period of highest soil (0-2.5 cm depth) 
temperatures (Figure 1), but soil temperatures were low in the spring 
when high flux rates were again observed. Mean daily soil 
temperatures showed no relationship to mean daily fluxes in any of the 
plots (Table 2). On any given sampling date, maximum uptake or 
effiux rates did not correspond to maximum or minimum daily 
temperatures. No relationships between N20 fluxes and available (via 
KC1 extraction) soil NO 3' or NH4 + concentrations were observed 
either. Strong seasonal available soil N concentration patterns were 
not evident in any of the plots in either the pine plantation or the 
hardwood stand. 

Flux rates from the plots fertilized only with KNO 3 were 
generally similar to fluxes at the NH4NO3-fert'dized plots. In the pine 
plantation, net uptake was measured in the KNO 3 plots in May (Table 
3), compared to net emissions in the NH4NO 3 plots, whereas in 
October, effiux rates from the KNO 3 plots were higher than the 
NH4NO 3 plots. In the hardwood stand, fluxes from the KNO 3 plot in 
May were within the range observed in the NH4NO 3 plots, but were 
higher than the rates in the NH,,NO 3 plots in October. 

Net N mineralization during the first year increased in the 
fert'dized plots in both stands (Figure 2). Net nitrification during this 
year also increased only slightly in the forest floors of the fertili•.ed 
hardwood plots but showed greater increases in the forest floor and 
mineral soil of the fertilized plots in the pine plantation. Net 
nitrification as a percentage of net mineralization in the forest floor 
was also greater in the fertilized pine plots than in the control plot, 
increasing from 3.9% in the control to 8.9% and 11.6% in the 1ow-N 
and high-N plots, respectively. 

Concentrations of NH4 + in soil solution collected by lysimeters 
from below the rooting zone were low at n. early all sampling times in 
all plots (Figure 3). Slightly higher concentrations were observed in 
the fertilized plots in July, particularly in the hardwood stand, but 
most measurements were below detection values (0.03 mg N/L). 
Nitrate concentrations were highest in the high-N pine plot, but were 
generally low in the other pine plots and in the hardwood stand. As 
observed for NH4 +, NO 3' concentrations were often below detection 
values (0.02 mg N/L). 

Standing stocks of available nitrogen were low in both stands. 
Extractions of NH4 + and NO 3' from the forest floor showed 
extremely low net NO 3' availability, with only slightly higher 
concentrations observed in the fertilized pine plots compared to the 
hardwood plots (Table 4). Ammonium concentrations also remained 
essentially unchanged between the control and fertilized plots. 

Discussion 

Annual N20 fluxes in the control plots remained low throughout 
the 2 years of study. A sixfold increase was measured in the pine 
control plot from year 1 (0.17 /•g N/m2/h) to year 2 (1.10 /•g 
N/m2/h), but the higher rate observed in year 2 is still a small rate of 
efflux compared to other forest ecosystems [Bowden, 1986]. For 
example, an estimate of the annual flux rate in a northern hardwood 
forest at the Hubbard Brook Experimental Forest in New Hampshire 
is 1.7 /•g N/m2/h [Goteau, 1982; Keller et al., 1983], based on 
measurements during the growing season only. At the Harvard 
Forest, annual N losses via N20 emissions from the control plots were 
less than 0.1% of the annual net N mineralization. 

The effect of N additions on N20 fluxes, even after 2 years of N 
application, was small in both forest stands. In each year, annual 
emission rates in the high-N plots were 3-5 times greater than fluxes in 
the control plots, but the higher emission rates in the fert'dized plots 
were still low relative to other unfertilized temperate forest soils. In 
Germany, annual flux rates ranged from 3 to 11/•g N/m2/h in several 
different hardwood forests [Schmidt et al., 1988], and in Wisconsin, 

TABLE 1. Mean 1988-1989 (Year 1) and 1989-1990 (Year 2) Fluxes of N20 from Control Plots and Plots 
Receiving NH4NO 3 in a Red Pine Plantation and a Mixed Hardwood Stand at Harvard Forest 

NgO Flux (/•g N/m2/h) N:•O Flux (kg N/ha/yr) 
Stand Plot Year 1 Year 2 Year 1 Year 2 

Hardwood control 0.27 (0.28) 0.29 (0.37) 0.02 (0.02) 0.02 (0.03) 

Hardwood 1ow-N 1.16 (0.30) 0.77 (0.28) 0.07 (0.02) 0.05 (0.02) 

Hardwood high-N 1.12 (0.20) 0.90 (0.12) 0.07 (0.01) 0.06 (0.01) 

Pine control 0.17 (0.25) 1.10 (0.03) 0.01 (0.02) 0.07 (0.002) 

Pine 1ow-N 2.19 (1.37) 3.87 (012) 0.13 (0.08) 0.26 (0.01) 

Pine high-N 0.71 (0.32) 5.24 (1.87) 0.04 (0.02) 0.35 (0.13) 

Standard error in parentheses; n = three chambers measured during the year in each plot. Low-N plots 
received 37 kg N/ha/yr in year 1 and 50 kg N/ha/yr in year 2; hlgh-N plots received 120 kg N/ha/yr in year 1 
and 150 kg N/ha/yr in year 2. Years 1 and 2 means based on nonwinter flux periods of 256 and 278 days, 
respectively. 
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Fig. 1. Nitrous oxide fluxes and soil temperatures (0-2.5 cm depth) on dates of measurements in a mixed hardwood stand 
and a red pine plantation in control plots and plots ree.z]ving NH4NO 3 at Harvard Forest. Low-N plots received 37 kg 
N/ha/yr in year 1 and 50 kg N/ha/yr in year 2; high-N plots received 120 kg N/ha/yr in year 1 and 150 kg N/ha/yr in year 
2. Fluxes were measured at least 2 weeks after each N addition. Positive fluxes are emissions from the soil to the 

atmosphere; negative fluxes are uptake. Fluxes are means of three chambers per plot. Note scale changes. 

emission rates were 5.4/•g N/m2/h in a pine plantation and 27.7/•g 
N/m2/h in a hardwood stand [Goodroad and Keeney, 1984]. Much 
higher flux rates have also been reported from fert'dized plots in a 
tropical forest. In a short-term study [Keller et al., 1988] following a 
one-time N addition (200 kg N/ha) to soil in Brazil, N20 emissions 
increased 2 from 21/•g N/m /h in control plots to 456/•g N/m2/h in 
NO3--amended plots and 113/•g N/m2/h in NH4+-amended plots. 
After 13 days, however, flux rates from the NO3--amended plots were 
reduced + by 90%, and fluxes from the NH 4 -amended plots were 
similar to rates in the control plots. 

Soil moisture content and temperature often exert strong 
influences on N20 fluxes [Payne, 1981a, b; Sahrawat and Keeney, 
1986], but because flux rates were extremely low, no such relationships 
were observed at Harvard Forest. This suggests that other controls 
are important in determining rates of Nee emissions by these soils. 
Soil NO 3' and NH 4 + concentrations also showed no relationship to 
N20 fluxes (Table 2), but the instantaneous amount of N (soil NO 3' or 
NI-I4+ concentrations) in soil pools may be less important than the 
amount cycling through the soil pools in determining the rate of N20 
production. It is therefore important to examine the processes 
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TABLE 2. Correlations (r 2) Between N20 Fluxes and Soil Moisture, Temperature, and Forest Floor NH4 + 
and NO 3' Concentrations in Control, Low-N, and High-N Plots Within a Red Pine Plantation (P) and a Mixed 

Hardwood Stand (H) at Harvard Forest 

All Plots 

Control Low-N High-N Combined 

P H P H P H P H 

N20 flux versus 

Temperature 

Moisture 

NH4+-N 

NO3--N 

0.07 0.15 0.13 0.06 0.26 0.17 

0.00 0.04 0.00 0.00 0.11 0.05 

0.0003 0.08 

0.015 0.0004 

Within each plot n = 17; n = 51 when all plots within each stand were combined. 
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TABLE 3. Comparison of N20 Fluxes at NH4NO 3 and KNO3--Fert'dized Red Pine Plantation and Mixed 
Hardwood Plots at Harvard Forest in 1988 

Stand Treatment 

N20 Flux 
/•g N/m2/h N Added 

kg N/yr May October 

Difference Between 

Treatment and Control 

/•g N/m2/h 
May October 

Pine NH4NO 3 0 -0.10 -0.08 

Pine NH4NO 3 50 +0.95 +0.39 

Pine NH4NO 3 150 +0.39 -0.16 

Pine KNO 3 0 +0.12 +0.01 

Pine KNO 3 100 -0.40 + 5.49 

Hardwood NH4NO 3 0 +0.49 +0.53 

Hardwood NH4NO 3 50 -0.53 + 0.44 

Hardwood NH4NO 3 150 + 1.72 + 1.00 

Hardwood KNO 3 0 + 0.42 + 1.24 

Hardwood KNO 3 100 +0.88 + 2.64 

+ 1.05 + 0.47 

+0.49 -0.08 

- 

-0.52 + 5.48 

- 

-1.02 -0.09 

+ 1.23 +0.47 

- 

+0.46 + 1.40 

Positive fluxes are emissions from the soil to the atmosphere; negative fluxes are uptake. 

responsible for the production of N20 from forest soils. In most soils, 
these are thought to be nitrification and denitrification [Sahrawat and 
Keeney, 1986; Tiedie, 1987; Robertson, 1989]. Chemodenitrification 
and nonrespiratory denitrification can produce N20; however, 
contributions from chemodenitrification are generally considered to 
be small [Bremner and Nelson, 1968; Nelson and Bremner, 1970] and 
the importance of nonrespiratory denitrifiers is not well understood 
[Bleakley and Tiedie, 1982; Robertson and Tiedie, 1987]. 

Denitrification does not appear to represent an important 
potential source of N20 from the soils at Harvard Forest, even if 
sufficient NO 3- is added through fertilization or through increased 
nitrification. The coarse texture and well-drained moisture status of 

the soil results in predominantly aerobic conditions, considered the 
most important factor limiting denitrification in many soils [Tiedie, 
1987; Groffman et al., 1988; Robertson, 1989]. Even in the plots 
where NO 3- had been the sole source of added nitrogen, and where 
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the duration of nitrogen addition was much larger (5 years) than the 
NH4NO3-amended plots (2 years), we still do not see consistently 
higher rates of N20 emissions. This suggests strongly that 
denitrification is not an important N20 source in these soils. 

Nitrification is probably the most important N20-generating 
process in coarse-textured, aerobic soils [Keller et al., 1986] and 
appears to be the key process controlling N20 emissions from the soil 
at Harvard Forest. Increases in N20 effluxes were greatest in the 
fer 'tdized pine plots (Table 1) where increases in net nitrification had 
also increased (Figure 2). Overall, however, net nitrification rates 
were extremely low in the forest floor of the control plots, and the 
rates were very low even in the high-N plots (pine: 8.5 kg N/ha/yr; 
hardwood: 0.8 kg N/ha/yr). In comparison, Melillo [1977] reported a 
rate of 13 kg N/ha/yr for the forest floor in northern hardwood soils 
at Hubbard Brook Experimental Forest and Aber et al. [1985] 
reported up to 82 kg N/ha/yr in pine stands and 135 kg N/ha/yr in 
hardwood stands in Wisconsin. Thus because of the low rate of net 
nitrification in the soil at Harvard Forest, N20 losses are low. 

Competition of nitrifying organisms with microbial N 
immobilization (i.e., net microbial N uptake) and plant uptake may be 
responsible for the low rates of net nitrification in the Harvard Forest 

soils because nitriflers are poor competitors for NH 4 + [Jones and 
Richards, 1977; Schmidt, 1982]. The potential for high rates of 
nitrification has been demonstrated in northern temperate forest soils 
where plant uptake has been reduced (e.g., forest cutting [Likens et 
al., 1969], laboratory soil incubations [Melillo, 1977], root-free forest 
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Fig. 2. Annual net N mineralization and net nitrification in forest 
floor and mineral soil (upper 10 cm) horizons in a mixed hardwood 
stand and a red pine plantation in control and fertilized plots at 
Harvard Forest from May 1988 to April 1989 (year 1). Low-N plots 
received 37 kg N/ha/yr in year 1 and high-N plots received 120 kg 
N/ha/yr in year 1. 

PINE HARDWOOD 

z 

5-NO-N 
_ A 

$- 

_ 

_ A 

0 ' ß 
APR MAY JUN JUL AUG SEP OCT NOV 

o.8 - NO- N 

0.6 - 

0.2- 

0.0 --••3 

o 

APR MAY ,JUN ,JUL AUG SEP OCT NOV 

-I- 

0.6- NH4-N 
0.5 

0.4 

0.1 

0.0 
APR MAY ,JUN ,JUL AUG SEP OCT NOV 

5 - NH 4-N 
4 

2 

1 - 

0-13 

o CONTROL 

A [] LOW- N 
A HIGH- N 

APR MAY JUN ,JUL AUG SEP OCT NOV 

Fig. 3. Concentrations of NO 3' and NH4 + in soil solution collected from lysimeters placed below the rooting zone (0.5 - 
0.7 m) in a mixed hardwood stand and a red pine plantation in control and fertilized plots at Harvard Forest in 1989. 
Concentrations represent means of 4-5 lysimeters. Means are not weighted for volume. 
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TABLE 4. Mean Available (Determined by KC1 Extractions) NH4 + and NO 3- (mg N/kg Soil) in Forest Floor 
in Control and Fert'fiized Plots in a Red Pine Plantation and Mixed Hardwood Stand at Harvard Forest 

1988 1989 1988- 1989 

Stand Plot Mean SE Mean SE Mean SE kg N/ha 

NH4 + 

Hardwood control 33.7 4.4 39.0 7.1 35.9 3.8 2.2 

Hardwood low-N 30.7 3.0 37.5 7.6 33.5 3.6 1.7 

Hardwood high-N 44.8 6.1 49.7 9.7 46.8 5.2 2.9 
Pine control 68.0 10.9 50.9 10.4 60.9 7.8 2.3 

Pine low-N 60.7 7.7 55.0 7.3 58.3 5.3 2.8 

Pine high-N 105.6 15.9 67.8 7.3 90.0 13.6 4.5 

NO 3- 

Hardwood control 0.1 0.0 0.004 0.003 0.1 0.04 0.006 

Hardwood low-N 0.2 0.1 0.05 0.05 0.1 0.07 0.005 

Hardwood high-N 2.0 1.2 0.8 0.7 1.5 0.07 0.09 
Pine control 1.1 0.4 0.4 0.2 0.8 0.3 0.03 
Pine low-N 3.2 1.2 1.3 0.7 2.4 0.8 0.1 

Pine high-N 18.1 8.0 6.4 1.9 13.2 4.9 0.7 

Low-N - 37 kg N/ha/yr in year 1 and 50 kg N/ha/yr in year 2, high-N = 120 kg N/ha/yr in year 1 and 
150 kg N/ha/yr in year 2 (n = 10 for 1988, n = 7 for 1989, n = 17 for 1988-1989). 

plots [Vitousek et al., 1982]). Rapid increases in net nitrification have 
also been observed following cutting of tropical forests [Matson et al., 
1987; Montaomainl and Buschbacher, 1988], and Matson and Vitousek 
[1987] observed a strong relationship between nitrification potentials 
and N20 emissions across a range of tropical soils. 

Low concentrations of NH4+ in the soil and in the lysimeters in 
the control and fertilized plots of both stands at Harvard Forest 
indicate that most NH4 + added in fertilization or produced through 
mineralization remains within the rooting zone, and is probably 
sequestered by plant uptake and microbial iramobilization. 
Nitrification in this forest, therefore, may be limited by low NH4 + 
availability. 

Evidence from other studies suggests that chronic N additions 
will eventually result in increased nitrification and elevated N20 
emissions. High rates of nitrification (50 kg N/ha/yr, R. Bruinroe, 
personal communication, 1989) and N20 emissions (5.7 kg N/ha/yr) 
have been measured in the Solling region of Germany where high 
levels of N deposition have been occurring for several decades 
[Bruinroe, 1990]. Increases in net nitrification have been documented 
similarly at high elevation sites in the eastern United States exposed to 
elevated levels of N deposition, where net nitrification as a percentage 
of net mineralization is directly proportional to the amount of N 
deposition [McNulty et al., 1990]. Small but similar increases in the 
percentage of nitrifled NH4+ were observed in the pine plantation at 
Harvard Forest during this study (3.9% in the control, 8.9% in the low 
N plot, 11.6% in the high-N plot), but nitrification appears limited by 
competition with microbial nitrogen immobili?.ation and plant uptake. 
Increases in nitrification and N20 emissions after 2 years at Harvard 
Forest were small on both a relative and an absolute scale, but do 
indicate that chronic N additions have the potential to alter the rates 
of nitrogen cycling processes and to change the rates of N20 emissions 
from soils to the atmosphere. 
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